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Abstract
Introduction Stereotactic radiosurgery (SRS) was born in an attempt to treat complex intracranial pathologies in a fashion 
whereby open surgery would create unnecessary or excessive risk. To create this innovation, it was necessary to harness 
advances in other fields such as engineering, physics, radiology, and computer science.
Methods We review the history of SRS to provide context to today’s current state, as well as guide future advancement in 
the field.
Results Since time of Lars Leksell, the young Swedish neurosurgeon who pioneered the development of the SRS, the col-
legial and essential partnership between neurosurgeons, radiation oncologists and physicists has given rise to radiosurgery 
as a prominent and successful tool in neurosurgical practice.
Conclusion We examine how neurosurgeons have helped foster the SRS evolution and how this evolution has impacted 
neurosurgical practice as well as that of radiation oncology and neuro-oncology.
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Introduction

The evolution of stereotactic radiosurgery (SRS) illustrates 
the history of a disruptive technology. Since its origins, 
when some radiation oncologists maintained a reluctance 
to its introduction into neurosurgical practice, as well as 
reluctance by some neurosurgeons to accept this introduc-
tion into their own practice, it has dramatically evolved and 
subsequently improved in safety and effectiveness. Now 
SRS represents a well-established therapeutic modality in 
the management of central nervous system (CNS) disorders 
seeded in difficult-to-treat locations or for patients that are 

poor candidates to open surgery. Stereotactic radiosurgery 
derived from important diagnostic and therapeutic advances 
in other fields of medicine, such as the discovery of X-rays 
by Roentgen in 1895 and the development of stereotaxis at 
the beginning of the 1900s [1, 2]. Furthermore, dramatic 
advances in neuro-imaging in the 1960s to the 1980s allowed 
for the development of current SRS technologies [3, 4].

Recently, it was clear that the accelerated evolution of 
radiosurgical and radiotherapeutic techniques demanded a 
formal reevaluation of concepts. For this reason, the Ameri-
can Association of Neurological Surgeons (AANS) and the 
Congress of Neurological Surgeons (CNS) formed the Ste-
reotactic Radiosurgery Task Force, which together with the 
American Society for Radiation Oncology (ASTRO) met 
in March 2006 to formally define SRS, taking into account 
its historical, current, and potential future applications. 
Consensus subsequently defined Stereotactic radiosurgery 
as the use of externally-generated ionizing radiation (IR) 
to eradicate or inactivate a specific target within the brain 
or spine [5]. Moreover, the precision of the delivered IR 
must rely on a rigidly attached stereotactic frame, other 
immobilization system and/or stereotactic image-guidance 
technology. Although more commonly performed during a 
single session, up to 5 sessions can be used with the purpose 
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of further reduction in injury to surrounding normal tissue 
through fractionation without compromising its therapeutic 
potential [5].

Over time, refinements in SRS occurred in such a way 
that a collegial partnership between neurosurgeons, radia-
tion oncologists, and physicists was critical in assuring the 
best possible patient care. The essential, multidisciplinary 
nature of the team performing SRS was recognized by the 
Stereotactic Radiosurgery Task Force and ASTRO which 
together with the American College of Radiology (ACR) 
designed specific responsibilities to the individual members 
of this multidisciplinary team [6]. Such a multi-disciplinary 
framework creates multiple advantages. First, patients are 
counseled from a variety of perspectives on the available 
treatment options and risks. Second, a team approach opti-
mizes the safety and therapeutic effectiveness of stereotactic 
radiosurgery.

Inception of radiosurgery

Stereotactic Radiosurgery was developed by the Swedish 
neurosurgeon Lars Leksell, who in 1951 published his semi-
nal paper where he coined the term radiosurgery for the 
very first time [7, 8]. However, previous scientific milestones 
were necessary to create the technology critical for SRS. The 
modern era of stereotaxis arose when the pioneer of Brit-
ish neurosurgery, Victor Horsley, and Robert Henry Clarke 
developed a Cartesian tricoordinate system to target cerebel-
lar nuclei in monkeys; their work describing the use of the 
first stereotactic apparatus was published in 1908 [1]. Only 
10 years later, Aubrey T. Mussen redesigned the device for 
human applications [9]. However, no neurosurgeon would be 
willing to take the risk of treating patients based on merely 
external skull landmarks [10]. With the development of the 
X-rays and plain-film radiography, the neurologist Spiegel 
and the neurosurgeon Wycis from Temple University were 
the first to correlate stereotaxis with intracranial landmarks-
such as the calcified pineal gland or the anterior commis-
sure—and to publish on the clinical application of stereo-
tactic neurosurgery for neuropsychiatric conditions in 1947 
[11, 12].

