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Introduction

The CyberKnife® (Accuray, Sunnyvale, CA, USA), con-
ceived and developed by Dr. John Adler, a neurosurgeon at
Stanford, treated its first patient in 1994. This pioneering
radiosurgical system, the first that did not require a stereo-
tactic frame, consists of a linear accelerator mounted on a
robotic treatment delivery system that allows for six degrees
of freedom, coupled to an image-guided targeting system.
Intrafraction image guidance allows for submillimeter
accuracy for both intracranial and extracranial body
treatments.

As the first dedicated radiosurgical system capable of
extracranial radiosurgery or stereotactic body radiotherapy,
early trials explored the use of stereotactic principles, devel-
oped for intracranial radiosurgery, for treatment in the body.
Among the earliest reports of body radiosurgery are series of
patients treated with the CyberKnife for tumors of the spine,
lung, pancreas, prostate, and liver. The early pioneering stud-
ies continue with recent reports of CyberKnife treatment for
cardiac arrhythmia, ocular melanoma, and functional
disorders.

We review the early history of the development of the
CyberKnife, describe the components of the system that
allow for stereotactic accuracy, highlight how advances in
the technology over the years have contributed to clinical
outcomes, and look to where the CyberKnife, and the field of
radiosurgery, may be headed in the future.
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History

Stereotactic radiosurgery (SRS) was conceived by Swedish
neurosurgeon Dr. Lars Leksell in 1951 [1] and initially relied on
rigid fixation of the skull by a stereotactic head frame used as
reference in order to precisely target radiation beams to intracra-
nial lesions. A frame-based approach had limitations which
included patient discomfort and inability to deliver multi-ses-
sion treatments. American neurosurgeon Dr. John Adler was
inspired to develop a frameless radiosurgical device after a neu-
rosurgical fellowship with Dr. Leksell at the Karolinska Institute
in Stockholm in 1985 [2]. He believed that frameless targeting
could be achieved through X-ray image-to-image correlation
and that this type of image-guided radiosurgery would obviate
the need for an invasive stereotactic frame. In addition to greater
patient comfort, a frameless system would allow for fraction-
ated treatment over several days while maintaining stereotactic
accuracy, as well as extracranial radiosurgery.

When Dr. Adler accepted a position at Stanford in 1987, he
set out to build the first frameless radiosurgical system with
collaborators, former Varian and Stanford linear accelerator
engineers, from Schomberg Engineering. His original con-
cept, as described in a series of technical papers in the 1990s,
described a linear accelerator mounted on a robotic arm to
precisely deliver multiple non-isocentric and noncoplanar
treatment beams with near real-time X-ray image guidance
[3-7]. He founded Accuray, Inc. (Sunnyvale, Calif., USA) in
1990 to develop and manufacture the CyberKnife system.

The first CyberKnife prototype, initially called the Neurotron
1000, was installed and treated patients at Stanford University
Medical Center between 1994 and 2000. On June 8, 1994, the
first patient was treated, an elderly woman with a solitary brain
metastasis. CyberKnife was approved by the United States Food
and Drug Administration for intracranial applications in 1999,
and then received clearance in 2001 for radiosurgical treatment
of lesions anywhere in the body where radiation is indicated.
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Since the initial CyberKnife prototype, there have been
five subsequent models through 2017. The second genera-
tion CyberKnife in 2001 introduced a new robot system
(Kuka Roboter GmbH, Augsburg, Germany) and replaced
the fluoroscopic screen/charge-coupled device camera with
high resolution flat-panel amorphous silicon detectors. In
2002, the G3 model was introduced with more advanced
image-tracking algorithms: six-degree skull tracking (6D
Skull Tracking), fiducial-free spine tracking (XSight®
Spine Tracking, Accuray, Sunnyvale, CA, USA), and
Synchrony® (Accuray, Sunnyvale, CA, USA) for dynamic
tracking on moving targets. Advances in imaging tracking
techniques significantly improved delivery accuracy [8].

The G4 model was introduced in 2005 with an automated
exchange table for the beam collimators. With the VSI
model in 2009, improvements included a 6D Robot Couch,
floor mounted high resolution (1024 x 1024) amorphous
silicon detectors, higher dose rate (1000 monitor unite/min-
utes), the IRIS™ (Accuray, Sunnyvale, CA, USA) variable
aperture collimator system, and fiducial-less lung tracking
with Synchrony. The combination of high dose rate deliv-
ery and IRIS™ collimator significantly improved the deliv-
ery efficiency with the VSI system.

