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Abstract
Purpose:Mask-immobilized stereotactic radiosurgery (SRS) using a gating window is an emerging technology. However, the amount of
intracranial tumor motion that can be tolerated during treatment while satisfying clinical dosimetric goals is unknown. The purpose of
this study was to quantify the sensitivity of target dose to tumor motion.
Methods and Materials: In clinical SRS plans, where a nose marker was tracked as surrogate for target motion, translational and rota-
tional target movements were simulated using nose-marker displacements of §0.5 mm,§1.0 mm, or §1.5 mm. The effect on minimum
dose to 99% of the target (D99) and percent target coverage by prescription dose was quantified using mixed-effect modeling with varia-
bles: displacement, target volume, and location.
Results: The effect on dose metrics is statistically larger for translational displacements compared with rotational displacements, and
the effect of pitch rotations is statistically larger compared with yaw rotations. The mixed-effect model for translations showed that dis-
placement and target volume are statistically significant variables, for rotation the variable target distance to rotation axis is additionally
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significant. For mean target volume (12.6 cc) and translational nose-marker displacements of 0.5 mm, 1.0 mm, and 1.5 mm, D99

decreased by 2.2%, 7.1%, and 13.0%, and coverage by 0.4%, 1.8%, and 4.4%, respectively. For mean target volume, mean distance mid-
point-target to pitch axis (7.6cm), and rotational nose-marker displacement of 0.5 mm, 1.0 mm, and 1.5 mm, D99 decreased by 1.0%,
3.6%, and 6.9%, and coverage by 0.2%, 0.8%, and 1.9%, respectively. For rotational yaw axis displacement, mean distance midpoint-tar-
get axis (4.2cm), D99 decreased by 0.3%, 1.2%, and 2.5%, and coverage by 0.1%, 0.2%, and 0.5%, respectively.
Conclusions: Simulated target displacements showed that sensitivity of tumor dose to motion depends on both target volume and tar-
get location. Suggesting that patient- and target-specific thresholds may be implemented for optimizing the balance between dosimetric
plan accuracy and treatment prolongation caused by out-of-tolerance motion.
� 2021 American Society for Radiation Oncology. Published by Elsevier Inc. All rights reserved.
Introduction
Historically, stereotactic radiosurgery (SRS) has been
delivered in a single fraction with submillimeter accuracy
using frame fixation for patient immobilization.1,2 With the
development of image guided SRS, noninvasive mask immo-
bilization is increasingly used for patient comfort, ease in
workflow for large volume departments and, moreover, ena-
bles multifraction treatments to be delivered more precisely.2

A recent development in image guided SRS has been
the release of the Gamma Knife Icon (GKI) system (Elekta
AB, Stockholm, Sweden). The system integrates a cone
beam computed tomography (CBCT) scanner to ensure
accurate setup, with a real-time high-definition motion
monitoring (HDMM) system to track patient position
during treatment, while the patient is immobilized in a
GKI-specific thermoplastic mask.3 The HDMM includes
an infrared camera tracking the position of a reflective
marker placed on the patient’s nose during treatment.
When the HDMM is in “active” mode, treatment delivery
is either paused or gated automatically, if this nose marker
motion exceeds a predefined threshold. If the nose marker
remains above the threshold, adjustment of the treatment
plan to the new patient position is mandatory and per-
formed by acquiring an intrafraction CBCT. Thus, the
system is designed to allow small intrafraction motions
during delivery with a user-defined tolerance threshold.

The effect of head immobilization has been investi-
gated by Babic et al and Guckenberger et al. They
reported that immobilization using a thermoplastic mask
can lead to larger intrafraction motions compared with
frame-based rigid immobilization, thereby possibly effect-
ing treatment plan dosimetry.4,5 In addition, Wright et al
showed that for GKI, the displacement of the nose marker
is not equal to the displacement of the target.6 Further-
more Kim et al, Vulpe et al, and MacDonald et al have
shown that patients become less tolerant of the thermo-
plastic mask as treatment time increases.3,7,8

