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Radiosurgery and stereotactic radiotherapy have established themselves as precise and accurate areas of radiation oncology for the treatment
of brain and extracranial lesions. Along with the evolution of other methods of radiotherapy, this type of treatment has been associated
with significant advances in terms of a variety of modalities and techniques to improve the accuracy and efficacy of treatment. This paper
provides a comprehensive overview of the progress in stereotactic radiosurgery (SRS) over several decades, and includes a review of various
articles and research papers, commencing with the emergence of stereotactic techniques in radiotherapy. Key clinical aspects of SRS, such as
fixation methods, radiobiology considerations, quality assurance practices, and treatment planning strategies, are presented. In addition, the
review highlights the technological advancements in treatment modalities, encompassing the transition from cobalt-based systems to linear
accelerator-based modalities. By addressing these topics, this study aims to offer insights into the advancements that have shaped the field of
SRS, that have ultimately enhanced the accuracy and effectiveness of treatment.
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INTRODUCTION increased up to 5 fractions,™ the dose per fraction is decreased
and this technique is called “stereotactic radiotherapy” (SRT)
or fractionated SRT (FSRT), which is usually used for larger
tumors.™ Furthermore, 2—5 fraction hypofractionated SRS
may also be used in some cases to maintain tumor control
with less normal tissue complications.” For tumors outside the
cranium, such as liver, lung, bone, and prostate, the treatment
is referred to as stereotactic body radiation therapy (SBRT) or
stereotactic ablative radiotherapy which delivers 30-60 Gy in
1-12 fractions.™

Stereotaxy is a method for localizing and accessing brain structure
for removing lesions or recording electroencephalogram
through surgery and related immobilization head frames. The
first efforts were made in 1908 by Sir Horsley and Clarke in
the UK on a monkey brain.!'"! Later, this approach became a
common procedure in the surgery of the human brain. Inspired
by this technique and the use of its fixation equipment,
as well as the replacement of surgical instruments with
ionizing radiation, an alternative method called stereotactic

radiosurgery (SRS) was developed. The major advantages of radiosurgery over surgery are its
noninvasiveness, its ability to spare critical areas such as the

brainstem, and its treatment of multiple tumors.?! In addition,
the probability of local recurrence in SRS-only for some brain
tumors is lower than in surgery alone.!! All of these alongside
lower side effects increase the patient’s quality of life. In

Stereotactic radiation therapy, as a subset of radiation therapy,
aims to deliver a high dose per treatment fraction in a limited
number of sessions to a regional tumor. This method may be
used for the treatment of the brain or other sites of the body.
Depending on the number of fractions, treated site, and size of

the tumor, different modalities and techniques are employed. Address for correspondence: Dr. Navid Khaledi,
The term “stereotactic radiosurgery” (SRS) refers to a Department of Medical Physics, Cancer Care Manitoba,
single (or two) fraction (s) of 18-25 Gy dose delivered to brain Winnipeg, MB, Canada.

. . . E-mail: navid.khaledi@ryerson.ca
lesions.>?! On the other hand, when the number of fractions is @ry

Access this article online This is an open access journal, and articles are distributed under the terms of the Creative

Quick Response Code: Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to
‘Website: remix, tweak, and build upon the work non-commercially, as long as appropriate credit
WWW.jmp.org.in is given and the new creations are licensed under the identical terms.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com

DOI:
10.4103/jmp jmp_62 23 How to cite this article: Khaledi N, Khan R, Gréafe JL. Historical progress

of stereotactic radiation surgery. ] Med Phys 2023;48:312-27.

© 2023 Journal of Medical Physics | Published by Wolters Kluwer - Medknow -




Khaledi, et al.: History of SRS and SBRT

addition, compared to whole brain radiation therapy, the patient
experiences lower side effects.l”! The treatment duration is also
much shorter than conventional radiation treatments, which
may take 2-3 weeks.

In recent years, significant advancements have been made
in the field of SRS and SBRT. These noninvasive techniques
offer precise and highly targeted treatment options for patients
with various cranial and extracranial lesions. The emergence
of SRS and SBRT has been driven by developments in
technology, imaging modalities, treatment delivery systems,
and an improved understanding of radiobiology. These
advances have transformed the landscape of radiation therapy,
providing patients with a more comfortable and efficient
treatment experience while maintaining or even enhancing
treatment efficacy. Furthermore, organizations such as the
American Association of Physicists in Medicine (AAPM)
have played a crucial role in shaping the guidelines and
protocols for SRS and SBRT, with Task Group 178 providing
comprehensive recommendations to ensure the safe and
effective implementation of these techniques.

More than half a century has passed since the advent of SRS."]
In this period, several SRS and SRT techniques and modalities
such as Gamma Knife (GK),!'"” Cyberknife,['] VERO,!
Zap-X,3 as well as linear accelerator (Linac)-based treatments
have been developed. In this review, we will mainly focus on
the treatment of cranial lesions by stereotactic techniques, and
discuss the history, background, technical, technological, and
clinical fundamentals and challenges of SRS and SRT.

HisTory oF STEREOTACTIC RADIOSURGERY AND
StereoTACTIC RADIOTHERAPY

Radiosurgery is often associated with the neurosurgeon
Lars Leksell, who invented the first generation of GK in
1968.1' He initially employed an X-ray tube operating in the
orthovoltage energy range. Eventually, using 179 cobalt-60
sources, along with his physicist colleague Borje Larsson,
he was able to treat the first patients with this device. The
179 cobalt sources were located on a hemisphere helmet, all
of them aimed toward a focal point of the hemisphere. The
patients were set up in such a way that the tumor was placed
at the focal spot of the irradiation. The result of the cumulative
effect of gamma rays from different directions caused a
high dose in the tumor and reduced the radiation dose in the
surrounding normal tissues. Figure 1 shows one of the first
GK units sold by Scanditronix (Scanditronix AB, Uppsala,
Sweden) in 1983. Due to the lack of proper imaging modalities
such as computed tomography (CT) or magnetic resonance
imaging (MRI) for performing accurate localization of tumors
in that era, the treatments were only done for arteriovenous
malformations (AVMs) at a dose rate of 30 Gy/min based on
angiographic images.!'%!7

In that era, SRS treatment was not limited to photon beams;
simultaneous work on focused heavy particle irradiation

Figure 1: The first of two gamma knife units sold by Scanditronix under
license from Elekta. It was manufactured by a subsidiary in Geneva called
Nucletec. It came to Buenos Aires in 1983 and had a lot of problems
which through various complications meant that Elekta could take back the
license and then sell the first Gamma Knife in its own name to Pittsburgh in
1987. The second Nucletec version was sold to Sheffield in 1984 (Photo
courtesy of ELEKTA)['I

was underway elsewhere. Ernest Lawrence, a professor at
the University of California, Berkeley, created the cyclotron
in 1929.%7 Furthermore, Raymond Kjellberg at Harvard
University was working on proton beams as well. Initially, in
1954, Lawrence irradiated the first patient with pituitary cancer
but later continued his research with synchrotron and helium
ions at Livermore laboratory, Berkeley.[!”