Improvements have led to the M6 model in 2012 with a
new robot and a new room layout for a better robot working
space. One significant advance of the M6 is multi-leaf colli-

Fig. 1 Representative models of the CyberKnife® (Accuray,
Sunnyvale, CA, USA) system. (a) CyberKnife G3 system (2002). (b)
CyberKnife G4 system (2005). (¢) CyberKnife VSI system (2009). (d)

CyberKnife M6 system (2012). (All images courtesy of Accuray
Incorporated. © 2019 Accuray Incorporated. All rights reserved)
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mator (MLC) capabilities which can improve treatment effi-
ciency and expand the capability for larger treatment targets
(Fig. la—d). In addition to hardware, advances in software
optimization, segmentation, dose calculation, and beam/time
reduction techniques have also been made over the years to
the treatment planning system from the original On Target
system to MultiPlan® system in 2005 to the most recent
Precision™ system in 2017. Monte Carlo calculation was
implemented in both MultiPlan and Precision planning sys-
tem for more accurate dose calculations.

Given that the CyberKnife was frameless, radiosurgical
treatment outside of the brain was soon explored. Some of the
earliest reports of spine and body radiosurgery, also termed
stereotactic body radiotherapy (SBRT), were performed with
the CyberKnife. For lung cancer, among the first prospective
trials was a phase I dose escalation trial of single-fraction
SBRT using the CyberKnife, with doses up to 30 Gy in one
fraction [9, 10]. A recent analysis of a national CyberKnife
registry reported excellent outcomes on 723 patients with
early-stage lung cancer treated with SRS/SBRT [11].

The CyberKnife was involved in the earliest reports of
SBRT for treatment of primary and metastatic tumors of the
liver. After a case report in 2006 on one patient treated to
36 Gy in three fractions [12], subsequent series of patients
treated to higher doses of 30 Gy in one fraction or 46 Gy in
five fractions noted good tumor control outcomes; reports in
2016 found 2-year local control of 82% in 115 patients [13]
and 91% in 132 patients [14].

Similarly, prospective trials of CyberKnife pancreas
SBRT noted early promise of the technique. First reported in
15 patients in a phase I dose escalation trial in 2004 [15],
these early treatments often consisted of a breath-hold tech-
nique to manage intrafraction respiratory motion, with treat-
ment up to 3 hours not uncommon. Subsequent phase II data
reported local control of 94% in 19 patients treated with
45 Gy conventionally fractionated treatment followed by a
25 Gy SBRT boost [16]. Based on these experiences, a pro-
spective, multi-institutional trial was conducted of SBRT to
33 Gy in five fractions with concurrent gemcitabine and
reported slightly lower local control of 78% but acceptable
rates of late gastrointestinal toxicities [17].

Prostate SBRT has become a standard of care for treat-
ment of prostate cancer. Early pioneering studies investi-
gated a homogeneous dose distribution [18] comparable to
standard fractionated radiotherapy. Many large, single-
institution series of nearly 500 patients with prostate cancer
[19] treated with CyberKnife SBRT have subsequently been
reported using the fractionation scheme of 35-40 Gy in five
fractions and show promising tumor control and quality of
life outcomes [20], similar to a later pooled, multi-
institutional registry analysis of 2000 patients [21]. An alter-
native five-fraction protocol to emulate the heterogeneous
dosimetry of high-dose rate (HDR) brachytherapy has also
reported excellent prospective outcomes, suggesting that

“Virtual HDR” CyberKnife SBRT may be a noninvasive
alternative to brachytherapy for treating prostate cancer [22].

For head and neck malignancies, early data explored a
CyberKnife radiosurgical boost to improve local control of
nasopharyngeal carcinoma [23]. A prospective trial deter-
mined the maximum tolerated dose of five-fraction radiosur-
gery for recurrent head and neck carcinoma [24]; another
prospective trial analyzed results of a six-fraction regimen
[25]. Despite the precise dose delivery and highly conformal
dose distribution CyberKnife allows in the re-irradiation set-
ting, a large series of 381 patients reported the risks of carotid
body blow-out with repeat CyberKnife irradiation for recur-
rent head and neck tumors [26], highlighting the importance
of patient selection.

