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ABSTRACT

Background: Cone beam CT (CBCT) imaging has been integrated into the most recent version of the 
Leksell Gamma Knife for the primary purpose to facilitate fractionated therapy. 

Case description: This case study presents three patients where the CBCT system of the Gamma 
Knife Icon discovered potentially clinically significant frame shifts. In each case, patients were imaged 
with volumetric MR prior to stereotactic frame placement. Immediately following frame placement, 
diagnostic stereotactic CT imaging was acquired with a stereotactic indicator box attached to the 
frame. Following treatment planning and immediately before radiosurgery, a CBCT was acquired 
using the on-board imaging functionality of the Gamma Knife Icon, which provides a registration of 
the patient’s anatomy to stereotactic space independent of that provided by the stereotactic frame/
fiducials. Co-registration of the CT and CBCT provides an estimate of the difference between these 
two estimates of stereotactic coordinates. The vector magnitudes of the differences measured at 
the center of stereotactic space were 0.93mm, 2.64mm and 2.18 mm for Case 1, Case 2 and Case 
3 respectively. 

Conclusions: Use of the CBCT functionality of the Gamma Knife Icon to verify the consistency of 
frame placement can prevent clinically significant targeting errors due to frame slippage or frame 
adapter mounting errors, and allows any required adjustments to be made without interrupting the 
overall treatment workflow.

Keywords: radiosurgery; cone beam CT; stereotactic frame; frame shift; Gamma Knife; quality 
assurance
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INTRODUCTION 

Gamma Knife Radiosurgery (GKRS) has tradition-
ally involved the delivery of ablative doses (> 10 Gy) 
of radiation to small, well-defined intracranial volumes 
in a single treatment session. The mechanical design of 
the Gamma Knife, the use of 60Co as a radiation source 
and presumed absolute fixation of the patient using a 
stereotactic frame have been key elements which makes 
possible the degree of accuracy and precision required 
for safe delivery of such high doses of radiation[1]. 

Stereotactic frames serve the dual role of cranial 
immobilization and intracranial localization. The 
Leksell stereotactic “G-frame” (Elekta Instrument, 
AB, Stockholm) provides direct mechanical immo-
bilization of the cranium through a rigid mechanical 
system. This system involves the patient’s skull, four 
fixation pins, four support posts, the base ring of the 
frame and the treatment bed [2] Recent iterations of 
the Gamma Knife (Perfexion™ and Icon™ models) 
have a mechanical frame adapter interface between 
the frame and the mount on the treatment bed)[3]. The 
dimensions of the Leksell G-frame define a targeting 
coordinate system, which is matched to the machine 
coordinates of the Gamma Knife. In earlier iterations 
of the Gamma Knife, stereotactic coordinates were set 
through the use of a mechanical trunnion system. This 
system required the treatment team to use scales on 
the stereotactic frame itself to position the patient and 
then “set” the proper coordinates by tightening hex-
screws[1]. More recent iterations of the Gamma Knife 
use the treatment bed itself to position the patient at 
the planned coordinates, however the machine coordi-
nates of the Gamma Knife remain directly related to 
the dimensions of the stereotactic frame via a calibra-
tion offset[3]. 

Tomographic (fan beam CT, and/or MR) or bi-plane 
x-ray based imaging used for Gamma Knife treatment 
planning are acquired pre-treatment using a modality-
dependent indicator box placed over the patient’s head 
and attached to the base ring of the frame. The registra-
tion of the acquired images to stereotactic coordinate 
space assumes that this indicator box is rigidly fixed to 
the frame, and that the patient is immobilized during 
the scan. 

In practice, one of the basic assumptions for GKRS 
is that the mechanical system of the frame is static and 
secure from diagnostic imaging until the end of the 
radiosurgical procedure. Once the patient’s frame has 
been applied, the entire treatment chain of a Gamma 
Knife procedure depends on the fixed coordinate sys-
tem defined by the frame. Any violation of this assump-
tion has the potential to result in a targeting error and 
a resulting decrease in treatment efficacy and potential 
increase in treatment toxicity[4].