In the 1980s, Winston and Lutz introduced a Brown-
Roberts-Wells (BRW)-based system, that conventionally
was used for stereotactic biopsy, to perform SRT using a
Linac.!"® Their quality assurance (QA) procedure, known as
the “Winston-Lutz” test is still one of the major tests performed
in clinics for Linac-based SRS treatments.!'8! Later in 1994,
John Adler, who had taken a fellowship with Lars Leksell in
1985, treated the first patients with a CyberKnife [Figure 2].1
The CyberKnife (Accuray, Sunnyvale, CA, USA) is a robotic
6 MV Linac, equipped with live image guidance [Figure 3] to
eliminate the need for invasive fixations and skull frames and
could be used for the treatment of small tumors in different
sites of the body.

In addition to enhancing the features and accuracy of the
mentioned devices, some machines, like Vero (BrainLAB AG,
Feldkirchen, Germany), were developed in the early 2010s.
These machines are equipped with the ability to perform image-
guided SBRT with non-coplanar rotation of the gantry, allowing
for a greater degree of freedom in the treatment and coverage
of tumors.!'2!) In recent years, the Zap-X (ZAP Surgical
Systems, San Carlos, California, USA) has been developed
that is a self-contained, self-shielded therapeutic radiation
device for the brain, as well as head-and-neck SRS. The Zap-X
does not normally require a radiation bunker since it uses a
2.7 megavolt (MV) accelerating potential and incorporates
radiation-shielded mechanical structures [Figure 4].1'¥ The
Zap-X utilizes an integrated planar kilovolt (kV) imaging
system that spins around the patient’s head to provide
three-dimensional (3D) patient registration.
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Figure 2: Dr. John Adler and the first patient treated with CyberKnife in
1994 (Photo courtesy of John R. Adler, MD)

Figure 4: Zap-X radiosurgery system (Photo courtesy of ZAP Surgical
Systems)2%)

CyberKnife has evolved from a cone-shaped model to a
2.5 mm width micro-multi leaf collimator (MLC) model in
the CyberKnife M6 version (since 2012) and later, CyberKnife
S7 (2020), equipped with online tumor tracking.?'" GK
(AB Elekta, Stockholm, Sweden) has also progressed from
the initial models U, B, and C to Perfexion, ICON, and Espirit
models, which have the capability of collimator changes
during treatment. The ICON model, which is equipped with
pretreatment cone beam CT (CBCT) and optical motion
management during treatment, no longer requires rigid
radiosurgery frames [Figure 5]. On the other hand, Linac-based
systems such as newer Varian (Siemens Healthineers AG,
Frankfurt, Germany) products such as TrueBeam and Edge, in
addition to CBCT and optical tracking, have a 2.5 mm width
leaves in the center bank of the MLC, to shape the radiation
field more accurately.?*

Nowadays, besides the SRS and SBRT-specific systems such as
Gama Knife and CyberKnife, the majority of particle therapy
and photon therapy modalities have the ability of stereotactic
treatments. Along with this, accurate treatment planning,
use of gating, and image guidance treatments have reduced
complications and increased patient survival in some cases. !

Figure 3: Early CyberKnife drawing equipped with a C-arm imager (Photo
courtesy of John R. Adler, MD.)

Figure 5: The ICON, the latest model of Gamma Knife equipped with
cone-beam computed tomography and gating (Photo courtesy of ELEKTA).

Table 1 provides an overview of significant developments in
the field of SRS and radiotherapy over the years, highlighting
key milestones and advancements.

TREATMENT PLANNING

Since MRI and CT, the most widely used imaging modalities in
treatment planning and positioning, were invented in the years
197721 and 1971, respectively, the first treatments by GK
lacked accurate treatment planning. At that time, angiography
or polytomography images were used to treat AVMs and
acoustic neuromas, respectively.?”)

In 1968, the dose distribution in a given area was estimated
using manual summation of dose profiles from different
directions of irradiation and transmitting on the radiographic
image of the treatment areas.l”®! Therein, by calculating the
effective radiological depth, the heterogencities due to the
air or bone were also considered. However, for GK, the first
attempts to estimate the gamma-ray dose distribution were
made in 1989.%°) The year 1990 marked the introduction of a
multi-isocenter method, which efficiently covered irregularly
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Table 1: Significant developments in the field of stereotactic radiosurgery and radiotherapy over the years

Modality Invention/ Notable advancements Energy
introduction year

GK 1968 Evolved from orthovoltage X-rays to cobalt-60 sources 9Co gamma (1.17 and 1.33 MeV)
Linac-based radiosurgery 1980s Noninvasive treatment, few fraction treatment ~6-15 MV
CyberKnife 1994 Transitioned to CyberKnife S7 with online tumor tracking 6 MV
Tomotherapy 2002 Introduced helical tomotherapy 6 MV

Vero The early 2010s Enabled image-guided SBRT with noncoplanar rotation 6 MV

Zap-X Recent years Self-contained, self-shielded device for brain SRS 3MV

SRS: Stereotactic radiosurgery, SBRT: Stereotactic body radiation therapy, GK: Gamma Knife

shaped tumors by utilizing two or more radiation isocenters
instead of one.l*”

There are forward and inverse methods for treatment planning
in radiotherapy. In forward treatment planning, first, the
radiation beams are arranged in terms of energy, weight, shape,
and direction, and after dose calculation by treatment planning
system (TPS) and reviewing the results of dose distribution
and dose volume histogram (DVH), changes are made by
experienced treatment planners. In contrast, inverse treatment
planning is now widely employed by most medical centers,
utilizing computerized treatment planning with optimizing
algorithms. By determining the dose objective/constraints of
each organ at risk (OAR), clinical tumor volume (CTV), and
planning target volume (PTV), the TPS algorithm is given the
quantitative goal of treatment resulting in a plan optimized
through iterative techniques. Depending on the TPS algorithm
provided by the vendor as well as the treatment technique,
the beam arrangement and the weight of each beam can be
determined to meet the desired goals of treatment planning
as much as possible.