Lars Leksell combined stereotaxis and radiation in an 
attempt to develop an alternative method to treat neurologi-
cal disorders while avoiding the morbidity associated with 
open surgery of the time. Open surgery was associated with 
a rate of morbidity as high as 60% even in the hands of his 
mentor Herbert Olivecrona, who had trained with Harvey 
Cushing in the United States and later became known as 
the father of Swedish Neurosurgery [13]. Leksell designed 
a novel and simpler center of arc based stereotactic frame in 
1949 [14] and subsequently described his ideas and concepts 
regarding the first stereotactic irradiator in his landmark 

paper of 1951 [7]. In collaboration with the department of 
physics at the Karolinska Institute, Leksell was able to mate-
rialize the first-in-human radiosurgery procedures in 1953. 
He treated patients with trigeminal neuralgia and psychiatric 
conditions by coupling an orthovoltage X-ray tube to his pre-
viously described stereotactic frame [15]. The next techno-
logical improvement was the use of the Uppsala University 
cyclotron to deliver plateau high-energy proton irradiation 
rather than low-energy X-rays in 1960. This technique was 
later abandoned after it proved too cumbersome and expen-
sive for routine clinical use [16]. Nonetheless, through this 
experience a new partnership with the physicist and radio-
biologist Börje Larsson was born and allowed the evaluation 
of the first-generation linear accelerator (LINAC)-based SRS 
procedures. Unfortunately; they found it too imprecise to be 
adopted into clinical practice at that time [17].

Later, Leksell’s team envisioned the use of Co-60 as 
source of high energy photons (i.e. gamma rays), which 
led them to build the first Gamma Knife (GK; Elekta AB, 
Stockholm Sweden) unit between 1963 and 1968. Imaging 
target localization was initially based on X-ray films, but the 
introduction of computed tomography (CT) and magnetic 
resonance imaging (MRI) into the Karolinska Hospital, in 
1974 and 1980 respectively, fostered the adaptation of the 
stereotactic technique to these new technologies [3, 4].

The next milestone in the history of the GK was its 
establishment in United States. Dade Lunsford spent one 
month during his neurosurgery residency with Leksell in 
1979 and then returned to the Karolinska Institute for a year 
after graduation as the recipient of the AANS Van Wagenen 
Fellowship Award (1980–1981). Subsequently, he returned 
to Pittsburgh, Pennsylvania to develop and refine CT-com-
patible technologies in radiosurgery. Under his leadership, 
the installation of the GK unit at the University of Pitts-
burgh in August 1987 heralded an explosion of scientific 
literature that made the case for the use of radiosurgery as 
an essential therapeutic modality in the neurosurgical arma-
mentarium. Since then, new versions of the Leksell Gamma 
Knife have been developed at regular intervals to its modern 
form (Fig. 1).