Although several studies have reported on the GKI sys-
tem efficacy concerning (1) technical aspects of the
CBCT,9-11 (2) adaptation of the treatment plan to the new
patient position based on the CBCTs,12-14 and (3) the
HDMM tracking system,4,15 the amount of tumor motion
that can be tolerated during treatment while satisfying
clinical dosimetric goals is unknown.
The purpose of the present study was to quantify the
sensitivity of target dosimetry to tumor motion in a series
of GKI-treated patients. Translational and rotational dis-
placements were simulated from actual patient SRS plans,
and the effects of displacements were quantified consider-
ing tumor volume and location.
Methods
Data collection

Data from the Leksell Gamma Knife Planning system
(LGP) were collected for all treatments with mask immo-
bilization between 2016 and 2020 at the Gamma Knife
Centrum in Tilburg, Netherlands. Data consisted of RT-
DICOM files, LGP header files, and exported dose-volume
histogram (DVH). The RT-DICOM data consisted of the
magnetic resonance imaging (MRI) data set (slice thick-
ness 1.5 mm), the structure set with delineations and the
dose distribution (0.5 mm voxel pitch). The LGP header
file contained the geometric transformations between dif-
ferent coordinate systems (Supplementary Materials,
Transformations between different coordinate systems)
and the prescription dose.

Targets treated multiple times were only included once
and neighboring targets closer than 1.5 cm to one another in
the same treatment were excluded due to dosimetric cross-
talk. Additionally, one patient was excluded based due to
abnormal anatomy of the brain, making it impossible to
determine landmarks needed for rotation simulation. Patient
and treatment characteristics are summarized in Table 1.

The medical ethics committee waived formal approval
for this study and the study was approved by the Depart-
ment of Education and Research, Elisabeth TweeSteden
Hospital, Tilburg, Netherlands. All patient data was coded
before analyses.

Data was processed and analyzed using MATLAB
(Mathworks, version 2014b), including dedicated scripts
needed for volume reconstructions and rotational
simulations.16,17 Statistical analyses were performed using R
statistics (Rstudio, version 1.2.5033 RStudio, Inc.), including
packages “lmer” for the mixed-effect modeling, and
“insight”18 for determining the R-squared of the model.



Table 1 Summary of patient data included in the study

Patient information Included in study

No. of patients 77

No. of treatments 90

Male/female 35/42

Age (mean, range), y 52.8 (23-83)

Target information

No. of targets 121

Indication Meningioma (37)

NF-2 meningioma (40)

Metastases (30)

Plexus papilloma (6)

Vestibular schwannoma (3)

ACTH-producing pituitary
adenoma (2)

Nonsecreting pituitary
adenoma (1)

Choroid plexus papilloma (1)

Hemangiopericytoma (1)

Close to OAR (yes/no) 23/98

Volume <1 cc mean
(range), cc

0.39 (0.006-0.983)
n = 40

Volume 1-10 cc mean
(range), cc

4.1 (1.02-9.97)
n = 36

Volume >10 cc mean
(range), cc

29.8 (10.2-64.3)
n = 45

Abbreviations: ACTH = adrenocorticotropic hormone; NF-2 = Neu-
rofibromatosis type 2; OAR = organ at risk.
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Workflow

Every treatment plan was processed and analyzed
using the following workflow (Fig 1).
Validation
The DICOM data (ie, images, dose, and contours) were

used to generate (1) a triangulated surface, enclosing a 3-
dimensional volume representing the target (Fig 1A), and
(2) the DVH of the target (Fig 1B). Subsequently, the
reconstructed DVH and volume were compared against
the calculated DVH and volume from LGP (Fig 1C). If
the difference in volume was less than 10%, and the differ-
ence in dose to the 99% of the target (D99) was less than
2.5%, the target was included for further analyses.
Simulated translations and rotations
To quantify the effect of tumor motion on the dose distri-

bution, translations (Fig 1D) and rotations (Fig 1E) were
simulated for the included targets such that the nose-marker
displacement equaled §0.5 mm, §1.0 mm, or §1.5 mm in
and around the x-, y-, or z-direction. The x-direction is from
left to right, the y-direction from posterior to anterior and
the z-direction from inferior to superior.

