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ABSTRACT

Purpose/Objectives: The Gamma-Knife radiosurgery (GKRS) (Elekta AB, Stockholm) platform
delivers highly conformal and precise radiation; however, intracranial displacement during treatment
allows for the potential of a marginal target-miss. Frameless (mask-based) GKRS using the Gamma
Knife Icon system monitors nasal tip motion as a surrogate for intracranial motion by tracking
an infrared marker using a high-definition motion management (HDMM) system. To date, there
is limited data available regarding the incidence and severity of motion and factors that impact
intrafraction motion when treating with frameless GKRS.

Materials/Methods: A retrospective study was performed to evaluate patients with brain tumors who
were treated with frameless GKRS using the Gamma Knife Icon between May and December 2018.
All patients underwent mask-based immobilization using a thermoplastic mask. Data on patient
demographics, mask type, use of bite block, and number of treatments received, use of anxiolytics,
treatment time, and whether a physics clearance check was performed prior to treatment were
collected. For each treatment session, average displacement (mm), maximum displacement (mm)
and total treatment time (min) were recorded and logistic regression analyses were performed.

Results: Data was collected for 89 consecutive treatments (38 patients). Of these, an anxiolytic
was used in 61 treatments and a physics clearance check was performed for 45 treatments. The
median average and maximum displacement was 0.60 mm and 1.22 mm, respectively. An average
displacement greater than 0.60 mm was seen with Eastern Cooperative Oncology Group performance
status (ECOG) > 1, male gender, and malignant tumors (p < 0.05). Anxiolytic use prior to treatment
was associated with a significant reduction in average displacement (p < 0.05). Significantly greater
odds of observing a maximum displacement over 1.22 mm was seen with patients with ECOG > 1,
male gender, and increased treatment time (p < 0.05). Age > 65 and anxiolytic use were associated
with a significant reduction in maximum displacement (p < 0.05). Performance of clearance checks
and use of bite block use did not impact average or maximum patient displacement.
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Conclusions: This is the first study to evaluate patient and treatment-related factors that influence
intrafraction motion during GKRS with mask-based immobilization through HDMM tracking.
Increased intracranial displacement during frameless GKRS was associated with higher ECOG, male
gender, increased treatment time and malignant tumors, while anxiolytics were shown to mitigate
excessive motion. Radiosurgery teams should consider these patient factors when treating patients

with mask immobilization.
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INTRODUCTION

The use of targeted radiation via Gamma Knife (Elekta
AB, Stockholm) or linear-accelerator based radiosurgery
has fundamentally changed the treatment paradigm of pri-
mary and metastatic brain tumors as these techniques allow
for precise irradiation of tumors while largely sparing nor-
mal tissues (1). The Gamma Kanife treatment platform uti-
lizes either 192 or 201 cobalt-60 radiation sources that are
aligned with a collimator system to direct individual beams
to a specific point. This juxtaposition of low dose beams
permits high-dose radiation delivery to the target site
with minimal impact on tissues located outside the target
volume (2). Fixation during Gamma Knife radiosurgery
(GKRS) using a rigid stereotactic titanium-alloy frame
allows for reduced patient motion; however, the invasive-
ness and discomfort of securing 4 screws to the patient’s
skull makes performing fractionated treatments using this
system impractical (3, 4). Less invasive mask-based treat-
ment modalities have been garnering interest and allow for
fractionated radiosurgery (5-8). Gamma Khnife Icon allows
for frameless radiosurgery with thermoplastic mask immo-
bilization, has on-board cone-beam computed tomography
(CBCT) capability, and contains an automated collimator
setting adjustment process within the GammaPlan soft-
ware which has the capability to adapt to slight inter-frac-
tion positional changes. Intrafraction motion monitoring
capabilities are carried out on the Gamma Knife Icon via
the a high-definition motion management (HDMM) sys-
tem with nasal tip marker infrared tracking (9).

Despite offering a less invasive and more flexible
dose-fractionation schedule, the use of frameless
Gamma Knife is still limited by concerns regard-
ing its ability to deliver radiation in an accurate and
reproducible manner. Although preliminary data
suggest increased motion variations with mask-
based Gamma Knife (10), there remains a paucity
of data regarding the magnitude of motion varia-
tion and patient factors leading to increased move-
ment. The purpose of this study was to assess the
magnitude of intrafraction displacement and iden-
tify which patient and treatment associated factors
significantly influence motion susceptibility during
frameless GKRS treatments.
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METHODS AND MATERIALS

Inclusion criteria

Data collection and analysis were approved by our
Institutional Review Board. Adult patients with primary
or metastatic intracranial tumors treated with frameless
GKRS from May to December 2018 were included in
the study. All patients underwent thermoplastic mask-
based immobilization and were treated with one to five
fractions. Mask-based radiosurgery immobilization was
chosen based on a variety of clinical factors, including
proximity to critical structures, use of fractionation,
expected treatment time, and patient preference.

