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Abstract

Purpose To investigate the frequency, magnitude and possible causes of frame-shifts that may occur between treatment
planning and treatment delivery when performing Gamma Khnife radiosurgery with rigid frame-based immobilization.
Methods Differences between computed tomography (CT) framed fiducial stereotactic coordinate reference and cone beam
computed tomography stereotactic coordinates after image registration were recorded for 49 frame-based GK radiosurgery
cases performed using the Gamma Knife Icon. Parameters recorded include rotational shifts, translational shifts, and the
GK-computed Maximum Shot Displacement (MSD) between the two stereotactic coordinate spaces. Other patient-specific
parameters were collected and linear regression analysis was performed to evaluate predictors of increased displacement.
Results The median values of rotational shifts were: pitch 0.14°, yaw 0.17°, and roll 0.13°. The median absolute values of
translational shifts were: left-right 0.39 mm, anteroposterior 0.14 mm, and superior-inferior 0. 22 mm. The median value of
MSD was 0.71 mm. Twelve cases (24.5%) had a MSD of greater than 1.0 mm. Male gender was associated with increased
MSD (p=0.013) and translational shifts (root-mean-squared value, p=0.017). Cases with large differences between right
and left sided pin lengths were also associated with increased MSD (p=0.011).

Conclusions The use of CBCT image guidance in frame-based GK radiosurgery allows unintended frame shifts to be iden-
tified and corrected. A significant fraction (24.5%) of patients had large enough shifts to result in a MSD of greater than
1.0 mm. Male gender and eccentrically placed frames were associated with increased MSD, and particular care should be
taken in these cases.
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Introduction

Radiosurgery has revolutionized the treatment of neurologi-
cal disorders. The existing radiosurgery platforms, includ-
ing Gamma Knife (GK, Elekta AB, Stockholm, Sweden),
Cyberknife (Accuray, Sunnyvale, CA), and LINAC-based
units, all allow for highly targeted delivery of radiation. To
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achieve this precise treatment while minimizing damage to
adjacent normal tissues, target volumes must be well-defined
and immobilized during planning and treatment delivery [1,
2]. This is commonly achieved through the use of a ste-
reotactic head frame which immobilizes the patient during
treatment and provides a 3-dimensional stereotactic coordi-
nate system for tumor localization [1-3]. As the technique
relies on millimeter range accuracy, subtle movements in
the stereotactic head frame relative to the target can lead
to improper radiation dosing of the target or organs at risk,
especially when treatment is given over a single fraction.
The typical workflow of a frame-based GK system
involves the use of a stereotactic head frame to immobi-
lize the patient, followed by a MRI or CT scan for defin-
ing the stereotactic space and treatment planning. The head
frame has fiducials which appear on the scans and allow for
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registration of the treatment planning images to the stereo-
tactic coordinate system. Following alignment of the images
with the coordinate system, a treatment plan is created. This
coordinate system is then used for appropriate positioning
to allow for targeted delivery of radiation and creates a ste-
reotactic reference. As the rigid attachment of a head frame
to the patient is believed to be the most reliable form of
immobilization, the idea that unintended frame shifts could
cause inaccuracies in radiation delivery is rarely considered
a possibility [2, 4].

Until recently there were limited methods to study the
extent of frame shifts. The relatively recent introduction of
the Gamma Knife Icon system has now provided an innova-
tive method of investigating this issue. The Gamma Knife
Icon system has an integrated cone beam CT (CBCT) that
is able to obtain images immediately prior to delivery of
treatment, allowing for a second check of patient alignment
immediately preceding radiosurgery. Although the primary
purpose of this system is to ensure appropriate targeting of
radiation during frameless Gamma Knife treatments, the
integration of CBCT imaging to frame-based Gamma Knife
treatment protocols has provided an independent method of
assessing accuracy of patient position immediately prior
to treatment delivery [5]. The purpose of this study was to
investigate the causes and dependencies of frame shifts that
may occur between the time of radiosurgery planning and
time of treatment delivery and to assess the role of imaging
following frame placement to reduce treatment errors. Fur-
thermore, although there are several publications addressing
the issue of frame shifts during GK delivery, these publica-
tions are from a limited number of centers, and a broader
understanding of the frequency of frame shifts during GK
is warranted. This work illustrates the extent of frame shifts
and the issues encountered during GK delivery at our center.
In the current study, frame shifts were determined by meas-
uring the differences between the reference coordinates from
the initial planning CT and the pretreatment CBCT coordi-
nates, after rigid CT-CT image co-registration. Patient spe-
cific and treatment associated factors were then correlated
to the positional data to determine predictors of increased
shifts. Through this investigation, we aimed to evaluate the
magnitude of frame shifts and identify factors associated
with increased discrepancies, in order to help improve the
accuracy and the safety of future GK treatments.

