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Abstract
Purpose: Stereotactic radiosurgery (SRS) immobilization with an open face mask is more comfortable and less invasive than frame
based, but concerns about intrafraction motion must be addressed. Surface-guided radiation therapy (SGRT) is an attractive option for
intrafraction patient monitoring because it is continuous, has submillimeter accuracy, and uses no ionizing radiation. The purpose of
this study was to investigate the dosimetric consequences of uncorrected intrafraction patient motion detected during frameless linac-
based SRS.
Methods and Materials: Fifty-five SRS patients were monitored during treatment using SGRT between January 1, 2017, and
September 30, 2020. If SGRT detected motion >1 mm, imaging was repeated and the necessary shifts were made before continuing
treatment. For the 25 patients with intrafraction 3-dimensional vector shifts of ≥1 mm, we moved the isocenter in the planning system
using the translational shifts from the repeat imaging and recalculated the plans to determine the dosimetric effect of the shifts.
Planning target volume (PTV) coverage, minimum gross tumor volume (GTV) dose (relative and absolute), and normal brain V12
were evaluated. Wilcoxon signed rank tests were used to compare planned and simulated dosimetric parameters and median 2 sample
tests were used to investigate these differences between cone and multileaf collimator (MLC) plans.
Results: For simulated plans, V12 increased by a median of 0.01 cc (P = .006) and relative GTV minimum dose and PTV coverage
decreased by a median of 15.8% (P < .001) and 10.2 % (P < .001), respectively. Absolute minimum GTV dose was found to be
significantly lower in the simulated plans (P < .001). PTV coverage decreased more for simulated cone plans than for simulated MLC
plans (11.6% vs 4.7%, P = .011) but median V12 differences were found to be significantly larger for MLC plans (-0.34 cc vs -0.01 cc,
P = .011). Differences in GTV minimum dose between cone and MLC plans were not statistically significant.
Conclusions: SGRT detected clinically meaningful intrafraction motion during frameless SRS, which could lead to large underdoses
and increased normal brain dose if uncorrected.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Sources of support: This work had no specific funding.
Disclosures: Bright reports President of the Southeast Chapter of the American Association of Physicists in Medicine. Dr Heinzerling reports gran

support, consulting fees, and honoraria from Astrazeneca and VisionRT and royalties from UpToDate. All disclosures are outside of the submitte
work. All other authors have nothing to disclose.

Research data are stored in an institutional repository and will be shared upon request to the corresponding author.
*Corresponding author: Ryan Foster, PhD; E-mail: ryan.foster@atriumhealth.org

https://doi.org/10.1016/j.adro.2022.101151
2452-1094/© 2023 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article unde
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
t
d

r

http://crossmark.crossref.org/dialog/?doi=10.1016/j.adro.2022.101151&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ryan.foster@atriumhealth.org
https://doi.org/10.1016/j.adro.2022.101151
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.adro.2022.101151


2 R.D. Foster et al Advances in Radiation Oncology: May−June 2023
Introduction
Stereotactic radiosurgery (SRS) has been shown to pro-
vide good results for patients with brain metastases. SRS is
an ablative treatment requiring effective immobilization,
small margins, and sharp dose gradients to accurately treat
the tumor and limit the volume of healthy brain receiving
high doses. To improve patient comfort and enable multi-
fraction dose schedules, both Gamma Knife and linac-based
SRS now frequently use thermoplastic masks for patient
immobilization, which have been shown to be sufficiently
accurate for SRS in the image guided era.1-4 Since transition-
ing from robotic radiosurgery to linac-based SRS, our clinic
has used an SRS-specific open face mask for our patients in
combination with surface guided radiation therapy (SGRT)
with the AlignRT system (VisionRT, London, United King-
dom). The open mask allows the patient’s face to be moni-
tored during treatment, providing a means to detect
intrafraction patient motion and correct it, as recommended
by the American Society for Radiation Oncology and the
American Association of Physicists in Medicine.5 SGRT pro-
vides continuous patient monitoring with submillimeter
accuracy without using ionizing radiation, and the SGRT
system can be interfaced with the linear accelerator to stop
the beam if the patient moves outside a predefined tolerance.
Details of the system have been previously published.6,7