Although the basic concept that Dr. Adler created has
remained unchanged over time, significant developments of
the CyberKnife system have led to improvements in treat-
ment planning, treatment delivery accuracy, treatment time,
and range of body regions and indications that can techni-
cally be treated.

Recent Advances

The CyberKnife is a robotic treatment delivery system cou-
pled to an image-guided targeting system. The treatment
delivery system is composed of a lightweight, compact 6
MV X-band linear accelerator mounted to a robotic manipu-
lator with six degrees of freedom. The image-guided target-
ing system consists of paired X-ray imaging sources and
amorphous silicon flat panel detectors mounted on either
side of the patient. Orthogonal images are obtained repeat-
edly throughout treatment and compared to digitally recon-
structed radiographs (DRRs) derived from the pretreatment
CT by aligning to bony anatomy or implanted fiducials. The
treatment couch and robotic manipulator are then adjusted to
resolve translational and rotational offsets between the
orthogonal images and DRRs, allowing precise targeting of
the LINAC. The overall system accuracy for intracranial tar-
gets of this frameless system with intrafraction motion man-
agement is less than 1 mm, similar to frame-based systems.
A study on anthropomorphic head phantoms found targeting
accuracy of approximately 0.5 mm [27].

While intracranial accuracy relies on skull tracking, early
CyberKnife software did not allow for bone tracking of extra-
cranial sites. The initial CyberKnife spinal radiosurgery proce-
dures required placement of metal fiducial markers within the
adjacent vertebral body, an open surgical procedure prior to
spinal SRS [28]. While 6D skull tracking allows for treatment
delivery to intracranial targets, XSight™ (Accuray, Sunnyvale,
CA, USA) is a modification of the CyberKnife system that
allows accurate tracking anywhere within or adjacent to spine.
As with skull tracking, image registration with the XSight
spine tracking system is based on high contrast bone data. A 9
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Synthetic Image A

Fig. 2 Fiducial-less tracking of the spine by the XSight® (Accuray,
Sunnyvale, CA, USA) spine software for intrafraction motion manage-
ment. In (a), a 9 x 9 deformable grid, each intersecting point acting as
afiducial, is overlaid onto the digitally reconstructed radiograph (DRR).

by 9 grid of 81 nodes, each of which fulfills the role of a virtual
fiducial, is displayed over each of the two orthogonal DRRs
(Fig. 2a—). The grid size can be adjusted to maximize the
number of nodes containing bony anatomy. A matching algo-
rithm then computes local displacement vectors for each node
between images acquired during treatment and the original
DRR and computes a final translation and rotation vector used
to register the patient. This system can accurately target spinal
lesions with submillimeter accuracy without spine-implanted
fiducials [29].

With frameless image guidance technology came the abil-
ity to perform body radiosurgery. Similar to the early experi-
ence of spinal radiosurgery, the treatment of body sites
required implantation of fiducials. To account for intrafrac-
tion motion management due to respiratory motion, these
pioneering early treatments utilized deep-inspiration breath-
hold techniques, stopping treatment delivery between
breaths, and often would take up to 3 hours. Innovations in
motion tracking and treatment delivery led to the Synchrony™
(Accuray, Sunnyvale, CA, USA) system. This image-guided
system allows targeting of tumors that move with respiration
in the thorax or abdomen. Unlike respiratory gating, where
the beam position is fixed, turning on for a fraction of the
respiratory cycle to deliver dose when the tumor is within
position, Synchrony utilizes respiratory tracking, where the
entire beam position moves with the tumor, treating it during
the entire respiratory cycle. This system separately images
light-emitting diodes (LEDs) placed on the chest wall to