In parallel to the development of the Gamma Knife, two 
additional radiosurgery platforms emerged for use in neu-
rosurgical practice (Fig. 2). The evolution of proton and 
LINAC-based radiosurgery benefited from the momentum 
gathered by the research on particle physics during the Sec-
ond World War (1939–1945). The Nobel laureated physi-
cist, Ernest O. Lawrence invented the 60-inch cyclotron at 
UC Berkeley in 1929, which represented the first particle 
accelerator where heavy particles could be accelerated in a 
non-linear fashion (i.e. circular) [18]. Theoretical and practi-
cal advances in this field during the war period opened the 
possibility of using protons for clinical purposes, as initially 
suggested by the physicist Robert Wilson from Harvard 
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University in 1946 [19]. The novel high-energy 184-inch 
synchrocyclotron (the modified calutron used during the war 
to purify U235) at Lawrence Berkeley Laboratory allowed 
the delivery of the first proton-based radiation therapy to a 
pituitary patient in 1952 [20]. However, the first procedures 
applying the therapeutic concept of the Bragg peak were 
not performed until later in the 1960s at the Gustav Werner 
Institute in Uppsala (Sweden) and the Harvard Cyclotron 
Laboratory [18]. Kjellberg, a Massachusetts General Hos-
pital neurosurgeon, described his experiences with Bragg 
peak proton therapy in patients with pituitary adenomas and 
arteriovenous malformations [21, 22]. The Kjellberg’s isoef-
fective risk centile curves were based on data from a modest 
number of AVM patients treated with proton therapy in his 
initial experience, however they pioneered the development 
of more modern dose–effect curves for radiation necrosis of 
the brain [21, 23–25]. This concept was the basis for future 
advanced dosimetry seen in Gamma Knife and LINAC-
based SRS. Further advances in imaging technologies (i.e. 
CT and MRI) allowed the acquisition of tissue-density infor-
mation which was required for better dose calculations and 
treatment accuracy [19]. Additionally, they also fostered 
improvements in patient positioning systems. The first hos-
pital-based facility was established in Loma Linda Medical 
Center in 1990 and after this, the acceptance of proton-based 
SRS would allow this technology to evolve and spread.

Another milestone in the history of SRS was the invention 
of the klystron, the first LINAC prototype able to produce 
MeV X-rays [26]. This invention happened in the context of 
the Second World War, in an attempt to create better radar 
systems. Although klystrons are based on the principle of 
velocity modulation, which was first reported in Germany 
in 1935 [27, 28],it was not until the Varian brothers joined 
the laboratory of Dr. William Hansen, Professor of Physics 

at Stanford, that the klystron was developed as reported in 
1939 [29]. Russel Varian was a physicist working on pri-
vate communication technologies and Sigurd Varian was a 
commercial pilot concerned about airspace security. Hansen 
had invented the cavity resonator or rhumbatron (an essen-
tial component of the klystron, analog to the magnet coils 
developed by E. Lawrence to create magnetic fields) and 
the theory to use this rhumbatron as an element of a bigger 
circuit [26]. Eventually, the group would take less than two 
years to create the klystron.

The Varian brothers would patent this technology and, 
together with Willian Hansen, funded what later would 
become Varian Medical Systems (Palo Alto, CA). Even 
when the first clinical LINAC-based conventional radio-
therapy units appeared in England during 1953 and 1954 
[30], this technology gained major clinical relevance after 
the Stanford radiologist Henry S. Kaplan treated the first 
patient in US in 1956 [31]. After GK and proton-based irra-
diation had slowly demonstrated the utility of SRS, Neuro-
surgeons Federico Colombo from Italy and Osvaldo Betti 
from Argentina took the lead in developing LINAC-based 
SRS [32–34]. Lutz and Winston later developed the dosim-
etry of this method [35], improving LINAC-based SRS and 
allowing extracranial applications of radiosurgery (Fig. 3).

Initially, LINAC-based SRS required rigid immobiliza-
tion of the patient’s head to achieve maximum accuracy. It 
would be the Stanford neurosurgeon John Adler who, in col-
laboration with the Stanford School of Engineering, devel-
oped an efficient computer algorithm to correlate X-rays and 
CT scans in real time [26]. Adler had spent time working 
with Leksell and wanted to apply radiosurgical principles to 
targets in the body and not just the brain. The miniaturiza-
tion of the LINAC by the end of 1980s allowed the coupling 
of a LINAC to industrial robotic arms. Now, this system 
could use real time patient position/motion information to 
correct LINAC irradiation with submillimeter accuracy. This 
represented the origin of the frameless and non-isocentric 
SRS which are features of the next technology released in 
1991, the CyberKnife (Accuracy Inc., Sunnyvale, CA), a 
new platform that ultimately extended the reach of radiosur-
gery outside the CNS. To this day, Dr. Adler has continued 
to refine radiosurgical technology as highlighted by his help 
to develop the new Zap system [36].