The recently Gamma Knife® Icon™ includes an 
integrated cone beam CT (CBCT) scanner[5]. The 
CBCT isocenter is calibrated against the radiation iso-
center of the Gamma Knife, and its known imaging 
geometry means that the resulting CBCT images can 
be used as an estimate of stereotactic coordinate space 
independent from the frame-defined stereotactic space. 
As a new quality assurance (QA) measure, CBCT scans 
acquired at the start of a treatment or at various points 
in a lengthy GKRS can be used to detect mechanical 
shifts in the frame system or it’s attachment to the treat-
ment bed. If a shift is detected, the CBCT-defined coor-
dinates can be used in place of the usual frame-defined 
coordinates without repeating the entire treatment-
planning imaging procedure.

In this report, we present three cases that demon-
strate detection of mechanical frame shift errors dur-
ing GKRS in which the CBCT allowed for detection 
and correction immediately prior to treatment without 
requiring a repeat of the imaging and treatment plan-
ning workflow.

MATERIAL AND METHODS 

Patients were investigated as part of an IRB-approved 
quality improvement project. Review inclusion crite-
ria were (1) patients undergoing single session, frame 
based GKRS between August 2016 and August 2017, 
(2) patients found to have distortion in the stereotactic 
CT fiducials or when CT/CBCT registration differences 
were greater than 1 mm. 

The patients in this case report were treated utiliz-
ing a standard protocol for GKRS previously described.
[6,7] Prior to frame placement, a thin-sliced (~1mm 
thickness, volumetric acquisition, and no gap) ste-
reotactic 3-Tesla MRI of the brain was obtained with 
appropriate T1 and T2 weighted sequences. On the day 
of GKRS, the patients were taken to an operating room 
and administered monitored anesthesia. The patients’ 
heads were prepped and draped. Local anesthetic was 
applied at four sites and the treating neurosurgeon 
affixed a Leksell G frame to each patient’s head using 
4 point fixation, tightening the pins per the surgeon’s 
discretion and manufacturer’s recommendations[8]. 

Once the frame was in place, a stereotactic indi-
cator box (Elekta Instrument, AB, Stockholm) was 
attached to the frame, and a thin-sliced, diagnostic 
quality fan beam CT of the head was obtained in the 
radiology department. The MRI was co-registered to 
this CT using the Gamma Knife treatment planning 
system (GammaPlan v. 11.1, Elekta Instrument AB, 
Stockholm) using a rigid, mutual-information based 
co-registration algorithm[9], with a region-of-interest 
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(ROI) applied to exclude the stereotactic fiducial indi-
cators imaged as part of the stereotactic CT study. A 
treatment plan was determined by the treating neuro-
surgeon, radiation oncologist, and medical physicist. 
The patient was then transferred to the Gamma Knife 
suite and placed on the Gamma Knife Icon treatment 
bed in treatment position with appropriate selection 
of Gamma angle and adjustment of the couch to avoid 
cervical strain in the treatment position. Immediately 
prior to radiosurgical delivery, a CBCT was obtained 
using the integrated CBCT system. The resulting 
images were transferred to the treatment planning 
system. 

As previously described, the diagnostic fan beam 
CT (with stereotactic indicator box) and pre-treat-
ment CBCT provide independent measures of the 
patient’s head position within stereotactic space. 
The stereotactic CT is registered to stereotactic 
space by identifying the fiducial marks that appear 
in the image due to the presence of the stereotac-
tic indicator box. The CBCT is acquired implicitly 
in stereotactic space due to the CBCT calibration 
described above. For each case, the images were co-
registered in the treatment planning system using 
a rigid, mutual information based co-registration 
algorithm[9], ROI limits were applied to the reg-
istration algorithm to exclude the stereotactic fidu-
cial indicators on the CT scan. The resulting images 
were superimposed allowing direct visual compari-
son. Any displacement of the fixation pins relative 
to the skull between the two scans were identified. 
In addition, the treatment planning system provides 
an estimate of the rotational and translational dif-
ferences between the stereotactic coordinate sys-
tems by mathematically decomposing the image 
co-registration matrix[10]:

H T T Rot Rot Rot Ttx ty tz Z y Y X= −( , , ) ( , , ) ( ) ( ) ( ) (* * * * *100 100 100 10β α 00 100 100, , )− − 	 (1)

where H is the combined co-registration matrix, 
T

(100,100,100)
 and T

(-100,-100,-100)
 are the translations to and 

from the center of Leksell coordinate space (coordi-
nates x=100.0mm (left-right), y=100.0mm (anterior-
posterior), z=100.0mm(superior-inferior)), T

(tx,ty,tz)
 are 

the translations along each orthogonal axis, and Rot
Z
, 

Rot
Y
, and Rot

X
 are the rotational components around 

each orthogonal axis.
For each of the three cases, the rotational and trans-

lation differences was recorded from either the post-
treatment report for the treatment or by retrospectively 
querying the treatment planning system database. The 
vector magnitude translational difference at center point 
of Leksell coordinate space was defined as:

	 T tx ty tz= + +2 2 2 	 (2)

where tx, ty, and tz are the vector translations along each 
axis. Of note, the greater the distance from the center of 
rotation a given point is located, the greater the effect 
rotations will have on the total positional difference of 
that point between the coordinate system estimates. 
Therefore points located distant from the center point of 
Leksell coordinate space will have larger vector mag-
nitude differences in the presence of rotations between 
the CT and CBCT images.

RESULTS

Three patients met study inclusion criteria detailed 
above. This included a 66 year old male with right 
sided vestibular schwannoma (Case 1), a 59 year old 
male with a single left cerebellar metastasis (Case 2) 
and a 55 year old male undergoing GKRS for multi-
ple brain metastases (Case 3). Table 1 summarizes the 
target and treatment planning characteristics of each 
case.

A discrepancy was detected in Case 1 when the 
treatment planning system reported a CT/CBCT reg-
istration difference greater in magnitude than is typi-
cally observed. Close, retrospective, inspection of the 
patient’s images revealed that the frame and/or frame 
indicator box shifted during the acquisition of the ste-
reotactic CT scan (Figure 1A). The error in the location 
of the fiducial marks compared to the treatment plan-
ning system’s model of the fiducial pattern was reported 
by the planning system to be a mean of 0.4 mm, with a 
maximum error of 1.1mm.A fusion of the CT in stereo-
tactic space as defined by the fiducial markers and the 
CBCT in its implicit stereotactic space shows signifi-
cant mis-alignment of the two scans as shown in Figure 
1B. Overlaying the treatment plan defined in the CT-
based stereotactic coordinates onto the treatment plan-
ning MR co-registered to the CBCT-based stereotactic 
coordinates demonstrates that a significant portion of 
the target would not have received the intended pre-
scription dose while permitting excess dose to normal 
parenchyma (Figure 1C). 

In Case 2 and Case 3, close inspection of the fixation 
pins on the stereotactic CT and pre-treatment CBCT 
scans revealed that some adjustment of the pins were 
required to insure proper attachment to the outer table 
of the cranium (Figure 2A-D, 3A-D). Reconstruction of 
the uncorrected treatment plan in Case 3 as compared to 
the intended treatment (Figure 4) demonstrates a poten-
tial targeting error due to the shift in the stereotactic 
coordinate system. 
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The rotation and translational shifts between the 
CBCT and the standard stereotactic CT for the three 
patients are reported in Table 2. For the purpose of 
comparison, the vector magnitude shift introduced 
by the discrepancies in stereotactic coordinates was 
reported for the center point (coordinates: x=100.0mm; 
y=100.0mm; z=100.0mm of Leksell coordinate space 
for each patient. The resulting magnitude shifts were 
0.93mm, 2.64mm, and 2.18 mm, for Case 1, Case 2, 
and Case 3 respectively. As the rotations are defined 
around the center point in stereotactic space the mag-
nitude shift on a given isocenter in a treatment plan is 
proportional to the distance from this center point to the 
isocenter in question. For example in the third patient 
who had a peripheral occipital lesion, the vector magni-
tude shift at the lesion would have been 4.77mm. 

