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A newly developed Gamma Knife relocatable eXtend frame system has enabled the deliv-
ery of multi-session Gamma Knife radiosurgery without the use of skull pin fixation frame
system. In this study, we investigate and report for the first time the whole procedural radio-
logical accuracy for administering such treatments. To quantify the radiological alignment,
the commonly used Winston-Lutz test was modified and used to determine the device accu-
racy of the eXtend frame system. Patient setup uncertainties relative to the device were
further measured for a series of treatment sessions (n = 58), and then incorporated with the
Winston-Lutz test results from individual patient-specific eXtend frame systems. The whole-
procedure mean 3D radiological setup uncertainty was determined to be 0.69 = 0.73mm
(10) from all the cases analyzed, and the mean 90% confidence level margins were found
to be 0.55, 0.78 and 0.72mm along the x-, y-, and z-axis, respectively. Our results therefore
demonstrated that sub-millimetric radiological accuracy is clinically achievable for multi-
session Gamma Knife radiosurgery treatments and a 1 mm margin along the major axes is
sufficient for planning multi-session Gamma Knife radiosurgery treatments.

Key words: Stereotactic radiosurgery; Gamma Knife; eXtend System; Relocatable frame;
Accuracy.

Introduction

A relocatable Gamma Knife frame system (Gamma Knife eXtend frame system,
Elekta AB, Stockholm, Sweden) was recently developed and approved in North
America (1) for administering multi-session Gamma Knife radiosurgery. The
eXtend system takes advantage of technical advancements of the latest Gamma
Knife Perfexion system (2-5), where automatic patient positioning enables mul-
tiple isocenters or shots to be delivered with a turnkey solution, and with only a
single patient treatment setup for a majority of the cases. In addition, the acces-
sible treatment space that allows the patient’s head to be positioned inside the
Gamma Khnife Perfexion unit has been significantly augmented by as much as
50% as compared to the previous Gamma Knife models. These advancements in
the Perfexion model facilitated the developments of a relocatable frame system
called the eXtend system.

The technical components and operating details of the eXtend frame system have
been recently reported (1, 6). In principle, the eXtend system relies on a head
mold or cushion and a vacuum-assisted bite block to immobilize the patient’s
head (Figures 1-2). Once the patient’s head is locked into position, the vacuum
readings created at the interface between the base plate of the bite block (i.e.,
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the fulcrum position) and the patient’s hard palate is moni-
tored continuously throughout the treatment session to ensure
setup accuracy and consistency. When carrying out a multi-
session treatment, a digital probe is then used to quantify any
potential inter-session setup variations by measuring the dis-
tances (at multiple preset locations) from the patient’s head
surface to the face of a cubic plastic helmet that is attached
to the base plate of the bite block system. The readings from
the digital probe allow one to determine relative shifts of
the patient head along the major axes, i.e., anterior-posterior
(AP), left-right (LAT) and superior-inferior (SI) directions,
respectively.

Because the base plate of the eXtend system is mechanically
calibrated against the reference center of the Gamma Khnife
Perfexion system, the overall radiological accuracy of a
patient setup is governed by a two-step setup process, which
involved the following accuracies: (1) patient’s head position-
ing accuracy against the base plate of the eXtend frame sys-
tem, and (2) the alignment accuracy of the eXtend frame base
plate against the radiological center (e.g. focal point of all the
radiation beamlets) of the Gamma Knife unit. The question
therefore arises as to whether the whole-procedural radiologi-
cal margin should be applied for this system under these pro-
cesses, and if so how much under the clinical settings.

Previous studies have investigated the composite accuracy
for the traditional Leksell frame systems (4, 5, 7). In those
systems a rigid frame is directly fixated onto the patient skull
via a set of metal pins, and because of this, the patient’s head
shift relative to the frame itself is generally assumed to be
negligible. However, the composite radiological accuracy of
a relocatable frame system for Gamma Khnife radiosurgery,
particularly for the new eXtend frame system, has not been
fully quantified in terms of patient-specific device accuracy
together with the online setup accuracy although previous
studies have reported on the online setup accuracy via imag-
ing or direct online measurements (1, 6, 8).