Workflow

On the day prior to treatment delivery, patients
underwent a thin-slice magnetic resonance imaging
(MRI) of the brain for pretreatment planning purposes.
In the treatment suite, a customized thermoplastic mask
was created to fit the shape and contours of the face.
Patients were fitted with either a green mask produced
by the Klarity corporation or a yellow mask produced
by the Elekta corporation.

An oral cavity device, also known as a “bite block”,
was utilized in most patients to presumably aid with
immobilization. A CBCT of the head was also obtained
at this time to determine the stereotactic coordinates.
Subsequently, a simulation CT scan of the head was
performed for better image quality and co-registration
to the MRI and CBCT. The MRI and simulation CT
were initially co-registered and the simulation CT was
then fused with the CBCT scan (stereotactic reference).
MRI and simulation CT were used to identify critical
structures and a conformal radiation dose plan was
developed to target the intracranial disease sites.

On the day of treatment, the patient was immobi-
lized and a reflective marker was placed to the patient’s
nose tip to serve as a stable anatomical reference point
for motion tracking throughout treatment. A pre-treat-
ment CBCT was obtained and co-registered to the ste-



reotactic reference CBCT from the prior day. Image
registration was used to assess patient anatomy and
positioning. During treatment, the patient position was
monitored by the HDMM system via infrared camera
tracking of the reflective nasal tip marker. If motion
beyond the preset threshold (1.5 mm) was detected,
treatment was paused In such an instance when treat-
ment was withdrawn or paused due to unacceptable
degree of motion, patient position was subsequently
corrected. A new CBCT was then obtained and regis-
tered to the stereotactic CBCT to ensure accuracy of
position prior to restarting treatment.

Data collection and statistical analysis

Data on patient demographics including age, sex, body
mass index (BMI), Eastern Cooperative Oncology Group
performance status (ECOG), anxiolytic use prior to treat-
ment, and nature of lesion (malignant or benign) were
obtained through retrospective chart review. Information
regarding the type of mask (green mask from Klarity cor-
poration vs. yellow mask from Elekta corporation), use of
bite block, and whether a clearance check was performed,
were documented prior to treatment.

Intrafraction average displacement and maximum
displacement in relation to the pretreatment CBCT
were recorded. Additionally, total treatment time and
number of treatment withdrawals requiring reposition-
ing were recorded during radiation delivery.

Logistic regression analysis was used to identify
patient and treatment factors associated with increased
average displacement and increased maximum displace-
ment. As information regarding mask type and whether
anxiolytic medication was administered was not avail-
able for all patients, these factors were analyzed sepa-
rately using univariate logistic regression analysis. All
other factors were analyzed using multivariate logistic
regression. Results with p < 0.05 were considered to be
statistically significant. SPSS statistical package (Ver-
sion 25; IBM ® ) was used for statistical analysis.

RESULTS

Clinical Characteristics

During the period between May to December 2018,
38 unique patients underwent a total of 89 treatments with
frameless GKRS for various intracranial lesions. Of these
patients, 18 (47%) were female and 20 (52%) were male.
Median age was 61 years and age range was 26-78 years.
ECOG was 0 in 20 cases (52.6%), 1 in 10 cases (26.3%),
2 in 7 cases (18.4%), and unknown in 1 case (2.6%). Four-
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Table 1. Summary of clinical characteristics in patients
who underwent GKRS

Parameter No. of patients (N=38)
Type of lesion

Non-malignant 5
Malignant 33
Age

<65 18
>65 20
Median age - 61 yrs

BMI

< 24.9 (normal) 14
>24.9 (overweight) 24
ECOG status

ECOG<1 20
ECOG>1 18
Gender

Female 18
Male 20

Treatment characteristics

teen patients (36.8%) had a normal BMI, while 24 patients
(63.1%) had BMIs in the overweight range. Of the 38
patients, 5 (13.1%) had benign tumors and 33 (86.8%) had
malignant lesions. The clinical characteristics of the patient
cohort are outlined in Table 1.