Several studies have shown that surface imaging is suf-
ficiently accurate for SRS,8 and ≥1 institution has transi-
tioned to maskless SGRT-guided SRS9 and has reported
on their outcomes for frameless surface guided SRS.10-12

However, there are no published studies of the potential
dosimetric consequences of the detected intrafraction
motion during SRS. The purpose of this study is to evalu-
ate the dosimetric effects of intrafraction motion detected
by SGRT during frameless linac-based SRS.
Methods and Materials
When our clinic transitioned from robotic SRS to
linac-based SRS in early 2017, we implemented intrafrac-
tion monitoring using VisionRT’s AlignRT SGRT system
to replace the frequent (»15 s) kV imaging used with
robotic SRS. Patients were simulated in an SRS-specific
open face thermoplastic mask13 (Encompass, Qfix, Avon-
dale, Pennsylvania) with bite plate; the treatment plan-
ning computed tomography (CT) scans had 1-mm thick
slices. A 3-dimensional (3D) T1+C magnetic resonance
image (MRI) with 1-mm slice thickness was fused to the
planning CT, and the gross tumor volume (GTV) was
contoured based off the MRI. GTV to planning target vol-
ume (PTV) margins ranged from 0 to 3 mm, depending
on physician preference. Plans were designed using either
multileaf collimator (MLC) or stereotactic cones, with the
treatment device dependent on PTV size and shape. All
patients treated using stereotactic cones had a 1-mm
GTV to PTV margin, whereas 1 MLC patient had no mar-
gin, 8 had a 1-mm margin, 3 had a 2-mm margin, and 1
had a 3-mm margin. All patients were treated with 1 tar-
get per isocenter, which was placed at the geometric cen-
ter of the PTV. Patients were treated on a Varian
TrueBeam linear accelerator equipped with a Millen-
nium 120 leaf MLC and stereotactic cones ranging
from 4 to 17.5-mm diameter; PTVs larger than the
largest cone were planned with MLC. MLC plans were
a mixture of volumetric modulated arc therapy and
dynamic conformal arc techniques. Prescriptions were
15 Gy, 18 Gy, or 21 Gy in 1 fraction or 27 Gy in 3
fractions, again depending on tumor size. All plans
were prescribed such that ≥98% of the PTV was cov-
ered by the prescription dose. All plans were generated
using a flattening filter-free 6 MV beam with patients
initially set up using SGRT and then imaged using
cone beam CT (CBCT). A reference SGRT surface was
captured immediately before the initiation of the
CBCT, allowing us to monitor the patient during the
CBCT acquisition and match. The physician matched
the CBCT to the planning CT, and once the couch
shifts were made, a new SGRT surface was captured to
use for intrafraction monitoring. The linac is equipped
with a 6 degrees-of-freedom couch, allowing pitch and
roll corrections in addition to yaw.

SGRT tolerances for these patients are 1 mm transla-
tions and 1° rotations. Since the SGRT system is inter-
locked with the linac, if the patient motion exceeded these
thresholds, the beam automatically turned off and
remained off while the patient was out of tolerance. Occa-
sionally, the patient would return to tolerance within a
few seconds and the treatment would resume, but if the
patient did not return to tolerance within 20 to 30 sec-
onds, we performed an intrafraction CBCT. The physi-
cian matched the CBCT and made any needed shifts. If
intrafraction shifts were made, a new SGRT reference was
captured and the treatment continued.

A Winston-Lutz test was performed each day before an
SRS patient was treated and the accuracy of the SGRT sys-
tem was tested using an in-house designed quality assur-
ance procedure. The Winston-Lutz test was performed
with a 2 £ 2 cm2 MLC defined field for MLC patients or
with the planned cone unless it was <10 mm, in which
case the 10-mm cone was used. Tolerance for the Win-
ston-Lutz test was a maximum of 1-mm deviation for any
single gantry/couch/collimator combination. The SGRT
system quality assurance consisted of radiographic imag-
ing and positioning/repositioning of a cube phantom that
is tracked with the SGRT system and evaluation of the
shifts determined from the imaging procedure and the
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SGRT system. Tolerance for the image guided radiation
therapy/SGRT quality assurance was also 1 mm.