For translations, a mask of the enclosed 3-dimensional
volume was made with a voxel pitch of 0.5 mm. Target
translation was simulated by shifting that mask by §1,
§2, or §3 voxels in each direction along the MRI-imag-
ing planes, representing a pure 1-dimensional-shift of
§0.5 mm, §1.0 mm, and §1.5 mm, respectively.

For rotation simulations, a grid voxel pitch of 0.1 mm
was used for making the mask of the 3-dimensional recon-
structed volume. Furthermore, the dose distribution was
resampled using linear interpolation to the same grid. Rota-
tions were first applied to the voxel coordinates after which
a new mask was created on the original grid by rounding
these coordinates to the nearest voxel. For its reproducibility
across patients, the required rotational axes and origin were
defined by 5 anatomic landmarks (Fig 2) from the LGP
planning images. These landmarks were identified by the
first author (J.S.) and verified by a neurosurgeon (G.B.). The
landmarks consisted of the (1) anterior commissure (AC),
(2) posterior commissure (PC), (3) midline reference (MR),
(4) inferior border of the clivus (ie, the lowest point fixed to
the skull), and (5) nose tip. The nose tip is defined by the
average position of the nose marker as registered by the
HDMM during the acquisition of the setup CBCT. If a shift
in AC or PC was caused by the target, their original posi-
tions were estimated by a neurosurgeon.

Rotational axes were defined as the normal vectors of 3
perpendicular planes: (1) a sagittal plane formed by AC,
PC, and MR, (2) an axial plane with the AC-PC line in
plane, perpendicular to the sagittal plane, and (3) a coro-
nal plane perpendicular to both other planes and posi-
tioned through the clivus. These 3 planes are not exactly
similar to the MRI imaging planes (sagittal, axial, and cor-
onal), because the patients head is not necessarily aligned
with the MRI imaging planes. The origin for the rotation
was the inferior border of the clivus.

Using these definitions, the y-axis for rotation falls
within millimeters of the nose marker (Fig 2). So, to dis-
place the nose marker by 0.5, 1.0, or 1.5 mm large, not
representative for a clinical situation, or infeasible rota-
tion angles are needed. Therefore, rotations around the y-
axis were not performed.

Rotation around the x-axis corresponds to pitch (“nod-
ding”), and around the z-axis to yaw (“looking left-right”).
Due to the definition of rotation axes, the coordinate system
for rotation and for translation cannot be precisely equal.

Evaluation metrics
For all simulated translations and rotations, the recon-

structed DVH after a displacement (Fig 1F-G) was com-
pared with the original DVH (before displacement,
Fig 1B) using the following 2 metrics: (1) D99 and (2)



Figure 1 Schematic overview of data processing: reconstruct original (A) volume and (B) dose-volume histogram
(DVH) using information from radiation therapy structure (RT-Struct) and dose (RT-Dose), (C) validating volume and
DVH against Leksell Gamma Knife Planning system values, only including targets meeting the inclusion criteria, (D)
translation, and (E) rotation of volume using the anatomic landmarks and Leksell Gamma Knife Planning system patient-
info-file, calculate DVH after (F) translation or (G) rotation, calculating ratioD99 and ratiocoverage before and after (H)
translation, and (I) rotation.
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percent volume of the target receiving the prescribed dose
(coverage). The ratio postdisplacement to nominal of D99

and coverage was measured and reported as ratioD99 and
ratiocoverage, respectively.

Tumor distance to rotation axis
A dose-calculation box around each target is used for

dose calculations in LGP. This box is automatically cen-
tered around the target and the midpoint is listed. This
midpoint is considered to be a surrogate of the tumor’s
position with respect to the rotation axes. For translations,
the tumor position does not influence the ratioD99 or
ratiocoverage. For rotations, the effect on target dose met-
rics depends on the relative location of each target to the
rotation axis. For each target, 3 metrics were calculated:
(1) rotation angle needed to simulate a displacement of
§0.5, §1.0, or §1.5 mm of the nose marker based on dis-
tance of nose marker to rotation axis, (2) distance of tar-
get-box-midpoint to rotation axis (dist), and (3)
displacement of target-box-midpoint caused by rotation.
Statistical analysis

RatioD99 and ratiocoverage were determined for all simu-
lation-translated and -rotated targets. For ratioD99 and
ratiocoverage, the Wilcoxson signed-rank test was used to
statistically compare: (1) displacement versus no displace-
ment, (2) positive versus negative displacements (along
each principal axis) to determine whether directionality
played a significant role (P < .05), (3) displacements along
the 3 different axes to determine whether the results
depended on the direction of translation or rotation, and
(4) translations and rotations to determine whether trans-
lations had a different effect than rotations.