Nowadays, with the advancement of imaging technology,
image processing, and thanks to powerful computers, inverse
planning has become the dominant planning technique in
clinics. Image processing in treatment planning for SRS/SRT
involves manipulating and analyzing medical images, using
algorithms and automation, to enhance image quality, fuse
different imaging modalities, and automating the segmentation
of target volumes (TVs) and critical structures, leading to more
efficient and precise treatment planning. These advancements
streamline the process, improve accuracy, and contribute to
standardized and optimized treatment outcomes in SRS/SRT.
Several vendors offer Linac-based, CyberKnife, GK, Zap-X, or
Tomotherapy TPSs with auto fusion and segmentation features.
These include Varian Hyperarc,B!! Brainlab Elements,?”
Raysearch Raystation,**! and Elekta Monaco®**! TPSs that
support a volumetric modulated art therapy (VMAT) or
modality-specific dose calculations.

In 1998, inverse planning was used for treatment planning
of complex tumors treated by CyberKnife.B>*? CyberKnife
planning used singular values decomposition (SVD) to obtain
the optimal minibeam weightings that allowed conformational
dose distribution. SVD is a mathematical technique used
in various fields, including image processing and radiation

therapy planning. In the context of radiation therapy planning,
SVD is used for optimization and obtaining optimal minibeam
weightings in TPSs such as CyberKnife. It is a matrix
factorization method that decomposes a matrix into three
components: U, Z, and V. Given an m X n matrix A, where m
represents the number of rows and n represents the number
of columns, the SVD decomposition can be expressed as:>”

A =UZVT Equation 1

Here, U is an m x m orthogonal matrix, X is an m X n diagonal
matrix with singular values arranged in descending order, and
VTis the transpose of an n x n orthogonal matrix. The singular
values in Z represent the importance of each mode of variation
or component in matrix A.

In the case of CyberKnife treatment planning, SVD is
employed to obtain the optimal minibeam weightings that
allow for precise conformation of the dose distribution. These
weightings play a crucial role in achieving the desired dose
distribution for complex tumors treated with CyberKnife
radiosurgery.

In the current state of treatment planning for SRS/SRT, there
have also been advancements in the development of automated
fusion and segmentation methods offered by various TPSs.
These methods aim to streamline the process of combining
multiple imaging modalities and accurately delineating
TVs and critical structures. Auto-fusion techniques utilize
algorithms and image registration methods to automatically
align and fuse different imaging modalities, such as CT and
MRI, for treatment planning.* These methods help overcome
the challenges of manual fusion, which can be time-consuming
and prone to human error. By automating the fusion process,
auto-fusion methods enhance efficiency and improve the
accuracy of spatial alignment between different imaging
datasets.

Similarly, auto-segmentation methods employ advanced
algorithms, machine learning techniques, and atlas-based
approaches to automatically outline and segment TVs and
OARs based on the acquired imaging data. These methods
reduce the reliance on manual contouring, which can be
subjective and time-consuming, and provide consistent and
reproducible segmentations. By accelerating the segmentation
process, auto-segmentation methods contribute to increased
efficiency and standardization in treatment planning.
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It is important to consider that the performance of auto-fusion
and auto-segmentation methods can vary depending on
various factors. The accuracy of these methods is influenced
by factors such as the specific algorithms used, the quality
of the input imaging data, the complexity of the cases being
treated, and the availability of accurate ground truth data for
validation. Moreover, the accuracy of these methods should be
evaluated on a case-by-case basis and validated against manual
segmentation performed by experienced radiation oncologists.
QA measures, including visual inspection and validation
against ground truth data, are crucial to ensure the accuracy and
reliability of both auto-fusion and auto-segmentation methods.

In CT-MR image registration, achieving an acceptable tolerance
is critical for accurate target delineation and subsequent
radiation dose delivery.?”! The acceptable tolerance for CT-MR
registration in SRS/SRT generally aims for submillimeter
accuracy. However, it is important to strive for the highest
possible accuracy to ensure precise target delineation and
treatment planning. Advanced image registration techniques
and QA processes, including visual inspection and quantitative
validation, play key roles in achieving accurate CT-MR
registration. The specific tolerance values may vary based on
institutional guidelines, equipment capabilities, and the expertise
of the treatment team. Regular quality control measures should
be implemented to verify and maintain the accuracy of CT-MR
registration throughout the treatment process.

Modern CT scanners offer high-resolution imaging capabilities,
enabling detailed visualization of anatomical structures. These
technological improvements have resulted in enhanced spatial
resolution, improved image quality, and better delineation
of TVs. With higher CT image resolution, there is increased
accuracy in target localization and improved assessment of
critical structures, ultimately leading to enhanced treatment
precision and better patient outcomes."!

Although the application of MRI as an imaging modality providing
a better soft tissue contrast in comparison to CT for localizing
the tumor began in the 1990s, it was not possible to use it as the
principal image in treatment planning dose calculations.'#? This
limitation was due to the fact that MRI images, unlike CT, are not
based on electron density and Hounsfield unit, but on the density
of hydrogen. Electron densities are required for dose computation
in photon therapy to account for heterogeneity corrections, as
Compton scattering is the predominant interaction at therapeutic
energies and depends on electron density. However, after
applying distortion corrections and mathematical transformation
a pseudo-CT image can be generated.*3! This can eliminate the
need for CT and MRI image fusion, and segmentations can be
done directly on MR images.

Both 1.5 Tesla (T) and 3 Tesla (T) MRI scanners play crucial
roles in SRS/SRT treatment planning, each with its own set
of advantages and considerations.*¥ The 1.5 T MRI scanners
are widely available and commonly used in clinical practice,
making them more cost-effective compared to higher field
strengths. They provide sufficient image quality for many SRS/

SRT applications and allow for adequate visualization of TVs
and surrounding structures. However, they may have a lower
signal-to-noise ratio, which can impact the visibility of fine
anatomical details and limit the visualization of small lesions
or challenging anatomical regions.

On the other hand, 3 T MRI scanners offer a higher
signal-to-noise ratio, resulting in improved image quality and
enhanced visualization of fine anatomical details.*”) They
exhibit increased sensitivity in detecting small lesions and
subtle tissue changes. With better delineation of TVs and
critical structures, 3 T MRI scanners contribute to improved
treatment planning accuracy. However, they are associated
with higher costs and limited availability compared to 1.5 T
MRI. In addition, longer scan times can pose challenges for
patients with limited tolerance for immobilization.