Camera Image A c

Overlay of Images A

In (b), the patient’s live radiograph is shown; notice the deformation of
the tracking grid to match the patient’s position. (c) is a fused image of
(a) and (b) as a summary view. (All images courtesy of Accuray
Incorporated. © 2019 Accuray Incorporated. All rights reserved)

track respiratory movement as well as radiopaque fiducial
markers placed within or near the tumor. The movement of
the LEDs on the chest wall is correlated with internal move-
ment of the fiducials [30]. Based on both data sets, a predic-
tive model is generated and updated throughout the treatment
based on changes in the patient’s breathing pattern (Fig. 3a,
b). The accuracy of Synchrony has been demonstrated even
for irregular motion patterns and phase shifts between exter-
nal chest and internal tumor motion [31, 32]. Software
advances led to Xsight™ Lung which, in conjunction with
Synchrony respiratory tracking system, allows for some lung
tumors to be tracked directly, without implanted fiducials
[33]. This approach uses direct soft tissue tracking rather
than invasive fiducial insertion and requires sufficient tumor
size and contrast against surrounding lung tissue in X-ray
images, typically peripheral or apical lung regions, larger
than 15 mm, and distant from the spine.

In 2012, the CyberKnife M6 series was released followed
by the addition of a micro-multileaf collimator (InCise™
MLC, Accuray, Sunnyvale, CA, USA) in 2014 [34]. The
InCise™ MLC allowed delivery of irregularly shaped fields,
thus using fewer beams and lower total monitor units com-
pared with non-isocentric fixed or IRIS™ variable aperture
collimated fields. The major advantage of MLC is treatment
time reduction. Compared to cone-based plan, an average of
30-35% time and MU reduction are reported. MLC plans
have the potential of achieving a better dose gradient at the
low-dose region [35, 36] as investigated in liver [37], intra-
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cranial, and prostate targets [38]. The second version of
InCise™ MLC has leaf width of 3.8 mm at 80 cm source to
target distance with maximum field size of 100 mm by
115 mm at 80 cm from source.

Furthermore, the robotic mounting of the CyberKnife
linac allows for non-isocentric treatment planning, a sig-
nificant departure from most other radiosurgical systems
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that utilize isocentric sphere packing techniques, isocen-
tric coplanar volumetric modulated arcs, or isocentric
noncoplanar arcs. While high-dose regions of the treat-
ment plans are similar among different techniques, a non-
coplanar, non-isocentric plan may allow for a steeper
gradient of low dose, particularly for body and spinal SRS
plans [39].
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Fig.3 A Synchrony® (Accuray, Sunnyvale, CA, USA) tracking screen
for management of respiratory motion. The respiratory cycle trace from
externally placed light-emitting diode (LED) (a) is correlated with the
position of fiducials internally implanted into the tumor (the correlation

model of the external LED and internal fiducial is shown in the middle
panel). The total treatment correlation error accounted for in the treat-
ment is shown in (b). (All images courtesy of Accuray Incorporated. ©
2019 Accuray Incorporated. All rights reserved)
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Fig. 3 (continued)

Limitations

The dose rate of earlier CyberKnife models was 300 MU/
minute. It has been increased to 600-1000 MU/minute for
the G4 and VSI models, and 1000MU/minute for the M6. In
addition to increased dose rate, the treatment times of the
newer models are improved over older models due to a time
reduction function during treatment planning, the IRIS™
variable collimator and MLC capabilities. The treatment
time for a typical intracranial plan with current CyberKnife
technology (VSI and M6) is about 25-30 minutes compared
to 45-60 minutes on earlier models. However, due to the step
and shoot method used with CyberKnife and the significant
robot travel time between delivery nodes, treatment effi-
ciency is still the major drawback compared to the continu-
ous arc delivery on linac-based systems, where a plan can be
delivered within 5 minutes. Better optimization techniques
and continuous delivery method are required to further
reduce treatment times.

The CyberKnife delivers dose at predesignated node posi-
tions with most of the beams coming from an anterior oblique
direction. Posterior beams are restricted to avoid collision of
linac head with the ground. Compared to VSI and earlier mod-
els, the M6 model has the robot aligned at the head of the treat-
ment couch instead of to the right or left superior corner of the
couch. The M6 treatment space is now symmetric laterally and

allows many more posterior oblique beams, up to 20 degrees
below horizontal. Despite this improvement, the limited poste-
rior beams is a weakness of the system and introduces more
dose anteriorly, the clinical relevance of this relatively low dose
spill is uncertain [40].

The current CyberKnife imaging guidance system pro-
vides great speed and low imaging dose [41-43], but the lack
of volumetric imaging is a potential drawback compared
with cone beam CT imaging guidance on other linac sys-
tems. Additionally, although the smaller beamlets used in
CyberKnife provide steep gradients, they also result in higher
MUs compared to linac arc plans, which introduces higher
peripheral dose and leakage dose to the patients. This higher
body dose is of unknown clinical significance.