Materials and methods

Institutional review board approval for patient data collec-
tion was obtained. Data collection involved 49 adult patients
who underwent frame-based GK treatments during 2018 at
our institution. All patients were treated with a single frac-
tion of radiation. Prior to the date of radiosurgery, an MRI
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of the brain was obtained. Our radiosurgical workflow has
been previously published [6]. In brief, on the day of radio-
surgery a head frame was placed on the patient for immobi-
lization, which was secured to the skull with four pins. Each
frame placement was performed by a Gamma Knife trained
and board certified neurosurgeon. A fiducial indicator box
was fixed to the stereotactic frame and a diagnostic CT scan
(which served as the stereotactic reference image set) was
done and transferred to the treatment planning software. The
MRI images obtained of the day prior were registered to
the CT images using anatomic landmarks and a plan was
finalized. The patient was then taken to the treatment suite
and the frame was affixed to the treatment couch. A CBCT
was obtained and co-registered to the diagnostic CT, which
provided an independent method of evaluating the stereo-
tactic coordinate system. Any rotations and/or translations
from the original plan coordinates were computed by the
treatment planning software. Set up error was determined
by comparing the initial CT to the pretreatment CBCT.
The resolution of the CBCT was 0.5x0.5 X 0.5mm? with
0.5 mm slice thickness. The field of view was 224 mm X
224 mm X 224 mm. Image registrations was performed by
the physics staff using the automated matching function
within the Normalized Mutual Information algorithm, then
verified by the treating neurosurgeon and radiation oncolo-
gist. Registration was achieved using the entire skull as the
region of interest.

A typical illustration of positional and dose distribution
differences between the original planned treatment and
the delivered treatment for a frame-based GK treatment is
shown in Fig. la—c. In cases where a clinically meaningful
shift was identified, the neurosurgeon and radiation oncolo-
gist physically verified frame fixation, and then re-planned
as necessary to allow for accurate treatment (sometimes
using the CBCT as the stereotactic reference image set). It is
important to note that although set up error can be detected
via the use of a pretreatment CBCT, GK Icon only allows
for pre-treatment position adjustments for mask based treat-
ments, and does not allow for application of positional cor-
rections when performing framed treatments.

At the time of frame placement, the length of the pins used
were physically measured with the use of a ruler and were
were recorded. During data analysis, the differences in length
between the anterior right vs. anterior left pins, as well as the
posterior right vs. posterior left pins, were determined for each
patient. For instance, consider a case with anterior right and
left pin lengths of 29 mm and 28 mm respectively, and pos-
terior right and left pin lengths of 31 mm and 27 mm respec-
tively. The difference in pin lengths between the anterior right
and left is 1 mm, while the difference in pin lengths between
the posterior right and left pin lengths is 4 mm. Therefore, the
posterior position pin length difference of 4 mm will be docu-
mented as the maximum eccentricity between right vs. left pin
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Fig.1 This figure demonstrates set-up error defined as the differ-
ence between the planned treatment (based on CT simulation ste-
reotactic reference coordinates) and the delivered treatment (based
on CBCT stereotactic coordinates) for a patient undergoing framed
based gamma knife treatment on the GK Icon. a Demonstrates a
visual representation of set up error where the dashed lined indicates

lengths for this particular case. This type of calculation was
performed for all cases and the maximum eccentricity between
right vs. left pins was documented and compared between dif-
ferent patients.