DISCUSSION

Stereotactic frames have been used reliably for dec-
ades in Gamma Knife radiosurgery over hundreds of 
thousands of cases. This study was not designed to 
determine the incidence of frame or frame adapter mis-
placement, and in fact is these are difficult to ascertain 
as we have not been performing CT or CBCT scans for 
the majority of our more than 20 years of GKRS.  While 
we believe that the incidence of problems is likely low, 

Table 1. Patient and Treatment Characteristics

Patient # Target #/Site Dose (Gy) Isodose (%) # Isocenters Max diameter (cm)

1 1- Right vestibular schwannoma 12 50 4 1.1

2 1-Left cerebellar met. 22 50 2 1.3

3 1- Left frontal met. 22 50 3 1.6

3 2- Right frontal met. 22 90 1 0.3

3 3- Left frontal met. 22 95 1 0.4

3 4- Right thalamic met. 22 92 2 0.3

3 5- Right temporal met. 22 50 2 1.2

3 6- Left occipital met. 22 90 1 0.4

3 7- Right parasagittal frontal met. 22 93 1 0.5

3 8- Right parietal met. 22 97 1 0.2

3 9- Right cerebellar met. 22 97 1 1.1

3 10- Right parietal met. 22 90 1 0.4

3 11- Right caudate met. 22 94 2 0.3

3 12- Right parasagittal parietal met. 22 97 1 0.3

3 13- Left occipital met. 22 94 1 0.5

met = metastasis

Figure 1. Treatment planning imaging for a right 
vestibular schwannoma. (A) The post frame placement 
diagnostic CT demonstrates positional shift during 
image acquisition, most clearly indicated by bending of 
the straight vertical bars of the head frame as shown 
by the white arrows. (B) The fusion of the Icon CBCT 
and diagnostic pre-procedural CT in the axial plane 
demonstrates misalignment, most evident in the area 
indicated by the white arrow. (C) The treatment plan 
defined by the diagnostic CT placed over the treatment 
planning MR co-registered to the CBCT-based stereo-
tactic coordinates demonstrates significant portions 
of GTV that would have been undertreated and areas 
of normal parenchyma that would have received full 
prescription dose.
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the risk of adverse radiation effect from a low dose 
CBCT to check for frame based coordinate problems 
is likely even lower and seems a reasonable approach 
when clinically indicated.  

The fundamental accuracy and precision of beam 
delivery using a current Gamma Knife model has been 
reported to be within 0.3mm[11], but this combined 
uncertainty depends upon rigid frame immobilization 
from the time the frame is affixed, throughout any ste-
reotactic treatment planning imaging, and throughout 
the duration of the radiosurgical procedure itself. Each 
mechanical interface in the frame system is a location 
where there is some potential for a breakdown in the 
integrity of the frame system. Several prior studies 
have examined the uncertainty of different aspects 
of the procedural uncertainty of GKRS. Mack et al. 
looked at the whole-procedure performance using 
a hidden target test, performing 170 measurements 
over 5 years and found a mean vector displacement 
of 0.48±0.23mm[12]. Alternatively, Heck et al. looked 
specifically at a point coincident to the isocenter of 
the unit and found all measured data were within a 
radial 0.2mm sphere[13]. When the whole proce-
dure was examined for large lesions, Ma et al. found 
agreement with planned dose distributions between 
0.1mm and 1.6mm, which was a smaller range than 
predicted from quadrature summation of individual 

uncertainty components[11]. Massager et al. used 
post-GKRS enhancement on MRI in trigeminal neu-
ralgia cases to evaluate spatial targeting accuracy and 

Figure 2. Treatment planning for a left cerebellar 
metastasis. (A) Axial view of one of the frame pins on 
the stereotactic fan beam CT. (B) Coronal view of one 
of the frame pins on the stereotactic fan beam CT. (C) 
Axial view of the same pin on the pre-treatment CBCT. 
(D) Coronal view of the same pin on the pre-treatment 
CBCT. Comparison of the stereotactic fan beam CT 
with the pretreatment CBCT shows that the pin was not 
securely anchored with an accompanying frame shift.