Radiosurgery’s evolution

Radiosurgery evolved on the basis of Leksell’s stereotactic 
model, where radiation could be delivered from any point 
of an arc external to the cranium, towards a centered tar-
get known as isocenter, a point in space where all beamlets 
converge and sum intensity. The goal of SRS, regardless of 
its different modalities, is to create a steep dose gradient 

Fig. 1  The Gamma Knife Icon platform, with on-board cone-beam 
computed tomography and frameless radiosurgery capability
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for allowing the distribution of a high radiation dose to 
the targeted lesion while avoiding damage to the normal 
brain parenchyma. Freedom gathered from the robotic arm 
of CyberKnife allowed this technology an optional non-
isocentric delivery, while GK and LINAC-based SRS still 
relied solely on isocentric irradiation. The shape of the beam 
can be generated through circular cones (i.e. in GK proce-
dures) or micro-multileaf collimators-MLC (i.e. in LINAC-
based procedures) that allow the beam to take the shape of 
tumor’s cross-sectional area orthogonal to the beam axis. If 
the lesion is complex in shape, more than one isocenter can 
be used at the same time in GK procedures, which is referred 
sometimes as “packing”.

The development of faster computers allowed the use of 
accurate calculation algorithms to generate more rapid plan-
ning and more accurate dose distributions [37]. Similarly, 
the development of CT and MRI allowed the acquisition of 
better information about tissue location and density which 
are key variables in radiosurgical targeting and dosimetric 
calculations [19]. Additionally, these new imaging modali-
ties have allowed more precise and accurate target locali-
zation and delineation. Faster computers also allowed the 
development of “inverse planning” techniques where dosi-
metric goals (e.g. target dose, critical structure constraints, 
conformality, etc.) are set first, and then a computer program 
optimizes parameters (beam energy, fluency, direction, etc.) 
to achieve the desired dosimetric goals.

Delivery systems have also evolved in order to increase 
safety profile of SRS, the most recent is the development 

of volume-modulated arch therapy (VMAT) [38] which is 
a combination of fixed-beam intensity modulated radiation 
therapy-IMRT (fixed beams are static radiation beams deliv-
ered only from certain angles of the arc in order to spare 
radiation of critical structures) and conformal arc techniques 
(the beam is spun around the patient to allow for a continu-
ously shaped beam to match the beam-eye-view area of the 
target at all delivery angles) (Fig. 4). VMAT also offers the 
possibility of treating multiple targets with only one iso-
center, drastically decreasing treatment duration [38].

Another technical advance is image-guided radiation 
therapy (IGRT). Although SRS has traditionally used ste-
reotactic frames to localize the target and immobilize the 
patient, image guidance has facilitated the use of noninva-
sive frameless immobilization, and consequently multiple 
session treatments. IGRT is a generic term which infers the 
use of orthogonal X-rays, CT scans, optical guidance, and/or 
MRI guidance to allow for verification of the correct patient 
position immediately preceding irradiation. With a CT scan 
immediately preceding SRS, subtle adjustments in patient 
positioning can be achieved to allow for correct patient posi-
tioning during SRS, which remarkably improve accuracy.

Impact of radiosurgery

While initially stereotactic radiosurgery was envisioned to be 
used in the treatment of functional neurosurgical conditions 
such as cancer related pain, trigeminal neuralgia, psychiatric 

Fig. 3  Dosimetric image of a linear accelerator-based spinal radiosurgery plan for a metastatic lesion
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conditions, and movement disorders, SRS promptly arose 
and is now used most frequently as a therapeutic tool for the 
treatment of tumor pathologies. Given the lack of computed-
imaging at the beginnings of the radiosurgery history, pitui-
tary adenomas and AVMs were the main focus of research 
and clinical practice. Pituitary adenomas were easy to indi-
rectly localize inside the sella turcica using plain X-rays 
and angiograms allowed the biplanar targeting of vascular 
pathologies such as AVMs [39]. Further refinements in SRS 
technology led to its exponential increase in the number of 
procedures for treatment of several pathologies. According 
to data from the GK manufacturer (Elekta AB, Stockholm, 

Sweden) more than 1 million patients were treated with 
GKRS. Additionally, annual incidence of patients receiv-
ing radiosurgery (LINAC-SRS plus GK-SRS) is more than 
75,000, with an annual increased projection of 10% [40, 41].