Differences between the CT stereotactic reference coordi-
nates and the CBCT stereotactic coordinates were recorded for
49 consecutive frame-based GK radiosurgery cases. Param-
eters recorded include rotational shifts, translational shifts,
and the GK-computed Maximum Shot Displacement (MSD)
between the two stereotactic coordinate spaces. Decisions
regarding replanning vs. treating were made on a case by case
basis and were at the discretion of the treating radiation oncol-
ogist and the neurosurgeon based on the magnitude of shift and
resultant dosimetry. Other patient-specific parameters were
collected and linear regression analyses were performed to
evaluate predictors for increased shifts and shot displacements.

Results
Clinical characteristics

Treatment and clinical data were reviewed for the first 49
patients who underwent frame-based Elekta Gamma Knife

B

Patient position
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| Translation [mm] -0.84 0.06  -0.01 ‘

Correction applied. No

Max shot displacement in ‘
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the original plan and the solid line demonstrates the delivered plan. b
Demonstrates the magnitude of the shifts in X, Y, and Z directions. ¢
Demonstrates volume of tumor receiving over 12 Gy in the original
plan vs. delivered treatment. Note that although minimal differences
are detected between the planned and the delivered treatments, cor-
rections cannot applied for frame based treatments

Icon (GK) treatments in 2018 at our institution. The median
age of our patients was 65 years with a minimum age of
30 years and a maximum age of 86 years. Of the analyzed
patients, 17 (35%) were male and 32 (65%) were female.
KPS was 100 in 14 cases (28.5%), 90 in 19 cases (38.8%),
80 in 7 cases (14.3%), and <70 in 9 cases (18.4%). Clini-
cal characteristics of the patient cohort are documented in
Table 1.

Treatment characteristics

The procedure of frame attachment to the cranium via pin
placement was performed by one of four neurosurgeons
shown as neurosurgeon 1-4 in Table 1. Neurosurgeon #1
performed 9 procedures (18.4%), #2 performed 5 proce-
dures (10.2%), #3 performed 12 procedures (24.4%) and
#4 performed 23 procedures (47.0%). Pins were placed at
four locations: anterior right, anterior left, posterior right
and posterior left. The median anterior right pin length was
26.2 mm (range 13.3-35.5 mm), median anterior left pin
length was 25.9 mm (range 17.3-37.0 mm), median poste-
rior right pin length was 25.8 mm (range 10.8—-47.3 mm),
and median posterior left pin length was 26.6 mm (range
10.8—44.3 mm) [4]. Sum of pin lengths and maximum pin
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Table 1 Clinical and treatment characteristics of 49 patients treated
with Gamma-Knife radiosurgery

Characteristic (or N) Median Minimum—
Maximum
(or %)

Age (y) 65 30-86
Sex

Male 17 35%

Female 32 65%
KPS

<70 9 18.4%

80 7 14.3%

90 19 38.8%

100 14 28.5%
Neurosurgeon

1 9 18.4%

2 5 10.2%

3 12 24.4%

4 23 47.0%
Replanned

No 38 775 %

Yes 11 225 %
Anterior right pin length (mm) 26.2 13.3-35.5
Anterior left pin length (mm) 259 17.3-37.0
Posterior right pin length (mm) 25.8 10.8-47.3
Posterior left pin length (mm) 26.6 10.8-44.3
Sum of pin distances length (mm) 104.4 72.9-132.6
Maximum pin length 29.9 24.0-47.3
Maximum eccentricity between right 5.2 0.7-20.5

vs. left pin lengths

length were determined for each GK treatment case. The
median of the sum of all 4 pin lengths was 104.4 mm and
the median of the maximum pin lengths was 29.9 mm. The
differences in length between the anterior right vs. anterior
left pins, as well as the posterior right vs. posterior left pins,
were determined for each patient as described in the methods
section. The median value was found to be 5. 2 mm.

Due to unacceptable rotational or translational discrepan-
cies between original plan coordinates and treatment coordi-
nates, 11/49 cases (22.5%) were ultimately re-planned, these
findings are shown in Table 1.