For the functional disorder trigeminal neuralgia, the non-
isocentric treatment of a length of the trigeminal nerve is a
standard of care [44], distinct from the isocentric approach
of GammaKnife. However, the treatment of functional tar-
gets other than trigeminal neuralgia with the CyberKnife
system can be challenging. Past and current versions of SRS
treatment planning software have not allowed multi-planar
rotation of the native CT and MR images. Although case
series of functional treatments exist [45, 46], this lack of
image rotation makes targeting of cranial targets for ablation
(e.g., thalamotomy for movement disorders, capsulotomies
for obsessive compulsive disorders) difficult, as the coordi-
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nates are based on a coplanar view of the anterior commissure-
posterior commissure (AC-PC) line. Targeting via brain atlas
coordinates often requires target identification with external
software, then importation of that target into the CyberKnife
system for SRS planning. Furthermore, the greater lateral
penumbra from the higher energy 6MV photons of the
CyberKnife leads to a less steep low-dose gradient than for
lower energy photons such as the average 1.25 MV photons
from cobalt sources. Whether this inherently greater low
dose region has clinical implications is unknown.

Overall, further studies are required to compare not only
effectiveness of competing technologies but also costs and
impact on patient quality of life.

Future Directions

CyberKnife radiosurgery has been increasingly used as a
noninvasive method to treat malignant and benign condi-
tions, both intracranially as well as extracranially. This tech-
nology has also shown promise in a number of diseases not
previously treated with radiotherapy. Conditions tradition-
ally treated with thermal ablation, which causes injury
through heating and coagulation, can be targeted for ablation
through radioablation with high dose radiotherapy. For
example, the first-in-human radiosurgical ablation of the
heart to treat a cardiac arrhythmia [47] was performed with
the CyberKnife. A later series of patients treated with nonin-
vasive stereotactic radioablation which targeted the arrhyth-
mogenic area of the heart found a reduction in the burden of
refractory ventricular tachycardia [48]. CyberKnife treat-
ment has shown potential in treating other cardiovascular
condition such as nephrogenic hypertension, where a reduc-
tion in norepinephrine was seen following radiosurgical
injury of the renal nerve in porcine models [49].

Lars Leksell first described Gamma Knife to create highly
focused lesions in the brain to treat a variety of pain syn-
dromes and movement disorders. The most common func-
tional disorder for CyberKnife radiosurgery has been
trigeminal neuralgia [44]. Radiosurgery for trigeminal neu-
ralgia appears to work through partial axonal injury and
degeneration at doses of 80 Gy [50]. The remaining intact
axon population is usually sufficient to maintain facial sensa-
tion. Interest has naturally extended to explore these princi-
ples of decreasing pain conductibility while maintaining
sensation and function for extracranial pain syndromes.
Specifically, spinal SRS could potentially be used to treat
chronic pain syndromes, as shown in a proof-of-principle
experiment using Yucatan minipigs treated with a 90 Gy sin-
gle dose of radiation targeting a small volume of spinal nerve
[51]. The authors found that targeted nerves had a 65% loss
of both large and small myelinated fibers and unmyelinated
fibers associated with focal collagen deposition. The sections

of the dorsal root ganglia demonstrated intact ganglia, satel-
lite cells, and myelinated and unmyelinated nerve fibers
leading into and out of the ganglia. The authors concluded
that it is possible to irradiate spinal nerves, causing partial
nerve fiber degeneration and possibly decreasing conduct-
ibility through the nerve but not completely abolishing func-
tion. Such treatment requires high levels of imaging and
targeting accuracy, which have been made possible with
improvements in spinal radiosurgery with the CyberKnife
treatment system.

CyberKnife radiosurgery has also been used to perform a
rhizotomy of the nerves innervating the spinal facet joint in
five patients with facetogenic back pain [52]. Three of the
five patients experienced pain improvement within one
month of radiation treatment with a median follow-up of
10 months. No patient experienced acute or late-onset
toxicity.