A bite block for immobilization was used in 84 treat-
ments (94.3%). With regard to mask type, 62 treatments
(69.7%) were performed using the yellow mask and 27
treatments (30.3%) were performed using the green mask.

Physics clearance checks were performed prior
to radiation delivery during 45 treatments (50.5%).
Anxiolytics were used during 61 treatments (68.5%).
Withdrawal of treatment due to unacceptable motion
occurred during 28 treatments (31.4%) and involved
16 patients. The number of interruptions during therapy
ranged from 1 to 5 times per treatment. Median total
treatment time was 23 minutes (range: 2-84 minutes).
The treatment characteristics are outlined in Table 2.

Intrafraction motion was measured as displacement
from the designated pretreatment stereotactic coordi-
nates. Examples of two patients’ intrafraction motion
as recorded by the HDMM during frameless GKRS are
depicted in Figure 1. Average intrafraction displace-
ment ranged from 0.1 mm to 1.25 mm with a median of
0.6 mm. Maximum intrafraction displacement ranged
from 0.07 mm to 3.16 mm with a median of 1.22 mm.
The mean average displacement was 0.65 mm while the
mean maximum displacement was 1.29 mm. Intrafrac-
tion displacement data is displayed in Table 3.
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Figure 1. Patient examples of intrafraction motion as detected by the HDMM system.

This figure demonstrates intrafraction motion as detected by the HDMM system for two patients undergoing gamma
knife treatment on the GK icon. The designated threshold for motion is indicated by the red line at 1.50 mm. The
top panel shows a patient with minimal intrafraction motion. When there is sustained intracranial motion above the
threshold, treatment is paused (as noted by the yellow region on the bottom panel).

Table 2. Summary of treatment characteristics in
patients who underwent GKRS

No of treatments

Parameter (N=89)

Thermoplastic mask type

Yellow (Elekta) 62
Green (Klarity) 27

Anxiolytic use prior to treatment 61

Clearance check prior to

treatment =

Withdrawal during treatment 28

Median total treatment time 3

(min)

Analysis of intrafraction motion.

Analysis of factors associated with motion

Logistic regression analysis was used to identify fac-
tors associated with increased average and maximum
displacement. Greater odds of observing an average
displacement greater than 0.6 mm (median) were seen
with ECOG > 1, male gender, and malignant tumors (p
< 0.05). Anxiolytic use prior to treatment was associ-
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Table 3. Summary of intrafraction displacement

Displacement Standard

Type Median Mean  Deviation = Range
Average 0.60 0.65 0.46 0.1to
displacement 1.25
(mm)

Maximum 1.22 1.29 0.67 0.07 to
displacement 3.16
(mm)

The median, mean, standard deviation, and range of average
intrafraction displacement and maximum intrafraction
displacement as determined by differences between
designated pretreatment patient position coordinates and
intratreatment patient position coordinates.

ated with a significant reduction in average displace-
ment (p < 0.05), while performance of physics clearance
checks, use of bite blocks and increased treatment time
did not appear to influence average displacement. Fac-
tors associated with increased average displacement on
logistic regression analysis are summarized in Table 4
and Figure 2a.

Significantly greater odds of observing a maximum
displacement over 1.22 mm (median) were seen with
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Table 4. Analysis of factors associated with a greater than median average displacement (0.6 mm)

Odds ratio
Characteristic Category (95% CI) P-value

Age <65 Ref
>65 0.722 (0.207-2.512) 0.608

Bite block No Ref
Yes 0.144 (0.008-2.568) 0.187

Mask Type Green Ref
Yellow 1.004 (0.310-3.247) 0.995

Number of Treatments 1 Ref
>1 0.901 (0.305-2.664) 0.851

BMI <24.9 Ref
>24.9 1.805 (0.593-5.489) 0.298

ECOG <1 Ref
>1 10.982 (2.472-39.051) 0.001

Gender Female Ref
Male 5.609 (1.392-22.610) 0.015

Tumor pathology Benign Ref
Malignant 11.051 (2.071-58.983) 0.005

Treatment time (minutes) <23 Ref
>23 0.936 (0.304-2.881) 0.909

Anxiolytic use No Ref
Yes 0.156 (0.037-0.662) 0.012

Clearance check No Ref
Yes 2.737 (0.499-15) 0.246

Logistic regression analysis of average displacement > 0.6 mm with regard to patient and treatment characteristics. ECOG >1,
male gender, malignant tumor pathology, and lack of anxiolytic use (noted in bold font) showed significant association with

increased average displacement.