Figure 3. Treatment planning imaging for multiple brain 
metastases. (A) Axial view of one of the frame pins on 
the stereotactic fan beam CT. (B) Coronal view of one 
of the frame pins on the stereotactic fan beam CT. (C) 
Axial view of the same pin on the pre-treatment CBCT. 
(D) Coronal view of the same pin on the pre-treatment 
CBCT. Comparison of the stereotactic fan beam CT 
with the pretreatment CBCT shows that the pin was not 
securely anchored with an accompanying frame shift.

Figure 4. Treatment planning imaging for multiple brain 
metastases. The uncorrected plan of one of multiple brain 
metastasis (blue line) based off the stereotactic fan beam CT 
registered to the planning MRI overlaid with the corrected 
volume (yellow line) generated from the pretreatment CBCT 
registered to the planning MRI. Using the stereotactic CT 
for planning would have undertreated the metastasis and 
applied full dose to normal brain parenchyma.
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the group arrived at a median coordinate deviation on 
0.91mm[14]. 

In respect to the uncertainty of the stereotactic frame 
and frame-slippage, there is sparse published data. 
Using the previously described trunnion system Foote 
et al. investigated the incidence of coordinate slippage 
and found it occurred in approximately 3.5% of treated 
isocenters, and was associated with longer treatment 
time, taller patients, heavier patients, and increased 
number of isocenters[15]. However this mode of 
frame slippage is not relevant to current Gamma Knife 
designs, which use the treatment bed itself for position-
ing. In regards to potential slippage due to inadequate 
application of the pins MacKenzie et al. investigated 
the coordinate shift that occurs with the removal of a 
single pin and found the maximum to be 1.2mm[16]. 
However other studies have found GKRS using 3 fixa-
tion pins leads to negligible difference in outcome[17]. 
In a more clinically relevant study, setup and intrafrac-
tion motion between a Brown-Roberts-Wells stereo-
tactic frame (Radionics, Burlington, MA) incidentally 
found an instance of frame slippage in one out of a total 
population of 102 frame-based patients enrolled in a 
study[18]. A failure mode and effects analysis (FMEA) 
of a frame-based GKRS clinical workflow created by 
Xu et al. assigned a poorly affixed frame a low risk pri-
ority number (RPN)[19].

Of note, neither the manufacturer (Elekta Instru-
ment, AB), the FDA, nor the NRC provide guidelines 
for torque for pin tightening[8].  The tightening of pins 
is manual, and the tightness of the pins is at the discre-
tion of the treating physician.  After frame placement, 
the manufacturer recommends applying force to the 
base ring to check for stability but this approach has 
never been adequately studied for reliability or sensitiv-
ity in assessing frame changes. 

In recent models (Perfexion and Icon) of the Gamma 
Knife, the stereotactic frame is mounted to the treat-
ment bed via an intermediate frame adapter. In our 
experience the frame adapter is reliable, however the 
FMEA analysis by Xu et al., assigned the frame adapter 
the highest RPN in the study[19]. There have also been 
reported instances of the frame adapter not properly 
mounting to the frame and this ultimately resulted in a 

design modification of the frame adapter[20]. Mis-seat-
ing of the frame adapter would not be detected during 
a stereotactic MR or CT, and must be detected through 
disciplined visual inspection of the frame adapter. 
However a pre-treatment CBCT may show detectible 
shifts between the frame/fiducial based stereotactic 
coordinates determined from the stereotactic CT and 
the coordinates as determined by the CBCT. Further 
study of this indication for CBCT imaging is warranted.

Exploring the Icon system specifically, Li et al. stud-
ied the uncertainty in stereotactic coordinate definitions 
between a prototype CBCT attached to a Gamma Knife 
Perfexion and the Leksell G-frame. When looking at 
the intrafraction differences between the two system, 
they found a mean difference of -0.03 (0.05), -0.03 
(0.18), and -0.03 (0.12) mm in the left-right, anterior-
posterior, and superior-inferior directions (mean, (SD)). 
They also looked at uncertainty at time of patient setup 
and found maximum differences of -0.74, -0.53, and 
-0.68 mm along each orthogonal axis[21]. Aldahlawi 
et al., who found magnitude differences between the 
frame and CBCT coordinate definitions to be 0.21mm 
to 0.33mm, reinforced these results using a phantom/
marker system[22]. Dutta et al. performed a study simi-
lar to that of Li et al, however on a clinical Gamma 
Knife Icon and found mean absolute translational dif-
ferences of 0.29 (0.27), 0.24 (0.19), and 0.24(0.27) 
mm in the left-right, anterior-posterior, and left-right 
directions (mean, (SD)). Mean rotational differences 
were reported as 0.14(0.19), 0.16(0.21), and 0.12(0.15) 
degrees (mean, (SD))[23].