Currently, the top 5 most common indications for SRS 
are: brain and spine metastases, trigeminal neuralgia, men-
ingiomas, schwannomas and AVMs [42, 43]. While not 
originally designed for this purpose, the role of SRS for 
metastatic brain disease has grown appreciably in the last 
years, and it can be indicated as adjuvant to conventional 
radiotherapy or open surgery. Moreover, the list of patients 
considered appropriate for SRS continues to grow, with 

Fig. 4  Dosimetric image of a single-isocentric volumetric modulated arc-based therapy treatment plan for brain metastases
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Yamamoto et al. supporting SRS as treatment in selected 
patients with up to 10 brain metastases [44]. Radiosurgery 
also continues to extend its reach to others conditions, as is 
evident from recent reports supporting a role in involuntary 
movements [42, 45].

Future of radiosurgery

Despite the importance that radiosurgery has gained in the 
management of neurosurgical patients, several studies have 
come to identify significant gaps in neurosurgical residency 
education. A survey from AANS showed that two-thirds of 
the residents attending a AANS-sponsored SRS conference 
did not receive formal training in radiosurgery even when 
79% planned to perform the procedure in the future [46]. 
Confidence with required skills to perform SRS, as well as 
training satisfaction, follows the same mournful trend in 
other studies as well [43]. Interestingly, an opposite trend 
was found when radiation oncologist residents were sur-
veyed [47]. If anything, this would suggest that a training 
gap extends across specialties.

The advantages of a multidisciplinary collaboration in 
obtaining improved patient outcomes in radiosurgery have 
been evident through its history and evolution. Radiation 
oncologists play an important role, as supported by ASTRO/
ACR guidelines [48], and offer the potential to enhance SRS 
skills and knowledge in neurosurgery residents, but there is 
a need for improved SRS integration within the neurosurgi-
cal team through daily clinical activities, joint conferences 
and courses, fellowships, among others. Radiosurgery spans 
all sections of neurosurgery: tumor, spine, functional and 
stereotactic, pediatric, and vascular. This underscores the 
prominence that radiosurgery has gained in the field of neu-
rosurgery and the value that neurosurgeons add to radiosur-
gical care. The intimate relationship between radiosurgery 
delivery, neurosurgical resection, endovascular techniques, 
radiosurgical toxicity, and stereotaxy cannot be underesti-
mated. As advancements in SRS patient selection, planning, 
and delivery continue into the future, neurosurgery will have 
a critical role to play. As such, SRS scholarly programs that 
are included as a formal component in the curricula of neu-
rosurgery residents appears as the logical next step to take 
in Neurosurgical education.

SRS also has planned and will likely see expanded 
functional indications. These include the management 
of movement disorders such as essential tremor and for 
epilepsy in some cases such as those with hypothalamic 
hamartomas [49, 50]. There is also the potential for SRS 
to play an expanded role in the management of patients 
with severe and intractable obsessive compulsive disorder 

[51]. While these indications go beyond those typical for 
a neuro-oncology audience, neurosurgeons will play an 
essential role in the investigation, application, and refine-
ment of SRS for these indications.

Contemporary and future applications of SRS are not 
limited to the aforementioned. The American Society for 
Radiation Oncology (ASTRO) has already published a 
general guideline to maximize the potential benefits of 
combining radiation with molecular targeting or immu-
nomodulatory agents [52]. In this regard, active investi-
gation is being carried out on SRS as a potentiator of dif-
ferent treatments through its capacity to modulate tumor 
immune dynamic and cancer cells profile in gliomas and 
brain metastases. To date, several preclinical and clini-
cal studies have suggested that SRS could synergize with 
immunotherapy and cell therapy [53–55]. Appropriate 
radiation delivery modality, dose, fractionation and timing 
are crucial factors to success in this purpose as SRS could 
differentially influence tumor biology and therapeutic effi-
cacy depending on how these factors variate [55–57].

Conclusion

Radiosurgery has made profound changes in the care of 
neurosurgical patients with complex intracranial and/or 
spinal pathologies. Neurosurgeons have been instrumen-
tal in the inception, innovations, and refinements of SRS; 
and nowadays play a crucial role in the multidisciplinary 
partnership that selects, treats, and manages radiosurgery 
patients. Neurosurgeons also must ensure adequate train-
ing and education of future generations. The safety and 
efficacy of SRS has been demonstrated across a wide vari-
ety of neuro-oncology indications; the refinements in SRS 
will likely lead to further advancements and improved care 
in ways that we cannot yet imagine.