The whole-procedural radiological accuracy is an important
issue as it directly impacts the clinical decision regarding
whether it is necessary to add any margin to the planning
target volume for the multi-session Gamma Knife procedure.
This in turn affects the total prescription dose as well as the
dose fractionation schemes due to normal brain tissue toler-
ance levels despite the sharp dose-fall off typical to Gamma
Knife radiosurgery (9). For this study, the composite whole-
procedure set-up margins for was measured on a cohort of
patient cases (n = 12) sequentially treated with the Gamma
Knife eXtend system at our institution since its first imple-
mentation in January 2012. All cases were for five treatment
fractions except for one case for which there were three treat-
ment fractions. This resulted in a total of 58 treatment ses-
sions for the 12 cases that were used for this study. The total
prescription dose for these cases ranged from 24 to 30Gy.
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These analyses were part of our quality assurance measures
during the commissioning and implementation of the eXtend
frame system into our clinical practice. Here we report for the
first time the results of these analyses.

Materials and Methods

The experimental setup for our modified Winston-Lutz
test (10) is illustrated in Figure 1. The procedure started
by threading a metal wire through the vacuum line of the
custom-made patient bite block. The tip of the metal wire
was then marked and aligned with the radiochromic film
(Gafchromic MD-V2-55) to denote the fulcrum position of
the eXtend frame (Figure 1). Afterwards a CT scan of the
entire system without the patient was obtained, using a CT
protocol identical to that clinically used for Gamma Knife
eXtend frame patients (e.g. full head scan with 1.5 mm slice
thickness). The CT images were then imported into the
Leksell Gamma Plan system (version 10.1), and a single
4mm shot was centrally placed on the fulcrum location as
identified by the metal wire tip position.

After beam irradiation of approximately 20Gy to the shot
center, the exposed film was analyzed via an in-house anal-
ysis software. Unlike the traditional Winston-Lutz test, a
peripheral isodose dose band (e.g. from 30 to 60% of the
beam penumbra profile) was extracted, and overlaid on the
center of the pin-mark as identified on the film (Figure 3).
The details of the film analysis procedure were described in
an early publication (7). From these extracted images, the
center-of-mass of the isodose band as well as the pin-mark
position was precisely determined. The locations of these two
center-of-mass points were then compared with each other to
determine the absolute shifts between the radiological center
from the narrow isodose band, and the fulcrum point of the
vacuum-assisted bite block.

In addition to measuring the mechanical fulcrum alignment
against the radiological center, individual patient setup shifts
were also measured prior to each treatment. The overall
patient setup uncertainty (A) was calculated as follows,

A =<0 +<dy>? + <075 [1]

where <dx>, <dy>, <dz> are the mean mechanical patient
setup shifts as measured via the digital probe in reference
to the base plate or the fulcrum position (Figure 2) along the
x-, y- and z-axes, representing the lateral, anterior-posterior,
and longitudinal shifts, respectively. The digital probe was
calibrated against a phantom and the precision of the probe
was calibrated to be less than 0.005 mm as determined from
repeat phantom measurements.

Combining the fulcrum shift (<d,>) as determined by
the aforementioned modified Winston-Lutz test with the

Technology in Cancer Research & Treatment, Volume 13, Number 5, October 2014



Accuracy of Multi-session Gamma Knife Radiosurgery

(A)

Based plate-

Dental bite block

(B)

Extended frame
base position

405

Fulcrum
position (Pin-marked)
Extension
- frame
O;;glr?lzl (if needed)

Original frame
base & lock
position

Figure 1: Device and experimental setup for performing the modified Winston-Lutz test on the patient-specific bite block device used for multi-session
Gamma Knife radiosurgery. Right-side panels of the figure are the zoom-in view of the corresponding left-side panels: (A) shows the fulcrum position on the
bite block and (B) shows the extend frame holding the bite block in the beam irradiation position.

patient setup uncertainty from Equation [1], the whole-
procedural shift vector (R) for each case was then calcu-

lated as follows
R = A+ <d,>? (2]

In Equation 2 above, we have assumed a non-correlative or
random nature in the 3D shift vector from each measurement,
despite the fact that the fulcrum film measurements were lim-
ited to 2D measurements along the surface of the bite block.
In other words, we have assumed that the measured <d,> is
representative of the 3D shift vector length in the bite block
alignment. This is a reasonable approximation as such a shift
is relatively small as compared to the patient setup uncertain-
ties of Equation [1].

