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Highlights
What are the main findings?

e Delivery of focused ionizing radiation to specific brain loci and nerves modulate their
local microenvironment and neuronal milieu, leading to neuromodulation.

e  This modulatory effect leads to downstream signaling alterations across neuronal
networks.

What are the implications of the main findings?

e  Understanding how delivery of focused radiation can achieve neuromodulatory ef-
fects in the brain opens up novel avenues for treating a multitude of neurologic dis-
orders including tremors, chronic pain syndromes, and psychiatric illnesses.

e Rigorous translational research is needed to identify the neurobiological effects of
focused radiation on neural processing centers in order to understand the clinical
effects in humans.

Abstract

Stereotactic radiosurgery (SRS) delivers high doses of focused ionizing radiation (IR) to a
defined target while sparing surrounding tissues. The delivery of focused doses of IR has
proven to be an effective modality for the treatment of brain tumors, cerebrovascular le-
sions, and primary neuropathic pain conditions. More recently, the emerging concept of
“radiomodulation” to rewire neural circuitry through the delivery of focused IR to spe-
cific neural relay centers has emerged as an alternative way to treat neurological condi-
tions, such as essential tremor, trigeminal neuralgia, and psychiatric illnesses. In this arti-
cle, we performed a scoping review of the existing data supporting the ability of focused
doses of ionizing radiation to achieve modulation of neural circuits for the treatment of
neurological conditions. We review the current understanding of the neurophysiological
mechanisms of radiomodulation, the gaps in knowledge limiting its widespread use for
in-human applications and stress the unmet need for ongoing research to rigorously
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prove that radiomodulation may be the “final frontier” as a non-invasive, non-pharmaco-
logical, versatile, and tunable modality for the treatment of a multitude of neurological
conditions.

Keywords: stereotactic radiosurgery; CyberKnife; Gamma Knife; proton beam radiation
therapy; conventional radiotherapy; neurosurgery; functional neurosurgery; neuropsy-
chiatry; psychiatry; DNA damage response; depression; pain; obesity; obsessive—compul-
sive disorder; addiction.

1. Introduction to the History of Radiomodulation

Dr. Lars Leksell, largely regarded as the inventor of stereotactic radiosurgery (SRS),
initially intended SRS to be used for the treatment of movement disorders such as Parkin-
son’s Disease, facial pain due to trigeminal neuralgia (TN), and neuropsychiatric illnesses
[1]. Evidence that delivery of focused IR could affect neural circuits was demonstrated in
some of the first patients whom Dr. Leksell treated using SRS in the early 1950s who were
suffering from TN, by targeting the trigeminal ganglion in Meckel’s cave [2]. Early use of
SRS for the treatment of intractable neuropathic pain by targeting the thalamus [3] and
treatment-refractory obsessive—-compulsive disease (OCD) by targeting the ventral limb
of the internal capsule [4] reported neurotoxicity due to higher than necessary doses of
radiation.

As the field began mapping the normal tissue dose constraints of different regions of
the brain, radiosurgeons began observing that patients with arteriovenous malformations
(AVMs) located in seizure-prone eloquent cortex had an 85% chance of seizure control
following SRS treatment of their AVMs even prior to complete radiographic occlusion of
flow through the nidus of the AVMs [5-9]. Regis and colleagues were the first to report
the biochemical changes in the local neuronal milieu leading to differential functional ef-
fects following Gamma Knife SRS for the treatment of mesial temporal lobe epilepsy
[10,11], proposing the “cockade” theory summarizing the effect of an SRS dose on the
normal brain by identifying four concentric zones. The center “necrotic” zone is sur-
rounded by the “subnecrotic” area where differential SRS-induced cell death is observed
with a dying off of glial cells and preservation of non-cycling neurons. The periphery
around the “subnecrotic” zone is the “neuromodulatory area”. The area outside the “neu-
romodulatory area” has no observable effects (Figure 1).