To delineate the treatment target, similar to other radiotherapy
techniques, according to the International Commission
on Radiation Units (ICRU) protocols*® gross tumor
volume (GTV), CTV, internal tumor volume, and PTV are
segmented. However, for brain radiosurgery cases, the GTV
to CTV and CTV to PTV margins are usually as small as
0-1 mm and 0-2 mm, respectively.*”! For other body sites
with a higher probability of target movement, the CTV to
PTV margin can be slightly larger, depending on the technique
and treatment machine. For example, this margin for spinal
radiosurgery is typically up to 3 mm.[*! Moreover, the
prescribed dose is inversely related to the size of the tumor.
So that for radiosurgery of brain tumors smaller than 1 cm the
prescribed dose may be as high as 22-25 Gy, but for larger
tumors (2.5-3 cm) the prescribed dose is under 18 Gy.##!
Depending on the treatment site, OARs are also contoured
based on the Radiation Therapy Oncology Group (RTOG)
recommendations and guidelines. These procedures are as
common as other radiotherapy procedures.

The isodose coverage of PTV depends on the size, tumor site,
and treatment technique. For brain metastasis radiosurgery
by GK, the prescribed dose of 50% isodose covering the
PTV is between 12-24 Gy, which means the maximum dose
inside the PTV is 24-48 Gy.3*! However, for CyberKnife
and Linac-based techniques such as VMAT, the prescribed
dose is 60%—80% isodoses. Due to the requirement of high
dose conformity to a small-size tumor in SRS, while avoiding
spillage of high-dose outside the PTV, ring dose optimization
structures can be constructed around the PTV, either abutting
the target or a little offset from the target’s edge, as shown in
Figure 6. Depending on the size and number of rings and their
intervals, specific dose constraint values are assigned to them
in the optimization stage of planning. This helps to limit high
doses to outside of a PTV. Concentric rings can also be added
to further define the dose gradient around the target. In the case
of small cranial targets in SRS planning, it is common to see
the dose fall to 50% of the prescribed dose within a distance
of about 5 mm from the edge of the target. To optimize this
dose conformity and dose gradient, a ring structure can be
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Figure 6: One of the methods used in SRS (and IMRT) to decrease the
dose outside of the target. PTV and ring optimization structures used in
SRS treatment planning to control dose fall off outside the target

added at a distance of 5 mm from the target edge with a limit
of 50% of the prescribed dose. In conventional radiotherapy,
however, the dose distribution is such that 95%—-107% of the
prescribed dose should cover PTV. Rings 1 and 2 in Figure 6
have a 5 mm width, with a dose constraint set to D, ,-2% and
D, /2, where D, is the prescribed dose to PTV.""! For larger
targets outside the skull, an intended ring can be larger and up
to 2 cm from the edge of the PTV.5%51

Compared to conventional radiation therapy, SRS uses smaller
and more focused beams, resulting in a steep dose gradient and
potentially worse dose homogeneity compared to conventional
methods.®? This poses a higher risk of radiation-induced
damage to surrounding healthy tissues, especially when the
tumor is located near critical structures. However, the highly
focused nature of SRS allows for higher doses to be delivered
to the tumor while sparing surrounding healthy tissues, which
can be beneficial in certain cases.

In 1993, the RTOG introduced a concept called conformity
index (CI) to provide an estimate for dose coverage of PTV.5
The conformity index is the ratio of the volume that is covered
by the prescribed dose to the TV [Figure 7]. It is also called
the ratio of prescription isodose volume to TV. However, in
the later years, newer concepts were added to reflect the dose
to PTV and normal tissues simultaneously. van’t Riet ez al.b%
and Paddick.P considered TV, the volume of the target covered
by the reference isodose (TV ), and the volume of reference
isodose line (V) to define a more robust conformity index:
2
TV Equation 2
TV xV,,
Moreover, a new conformity index (NCI) was defined to obtain
a more accurate estimation of PTV coverage. Because CI
provided a very general estimate of PTV coverage, it was not
particularly effective for irregular shapes. The NCI is defined
as follows:*

CN =

Prescribed Isodose

Figure 7: An example for conformity index (Cl). The circle is an indication
of the prescribed dose. Since the volume of the prescribed isodose is
around twice the tumor volume, the Cl is around 2 for this example

VTV Equation 3
v, /TV
Where PV is the prescription volume, and TV, is the portion

of the TV inside the prescribed isodose surface.

NCI

The Gradient Index®7 is another quantitative measure used to
evaluate the steepness or sharpness of the dose gradient at the
edge of the TV. It provides an assessment of how quickly the
dose drops off from the high-dose region to surrounding healthy
tissues. A steeper dose gradient is desirable as it indicates better
dose conformity, minimizing radiation to healthy tissues.

These indices, along with other metrics such as Homogeneity
Index, Paddick Conformity Index,® and Coverage Index,>”
provide quantitative measures for evaluating the quality and
effectiveness of SRS/SRT treatment plans. These metrics help
radiation oncologists and physicists assess the dose distribution,
target coverage, dose conformity, and dose homogeneity,
ultimately guiding the optimization and refinement of treatment
plans to achieve the desired treatment outcomes.

ICRU Report 911! is essential in the context of SRS and SRT as
it provides comprehensive guidelines for prescribing, recording,
and reporting these treatments. These guidelines play a pivotal
role in ensuring standardized and safe SRS/SRT procedures.
They facilitate collaboration among healthcare professionals,
including oncologists, physicists, and dosimetrists, who work
together to optimize treatment plans using advanced planning
systems. The recommendations in ICRU Report 91 assist in
tailoring SRS/SRT treatments to individual patient needs,
taking into account tumor characteristics, radiosensitivity,
and normal tissue tolerance, ultimately maximizing treatment
effectiveness while minimizing associated risks.