ECOG > 1, male gender, and increased treatment time
(p < 0.05), while age > 65 and anxiolytic use were asso-
ciated with a significant reduction in maximum dis-
placement (p < 0.05). Performance of clearance checks
and absence of bite block use did not appear to impact
maximum patient displacement. Factors associated with
increased maximum displacement on logistic regression
analysis are summarized in Table 5 and Figure 2b.

DISCUSSION

Stereotactic radiosurgery mandates highly accurate
and precise radiation delivery to a specific target while
minimizing impact on adjacent normal tissues and criti-

cal structures. This was traditionally achieved by rigid
frame-based fixation, which minimizes intracranial
motion while also providing a stereotactic coordinate
system for treatment localization. Frame-based immo-
bilization has been the cornerstone for treatment of
intracranial lesions with GKRS. More recently, radio-
surgery via mask-based Gamma Knife has increased
considerably due to its convenience, minimally inva-
sive nature, and the ability to fractionate treatments for
larger tumors (7). Studies have also shown that frame-
less fractionated GKRS of large tumors (volumes > 10
cm?®) produce satisfactory tumor control rates that are
comparable to frame-based systems (7) .

Despite the many benefits of frameless GKRS, recent
studies have suggested that mask-based immobilization
may be associated with increased motion error during
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Figure 2. Box plots demonstrate median and range of average displacement with regard to various to patient and
treatment characteristics; p values designate results from logistic regression analysis.

Demonstrates factors that showed a significant association with increased average displacement.
Demonstrates factors that showed a significant association with increased maximum displacement.

treatment (5, 6, 10). Carminucci and colleagues exam-
ined the accuracy of frame-based and frameless fixation
using the GK Icon system in a retrospective cohort study.
In this study, patients were immobilized via stereotac-
tic head frame or a noninvasive thermoplastic mask. The
positioning of the skull in stereotactic space as noted on
CBCT was compared to the positioning on the original
planning MRI to assess for set up error. CBCT imag-
ing prior to treatment and during treatment were used to
assess intrafraction motion although continuous moni-
toring was not studied. Their results demonstrated that
although motion error is small for both treatment sys-
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tems, mask-based immobilization led to significantly
larger setup and intrafraction motion error in comparison
to patients treated with frame fixation (10).

The current study aimed to validate these findings
in our patient cohort using the onboard continuous
monitoring system on the GK Icon device. We postu-
lated that mask-based systems have a higher propensity
for intrafraction displacement and increased motion
is likely associated with certain patient and treatment
factors. We found the mean average displacement was
0.65 mm and the mean maximum displacement was
1.29 mm (Table 3). These results suggest that although
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Table 5. Analysis of factors associated with a greater than median maximum displacement (1. 22 mm)

Odds ratio
Characteristic Category (95% CI) P-value

Age <65 Ref
>65 0.207 (0.052-0.815) 0.024

Bite block No Ref
Yes 0.075 (0.005-1.219) 0.069

Mask Type Green Ref
Yellow 1.842 (0.555-6.110) 0.318

Number of Treatments 1 Ref
>1 1.127 (0.382-3.321) 0.828

BMI <24.9 Ref
>24.9 0.852 (0.284-2.562) 0.776

ECOG <1 Ref
>1 4.936 (1.416-17.209) 0.012

Gender Female Ref
Male 4.220 (1.092-16.300) 0.037

Tumor pathology Benign Ref
Malignant 3.194 (0.719-14.180) 0.127

Treatment time <23 Ref
(minutes) >23 4.507 (1.389-12.426) 0.012

Anxiolytic use No Ref
Yes 0.171 ( 0.044-0.673) 0.011

Clearance check No Ref
Yes 7.778 (0.887- 68.191) 0.064

Logistic regression analysis of maximum displacement > 1.22 mm with regard to patient and treatment characteristics. ECOG
>1, increased treatment time, and lack of anxiolytic use (noted in bold font) showed significant association with increased

maximum displacement.

intrafraction motion with frameless GKRS is relatively
small, it may be clinically significant, particularly when
treating lesions in close proximity to certain critical,
radiosensitive neuroanatomical structures. The mag-
nitude of motion error demonstrated in our study is
comparable to those reported in other studies involving
radiosurgery using mask immobilization. For instance,
Tryggestad et al. demonstrated a mean intrafraction
motion of 0.71 = 0.8 mm for Linac based SRS, while Li
and colleagues reported a mean displacement measure
of 0.56 £ 0.51 mm for frameless GK based SRS (5, 11).
When interpreting this data, it is, however, important
to recognize that motion error may be detected with
greater sensitivity in mask-based treatments due to the
availability of real time monitoring of patient motion
via the HDMM system. As frame-based treatments only
allow for determination of intrafraction motion via pre

and post treatment CBCTs, the magnitude of intrafrac-
tion motion between frame and mask based systems
may not be directly comparable.