Moreover, for certain patient cases for which the bite block
fulcrum position falls outside of the current CT indexing-
box for the beam irradiation (e.g. either due to the patient’s
head geometry or due to the maximum range of the stereo-
tactic coordinate along the axial direction), we added a fixed
extension to the patient-specific bite block (Figure 1). This in
effect extended the entire bite block and its fulcrum position
superiorly by 65 mm, along the z-axis so that fulbrum point
falls within the existing limit of the stereotactic coordinate
values. The extension piece was an identical component of
another extend frame except mounted reversely as shown
in Figure 1. Because such an extension is a linear constant
we applied the following relationship into Equation 1 (i.e.,
<0(z+C)> = dz) for those cases, without affecting the gener-
ality of the derivations.
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Figure 2: Illustration of an actual patient treatment setup process with the

online digital probe measurement results for one treatment session. The ref-
erence measurement values are obtained during the simulation CT.

Results

Figure 2 shows an actual patient setup, and the patient posi-
tioning alignment measurements as determined via the digi-
tal probe prior to treatment delivery. The values shown are
for measurements along the three major axes obtained prior
to treatment delivery, and for the corresponding reference
measurements obtained during the patient’s simulation CT
scan. The root mean square value of the measured differences
between these two values along the three major axes were
<ox> = 0.22 £ 0.32mm (16), <dy> = 0.06 = 0.24 mm, and
<0z> = 0.10 = 0.34 mm, when averaging over all the treat-
ment sessions (n = 5) for this case.
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Figure 3 illustrates the exposed film and its analysis result
for the fulcrum position measurement for the aforemen-
tioned patient case. As shown in Figure 3, a §, = 0.54 mm
was obtained (note that the scale of the plot is 0.2mm in grid
size while the film scanning pixel resolution was 0.08 mm or
300 dpi). The obtained result was found to be insensitive to
the selection of the peripheral isodose band. For example,
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Figure 3: TIllustration of an eXtend patient treatment case results showing

(A) the original unfiltered film with the pin-mark at the center (B) the
extracted isodose plot, and the peripheral isodose band (approximately
40-60% of the central dose) and the central pin-marked area. The scale of the
plots is 0.2mm. No smoothing and edge enhancing filters were used for this
procedure. Instead, the mean center-of-mass (CM) position was determined
for the central marking area and the peripheral isodose band. The discrep-
ancy between the two CM positions was found to 0.36 = 0.03mm for
repeated measurements. The result was insensitive to high background noise
and the selection of the peripheral isodose band.
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when enlarging or narrowing the peripheral isodose band
by *10%, the agreement between the marked pin position
and the center-of-mass of the fulcrum position was found
to be less than 0.07 mm. The results were consistent among
all the film measurements demonstrating the insensitivity of
the procedure to the background noise and to the selection
of the narrow isodose band covering the peripheral isodose
region. Substituting these values into Equation 2, the whole-
procedure radiological uncertainty for the entire treatment
course was determined to be 0.59 = 0.36 mm, for this par-
ticular case.

A summary of the whole-procedure uncertainties as mea-
sured from all the patient cases is given in Figure 4. All
cases were for five treatment fractions except for one case
(No. 6) for which there were three treatment fractions. This
resulted in a total of 58 treatment sessions for the 12 cases
that were used for this study. The total prescription dose for
these cases ranged from 24 to 30Gy. Based on the results
shown in Figure 4, the mean setup uncertainty was found
to be 0.69 = 0.73mm (1o) when averaging over all these
treatment sessions. Applying the Cartesian-based Van Herk
formula (11) by assuming independence of individual setup
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Figure 4: Summary of all the cases for the overall procedural accuracy.
The errors bar shows a 16 deviation from the mean value, and the solid line
represents the composite A value obtained from Equation 2, for each case.
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measurements along the major axes and the validity of the
formula for patient sample size (12), the 90% confidence
level margins were determined to be 0.78 mm, 0.55 mm and
0.72mm along the anterior-posterior, lateral, and superior-
inferior directions, respectively.