Inrecent years, some studies show that artificial intelligence (AI)
may be able to assist in optimizing treatment planning for SRS
and SBRT by analyzing large amounts of patient data, such
as CT scans, MRI scans, and other imaging data, to help
radiation oncologists determine the best treatment approach. Al
algorithms can quickly process and analyze these data to
generate optimized treatment plans, taking into account the
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tumor location, size, shape, and proximity to critical organs,
as well as the patient’s individual characteristics, to deliver
precise and personalized radiation therapy. Al can aid in
accurate dose calculation for SRS and SBRT treatments. By
leveraging machine learning algorithms, Al can help predict the
radiation dose distribution within the tumor and surrounding
healthy tissue, enabling radiation oncologists to optimize the
treatment plan to achieve the desired therapeutic effect while
minimizing the risk of side effects. Some studies and vendors
are trying to employ Al in contouring and dose calculation of
TPSs.161-63]

Patient PosiTiONING

The importance of patient fixation during treatment, especially
in a high-dose treatment, was considered from the very
beginning of SRS because even small displacements and low
uncertainties can lead to high doses of normal tissues. For
these reasons, clinicians intended to achieve sub-millimeter
accuracy from the beginning.[*) Nowadays, the mechanical
uncertainty of Linac-based SRS machines should have far
less uncertainty than conventional radiotherapy (in most
cases under 1 mm).[%-681 For this reason, the frames that were
originally used to fix the head were screwed directly to the
skull to eliminate even the small movements caused by the
displacement and compression of the skin.l®”? Figure 8 shows
the first model of the Leksell stereotactic coordinate frame
developed by Lars Leksell in 1949. He also developed other
frames adapted to radiosurgery such as Model G, which is
illustrated in Figure 9. This frame benefits from a 3D cartesian
system to access the tumor for both neurosurgery and GK
radiosurgery.

In 1974, the first commercial MRI was introduced by Electric
and Musical Industries in London." Subsequently, to benefit
from the contrast of MRI images, an MR-compatible fixation
frame was developed by Dr. Leksell to be used for the GK
machine, as illustrated in Figure 10.

Fixation systems such as BRW in 1979 increased the accuracy
of CT-based SRS.*7 This system was originally developed
for neurosurgery and had a degree of freedom of access from
all directions. The BRW frame was composed of a base ring
and attached localizer rods. The average time to set up this
frame was around 60 min.”?! By marking the patient’s head
skin at three points and matching these points before imaging
and before treatment, it was possible to increase the patient
setup accuracy in Linac-based SRS.[*71 Moreover, the rods
of the metal frame acted as fiducial markers in the images to
provide more accurate localization of the tumor.

In the GK, a frame was attached to the skull bone by four pins.
After fixing the frame and performing the imaging, which also
required other accessories, the patient was ready for treatment.
This setup enabled the placement of 3D Cartesian coordinates.
The center of this system was actually the focal spot of tens
of cobalt-60 sources. If one needed to treat two targets in the
brain, the above process was done for each target separately.

Figure 8: Leksell stereotactic radiosurgery coordinate frame developed
by Lars Leksell in 1949 (Photo courtesy of ELEKTA)

Figure 9: Leksell Coordinate Frame G, used for stereotactic neurosurgery
and Gamma Knife radiosurgery (Photo courtesy of ELEKTA)

= ,

Figure 10: The plastic helmet in 1975 and modification that was made
to work with Sweden’s first magnetic resonance imaging scanner from
Electric and Musical Industries (Photo courtesy of ELEKTA)

Finally, the frames were connected to the cobalt collimator’s
helmet through two pins.['” Currently, focal location and
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adjustments are performed based on computer systems as well
as CT and MR imaging.

In 1991, a patient-specific frame, the Gill-Thomas fixation
system was introduced that was more convenient for patients in
comparison to the previous invasive systems [Figure 11].74 In
the first generations of Linac-based SRS, the frame was attached
to the ground directly by a pedestal, instead of mounting it on
the couch, to reduce frame displacement uncertainty,/’”! but this
frame was placed on the couch, and fixed to the head by a bite
block on the frame, and had an accuracy of a little more than
2 mm.[>781 As a result, it could not be used for single-fraction
SRS, but it was accurate enough for the FSRT.

A few years later, with the introduction of CyberKnife and
its frameless fixation, due to the image guidance system,
the fixation of stereotactic radiation therapy entered a new
phase. In later years, with the development of image-guided
robotic radiosurgery, they were able to achieve accuracy
of £0.3 and +1.0 mm for SBRT of the spine and pancreas,
respectively.’” This image guidance was based on the tracking
of bone landmarks in obtained X-ray images. However, in
1998 researchers from Japan introduced a monitoring device
with nonionizing radiation for motion tracking through optical
position measurement.””® They attached IR light emission
diode markers on the head of patients to track their movements
through a digital video camera. Therein, an excellent precision
of <0.1 mm was reported.

Another system that was installed alongside Linacs in the early
2000s was the Novalis ExacTrac.** Which has gone through
its evolution over time. Initially, it was equipped with only two
on-demand cross-sectional X-rays that could detect the patient
body position in real-time. However, in newer versions, by optical
tracking of the skin,®34 it can include respiratory gating as well.

Gating the beam is a technique used during SBRT to reduce the
risk of radiation exposure to normal tissues during treatment.

.
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stereotactic radiosurgery. (A) The linac head, (B) the biting device attached
to the head frame, and (C) the frame stand fixed to the couch (image
modified from refl™l)

It involves synchronizing the delivery of the radiation beam
with the patient’s respiratory cycle, allowing the beam to
be turned on only when the tumor is in the target area and
avoiding radiation exposure to normal tissues during the
breathing cycle. Gating the beam is achieved through the
use of specialized imaging technology, such as CT or MRI,
which can monitor the patient’s breathing motion and provide
real-time feedback to the radiation therapy machine. This
allows the radiation beam to be adjusted and delivered with
high precision, minimizing the risk of radiation exposure to
normal tissues.

The idea of respiratory gating dates back to 1989.15% The system
was based on the patient breathing into a bag, which changed
the air pressure inside it. The beam was stopped and started
according to the patient’s inhale and exhale. Over time, gating
throughout radiotherapy in general and SBRT in particular, has
shifted to contactless methods including IR-based systems. The
use of beam gating systems along with abdominal compression
equipment and vacuum bags has greatly helped to reduce the
uncertainty of SBRT treatment.

Inaddition to specialized companies such as Brainlab (BrainLAB,
Heimstetten, Germany), Catalyst®™! (C-RAD AB, Sweden), and
Vision RT (Vision RT, London, UK),®”! Linac manufacturers
offer gating equipment, as an accessory to accelerators,
including Clarity Autoscanl®! system by Elekta company or
RPM®! by Varian.