Under an institutional review board-approved protocol,
we retrospectively analyzed the 55 SRS patients who were
treated between January 1, 2017, and September 30, 2020.
For the 25 patients with intrafraction CBCT 3D vector shifts
≥1 mm, we simulated the dosimetric deviations in the plan-
ning system by translating the isocenter using the intrafrac-
tion shifts that were made. No rotations were included in
the simulated plans. A threshold of 1 mm was chosen
because that is the SGRT translational tolerance used for
SRS patients in our clinic and our most commonly used
GTV to PTVmargin. The simulated plans were recalculated
using the same beams and monitor units (MU) as the clini-
cal plans, and the resulting minimum GTV point dose,
PTV coverage, and the volume of normal brain receiving 12
Gy (V12) were compared between the clinical plans and the
simulated plans. We evaluated the minimum GTV dose rel-
ative to the prescription dose and the absolute minimum
GTV dose. V12 was chosen as a normal tissue metric since
there are published guidelines recommending that V12 be
limited to <10 cc (20 cc for 3 fractions) to limit the risk of
radionecrosis.14,15 The simulated plans provide an estimate
of the dose delivered had the intrafraction shifts not been
detected. We assumed the entire fraction was delivered with
the shifted isocenter to simulate the worst-case scenario of a
patient moving between the initial CBCT acquisition and
the initiation of treatment. For patients receiving 3 fractions,
a plan sum of the nonshifted fraction(s) and the shifted frac-
tion(s) was created for evaluation.

To investigate whether 1 treatment device was more
robust to intrafraction motion and would better maintain
target coverage, we analyzed the MLC and cone patients
separately to evaluate the differences between the 2 treat-
ment techniques.
Statistical methods

Treatment characteristics were summarized with fre-
quencies and proportions for categorical characteristics
and medians and ranges for continuous variables. Wil-
coxon signed rank tests were used for the paired compari-
sons of the actual versus simulated treatment plan
dosimetric indices. To evaluate the difference between the
cone and MLC simulated dosimetric indices, we used
median 2 sample tests. P values were considered statisti-
cally significant if <0.05.
Results
All patients

The characteristics of the plans for the 25 patients ana-
lyzed for the study are shown in Table 1. The majority
(>80%) of patients were treated with a single fraction with 1-
mm margins. The patients were split evenly between cone
and MLC plans. The median vector shift for all patients was
1.5 mm. Roll, pitch and rotation differences are also reported
in Table 1 but were not used in the recalculation of the simu-
lated plan. As shown in Table 2, differences between actual
and simulated values in all 4 dosimetric indices are statisti-
cally significant. Median differences in relative GTV mini-
mum dose and PTV coverage were �15.8% (P < .001) and
�10.2% (P< .001), respectively, while the absolute minimum
GTV dose difference was �308 cGy (P < .001). Median V12
increased in the simulated plans and the median difference
was statistically significant (P = .006). Nineteen of the 25
GTVs received <100% of the prescription dose and were
considered underdosed in the simulated plans. Figure 1 is an
example of the original (left) and simulated (right) plan dose
distributions. Figure 2 is the corresponding dose-volume his-
tograms for the 2 plans. The Spearman correlation coefficient
between PTV volume and difference in PTV coverage was
�0.613 (P = .001), which is a strong correlation indicating
that when PTV volume increases, the change in PTV cover-
age decreases. In other words, the coverage for larger PTVs
was affected less by shifts than it was for smaller PTVs. There
was no significant correlation between the GTV volume and
change in relative GTVminimum dose.
Comparison of cone and MLC plans