Although CyberKnife radiosurgery for uveal melanoma is
a standard treatment in the Herzog Carl Theodor Eye
Hospital in Munich, Germany, its use elsewhere in the world
has not been widely reported and is a potential area of growth
for any radiosurgery program. The initial paper of this
approach described 20 patients treated with the process of
retrobulbar anesthesia followed by SRS planning and deliv-
ery of a median dose of 20 Gy in one fraction, all within
3 hours while the eye is immobilized [53]. Localization dur-
ing treatment delivery can be achieved by either retrobulbar
anesthesia for eye immobilization [54-56] or a camera sys-
tem to monitor eye motion [57]. The latest report note good
outcomes for this high risk population, with 5 year local con-
trol of 71% in 217 patients [56] with similar quality of life
compared to those treated with enucleation [58].

Although SBRT is a standard of care in the spine, lung,
liver, pancreas, and prostate, less data are noted for renal
radiosurgery, another indication for potential growth in the
field of stereotactic body radiotherapy. The first CyberKnife
renal SBRT report consisted of a single patient treated to
25 Gy in one fraction in 2010 [59]. The latest reports show
local tumor control rate of 93% with doses up to 48 Gy in
three fractions [60].

Looking forward, the future of CyberKnife and the field
of radiosurgery and stereotactic body radiotherapy as a
whole relies on identifying new conditions where radiation is
not currently an indication. For example, the recent high-
profile report on cardiac radiosurgery for ablation of arrhyth-
mia [48] will likely lead to further research to optimize and
expand this indication. Similarly, our field should look to
areas where thermal ablation is a current treatment and
explore comparative outcomes of noninvasive ablation with
irradiation. These areas may include SRS for facetogenic
back pain [52], thalamotomy for movement disorder or cap-
sulotomy for obsessive compulsive disease rather than ther-
mal ablation [61, 62], and renal artery hypertension [49] and
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neuromodulation (rather than neuro-ablation) for psychiatric
disorders [63]. Additionally, as reported above, the overall
trend in radiation oncology is to pursue hypofractionated
treatment as opposed to traditional fractionation to shorten
treatment times, improve toxicity and quality of life, and
potentially improve outcomes. The goal of hypofractionation
is slowly being explored in neuro-oncology [64] but is still
not the standard of care. We await expansion and maturation
of early reports showing promising outcomes of primary
radiosurgery for chordoma [65] as opposed to 8 weeks of
traditionally fractionated radiotherapy, for newly diagnosed
glioblastoma [66, 67], shorter than the standard 6 weeks of
radiotherapy, and eagerly await future reports of new indica-
tions for radiosurgery.

Practical Considerations
Patient Setup

* Ensure comfortable patient position as treatment times
can take up to an hour

e For brain lesions, a thermoplastic head mask with head
rest is used

e For cervical spine lesions, a longer mask is used to stabi-
lize head and neck

 For thoracic/lumbar spine and thoracic/abdominal/pelvic
lesions, a vacuum bag is used for immobilization

e CT scan is performed using 1-1.5 mm slices (for higher-
resolution DRRs and better tracking accuracy), centered
on target extending 10-15 cm above and below the target,
and encompassing organs at risk

e The primary CT used for treatment planning should be
non-contrasted as contrast may distort DRR quality and
impact tracking accuracy

Target Definition and Treatment Planning

e CT image acquired at simulation is used for dose calcula-
tion during treatment planning and for generating DRRs
used for setup and tracking during treatment delivery.

e Can import MRI, PET, and additional CT scans into the
Treatment Planning System (TPS) to register with pri-
mary CT image to aid in target delineation.

e Treatment plans are generated using one of three optimi-
zation methods: isocentric, conformal, or sequential opti-
mization. Treatment plans should be optimized on critical
structure constraints, plan conformity, and dose gradient.

e Given the multiple non-isocentric, noncoplanar beams of
irradiation, one may pay attention to dose delivered out-
side of the axial plane of the target for extracranial
targets.

Treatment Delivery

e A pair of orthogonal KV X-ray sources and detectors
allow for accurate target localization and near real-time
tracking using bony landmarks (for intracranial or spine
lesions) or fiducial markers (usually for prostate, lung,
liver)

* On initial setup, visual examination of the alignment
between the live images and the DRRs is essential. The
alignment is approved by a physician before treatment
starts. Standard radiosurgery safety procedures should be
followed

e During the treatment, images should be taken every
15-150 seconds, depending on treatment site and patient
motion stability
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