Il Necrotic

[] Subnecrotic

[] Neuromodulation
[1 No Effect

Figure 1. The “Cockade” theory of SRS-induced neuromodulation on normal brain. Following SRS
treatment, four concentric “zones” are observed, including (1) a central histologic “necrotic” zone;
(2) a “subnecrotic” zone where cell death is observed with a dying off of glial cells and preservation
of non-cycling neurons; (3) a “neuromodulatory” area where the radiomodulatory effects of SRS is

demonstrated; and (4) a peripheral “no effect” area of histological and functional normal brain.

Regis and colleagues further postulated that several factors contributed to neuro-
modulatory effects, including biochemical and cellular changes and the genetics of the
patient. Diffusion-weighted imaging showed edema in subcortical white matter tracts and
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signs of myelin sheath splitting and periaxonal space enlargement. Treatment of mesial
temporal lobe epilepsy with SRS caused major changes in the white matter tracts that ex-
tended far beyond the treatment target zone, along association fiber tracts [11,12]. How-
ever, imaging changes on MRI do not always accurately portray propagation of protein
messenger signaling along fiber tracts, thus necessitating the need for ongoing basic sci-
ence research to decipher the mechanisms underlying the neuromodulatory effects of SRS
to in order to better under the clinical efficacy of radiomodulation [13]. The tissue sparing
property of SRS makes it an ideal modality to treat central nervous system (CNS) condi-
tions [14], with well born out mechanisms of acute and long-term toxicity of radiation-
induced CNS injury [15,16], and accurate calculations of normal tissue dose constraints
around organs at risk [17].

In this scoping review, we present preclinical evidence detailing the cellular and neu-
rophysiological mechanisms thought to contribute to the neuromodulatory effects of
dose-dependent effects of focused radiation. We then describe the emerging use of SRS to
achieve neuromodulation for the treatment of patients with tremors, chronic pain disor-
ders, and neuropsychiatric illnesses and report on the current limitations and controver-
sies of using SRS to achieve neuromodulation in humans. As radiomodulation clinical
trials are currently still in their infancy, we will have to wait for larger-scale, longitudinal
follow-up in order to understand the clinical safety and efficacy of SRS for the treatment
of an ever-growing list of non-oncological neurological conditions.

2. Methods

We performed a scoping review on the topic of radiomodulation by performing a
PUBMED search from the dates ranging from 1 January 1930-31 May 2026 using the
MeSH search terms eneuromodulation’, eadiosurgery’, e@adiomodulation’. The starting
year range was set at 1930 to adequately cover the historical timeline of the invention of
radiosurgery and the first reports of neuromodulation using focused radiation. Search re-
sults returned 274 articles. Articles that solely discussed the use of radiosurgery for the
treatment of brain tumors were excluded. We included articles that discussed the pur-
ported mechanisms of low-dose focused radiation on the brain in preclinical animal mod-
els, articles that discussed the use of radiosurgery for the treatment of functional neuro-
surgical conditions, pain disorders, and psychiatric disorders. To avoid bias, we included
articles that compared the effects of low-dose focused radiation across all of the available
radiosurgical devices on the market, including Gamma Knife, CyberKnife, and ZAP. We
also included articles that discussed the limitations and controversies surrounding the
current use of radiosurgery to treat functional and psychiatric disorders. For evidence
grading, we excluded single case reports and included case series, systematic reviews,
and meta-analyses. Following these inclusion and exclusion criteria, 158 articles were se-
lected as the foundation of this scoping review.

3. Preclinical Animal Studies of Radiomodulation

Early studies exposing animals to low to moderate doses of radiation provided
strong evidence of radiomodulation. Whole-body animal exposure to radiation ranging
from 50 to 400 rads modified gustatory sensation [18] and lowered seizure thresholds in
rats [19]. Exposure to doses ranging between 1000 and 1500 rads produced arousal and
increased locomotion [20-22], while exposure to >10,000 rads caused lethargy, ataxia, dis-
orientation, and reduced locomotion [23-25].