Table 3 contains a comparison of the dosimetric indices
between cone and MLC simulated plans. Differences in PTV
coverage were statistically significant and were larger for cone
plans than for MLC plans (11.6% vs 4.7%, P = .011). How-
ever, V12 was more sensitive to shifts in MLC plans than
cone plans; median V12 increased in the simulated plans by
0.34 cc for MLC plans compared with 0.01 cc for cone plans.
The median vector shifts for MLC and cone plans were not
significantly different (P = .551, median 2 sample tests, data
not shown), suggesting that the significant differences in
PTV coverage and V12 could not be explained by differences
in shift magnitudes. Possible explanations include the sharper
dose gradients produced by circular cones and smaller lesion
size for cone plans, which would be less robust to shifts. How-
ever, the correlation between PTV volume and PTV coverage
change for the cone plans was 0.473 (P = .121), a moderate
correlation, and for MLC plans the correlation was 0.349
(P = .242), which is a weak correlation. Neither correlation
was statistically significant. Differences in minimum GTV
dose were not statistically significant between the cone and
MLC plans.
Discussion
Several studies have previously demonstrated the rela-
tionship between tumor dose and local control (LC) for



Table 1 Treatment characteristics for study patients

Characteristic N = 25 subjects

Treatment, n (%)

MLC 13 52.0%

Cone 12 48.0%

Fractions, n (%)

1 21 84.0%

3 4 16.0%

Dose per fraction, n (%)

900 cGy 4 (MLC) 16%

1500 cGy 1 (MLC) 4%

1800 cGy 3 (MLC) 12%

2100 cGy 17 (12 cone, 5 MLC) 68%

GTV volume (cc)

Median (range), all patients 1.05 0.03-29.48

Median (range), MLC 5.22 0.4-29.48

Median (range), cone 0.26 0.03-1.05

PTV volume (cc)

Median (range), all patients 1.61 0.13-44.25

Median (range), MLC 8.38 0.79-44.25

Median (range), cone 0.56 0.13-1.61

Margin, n (%)

0 mm 1 (MLC) 4%

1 mm 20 (12 cone, 8 MLC) 80%

2 mm 3 (MLC) 12%

3 mm 1 (MLC) 4%

Shift summaries, median (range), mm

Vector 1.5 1.0-6.6

Vertical 0.3 0-1.1

Longitudinal 1.4 0.2-6.2

Lateral 0.5 0-2.2

Rotation 0.0 0-1.5

Roll 0.1 0-1.0

Pitch 0.3 0-2.1

Abbreviations: GTV = gross tumor volume; MLC = multileaf collimator; PTV = planning target volume.
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SRS and stereotactic radiation therapy. In a study evaluat-
ing a 1-mm margin around the GTV, No€el et al found the
addition of the margin to be predictive of LC, increasing
LC at 2 years from 50.7% without a margin to 87.7% with
a margin.16 Margin (and thus the minimum GTV dose)
was the only independent prognostic factor that was sig-
nificant in multivariate analysis (P = .04). Schomas et al
also found that after controlling for histology, volume,
and prescription dose, the only predictive factor for LC to
retain significance in a multivariate analysis was
minimum tumor dose.17 They found significantly worse
LC at 1 year for a minimum dose of 12 Gy (66.7%) com-
pared with higher minimum doses (>90%). Likewise,
Vogelbaum et al showed that for Gamma Knife SRS, LC
was significantly dependent on the dose at the tumor mar-
gin.18 For fractionated SRS, the dose to 98% of the GTV
(D98%) was found to be a significant predictive factor for
LC by Dupic et al.19 They prescribed 33 Gy to the GTV
and 23.1 Gy to the PTV in 3 fractions and found that LC
was 91.9% for a GTV D98% ≥29 Gy and 69.6% for D98%
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<29 Gy at 1 year. In the postoperative setting, worse dose
conformality has been shown to improve LC, indicating
that an overly conformal plan could be counterproduc-
tive.20 The least conformal quartile (average confidence
interval of 1.76) had an LC rate of 100% while the most
conformal quartile (average confidence interval of 1.22)
had an LC rate of 43%. The authors found no significant
correlation between resection cavity size and LC and rec-
ommended using a 2-mm margin instead of less confor-
mal plans. In a subsequent publication from the same
institution, the authors performed a prospective study of
margin and its effect on local failure.21 They found that
only the addition of a 2-mm margin was predictive of LC
and found no increase in toxicity with the addition of the
margin.