Measured shifts

Rotational and translational shifts at the time of treatment
were determined by the CBCT obtained immediately prior
to treatment. The descriptive statistics of measured shifts
are displayed in Table 2. The median values of rotational
shifts were: pitch 0.14° [range 0.00°-2.93°, standard devia-
tion (SD) 0.58°]; yaw 0.17° (range 0.01° to 4.60°, SD 0.73°);
and roll 0.13° (range 0.00°-0.75°, SD 0.13°). With regard to
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Table 2 Descriptive statistics of the rotational and translational shifts

Shift direction Mean Median Standard Range

deviation
X-pitch (degrees) 032 0.14 0.58 0.00-2.93
Y-yaw (degrees) 0.34 0.17 0.73 0.01-4.60
Z-roll (degrees) 0.15 0.13 0.13 0.00-0.75
X-left-right (mm) 0.56 0.39 0.85 0.02-5.89
Y-anteroposterior (mm) 029 0.14 0.55 0.00-3.30
Z-superior-inferior (mm) 0.38 0.22 0.63 0.01-3.74
Maximum Shot displacement 1.11  0.71 1.36 0.13-6.75
(mm)
RMS rotation 0.57 0.34 0.91 0.06-5.24
RMS translation 0.85 0.53 1.13 0.16-7.24

RMS rotational shifts, 41 cases (83.7%) had shifts between
0 and 0.5°, 3 cases (6.1%) had shifts between 0.5 and 1.0°
and 5 cases (10.2%) had shifts greater than 1.0°. The abso-
lute mean RMS rotation was 0.57 mm (range 0.06-5.24,
SD 0.91 mm).

The median absolute values of translational shifts
were: left-right 0.39 mm (range 0.02-5.89 mm, SD
0.85 mm); anteroposterior 0.14 mm (range 0.00-3.30 mm,
SD 0.55 mm); and superior-inferior 0.22 mm (range
0.01-3.74 mm, SD 0.63 mm). With regard to RMS trans-
lational shifts, 21 cases (42.9%) had shifts between 0 and
0.5 mm, 20 cases (40.8%) had shifts between 0.5 and
1.0 mm, and 8 cases (16.3%) had shifts greater than 1 mm.
The absolute mean RMS translation was 0.85 mm (range
0.16-7.24 mm, SD 1.13 mm).

Maximum shot displacement was determined and, 14
(28.6%) were found to have displacements between 0 and
0.5 mm, 23 cases (47.0%) had displacements between 0.5
and 1.0 mm, and 12 cases (24.5%) had displacements greater
than 1.0 mm. The median value of MSD was 0.71 mm (range
0.13-6.75 mm, SD 0.71 mm).

Analysis of patient and treatment characteristics
associated with frame shifts

Simple linear regression analysis was performed to deter-
mine factors associated with increased frame shifts. Table 3
summarizes the results of these tests. Age, KPS, neurosur-
geon, anterior/posterior right pin lengths, anterior/poste-
rior left pin lengths, sum of pin distance and maximum pin
length were not associated with increased MSD or RMS
rotational/translational shifts ( p> 0.05). Male gender was
associated with increased MSD (p=0.013) and increase
RMS rotational (p=0.028) and RMS translational shifts
(p=0.017) (Fig. 2a). Cases with a large difference between
anterior (or posterior) pin lengths were also associated with
increased MSD (p=0.011) (Fig. 2b). Other parameters
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Table 3 Analysis of factors
associated with increased frame

Characteristic

Maximum shot displace-  RMS rotation (°) RMS trans-

shifts ment (mm) lation (mm)
Age 0.726 0.238 0.784
Sex 0.013 0.028 0.017
KPS 0.482 0.273 0.437
Neurosurgeon 0.095 0.147 0.179
Anterior right pin (mm) 0.303 0.458 0.504
Anterior left pin (mm) 0.157 0.483 0.143
Posterior right pin (mm) 0.082 0.291 0.413
Posterior left pin (mm) 0.937 0.288 0.189
Sum of pin distances (mm) 0.980 0.574 0.288
Maximum pin length 0.070 0.177 0.707
Maximum eccentricity between right 0.011 0.060 0.071

vs. left pin lengths

Values are bolded for p < 0.05

Linear regression analysis was performed to determine factors associating with increased maximum shot
displacements, RMS rotational shifts, and RMS translational shifts, in 49 patients treated with framed
Gamma-Knife radiosurgery. Male gender and maximum eccentricity between right vs. left pin lengths were

found to significantly increase shifts

measured, including patient age, performance status, and
pin length, did not show correlation with larger measured
shifts or MSD (p <0.05).