Recently, limited investigations have also been performed
on the SRS and SBRT capability of some new combined
modalities, such as MR-Linac,®2# which integrate MRI with
Linac technology. These cutting-edge systems offer real-time
visualization of soft tissues and tumor motion during
radiation delivery, allowing for improved target delineation
and more precise radiation dose delivery. The early findings
from these studies show promising results, indicating the
potential of MR-Linac in enhancing the effectiveness and
safety of SRS and SBRT treatments. As research in this
field continues to evolve, further exploration of the clinical
applications and long-term outcomes of MR-Linac for SRS
and SBRT may uncover even more exciting possibilities in
cancer treatment.[%-%%

In modern linac setups, thermoplastic masks and vacuum
cushions/bags are commonly used as immobilization devices.
Thermoplastic masks are custom-fitted to the patient’s face,
head, or body and are secured to the treatment table, while
vacuum cushions conform to the patient’s body shape. These
devices provide precise positioning and immobilization during
treatment, and surface-guided radiation therapy (SGRT)
plays a crucial role in SRS/SRT settings, utilizing camera
systems to continuously monitor the patient’s skin surface
during treatment. SGRT ensures accurate setup, detects
motion, allows for real-time repositioning, and facilitates
adaptive radiotherapy, ultimately enhancing the precision and
effectiveness of SRS/SRT treatments.*!
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Al also can be utilized to enhance image-guided radiation
therapy (IGRT), which involves using real-time imaging during
treatment delivery to ensure accurate targeting of the tumor.
Some studies show that Al algorithms can analyze the imaging
data in realtime, track the tumor’s position, and make necessary
adjustments to the radiation delivery in response to changes in
tumor position or patient anatomy, ensuring precise targeting
of the tumor while sparing normal tissue.¥

QuaLiTy ASSURANCE

Due to the high dose per fraction and also the limited number
of treatment fractions, any possible error or displacement in
the radiation site can lead to irreparable damage to the patient
and reduce the probability of therapeutic success.

In 1988, at the same time as introducing Linac-based SRS,
Winston and Lutz introduced a test to measure the isocenter
displacement.['873 This famous test is still one of the mechanical
QC tests for Linac-based SRS used today. They fixed a 4.8 mm
steel ball at the isocenter on the patient’s couch. A sheet of film
attached to the gantry is irradiated at different gantry angles so
that the back-projected image of the steel ball appears on the
film. By measuring the deviation of the ball image on the film
at different angles, the gantry error (mechanical and radiation
isocenter coincidence) is determined. They also simulated
tumor irradiation using a phantom head with nine steel bullets
as a target simulator.

In the early 1990s, Bob Drzymala ef al. published the
results of their QA program.[***) By introducing an irregular
MR-compatible phantom, they compared the coincidence
between the digitally reconstructed radiograph of the treatment
planning and the treatment portal film. Moreover, using Arcs,
they presented their daily QA program for maintaining the dose
per each angle of gantry rotation. In 1995, the AAPM published
TG42P9 report on radiosurgery and QA. In this report, by
expressing the equipment and facilities required to provide SRS
treatment and stating the frequency of the tests, the average
uncertainties that can be achieved in different parts of the SRS
procedure, including CT imaging and frame placement were
stated. They also described the QA for the treatment procedure
of the patient couch of Linac-based, robotic, proton-based,
and GK-based SRS, citing previous literature. The tests were
mostly mechanical, and for target location controls, laser
accuracy, patient couch, and stabilization frames. Most tests
were based on Winston—Lutz and BRW.I’”

In 2009, the AAPM TG 142 report,® which was in fact an
updated version of the TG40, dealt with the tolerances of
various procedures including imaging, gantry, couch, and
radiation field of Linacs. It also listed acceptable values for
Linac-based SRS and SBRT. In that report, in most cases, the
values of the device equipped with SRS or SBRT were more
strict than similar machines that do not have these techniques.
Most mechanical and MV or kV imaging tolerances were
between I mm and 2 mm. While in TG40, no specific criteria
were indicated for SRS (or SBRT) tolerances.

In 2010, AAPM TG 1011 for SBRT was released. The report
referred to TG 40 and TG 142 for Linac-based SBRT accuracy
testing. It was indicated that the multi-leaf collimator (MLC)
with a width of 5 mm can be considered suitable for most
cases. The dose calculation grid size is recommended to be
2 mm or smaller. Furthermore, due to the high dose per fraction
and dose heterogeneity®! in SBRT, the use of bioeffect-based
treatment planning such as an equivalent uniform dose EUD
concept is recommended for considering the radiobiological
effects of radiation on the OAR and tumor. Respiratory
management, gating, IGRT, and optical tracking techniques
are also recommended.

In 2017, joint guidelines of the AAPM and the Radiosurgery
Society (RSS) covering the entire treatment process,
commissioning, and QA were published.[’”? This AAPM
guideline, which is under the category of the Medical Physics
Practice Guideline (MPPG) group, was for the end-to-end
testing process as well as mechanical and dosimetric tolerances
of C-arm and robotic Linacs and helical Tomotherapy. Apart
from this, in 2010 AAPM had also examined the QA of helical
Tomotherapy in TG148.[60

AAPM’s later report, TG 2181 in 2018, did not mention
SRS or SBRT, but some articles discussed the possibility of
employment of that report for SRS/SBRT QA purposes as
well.l'1 The TG218 report considered the dose-tolerance
action for IMRT and VMAT at a gamma index!'*? of 3%/2 mm.
However, the guidelines!'®! suggested that depending on QA
equipment, 3%/2 mm to 3%/1 mm could be used for SRS and
SBRT. For multiple tumors, a strict value of 2%/1 mm was
recommended.

New recommendations provide updated and comprehensive
guidelines for the QA of GK treatments. They encompass a
wide range of aspects, including treatment planning, dosimetry,
image guidance, and patient-specific QA, tailored specifically
to the unique characteristics of GK systems. Incorporating
these recommendations into clinical practice ensures that
GK Radiosurgery continues to deliver precise and effective
treatments while minimizing the risk of errors. In addition to
AAPM TG 178, other established QA protocols, such as those
outlined by AAPM TG 142 and AAPM TG 101, continue to
play crucial roles in the QA process for SRS and SRT across
different modalities. These protocols address various aspects
of treatment delivery, imaging, and patient safety, providing
a comprehensive framework for QA.

For cobalt-based radiosurgery (GK), the QA protocols are
also more limited due to the use of radioactive sources and
fewer moving components than Linac-based machines. The
first protocol, as mentioned earlier, was an RTOGE*! protocol.
However, AAPM TG 42 indicated the daily, monthly, and annual
tests for GK. These tests include safety, physics, and dosimetry
sections, mentioning the maximum recommended tolerances.

In terms of patient QA, various vendors have increased the
quality of treatment by providing various testing equipment
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such as detector arrays as well as cranial phantoms that
can accommodate small detectors such as diodes. Efforts
have always been made to bring the resolution of the array
dosimeters closer to the films so that in addition to benefiting
from the rapid analysis of dose distribution, the accuracy can
be increased.