Funding This publication was made possible through the support of 
the Eveleigh Family Career Development Award for Cancer Research 
at Mayo Clinic in Florida.

Compliance with ethical standards 

Conflict of interest DMT has received clinical trial funding from No-
vocure and publishing fees from Springer. The remaining authors de-
clare that they have no conflict of interest.

Research involving human and/or animal rights This article does not 
contain any studies with human participants or animals performed by 
any of the authors.

Informed consent No informed consent was required.



458 Journal of Neuro-Oncology (2021) 151:451–459

1 3

References

 1. Clarke RH, Horsley V (2007) THE CLASSIC: On a method of 
investigating the deep ganglia and tracts of the central nervous 
system (cerebellum). Clin Orthop Relat Res. 463:3–6

 2. Scatliff JH, Morris PJ (2014) From Roentgen to magnetic res-
onance imaging: the history of medical imaging. N C Med J 
75(2):111–113

 3. Leksell L, Jernberg B (1980) Stereotaxis and tomography. A tech-
nical note. Acta Neurochir (Wien) 52(1–2):1–7

 4. Leksell L, Leksell D, Schwebel J (1985) Stereotaxis and nuclear 
magnetic resonance. J Neurol Neurosurg Psychiatry 48(1):14–18

 5. Barnett GH, Linskey ME, Adler JR et al (2007) Stereotactic 
radiosurgery—an organized neurosurgery-sanctioned definition. 
J Neurosurg 106(1):1–5

 6. Seung SK, Larson DA, Galvin JM et al (2013) American Col-
lege of Radiology (ACR) and American Society for Radiation 
Oncology (ASTRO) Practice Guideline for the Performance of 
Stereotactic Radiosurgery (SRS). Am J Clin Oncol 36(3):310–315

 7. Leksell L (1951) The stereotaxic method and radiosurgery of the 
brain. Acta Chirurgica Scandinavica 102(4):316–319

 8. Mitrasinovic S, Zhang M, Appelboom G et al (2019) Milestones 
in stereotactic radiosurgery for the central nervous system. J Clin 
Neurosci 59:12–19

 9. Picard C, Olivier A, Bertrand G (1983) The first human stere-
otaxic apparatus The contribution of Aubrey Mussen to the field 
of stereotaxis. J Neurosurg. 59(4):673–676

 10. Grunert P (2013) From the idea to its realization: the evolution of 
minimally invasive techniques in neurosurgery. Minim Invasive 
Surg 2013:171369

 11. Spiegel EA, Wycis HT, Marks M, Lee AJ (1947) Stere-
otaxic apparatus for operations on the human brain. Science 
106(2754):349–350

 12. Spiegel EA, Wycis HT, Thur C (1951) The stereoencephalotome 
(model III of our stereotaxic apparatus for operations on the 
human brain). J Neurosurg 8(4):452–453

 13. Ljunggren B (1993) Herbert Olivecrona: founder of Swedish neu-
rosurgery. J Neurosurg 78(1):142–149

 14. Leksell L (1950) A stereotaxic apparatus for intracerebral surgery. 
Acta Chirurgica Scandinavica 99(3):229–233

 15. Leksell L (1971) Stereotaxis and radiosurgery: an operative sys-
tem. Thomas, Springfield

 16. Larsson B, Leksell L, Rexed B, Sourander P, Mair W, Andersson 
B (1958) The high-energy proton beam as a neurosurgical tool. 
Nature 182(4644):1222–1223

 17. Sheehan JP, Yen CP, Lee CC, Loeffler JS (2014) Cranial stereo-
tactic radiosurgery: current status of the initial paradigm shifter. 
J Clin Oncol 32(26):2836–2846

 18. Owen H, Holder D, Alonso J, Mackay R (2014) Technologies for 
delivery of proton and ion beams for radiotherapy. Int J Mod Phys 
A 29(14):1441002

 19. Wilson RR (1946) Radiological use of fast protons. Radiology 
47(5):487–491

 20. Lawrence JH, Tobias CA, Born JL et al (1958) Pituitary irradia-
tion with high-energy proton beams: a preliminary report. Can 
Res 18(2):121–134