Focal doses of ionizing radiation have been shown to affect neuronal activity in a
manner that does not result in cell death. In vivo data have shown that exposure to 40-60
Gy of ionizing radiation resulted in reduced spontaneous neuronal firing and synaptic
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function in rodent models while leaving histologically intact tissue, but high doses (=80
Gy) caused axonal degeneration and necrosis [26,27]. Mechanistically, radiomodulation
may also involve neuronal hyperpolarization, blockade of voltage-sensitive sodium chan-
nels and indirect effects mediated by glial cells, alteration of blood vessels and changes in
the extracellular matrix (Figure 2) [28-30]. Acute high-dose radiation induces oxidative
stress and accumulation of reactive oxygen species (ROS) in differentiated neural cells
(Figure 1) [31]. These studies point to a very promising therapeutic pathway, as radiation
and radiomodulation can attenuate and down-regulate hyperactive neural circuits with-
out causing permanent tissue injury. This outlines a basis for developing radiomodulation
as a clinical treatment for conditions such as trigeminal neuralgia and epilepsy [13].

/LN

Direct Neuronal Microvascular Inflammatory/
Effects damage Immune
Modulation

o o
_————

>0

Sodium Channel
Modulation

Functional and Structural Outcomes
* Structure deficits lead to cognitive effects.
* Dose-dependent neuromodulation.
* Modulation of angiogenesis, growth factors, inflammatory

signaling.

Figure 2. Common mechanistic pathways of radiation-induced neural and neurovascular dysfunc-
tion. Schematic overview illustrating how radiation exposure induces converging effects in the cen-
tral nervous system, including direct neuronal modulation, vascular and endothelial changes, and
neuroinflammation with glial activation (astrocyte IL-6-JAK-STAT3 signaling, microglial inter-
feron-driven activation, and neurovascular unit dysregulation). Secondary molecular effects, in-
cluding oxidative stress, sodium channel modulation, and stochastic segmental damage, further in-
fluence neuronal excitability and network function. Together, these processes underlie region- and

dose-dependent functional and structural outcomes of radiomodulation.

3.1. Synaptic Neuromodulation Following Low-Dose Radiation Exposure

A seminal paper published by Pellmar and Lepinski in 1993 studied the electrophys-
iological effects of exposing guinea pigs to whole-body gamma-irradiation equivalent to
midline tissue doses of either 5 Gy or 10 Gy [32]. The pigs were euthanized at 30 min, 1
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day, 3 days, and 5 days after irradiation or sham irradiation, their brains removed, 400- to
450-micron thick hippocampal slices were prepared, and patch clamping recordings per-
formed to detect dose-dependent and change electrophysiological signaling between ir-
radiated and sham irradiated animals. The results showed dose-dependent decreases in
spike amplitude production which recovered at variable levels within several days,
demonstrating for the first time a neuromodulatory phenotype following low-dose radi-
ation exposure to the brain. They further demonstrated in the same study that greater than
40 Gy of X-ray exposure led to increased postsynaptic potentials at the expense of reduc-
ing spike generation, allowing for functional neuromodulation in the absence of overt
neuronal cell death. These results suggest that IR has dose-dependent effects on synaptic
integration and neuronal excitability [32].

In parallel, Mullin and colleagues showed that electrons or y-rays directly inhibited
voltage-activated sodium channels in isolated rat brain synaptosomes, causing dose-de-
pendent lowering of maximal sodium ion uptake without any decrease in membrane flu-
idity, confirming further that this hypothesis is a mechanism of direct channel or protein
modification and not lipid mediated [30]. They also reported that veratridine-stimulated
2Na+ uptake decreased in a dose-dependent manner, with the maximal effect diminished
while the affinity of veratridine for its binding site remained unchanged, indicating a se-
lective impairment of channel function. The inhibitory effect was greatest over the first
few seconds of channel activation at the peak moment of sodium influx. The sensitivity to
radiation was different depending on neurotoxins: batrachotoxin-stimulated uptake was
less affected and [°*H]Jsaxitoxin binding remained unaltered, suggesting that the structural
integrity of the channels was generally maintained. Furthermore, radiation did not dis-
turb the enhancement of veratridine-stimulated uptake by synaptic vesicle polypeptides
and did not change membrane fluidity, which further reinforced the assumption that IR
acted directly on the channel protein rather than the surrounding lipid milieu. These re-
sults collectively corroborate that IR targets sodium channel proteins and serves as a pro-
tein- or channel-specific modulator [30].