The Elekta’s RTsafe,!'®! CIRS’s STEEV,!'"™ Standard Imaging’s
Lucy 3D QA% PTW’s Ruby!'%! cranial phantoms, as well
as high-resolution array detectors such as PTW’s OCTAVIUS
Detector 1600 SRS,1'"1 Sun Nuclear’s SRS MapCHECK, %]
and IBA Dosimetry’s myQA SRS!'®! are among the advanced
equipment in this field. Some of these detector arrays also have
an evaluation gamma index resolution of up to 2%/2 mm.

Failure Mode and Effects Analysis (FMEA)!'' and TG
1001 are both proactive approaches that can be used to
identify potential weak links in the QA chain for SRS. FMEA
can be used to identify potential failure modes in the SRS
process that could impact the quality of the treatment. This
could include errors in the SRS planning or delivery process,
such as incorrect patient positioning, inaccurate dosimetry
calculations, or machine malfunction. By identifying these
potential failure modes, steps can be taken to mitigate their
impact or prevent them from occurring altogether. TG 100,
on the other hand, provides a comprehensive set of guidelines
and recommendations for all aspects of the SRS process,
from patient simulation and imaging to treatment planning
and delivery. Table 2 summarizes protocol developments in
SRS and SRT.

Small-field dosimetry has undergone significant development
over time in the field of QA. Advancements in detector
technology, such as diode detectors and micro ionization
chambers, have improved the accuracy and reliability of
small field measurements. Correction factors for small field
dosimetry have been refined and standardized, accounting

for effects such as volume averaging and lateral electronic
disequilibrium.!"'>!31 Monte Carlo simulations have played
a crucial role in validating measurement techniques and
optimizing treatment planning algorithms for SRS/SRT.
Reference dosimetry protocols specifically tailored for
small fields have been established, ensuring traceability and
consistency in dose delivery.

Various detectors and measurement techniques play a vital role
in QA processes for radiosurgery:

lonization and solid state chambers

Ionization chambers are commonly used in radiosurgery QA to
measure the dose delivered by the radiation beam accurately.
These chambers provide precise and reliable measurements
of radiation dose, helping ensure that the prescribed dose
matches the delivered dose. They are often employed for
reference dosimetry to calibrate the Linac or other radiosurgery
equipment.

Diodes and solid-state detectors are also commonly used for
radiation measurements. Diodes and solid-state detectors have
advantages such as fast response times and small size, making
them suitable for real-time dose verification. These detectors
are integral to the chamber-based QA methods mentioned
earlier.

Small field detectors play a crucial role in radiosurgery QA due
to the precise and focused nature of the radiation beams used
in these treatments. These detectors are typically characterized
by their small active volumes, which are well-suited for
measuring the radiation dose in the confined treatment fields
of radiosurgery. Common small field detectors include:

Diodes

Diode detectors are among the most widely used small field
detectors in radiosurgery QA. They are incredibly compact
and have small active volumes, typically in the range of a

Table 2: Summary of the task group (American Association of Physicists in Medicine task group) reports and
International Commission on Radiation Units reports related to radiosurgery practice guidelines and quality assurance

Name of task group or ICRU report Year Organization Focus/purpose

AAPM TG 40 1994 AAPM QA for linacs

AAPM TG 42 1995 AAPM SRS

AAPM TG 142 2009 AAPM QA for linacs

AAPM TG 101 2010 AAPM Guidance for safe and effective SBRT practices

AAPM TG 148 2010 AAPM QA for helical tomotherapy

AAPM TG 135 2011 AAPM QA for robotic radiosurgery

AAPM TG 178 2021 AAPM Guidelines for GK radiosurgery

ICRU 50 1993 ICRU Prescribing, recording, and reporting photon beam therapy

ICRU 62 1999 ICRU Prescribing, recording, and reporting photon beam therapy
for breast cancer (supplement to ICRU 50)

ICRU 83 2010 ICRU Prescribing, recording, and reporting IMRT

ICRU 93 2014 ICRU Prescribing, recording, and reporting light ion beam therapy

ICRU 91 2019 ICRU Prescribing, recording, and reporting of stereotactic

treatments with small photon beams

AAPM TG: American Association of Physicists in Medicine task group, ICRU: International Commission on Radiation Units, QA: Quality assurance,
IMRT: Intensity-modulated radiation therapy, SRS: Stereotactic radiosurgery, SBRT: Stereotactic body radiation therapy
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few millimeters in diameter. Diodes provide excellent spatial
resolution, making them suitable for measuring dose profiles
in narrow beams.[''*

Microdiamond detectors

Microdiamond detectors are another type of small field detector
with an active volume on the order of micrometers. Their tiny
size allows for high spatial resolution in dose measurements,
making them particularly useful for radiosurgery QA,
especially in the verification of small beam profiles and steep
dose gradients.['!]

Small chamber detectors

Small chamber detectors are specialized ionization chambers
designed for measuring radiation doses in confined and
small treatment fields. They have smaller sensitive volumes
compared to conventional ionization chambers, making them
well-suited for small-field dosimetry.['!®!

These detectors face unique challenges in small field
measurements, including volume averaging effects, partial
volume effects, and perturbations caused by the detector
itself. Specialized correction factors and careful calibration
procedures are often required to account for these challenges
and ensure accurate dose measurements in small and highly
focused radiation fields.

Gel dosimeters

Gel dosimeters are 3D radiation dosimeters that offer valuable
insights into the dose distribution within the treatment volume.
They are particularly useful for verifying complex treatment
plans and assessing dose conformity. Gel dosimeters provide
a visual representation of the dose distribution, allowing
physicists and clinicians to evaluate treatment accuracy.!'!”

Gafchromic films

Gafchromic films are radiochromic films that change color in
response to radiation exposure. These films are advantageous
for radiosurgery QA due to their high spatial resolution and
ease of use. Radiosurgery teams can use Gafchromic films to
verify dose distributions, assess beam profiles, and validate
treatment plans.!'®!