Greater posterior right/left pin lengths increasing sum of
pin distances, and increasing maximum pin lengths were
associated with greater pitch (posterior right p=0.018;
posterior left p=0.038; sum of pin distances p=0.039;
maximum pin length p=0.019). Greater anterior left pin
length was associated with increased yaw (p=0.025). Male
gender, increasing posterior left pin lengths, and increasing
maximum eccentricity between right vs. left pin lengths was
associated with greater translational shifts in the superior-
inferior direction (male gender p=0.004; posterior left pin
length p=0.027; maximum eccentricity between right vs.
left pin lengths p=0.014).

Notably, no factors were found to associate with increased
roll or increased translational shifts in the left-right or anter-
oposterior directions.

Discussion

There are currently limited studies regarding the extent and
the possible causes of frame shifts during rigid frame-based
GK treatments. Peach et al. presented a case study during
which planning CT coordinates and treatment CBCT coor-
dinates were compared for patients undergoing frame-based
GK. They concluded that subtle frameshifts occur following
rigid immobilization and that the use of CBCTs to verify
reliability of frame placement can reduce the transmission
of clinically significant errors during radiation delivery [7].
Dutta et al. examined 150 cases of Gamma Knife treatments
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ciated with greater MSD
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during which CBCT was performed prior to treatment deliv-
ery and found that discrepancies in coordinates were less
than 1 mm in most instances. The study noted that large dif-
ferences were associated with low Karnofsky performance
scale and longer pin lengths [4]. Li et al. assessed setup and
intrafraction positional changes and noted that mean set up
errors and intrafraction errors were approximately 0.2 and
0.03 mm, respectively [8]. Carminucci and colleagues per-
formed a study comparing intrafraction error in mask based
vs. frame-based GK treatments and found that both forms
of treatment demonstrated small setup, translational, and
rotational errors [9]. These studies confirm that despite the
presumed rigidity of frame-based GK treatments, measur-
able displacements can still occur during patient setup and
treatment delivery.

Our study contributes to this limited body of work by
demonstrating that frame-based GK treatments involve
small, unintended shifts in a significant portion of the
patients treated with this modality. We found that approxi-
mately 25% (12/49) of patients had large enough shifts to
result in MSDs greater than 1.0 mm, suggesting that frame
immobilization may not be as rigid as previously described.
We noted that male gender and eccentrically placed frames
with larger pin length variations were associated with
increased MSD. An early systematic error analysis by Maci-
unas et al. revealed that the accuracy of frame placement is
significantly impacted by factors such as the weight encoun-
tered by the frame and quality of imaging [10]. We hypoth-
esize that factors such as incomplete contact with the peri-
osteum, cross-threading of pins, improper angling of pins,
over torqueing of the frame during placement, and increased
flexion associated with using pins of varying lengths, may
all lead to subtle shifts. Patient associated factors that may
contribute to frame instability include frame motion during
patient positioning, mechanical stress associated with larger
weight bearing loads (larger head masses, for instance) and
the laxity of bone flaps associated with prior craniotomies
that may make secure pin placement difficult. Interestingly,
our findings regarding the impact of pin length dissimilari-
ties were independently corroborated by Renier and Nicolas
in a prior study regarding the targeting inaccuracies caused
by mechanical distortion of stereotactic frames. In this study,
the authors noted that although length differences between
the two opposite pairs of pins were often very limited, even
small increases in the heterogeneity between pin lengths sig-
nificantly increased the amount of frame distortion. They
also found that the level of torque used for frame fixation
impacted frame distortion and deviation from the intended
stereotactic target [11]. Additionally, although image co-
registration is performed by an experienced physicist, it is
possible that the quality of image resolution and small off-
sets in image co-registration could have also contributed to
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detectable differences between simulation CT coordinates
and the CBCT coordinates.