The small reported differences of these prior stud-
ies support both the stability of the Gamma Knife frame 
system, and also the sensitivity of the on-board CBCT 
functionality of the Gamma Knife Icon system as a QA 
strategy to detect abnormal differences between the two 
coordinate systems. As described in this case study, this 
QA strategy helped to mitigate a risk of mistreatment 
due to patient motion during a stereotactic planning CT 
in one case, and due to fixation pin adjustments in two 
other cases. Of note many Gamma Knife centers do not 
acquire stereotactic CT imaging after frame placement; 
instead they rely solely on stereotactic MR scans after 
frame placement and use the resulting fiducial marks 

Table 2. Calculated Rotational and Translational Shift of the Head frame 

Patient # Rotational Shift (degree) Translational Shift (mm) Overall Translation

At Point (100,100,100) X axis Y axis Z axis X axis Y axis Z axis

1 0.3 0.14 -0.06 0.8 0.02 0.47 0.93 mm

2 -0.65 0.36 0.57 0.91 1.68 1.68 2.64 mm

3 2.32 1.43 0.24 0.2 0.07 -2.17 2.18 mm
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to register the MR images to stereotactic coordinates. 
Fixation pins are generally not visible on MR scans due 
to induced susceptibility artifacts[24]. In this scenario 
it can be difficult to detect pins that have slipped or 
require adjustment. Significant manual handling of the 
frame can occur between the time of frame placement 
and treatment as the patient proceeds through various 
imaging procedures, which can include combinations of 
CT, MRI, and angiography depending on indication. As 
mentioned earlier, neither MR nor CT acquired without 
the patient in treatment position would detect problems 
with the mounting of the frame adapter on the stereotac-
tic frame. . The integrated CBCT of the Gamma Knife 
Icon provides a final QA check of the frame fixation 
moments before the treatment commences to help miti-
gate these risks. The extremely low dose of the CBCT 
system (computed tomography dose index (CTDI) of 2.5 
mGy in the low dose setting or 6.3 mGy in the high dose 
setting) adds negligible additional risk to the patient.

Prior to the development of the integrated CBCT sys-
tem, deciding to correct a stereotactic frame placement 
immediately prior to treatment would have required a 
repeat imaging session outside the Gamma Knife suite 
and significant work to re-plan the treatment as any 
adjustment to the stereotactic frame alters the associ-
ated stereotactic coordinate system. However with the 
CBCT functionality of the Gamma Knife Icon the treat-
ments highlighted in this study were simply adjusted to 
use the CBCT as the basis for stereotactic coordinates 
without significantly disrupting the normal workflow.

CONCLUSION

While stereotactic frames are often treated as hav-
ing “perfect” fixation, in fact frames have integral 
mechanical uncertainties, and they are subject to rare 
instances of mechanical slippage. This case report 
presents three instances of frame shifts of a magni-
tude that might have resulted in clinically significant 
changes in delivered dose. The on-board CBCT func-
tionality of the Gamma Knife Icon provides a new 
QA technique to verify the integrity of stereotactic 
coordinate space immediately prior to treatment, and 
further provides a method to continue with the proce-
dure without interrupting it to acquire an entirely new 
set of imaging studies and a new treatment plan. The 
routine integration of CBCT into the frame-based GK 
workflow needs to be further studied. When clinically 
indicated, we believe that the on-board CBCT system 
of the Gamma Knife Icon has value as a QA tool una-
vailable on prior models of Gamma Knife that more 
than balances the low risk of adverse radiation effect 
from the low dose CBCT. 
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