Detector arrays

Detector arrays, such as the Sun Nuclear SRS MapCHECK and
PTW OCTAVIUS Detector 1600 SRS, which are mentioned
above, consist of multiple small detectors arranged in a
grid pattern. These arrays offer real-time dose verification
and are particularly valuable for ensuring the accuracy of
dynamic treatment techniques, including intensity-modulated
radiosurgery.!!1%120]

Cranial phantoms

Cranial phantoms are anthropomorphic head-shaped objects
equipped with detectors. These phantoms replicate the human
anatomy and allow for comprehensive testing of the entire
radiosurgery process, from patient setup to dose delivery.
They are especially useful for end-to-end testing of treatment
systems.[121:122]

Al also may be used in SRS QA in the future to improve the
accuracy and safety of the treatment. One possible application
of Al in SRS QA is analyzing patient data, including treatment
response and outcomes, to identify patterns and predict
treatment outcomes. By monitoring patient data such as image
scans, DVHs, and oncologist’s reports during and after SRS
and SBRT treatments, Al can assist in the early detection of
treatment-related complications, evaluate treatment efficacy,
and provide feedback to radiation oncologists for treatment
modifications as needed.['?*!24]

Several studies provide evidence supporting the potential
benefits of Al in SRS QA for radiation therapy. For example,
a study!?! demonstrated the effectiveness of Al algorithms
in accurately segmenting targets and organs at risk in SRS
treatment planning. This Al-based auto-segmentation
reduced contouring time and improved the consistency and
accuracy of target delineation, thereby enhancing treatment
accuracy. In addition, a review study!'?* highlighted several
studies demonstrating the use of Al in predicting treatment
outcomes, optimizing treatment planning, and improving target
delineation. These findings suggest that Al has the potential
to enhance treatment accuracy, safety, and overall patient
outcomes in radiation therapy. However, further research and
validation are still needed to fully evaluate the benefits of Al
in SRS QA and ensure its safe and effective integration into
clinical practice.

RabiosioLoGy

In earlier years, SRS was focused on structures with
functional disorders but nonmalignant anatomy, then
on modifications of normal anatomy such as trigeminal
neuralgia and AVMs, and finally on adenomas such as
pituitary adenomas and meningiomas, and finally on
cancer.l””] As a result, at the beginning, the radiobiological
concepts were not significant and also not very applicable.
The concepts of radiobiology and fractionation became
important over time. A contributing factor was also the low
dose rate available of linacs at that time. Due to the low
dose rate of Linacs, and the high dose per fraction of SRS,
if a patient was treated with an accelerator in one fraction,
they would have to be irradiated for up to several hours,
so fractionation was proposed as a solution to shorten the
treatment duration and make it technically possible. In
addition, some types of malignancies, including vestibular
schwannomas at the time, were basically treated by GK at
a dose of 25 Gy in 5 days."!

The most commonly used radiobiologic model for
estimating the cell survival probability by radiation is the
linear-quadratic (LQ) model that was proposed by Lea in the
1940s,128121 a5 follows:

S = o (@PD) Equation 4

where the o and B are the indications of radiosensitivity of a
specific cell type, and D is the prescribed dose. Although this
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model has been questioned for very low and very high doses
for in vivo experiments,[*%321 it is still the most trusted model
available.!'3¥!

In conventional radiotherapy, fractionation is used to reduce
normal tissue complications.’”! While dose per fraction up to
20 Gy is sufficiently compatible with the LQ model,!3*13
observations have shown that tumor control results are better
than those predicted by models such as LQ. These excellent
results from SRS and SBRT are justified on the basis of tumor
vascular damage.>!36131 Otherwise, considering only the tumor
control effects of radiation, the tumor should have been treated
with doses of 80 to 90 Gy per single fraction,!"*” while SRS
achieves the same tumor control with a maximum dose of
18-25 Gy.2 Moreover, to reduce the complications of normal
tissues in SRS, the prescribed dose is usually reduced with
the increasing size of the tumor. On the other hand, due to the
reoxygenation effect'*!! larger tumors respond poorly to the
same dose used for smaller tumors.!'414 As a result, control
of larger tumors by SRS is less effective. This is one of the
reasons why SRT and hypofractionated treatments have been
taken into consideration, because the cells in the central parts
of the tumor have more time to turn from hypoxic to oxic and,
consequently, be more radiosensitive.

To justify the reduction of normal tissue complications in SRT
of larger tumors, a biologically effective dose (BED) can be
obtained using the LQ model, which determines the effective
dose, based on the radiosensitivity of the tissue as well as the
dose per fraction:

BED =D (1+ ) Equation 5

al/p

where D is the prescribed dose, and d is the dose per fraction.
For example, suppose a tumor with 0/f=10 Gy is surrounded
by a normal tissue with a/B=3 Gy. If this tumor is irradiated
in a single 15 Gy fraction, the BED of the tumor and normal
tissue will be 37.5 and 90 Gy, respectively. However, for a
5-fraction scheme, to maintain the tumor BED at the 37.5 Gy,
the normal tissue BED is decreased to 66.6 Gy. This shows
that the complication of normal tissue can be reduced in a
fractionated regime compared to the single-fraction plan.
With longer treatment time (usually more than 3—4 weeks)
and depending on the type of tumor, a factor called tumor cell
repopulation reduces BED. However, given that the number
of SRT or hypofractionated SRS sessions never goes beyond
3 weeks, the negative effect of repopulation is not significant
for SRT or SBRT.[!0:64-921

CoNCLUSION

The field of stereotaxy has evolved to encompass SRS and
SRT, offering noninvasive alternatives for treating brain
tumors and lesions. Various modalities and technologies,
including GK, CyberKnife, VERO, Zap-X, and Linacs, have
been developed to perform SRS and SRT. These techniques
have advanced over time, aided by CT and MRI for improved

tumor localization. The benefits of SRS and SRT include
reduced invasiveness, access to critical areas, treatment of
multiple tumors, fewer side effects, and shorter treatment
periods, ultimately improving patients’ quality of life.
However, there are ongoing challenges in the technical and
clinical aspects of these techniques.

Furthermore, the role of Al in SRS and SRT holds potential
for enhancing treatment accuracy, efficiency, and patient
outcomes. Al can assist radiation oncologists in personalized
treatment planning, dose calculation, real-time monitoring,
outcome prediction, and decision support. Despite these
advancements, it is worth noting that the manuscript lacks
proper evidence to support the role of Al in the field.

It is important to acknowledge that while fast treatment
delivery has been achieved through techniques such as FFF
beam, significant improvements in treatment outcomes have
not been observed. This raises questions about the effectiveness
of high-dose rates in Linac-based systems.

In summary, SRS and SRT have revolutionized the field
of stereotaxy, offering valuable treatment options for
cranial lesions. The potential of Al in improving treatment
outcomes is promising but requires further investigation. As
the field continues to progress, advancements in Linac-based
systems, such as higher dose rates and finer multileaf
collimators, may enhance target coverage precision. In
addition, the integration of combined treatment-diagnosis
modalities, such as MR-Linac, holds the potential for
providing accurate and noninvasive treatment while
ensuring patient safety.
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