In addition, acute radiation effects on neurons have been observed in ex vivo and in
vivo electrophysiological models. In guinea pigs, when subjected to 5-65 Gy of X-rays in
hippocampal slices, synaptic signaling was rapidly affected in a time- and dose-depend-
ent manner. It is interesting to note that doses >40 Gy improved postsynaptic potential
magnitude with a damping effect on population spike responses, indicative of faulty neu-
ronal activity despite induced synaptic depolarization. The effects were induced during
and shortly post-irradiation and there was no recovery during the period studied, which
reflects a direct and persistent disruption of hippocampal network function at high doses
[33]. Similar to the data derived from other invertebrates, species- and system-dependent
resistance is shown by the squid giant-fiber system: focal irradiation of 140-300 Gy on the
stellate ganglion resulted in almost intact synaptic transmission and action potential prop-
agation, and only minimal change in refractory periods and spike kinetics, suggesting that
large-caliber axonal systems are resilient to acute radiation [34].

In mouse and rat hippocampal models, the presence of radiation in the low dose
range of 0.1-10 Gy leads to progressive reductions in dendritic branching, spine density,
and neurogenesis. Changes vary based on age, strain, and type of radiation and occur in
a subacute manner over a period of 10-42 days. This structural remodeling may also re-
strict the safe therapeutic window following radiomodulation and contribute to long-term
cognitive changes [35]. Long-term studies have provided evidence for the possibility that
initial modulatory action could evolve to delayed synaptic dysfunction. In mice exposed
to 5¢Fe particles, suppression of long-term potentiation weakened prematurely, while syn-
aptic output gradually declined in a dose-dependent manner over 6 to 12 months [36].
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3.2. Neurovascular and Inflammatory Responses After Stereotactic Radiosurgery

Modern focal irradiation models using SRS are used to characterize the local vascular
and inflammatory abnormalities relevant to clinical radiosurgery. Doses of 15 to 60 Gy in
one hemisphere will lead to dose-dependent microvascular damage, astrocyte hypertro-
phy, blood-brain barrier disruption and activation of microglia cells. In a spatially re-
solved transcriptomics application, they discovered that neurovascular unit responses are
coordinated to many signals. In astrocytes, they are involved in this inflammatory path-
way using IL6-JAK-STAT3 mediation, while microglia activation increased in response
to interferons. These findings provide evidence that radiomodulation is not only an act of
nerve cells but also implicates a diversity of brain cells and their associations [37].

Preclinical studies also showed that stereotactic irradiation can induce a progressive
cascade of vascular and parenchymal changes. Constanzo and colleagues irradiated the
primary somatosensory and motor cortices of rats with a single Gamma Knife dose and
monitored changes with MRI and histology [38]. No immediate vascular alterations were
detected, but after 54 days, small necrotic lesions were observed with surrounding vascu-
lar permeability. Between day 54 and 110, the necrotic region grew and increased, which
formed a ring-like structure with areas of mixed tissue death and leaky blood vessels.
Notably, significant deficits showed up after day 82. These findings showed the im-
portance of taking into account blood-brain barrier (BBB) disruption, vascular remodeling
and delayed radionecrosis when investigating the effects of radiation in preclinical mod-
els [38].

3.3. Modulation of Radiation-Induced Neural Damage and Recovery

Environmental enrichment also partially restores hippocampal neurogenesis follow-
ing high-dose irradiation independent of blood monocyte—-derived microglia. Ruitenberg
and colleagues investigated whether delayed exposure to environmental enrichment or
voluntary exercise can rescue adult hippocampal neurogenesis after high-dose (10 Gy)
total body irradiation in mice [39]. A bone marrow chimera model that tracked peripheral
monocyte-derived microglia offered the authors their best evidence to date for the dra-
matic and persistent inhibition of progenitor cell proliferation and neurogenesis in the
dentate gyrus under sedentary conditions. Importantly, eight weeks of stimulation of the
granule cell layer by environmental enrichment remarkably increased the number of
BrdU- and doublecortin-positive cells, which represents recovery of the neurogenic pro-
cess. Microglial density was significantly increased in the dentate gyrus. Most crucially,
this increase was due to local proliferation of resident microglia, as opposed to an influx
of circulating CX3CR1* monocytes. These findings indicate that a population of latent neu-
ral precursor cells survives even after severe irradiation and can be reactivated by envi-
ronmental enrichment through mechanisms independent of blood monocytes and de-
rived microglia [39].