 21. Kjellberg RN, Hanamura T, Davis KR, Lyons SL, Adams RD 
(1983) Bragg-peak proton-beam therapy for arteriovenous mal-
formations of the brain. N Engl J Med 309(5):269–274

 22. Kjellberg RN, Shintani A, Frantz AG, Kliman B (1968) Proton-
beam therapy in acromegaly. N Engl J Med 278(13):689–695

 23. Barker FG 2nd, Butler WE, Lyons S et al (2003) Dose-volume 
prediction of radiation-related complications after proton beam 
radiosurgery for cerebral arteriovenous malformations. J Neuro-
surg 99(2):254–263

 24. Lunsford LD (2003) Proton beam for arteriovenous malforma-
tions. J neurosurg. 99(2):222–223. discussion 223–224

 25. Warren JWB, Jay SL, Shih H (2016) The history of linac and 
proton beam radiosurgery. In: Lunsford LD, Sheehan JP (eds) 
Intracranial stereotactic radiosurgery. 2nd edition. Thieme, New 
York

 26. Adler JR Jr (2005) Accuray, incorporated: a neurosurgical busi-
ness case study. Clin Neurosurg. 52:87–96

 27. Arsenjewa-Heil AHO (1935) A new method for producing short, 
undamped electromagnetic waves of high intensity. Zeitschrift für 
Physik. 1935(November):752–762

 28. Caryotakis G (1998) The klystron: a microwave source of surpris-
ing range and endurance. Phys Plasmas 5(5):1590–1598

 29. Varian RVS (1939) A high frequency oscillator and amplifier. J 
Appl Phys. 10:321–327

 30. Karzmark CJ, Pering NC (1973) Electron linear accelerators for 
radiation therapy: history, principles and contemporary develop-
ments. Phys Med Biol 18(3):321–354

 31. Kaplan HS, Bagshaw MA (1957) The Stanford medical linear 
accelerator III Application to clinical problems of radiation ther-
apy. Stanford Med Bull 15(3):141–151

 32. Colombo F, Benedetti A, Pozza F et al (1985) External stereotactic 
irradiation by linear accelerator. Neurosurgery. 16(2):154–160

 33. Colombo F, Benedetti A, Pozza F et  al (1985) Stereotactic 
radiosurgery utilizing a linear accelerator. Appl Neurophysiol 
48(1–6):133–145

 34. Betti OO, Galmarini D, Derechinsky V (1991) Radiosurgery with 
a linear accelerator. Methodological aspects. Stereotact Funct 
Neurosurg 57(1–2):87–98

 35. Winston KR, Lutz W (1988) Linear accelerator as a neurosurgical 
tool for stereotactic radiosurgery. Neurosurgery. 22(3):454–464

 36. Weidlich GA, Bodduluri M, Achkire Y, Lee C, Adler JR Jr (2019) 
Characterization of a novel 3 megavolt linear accelerator for dedi-
cated intracranial stereotactic radiosurgery. Cureus 11(3):e4275

 37. Deng J, Ma CM, Hai J, Nath R (2003) Commissioning 6 MV 
photon beams of a stereotactic radiosurgery system for Monte 
Carlo treatment planning. Med Phys 30(12):3124–3134

 38. Audet C, Poffenbarger BA, Chang P et al (2011) Evaluation of 
volumetric modulated arc therapy for cranial radiosurgery using 
multiple noncoplanar arcs. Med Phys 38(11):5863–5872

 39. Steiner L, Leksell L, Greitz T, Forster DM, Backlund EO (1972) 
Stereotaxic radiosurgery for cerebral arteriovenous malformations 
Report of a case. Acta Chir Scand. 138(5):459–464

 40. Lunsford LD, Chiang V, Adler JR, Sheehan J, Friedman W, 
Kondziolka D (2012) A recommendation for training in stereo-
tactic radiosurgery for US neurosurgery residents. J Neurosurg 
117(Suppl):2–4

 41. Elekta (2016) Elekta surpasses one million patients treated with 
Leksell Gamma Knife. https ://www.elekt a.com/meta/press -inter 
n.html?id=21153 8a2-3239-42f9-a078-639aa 6492f 23. Accessed 
20 July 2019