For translations, a mixed-effect model was used to
evaluate the effect of the fixed effects: (1) nose-marker dis-
placement (displ) caused by translation along the axis, (2)
target volume (Vtarget), and (3) interaction of displ and
Vtarget on ratioD99 or ratiocoverage, Equation 1.

outcome ¼ intercept þ a0 � DV þ a1 � displþ a2

� DV � displ ð1Þ

where DV ¼ Vtarget � Vmean.
For rotations, a mixed-effect model was used to evalu-

ate the effect of the fixed effects: (1) displ of the nose
marker caused by rotation around an axis, (2) target vol-
ume ðVtargetÞ; (3) distance of the target to the rotation
axis ðdistÞ; and (4) interactions between displ; and/or



outcome ¼ intercept þ b0 � DV þ b1 � displþ b2 � Ddist þ b3 � DV � displ
þ b4 � DV � Ddist þ b5 � displ � Ddist þ b6 � DV � displ � Ddist ð2Þ
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Vtarget; and/or dist on ratioD99 or ratiocoverage, Equation 2.
where DV ¼ Vtarget � Vmean and Ddist ¼ disttarget � distmean:

The models considered the random effects caused by
the fact that outcomes belong to a certain target and axis.
Displacement needed to be treated as a factor, not as a
continuous variable, due to the limited number of simu-
lated displacements of the nose marker (target). There-
fore, the model has coefficients for each displacement
(displ), and displ ¼ 0 for no displacement and displ ¼ 1
if there is a displacement. The models are described in
detail in Supplementary Materials, Mixed-effect models.
Results
RatioD99 and Ratiocoverage

After extracting all relevant treatments, 157 targets were
obtained. Of these, 36 (23%) were excluded using the
Figure 2 Anatomic landmarks to define rotational axes. The
the posterior commissure (PC), open square is midline referenc
white star shows position of the nose marker. The angle a w
§0.5 mm, §1.0 mm, or §1.5 mm.
following criteria: (1) 7 (19.4%) treated multiple times, (2)
9 (25.0%) dosimetric cross-talk, (3) 3 (8.3%) reconstructed
volume difference larger than 10%, (4) 16 (44.4%) D99 dif-
ference larger than 2.5%, and (5) 1 (2.8%) patient was
excluded due to abnormal anatomy of the brain.

For all included targets, Figures 3 and 4 illustrate the
results for translations and rotations respectively. The tar-
get volumes were divided into 3 categories: “<1 cc,” “1 to
10 cc,” and “>10 cc.”

To obtain a §0.5 mm displacement of the nose marker
caused by rotation, the rotation angle required was mean
(range) 0.25 (0.21-0.29) degrees. For the §1.0 mm and
§1.5 mm nose-marker displacements the rotation angle
increased linearly. For all displacements the effect on D99

and coverage was statistically different compared with no
displacement (P < .001).

For all targets, no statistically significant difference (P >
.05) in either ratioD99 and ratiocoverage between positive and
negative translations or rotations was found (Table E1a).
solid dot is the anterior commissure (AC), the open dot is
e (MR), the black star is inferior border of the clivus, and
as calculated so that nose-marker displacement equaled



Figure 3 Boxplots of ratioD99 (left) and ratiocoverage (right) per volume category, subdivided in translation directions in
x-direction (a, c), y-direction (b, d), and z-direction (c, e). Per volume category displacement increased from 0.5 mm to
1.5 mm from left-to-right.
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Therefore, the averaged outcomes from the positive and neg-
ative displacements were used for the mixed-effect model.