Discussion

This is the first study investigating the whole-procedure
radiological margin required for delivering multi-session
Gamma Knife treatments using a relocatable frame system.
Based on a series of patient-specific treatment devices, and
treatment delivery sessions, a sub-millimeter accuracy was
found to be clinically achievable for a majority of the treat-
ments, and a whole-procedural 1-mm margin was found to
be sufficient to account for the majority of treatment-related
setup uncertainties.

The technical uniqueness of our study stems from the adapta-
tion of the well-known Winston-Lutz test to the relocatable
eXtend frame system for multi-session Gamma Knife radio-
surgery. The rationale for such an analysis was to overcome
a common problem encountered in performing the traditional
Winston-Lutz test where significant irregularities are created
in a single isodose line due to the obscuring of the beam pro-
file edge, because measured beam profiles may not be strictly
circular in the shape, and because of noise from the low back-
ground dose such as that from the inside of a Gamma Knife
unit (7, 10). For these reasons, line-smoothing software was
often applied. The use of an isodose band solves the afore-
mentioned problem and eliminates the need to precisely deter-
mine a specific peripheral isodose curve. The centers-of-mass
as determined from our procedure were by definition the cen-
tral position obtained via averaging all the dose points that fall
within a band of isodose lines of the beam penumbra region.

Compared to the traditional Winston-Lutz test where align-
ment of the mechanical center versus the radiological center
is measured for a preset circular geometry from fixed beam
configuration such as that of a linear accelerator, the above
method is adaptive to mechanical isocenter alignment for
variable geometries where the exact field shape and field
edge may not be known ahead of time, as in the case of the
fulcrum alignment of a patient-specific bite block relative to
the orientation of a symmetric 4-mm shot.

The advantages of such a technique are, (1) basing the
mechanical center on relevant imaging that closely mimics
clinical delivery, and (2) field edge detection via a band of
peripheral isodose curves instead of a single isodose line.
This renders the procedure highly robust to the measurement
noise, and eliminates the need for curve smoothing as well
as possible bias introduced by the smoothing software that
is used.

Technology in Cancer Research & Treatment, Volume 13, Number 5, October 2014



408

However, a potential source of uncertainty for the current
eXtend frame measurements is the rotation of the patient’s
skull relative to the fulcrum of the bite block device. Since
such rotations may affect the directional shift non-uniformly,
it is practically impossible for the digital probe measure-
ments to sample and precisely account for such rotations
via a limited number of measurements along the major axes.
Given complex and random nature of the problem, volumet-
ric imaging such as online cone-beam CT is needed to quan-
tify the nature and extent of such an uncertainty. As online
imaging is currently unavailable for the Gamma Knife unit,
such uncertainties were neglected for the analysis described
in this study. Nonetheless, any radiological effects resulting
from head rotations are expected to be small due to the 27
source arrangement in the Gamma Knife unit. Our ongoing
studies will determine interplay between the source geometry
related to rotational setup uncertainties, and ascertain their
importance in determining the whole-procedure uncertainty
for a multi-session eXtend frame Gamma Knife treatment.

In summary, one-millimeter planning target margin is
demonstrated to be adequate for multi-session Gamma
Knife radiosurgery treatments. Our conclusion is sup-
ported by the physical measurements of radiological
isocenter alignments as well as patient-specific measure-
ments from on-line treatment setups. Future online image-
guided studies when they become available for the Gamma
Knife unit, and more importantly clinical outcome studies
would eventually determine whether a millimetric margin
is a safe, and effective practice for multi-session Gamma
Knife radiosurgery.
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