While there are several possible explanations for better
LC when irradiating a larger volume (target volume delin-
eation uncertainties, MRI distortion, microscopic spread
of tumor cells outside of the imaging-defined tumor vol-
ume, imaging slice thickness), it is possible that the larger
irradiated volume mitigates the effect of uncorrected
intrafraction motion, whereas for highly conformal plans,
the decrease in tumor dose due to intrafraction motion
leads to worse LC. On the other hand, some studies evalu-
ating margins for SRS did not find improved LC with
additional margin added to the GTV.22-24 Nevertheless,
higher tumor doses continue to result in better LC,25-27

indicating the importance of maintaining the planned
dose distribution and safely delivering as high a dose as
possible to the tumor while avoiding the irradiation of
normal brain. As our study shows, uncorrected intrafrac-
tion motion can significantly reduce target coverage and
increase V12 during linac-based frameless SRS.

Several other studies have evaluated the effect of intra-
fraction motion on the dosimetry of SRS plans, though
previous studies have used a radiographic method to mea-
sure motion by acquiring the images at the end of the
fraction, thus making it not truly intrafraction.28,29 These
methods only provide a snapshot of the patient position
and do not provide continuous monitoring as SGRT does;
the patient position at time points other than the imaging
procedure is unknown. A recent publication evaluated
dosimetric implications of intrafraction motion for
Gamma Knife Icon-based SRS using simulated patient
motion rather than observed intrafraction motion, but the
authors plan to use actual patient motion to validate the
methods developed during the initial study.30 We believe
we are the first to publish results of the potential dosimet-
ric consequences after applying observed intrafraction
motion to the individual patient’s treatment plan for
frameless linac-based SRS.

Some limitations of this study exist. We did not evalu-
ate dosimetric consequences of 3D vector shifts <1 mm;
we are assuming that these patients would have had no
significant dosimetric consequences without SGRT. We
did not include rotations in the simulated plans because



Figure 1 Clinical treatment plan on the left, simulated plan on the right.

Figure 2 Dose-volume histogram comparing clinical plan and simulated plan. Clinical plan indicated by squares and
simulated plan indicated by triangles. PTV is indicated by the blue curves and GTV by red curves. Abbreviations:
GTV = gross tumor volume; PTV = planning target volume.

6 R.D. Foster et al Advances in Radiation Oncology: May−June 2023
of the median intrafraction rotations being <0.5° and pre-
vious studies having shown that, for single isocenter/sin-
gle target plans such as the ones analyzed in this study,
rotations make <2% difference in the target dose.28,29

Additionally, since the cone plan MU calculation depends
on the global maximum dose and the maximum dose
changes when the isocenter is shifted, the MU in the sim-
ulated plans could not be matched exactly to the original
plans. The maximum difference in total plan MU was
0.3%, and the largest difference in MU for any single
beam was 1%. We also assumed that the motion occurred
between the initial image guided radiation therapy proce-
dure and the initiation of treatment, thus representing a
worse-case scenario when no intrafraction monitoring is
used. While not common, SGRT detected >1 mm motion
before initiating treatment in 2 of our patients; 1 patient
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could not be treated at all because of an inability to
remain still. In addition, though the difference in V12 is
statistically significant, it is likely not clinically relevant.
Conclusions
SGRT detected clinically meaningful intrafraction
motion during frameless SRS, which could potentially
lead to large underdoses to the targets, worse LC, and
increased normal brain dose if not corrected. Dosimet-
ric differences between planned and simulated plans
were statistically significant. Patients treated with ste-
reotactic cones exhibited PTV coverage being more
sensitive to uncorrected patient shifts than patients
treated with MLC SRS plans. MLC plan PTV coverage
is more robust to intrafraction motion but V12
increases more when uncorrected patient motion
occurs for MLC plans compared with cone treatments.
This study provides evidence that uncorrected intra-
fraction motion can produce significant dosimetric
deviations during linac-based frameless radiosurgery
that could negatively affect patient outcomes.
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