The dosimetric effect of translational displacements
along the different axes were significantly different for x-
versus z-direction, and y- versus z-direction for nose dis-
placements ≥1.0 mm, for both ratioD99 and ratiocoverage.
Rotational displacements around the x-axis were signifi-
cantly larger than those around the z-axis (P < .01). The
resulting P values are listed in Table E1b. The mixed-
effect model for translation was fitted as a single model
for all directions combined, and for rotation separate
models were fitted for each rotational axis. The statistical



Figure 4 Boxplots of ratioD99 (left) and ratiocoverage (right) per volume category subdivided in rotation displacements
around x-axis (a, c) and z-axis (b, d). Per volume category displacement increased from 0.5 mm to 1.5 mm from left-to-
right.
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significant coefficients of Equations 1 and 2 are listed in
Tables 2 and 3, all coefficients are in Table E2. The
changes in ratioD99 and ratiocoverage caused by translations
were significantly larger than those caused by rotations (P
< .01), and keeping the nose-marker displacement con-
stant. For translations the displacement of the targets is
equal to the displacement of the nose marker. For rota-
tions around the z-axis, all targets displaced less than the
nose marker, and for rotation around the x-axis 18.8% of
Table 2 The statistical significant coefficients belonging
to the mixed effect model for ratioD99 and ratiocoverage for
translation, Equation 1*

RatioD99 Ratiocoverage

Displ [mm] a1 a2 a1 a2

0.5 �2.2e�2 6.4e�4 �4.3e�3 1.3e�4

1.0 �7.1e�2 1.9e�3 �1.8e�2 5.8e�4

1.5 �1.3e�1 3.1e�3 �4.4e�2 1.4e�3

* The intercept equaled 1 in the equations.
the targets displaced more than the nose marker. For the
mixed-effect model, the mean volume was 12.6 cc, and
the mean distance for the rotation was 7.6 cm, and 4.2 cm
for the x- and z-axis, respectively.

The mixed-effect model for translations shows that
ratioD99 changes by �2.2 %, �7.1%, and �13.0% and
ratiocoverage by �0.4%, �1.8%, and �4.4% for the mean
volume, for a translational displacement of the nose
marker of 0.5, 1.0, or 1.5 mm, respectively. Figure 5A
illustrates how the ratioD99 and ratiocoverage change for dif-
ferent volumes and translational displacements. The dis-
placement in the model concerned a factor variable
instead of a continuous variable, resulting in a fitted line
for each displacement.

For rotational nose-marker displacements of 0.5 mm,
1.0 mm, and 1.5 mm around the x-axis, ratioD99 changed
by �1.0%, �3.6%, and �6.9%, and ratiocoverage by �0.2%,
�0.8%, and �1.9%, respectively. For rotational displace-
ment around the z-axis, ratioD99 changed by �0.3%,
�1.2%, and �2.5%, and ratiocoverage by �0.1%, �0.2%,
and �0.5%, respectively.



Table 3 The statistical significant coefficients belonging to the mixed effect model for ratioD99 and ratiocoverage for rota-
tion, Equation 2*

RatioD99 rotation x-axis Ratiocoverage rotation x-axis

Displ [mm] b1 b3 b5 b6 b1 b3 b5 b6

0.5 �1.0e�2 3.3e�4 �1.7e�3 5.5e�5 �1.9e�3 5.8e�5 �3.0e-4 9.3e�6

1.0 �3.6e�2 1.1e�3 �5.7e�3 1.8e�4 �8.0e�3 2.6e�4 �1.4e�3 5.2e�5

1.5 �6.9e�2 1.9e�3 �9.8e�3 2.7e�4 �1.9e�2 6.4e�4 �3.5e�3 1.4e�4

Displ [mm] RatioD99 rotation z-axis Ratiocoverage rotation z-axis

0.5 �3.3e�3 1.1e�4 �1.1e�3 4.9e�5 �5.9e�4 1.8e�5 �1.6e-4 8.7e�6

1.0 �1.2e�2 3.8e�4 �3.9e�3 1.6e�4 �2.2e�3 7.1e�5 �6.4e�4 3.0e�5

1.5 �2.5e�2 7.7e�4 �7.7e�3 3.1e�4 �4.9e�3 1.6e�4 �1.6e�3 7.3e�5

* The intercept equaled 1 in the equations.
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Figure 5B-E depicts how the ratioD99 and ratiocoverage
change as a function of target volume and distances of
midpoint-target to rotation axis for rotational displace-
ments. For each displacement, the outcome parameter
resulting from the 2 continuous variables (ie, volume and
distance midpoint-target to rotation axis) are presented as
iso-effect lines (Fig 5).