 42. Ho AL, Li AY, Sussman ES et al (2016) National trends in inpa-
tient admissions following stereotactic radiosurgery and the in-
hospital patient outcomes in the United States from 1998 to 2011. 
J Radiosurg SBRT 4(3):165–176

 43. Yang I, Udawatta M, Prashant GN et al (2019) Stereotactic radio-
surgery for neurosurgical patients: a historical review and current 
perspectives. World Neurosurg 122:522–531

 44. Yamamoto M, Serizawa T, Shuto T et al (2014) Stereotactic radio-
surgery for patients with multiple brain metastases (JLGK0901): a 
multi-institutional prospective observational study. Lancet Oncol 
15(4):387–395

 45. Niranjan A, Raju SS, Kooshkabadi A, Monaco E 3rd, Flickinger 
JC, Lunsford LD (2017) Stereotactic radiosurgery for essential 
tremor: Retrospective analysis of a 19-year experience. Mov Dis-
ord 32(5):769–777

https://www.elekta.com/meta/press-intern.html?id=211538a2-3239-42f9-a078-639aa6492f23
https://www.elekta.com/meta/press-intern.html?id=211538a2-3239-42f9-a078-639aa6492f23


459Journal of Neuro-Oncology (2021) 151:451–459 

1 3

 46. Sheehan JP (2010) Resident perceptions of radiosurgical training 
and the effect of a focused resident training seminar. J Neurosurg 
113(1):59–63

 47. Nabavizadeh N, Burt LM, Mancini BR et al (2016) Results of 
the 2013–2015 association of residents in Radiation Oncology 
Survey of chief residents in the United States. Int J Radiat Oncol 
Biol Phys 94(2):228–234

 48. Potters L, Gaspar LE, Kavanagh B et al (2010) American Society 
for Therapeutic Radiology and Oncology (ASTRO) and Ameri-
can College of Radiology (ACR) practice guidelines for image-
guided radiation therapy (IGRT). Int J Radiat Oncol Biol Phys 
76(2):319–325

 49. Young RF, Li F, Vermeulen S, Meier R (2010) Gamma Knife 
thalamotomy for treatment of essential tremor: long-term results. 
J Neurosurg 112(6):1311–1317

 50. McGonigal A, Sahgal A, De Salles A et al (2017) Radiosurgery 
for epilepsy: systematic review and International Stereotactic 
Radiosurgery Society (ISRS) practice guideline. Epilepsy Res. 
137:123–131

 51. Gupta A, Shepard MJ, Xu Z et al (2019) An International Radio-
surgery Research Foundation Multicenter Retrospective Study of 
gamma ventral capsulotomy for obsessive compulsive disorder. 
Neurosurgery 85(6):808–816

 52. Bristow RG, Alexander B, Baumann M et  al (2018) Com-
bining precision radiotherapy with molecular targeting and 

immunomodulatory agents: a guideline by the American Society 
for Radiation Oncology. Lancet Oncol 19(5):e240–e251

 53. Zeng J, See AP, Phallen J et al (2013) Anti-PD-1 blockade and 
stereotactic radiation produce long-term survival in mice with 
intracranial gliomas. Int J Radiat Oncol Biol Phys 86(2):343–349

 54. Thomas JG, Parker Kerrigan BC, Hossain A et al (2018) Ionizing 
radiation augments glioma tropism of mesenchymal stem cells. J 
Neurosurg 128(1):287–295

 55. Kotecha R, Kim JM, Miller JA et  al (2019) The impact of 
sequencing PD-1/PD-L1 inhibitors and stereotactic radiosurgery 
for patients with brain metastasis. Neuro-oncology. https ://doi.
org/10.1093/neuon c/noz04 6

 56. Ye JC, Formenti SC (2018) Integration of radiation and immuno-
therapy in breast cancer—treatment implications. Breast 38:66–74

 57. Vanpouille-Box C, Alard A, Aryankalayil MJ et al (2017) DNA 
exonuclease Trex1 regulates radiotherapy-induced tumour immu-
nogenicity. Nat Commun. 8:15618

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/neuonc/noz046
https://doi.org/10.1093/neuonc/noz046

	The evolution of stereotactic radiosurgery in neurosurgical practice
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Inception of radiosurgery
	Radiosurgery’s evolution
	Impact of radiosurgery
	Future of radiosurgery
	Conclusion
	References