One notable finding of our study is the value of image
guidance even when delivering frame-based radiosurgery. In
a typical framed based GK workflow, pretreatment imaging
immediately prior to radiosurgery is not obtained. Based
on the findings of our study, we believe that image guid-
ance using CBCT is a powerful tool to assess motion error.
Therefore we routinely obtain pretreatment CBCTs to ensure
radiosurgical accuracy. It is however important to consider
that a highly experienced SRS center may observe frame
shifts at a lower rate in comparison to a newly established
program and may opt to not utilize CBCTs on a regular
basis. Although our neurosurgeons were very experienced in
performing frame placements for Linac based radiosurgery,
our center was relatively new at performing frame place-
ments for GK treatments at the time of data gathering. The
novelty of this procedure may have contributed to the degree
of observed frame shifts at our institution.

To our knowledge, the association of male gender with
greater shifts was a novel finding in our study. We hypoth-
esize that this phenomenon may in part be due to the gener-
ally large head mass of male patients, although the exact
etiology has yet to be studied independently. Regardless, the
association of gender with increased shifts is hypothesis gen-
erating, and further studies should be performed to evaluate
the causes and potential remedies.

A question that often arises when discussing frame dis-
placement is whether a margin should be added to the plan-
ning target volumes to ensure adequate target coverage.
Although margins are utilized in LINAC-based SRS, given
that the aim of GK is to ensure target coverage while achiev-
ing maximum sparing of normal brain, margins beyond the
GTYV are not typically added. Ma et al. used mathematical
models to assess the impact of adding 0.5-3.0 mm margins
in GK based SRS. The authors found that the addition of
a 2 mm margin led to an increase of approximately 55%
of the prescription dose volume and a predicted sympto-
matic necrosis rate of 6-25% [12]. As the GK Icon platform
allows for detection and correction of any major shifts prior
to treatment, we do not propose the addition of margins to
GK treatments when they are performed with the GK Icon.
We believe that addition of margins in this situation is likely
to increase radiation toxicity to the normal brain without a
clear clinical benefit. However, given that we detected shifts
in a considerable number of cases, at institutions with GK
but without the ability to obtain CBCT imaging prior to
treatment (i.e. those without a GK Icon), the addition of
margins may reduce the possibility of a target miss depend-
ing on the clinical scenario and resultant risks.

There are several limitations of our study that are worth
mentioning. First, our study is a single institution retro-
spective study with a limited sample size. Additionally,
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the frequency of shifts (25% patients with MSD > 1 mm)
detected in our study is somewhat higher than what was
observed in other similar studies. It must be noted that the
data for this study was collected early in our GK program
and we believe that the novelty of our program may have
significantly contributed to the observed rate of detection
and correction of frame shifts. Therefore, our findings are
particularly relevant among new GK Icon programs. We
hypothesize that the observed shifts will reduce over time
as we continue to refine our process to maximize the safety
of this procedure.

Our study also did not assess the influence of other con-
founding variables on set up error, such as medical comor-
bidities, pain, and patient anatomic characteristics, such as
head size and neck length. Furthermore, our study did not
examine the extent and factors associated with intrafraction
motion or shifts occurring during other steps in the process
of GK delivery. We plan to address these factors in future
studies to better characterize the causes of frame shifts dur-
ing GK delivery.

Conclusions

The purpose of our study was to evaluate the magnitude and
the factors that contribute to frameshifts during GK radiosur-
gery. Our study identified that detectable frameshifts occur
during GK radiosurgery. However, given that we have lim-
ited follow up data, it is difficult to determine whether subtle
frame shifts lead to any clinically relevant consequences and
further studies are needed to evaluate the long term impact
of frame shifts with regard to disease control and radiation
toxicity. We hypothesized that a number of factors related
to mechanical stress on the frame and the uncertainty of
image co-registration likely contribute to frame shifts. Fac-
tors such as large head size, time from frame placement to
treatment delivery, and functional status of the patient that
were not explored in our study also likely play some role
in the observed shifts. The results of our study shed light
into the technical uncertainties of GK radiosurgery and we
believe that further exploration of this topic will lead to
improvements in the safety and the efficacy of radiosurgery
delivery in the future.
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