The conditional R-squared (ie, the proportion of variance
explained by the complete model) for the translational dis-
placement model was 0.84 for ratioD99, and 0.70 for ratioco-
verage. The conditional R-squared for rotational displacement
around the x-axis was 0.74, and for the z-axis 0.78 for
ratioD99, the R-squared was 0.67 for both x-axis and z-axis
for ratiocoverage. The models show that the change for
ratioD99 is larger than for ratiocoverage, and for rotations
around the x-axis (nodding) the change was larger than for
rotations around the z-axis (looking left-right).
Discussion
We have simulated translations and rotations of targets
in actual patient SRS treatment plans to study the effect of
predefined nose-marker displacements on dose to the tar-
get volume. During a GK treatment with mask immobili-
zation, a threshold is set for the allowed nose-marker
displacement. Thus, the simulated displacements could be
viewed as used thresholds during treatment. We have
determined that increasing this threshold from 0.5 mm to
1.0 mm or 1.5 mm has a significant effect on the dose to
the target, D99, and coverage. The effect caused by transla-
tional displacement was significantly larger compared
with rotational displacements.

The effect on D99 and coverage decreases for increasing
volumes. This is caused by the fact that small lesions, in
this work defined as <1 cc, have a radius of approximately
0.6 mm which can, therefore, move entirely outside the
prescribed isodose line given the simulated displacements
of 0.5 mm, 1.0 mm, and 1.5 mm. For larger lesions, a
smaller percentage of the lesion will displace outside the
prescribed isodose line.

For translations, the displacements in z-direction have
a larger dosimetric effect than displacements in x- or y-
direction. This can, in part, be explained by the fact that
the dose gradient in GKI is steeper in z-direction and is
thus more susceptible to smaller displacements. The
increased dose drop-off in z-direction is caused by the
directionality and positioning of the 192 sources. The
GKI is based on an arrangement of sources analogous to a
band around the head with each source beam focused on
a single isocenter, with no beams entering the top and
bottom parts of the skull. For other technologies such as
linear-accelerator-based SRS, the effect of displacement
axis on dosimetric properties will depend on the used
beam arrangement and may differ somewhat from the
trends observed in the present study.

For rotational displacements, the rotation around the
x-axis (ie, nodding motion) had a larger effect on the dose
than a rotation around the z-axis (ie, looking left-right).
This difference is explained by the distance of the targets
to rotation axis, as discussed by Roper et al.19 In motion
traces of the nose marker measured during actual treat-
ments, it has been shown that the z-directional compo-
nent is always present in the traces8; corresponding to
rotations around the x-axis and/or a translation effect.
The effect on the dose is reduced if this motion is caused
by rotation compared with translation. Therefore, it
would be highly beneficial to know if the motion of the
nose marker is caused by rotation or translation during
treatment. Combined with the effect of steeper dose gra-
dients in the z-direction, this information could poten-
tially lead to usage of an anisotropic threshold at the
detriment of user friendliness. However, based on the cur-
rent technology implemented on the system, it is not pos-
sible to distinguish between rotation and translation.

The larger effect on the dose of translation compared
with rotation can be explained by the fact that for transla-
tion, the tumor motion is equal to the nose marker



Figure 5 The mixed effect model for (a) translation and (b-e) rotation displacements. For translation a line per displace-
ment shows the effect on ratioD99 (left) and ratiocoverage (right) for different volumes. For rotations a plot is made for different
volumes and distances midpoint-target to rotation axis, with the iso-effect lines showing the change in ratioD99 for rotation
around the x-axis (b) and z-axis (c), and the change in ratiocoverage for rotation around the x-axis (d) and z-axis (e).
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motion, whereas for rotation around the x-axis 80% of the
tumors shifted less than the nose marker; for the z-axis all
targets shifted less. Wright et al have shown6 similar ratios
between displacement of the target compared with nose
marker, based on intrafraction CBCT information from
22 actual treatments, and also they have determined that
intracranial displacements could exceed the nose-marker
displacements. Moreover, our study shows that not only
the position of the target should be considered when set-
ting the threshold, but also the target volume should be
considered.