Our study also examined whether increased motion
error was associated with various patient and treatment
based factors. Dutta and collegues previously exam-
ined the relationship between displacement and vari-
ous extrinsic factors for frame-based treatments and
noted larger intrafraction displacements were associ-
ated with lower Karnofsky performance status (KPS)
and longer total frame pin lengths (12). To our knowl-
edge, the current study is the first to identify potential
factors associated with increased intrafraction motion
shifts in patients treated with frameless GKRS. Our
study found that greater average displacement for
masked treatments was associated with ECOG > 1,
male gender, and malignant tumors while increased
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maximum displacement was associated with ECOG >
1 and increased treatment time. We hypothesized that
poorer functional status likely contributed to increased
motion error due to physical limitations that reduced
patient ability to remain immobile during treatment.
Similarly, patients with malignant brain tumors were
more likely to have additional systemic disease and/or
cancer related pain, which could contribute to greater
intrafraction motion. It is unclear why male gender was
associated with increased motion error. Initially, we
hypothesized that higher BMI of males could contrib-
ute to increased motion error due to increased variabil-
ity associated with positioning of larger patients on the
treatment couch. However, on logistic regression analy-
sis, BMI did not correlate with average or maximum
displacement. Therefore, the association of gender with
increased displacement may be due to certain con-
founding factors that were not identified in this study.

Interestingly, one of the strongest associations noted
in our study was the reduction of average and maximum
displacement with anxiolytic use. This finding suggests
that patients’ psychiatric state and any angst regarding
treatment delivery should be addressed adequately prior
to starting treatment, and that patients should be offered
the use of anxiolytic medications immediately prior to
treatment, if appropriate.

Another concept that is often discussed when deliv-
ering radiosurgery is the necessity of adding margins to
the target volume to ensure adequate coverage. The aim
of Gamma Knife radiosurgery is to completely treat
the target with a high degree of accuracy and precision
while limiting the damage to normal tissues. Therefore,
the addition of margins > 1 mm is not typical when per-
forming SRS using the GK system. Ma et al. assessed
the impact of adding margins during GK radiosurgery
on peripheral normal brain sparing via a mathematical
model. In this study, the authors added margins ranging
from 0.5-3.0 mm, and found that on average, a 2 mm
margin led to an increase of approximately 55% of the
prescription dose volume and a predicted symptomatic
necrosis rate of 6-25% (13).

Our current study did not directly address whether
adding margins would have improved target coverage
and therefore limited the possibility of a target miss due
to intracranial motion. Future directions for the current
study could involve an analysis to determine whether
margin expansions during GK are associated with the
development of symptomatic radiation-necrosis.

The limitations of our study include the fact that it is
a retrospective study with a limited sample size. Addi-
tionally, we did not compare motion shifts in the mask
based system to frame-based systems, which could
also have subtle shifts during treatment. Our analysis
focused on intrafraction motion; however there are
other factors such as set up errors, image registration

284 Journal of Radiosurgery and SBRT  Vol.6 2020

inaccuracies or software calculation errors that can add
to uncertainty in accurate treatment delivery. Chung
et al. examined the accuracy of image co-registration
in frameless GKRS and found image co-registration
errors with mask based treatments were similar in mag-
nitude to imaging errors observed with frame-based
GKRS (14). Additionally, our sample size was limited
and we did not perform subgroup analysis to assess
whether the association of various factors (male gender,
higher ECOG, malignant tumors, anxiolytic use) with
increased/decreased displacement was due to the pres-
ence of other confounders such as increased medical
comorbidities, pain from metastatic disease, and preex-
isting psychiatric issues.

CONCLUSIONS

In summary, our study demonstrates that various
patient associated factors contribute to small yet pos-
sibly clinically significant displacements during ther-
moplastic mask-based GKRS. Therefore, intrafraction
motion during treatment delivery must be considered,
particularly for patients who are male, individuals with
malignant tumors, those with lower functional status,
and those with plans involving longer treatment times.
Additionally, medication use to reduce anxiety prior to
treatment should be considered when appropriate as a
means to reduce intrafraction motion and improve tar-
geting during radiosurgery delivery.
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