This work has a few limitations that need to be
addressed. First, tumor volumes in the present study were
reconstructed in MATLAB by generating a triangulated sur-
face, which may have yielded less accurate volume recon-
structions for complex-shaped targets. In addition, MRI
slice thickness was larger than the 0.5 mm spatial distance
of the dose distribution data. Therefore, interpolation of tar-
get contours between MRI slices was necessary. Although
we excluded cases in which the reconstruction differed by
>10% volume difference, or >2.5% D99 difference com-
pared with LGP, we may have introduced a bias in the anal-
ysis. Another limitation is that after the displacement the
orientation of the head relative to the beams is changed.
Based on the small displacements this effect was considered
negligible and no adjustment of corresponding attenuations
was performed. Another limitation is the method for rota-
tion simulation. In the present study, skull rotation was sim-
plified by (1) using the lowest point of the skull (clivus) as
rotation point, (2) defining the rotation axes based on ana-
tomic landmarks, and (3) the assumption that the nose
marker moves rigidly with the patients’ heads. Although
this approach is chosen for its reproducibility across
patients, (1) the rotation axes during the actual treatment
are unknown and can be located in different locations than
those used in the simulations, (2) movement of the patients’
heads during treatment while restricted by the mask and
cushion is difficult to predict, and (3) in reality the nose can
move independently of the head. In addition, a given nose-
marker displacement may result from any combination of
pure translations and rotations, whereas we evaluated each
separately. Another limitation of the present study is that
the simulated displacements are taken for the complete
duration of treatment, whereas the motion trace of the nose
marker can fluctuate during treatment,8,20 and displace-
ments can be corrected by acquiring an intrafraction
CBCT, suggesting that these findings are a worst-case sce-
nario. Another limitation of this study is the implementa-
tion of the mixed-effect model. Ideally, the displacement
would be considered a continuous variable resulting in a
single model for different displacements. Furthermore, the
model would improve if more targets had been included.
Finally, the data all came from a single GK center. Results
may, therefore, be biased because these are based on plan-
ning, dose-description, and GKI motion monitoring proto-
col of that center. For example, results were obtained based
on targets treated without PTV margins and 100% cover-
age. With the use of a threshold, displacement of the tumor
during treatment is limited to prevent underdosing. By
using PTV margins, an increased displacement of the target
may be acceptable, at a cost of irradiating a limited extra
amount of normal tissue. In addition, a treatment plan and
corresponding dosimetry, also depends on tumor type,
shape, and on organs at risk (OAR). The effect of under-
treatment of a small part of the target, the effect of an OAR
on dosimetry, and the effect of displacement on the dose
that an OAR receives was out of the scope of this study.
Whether these factors should be considered when setting
the threshold has not been evaluated.

More information concerning actual movements of the
patient during treatment is needed to validate the simula-
tion model. This validation is part of a future study in a
collaboration between multiple Gamma Knife Centers.
Despite these limitations, the major strength of the pres-
ent work has been the development of a systematic and
reproducible workflow capable of developing a deeper
understanding and modeling of how tumor DVH statis-
tics are affected by known displacements in motion-
tracked SRS of a surrogate nose marker.
Conclusions
In this study a quantitative relation between intracra-
nial tumor motion and dosimetric effect is established
that can be used to guide decision for appropriate thresh-
olds. Displacement simulations of targets in GKI treat-
ments show that the sensitivity of tumor motion to the
dose highly depends on volume and position of the target.
This suggests that a patient and target-dependent thresh-
old can be implemented to find an optimal balance
between dosimetric plan accuracy and treatment pro-
longation due to extra CBCTs associated with out-of-tol-
erance motion. We have shown that this threshold should
depend on both location and volume of the tumor, but
other factors might need to be included like type of tumor
and proximity of an OAR.
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