In addition, it is suggested that autophagy modulates radiation damage in the devel-
oping brain in a key way. Wang and colleagues showed that selective blocking of autoph-
agy by neuronal deletion of Atg7, a major autophagy gene, significantly attenuated irra-
diated neural stem and progenitor cell death in juvenile mice [40]. Postnatal day 10 Atg7
deficient mice that were irradiated at the whole brain level, greatly inhibited apoptotic cell
death in the dentate gyrus and the cerebellum without affecting baseline neural progeni-
tor proliferation. Inhibition of autophagy also minimized microglial activation and atten-
uated the radiation-induced inflammation, evidenced by decreased proinflammatory cy-
tokines and chemokines levels especially in the cerebellum. These neuroprotective ad-
vantages were associated with modifications in CX3CL1-CX3CR1 signaling, establishing
the correlation between neuronal autophagy and microglial activation, as well as neuroin-
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flammation. Together, these data showed autophagy at the core of radiation-induced neu-
rotoxicity in the immature brain and implicated autophagy inhibition as a potential ther-
apeutic strategy to counter long-term cognitive and developmental side effects following
pediatric cranial radiotherapy [40].

3.4. Synergistic Effects of Radiomodulation for the Treatment of Brain Tumors

Recent studies are now linking the effects of radiomodulation combined with treat-
ments for brain tumors. Non-ablative low doses of IR delivered to small animal intracra-
nial models of glioma (GBM) brain tumors combined with focused ultrasound-mediated
blood-brain barrier disruption (FUS-BBB), can modulate the neurovascular tumor micro-
environment (TME) to enhance delivery of therapies in preclinical glioma models [41]. In
GBM containing mice, the combination of 2 Gy RT and FUS-BBB significantly prolonged
survival compared to 2 Gy RT alone, though not compared with single-dose 5 Gy irradi-
ation. Gene expression analysis showed extensive alterations in several biological net-
works, including a strong upregulation of genes related to angiogenesis (ANGPT), im-
mune regulation (TGFf3, Galectin), inflammation (CCL/CXCL), cell growth and differen-
tiation (FGF, BMP, IGF), vascular stability (EDN), metabolic control (RBP4), and neu-
rotrophic factors (BDNF, PTN). These results suggest that radiomodulation alters the neu-
rovascular and TME, suggesting new avenues for combination treatments in translational
neuro-oncology research [41].

Zeng and colleagues reported additive survival effects in GBM mice treated with im-
munotherapy and SRS, compared to mice treated with monotherapy [42]. At the tissue
level, combination therapy decreased the infiltration of CD4*/FOXP3* regulatory T cells
and increased the recruitment of CD8*/IFN-y*/TNF-a* cytotoxic T cells, suggesting a pro-
inflammatory TME, supporting the ability of non-ablative doses of IR to modulate the
TME as a means of improving outcomes when combined with multimodal therapies for
the treatment of gliomas [42]. Taken together, radiomodulation can play a versatile role

in the treatment of a multitude of neurological conditions, summarized for our readers in
Table 1.
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Table 1. Summary of preclinical studies of radiomodulation. Summary of preclinical rodent, swine, and squid laboratory models used to study cellular responses

following SRS treatments to the brain.

Dose/
i E i 1 Radiation Tar- Radiati 1- le Si Follow-
Study SpeCI.es/ xperimenta adiation Tar adlatlt.)n Moda Fraction- Sample Size ° ow. Up Primary Endpoints Key Findings Main Limitations
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In vitro model only.
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hibition of sodium
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4. Use of SRS for the Treatment of Functional Disorders

SRS delivers therapeutic radiation to deep brain targets with submillimeter spatial
accuracy, enabling intervention within eloquent regions [53]. Beyond its geometric preci-
sion, SRS seamlessly integrates with modern connectomic and functional connectivity
workflows, allowing clinicians to execute network-informed therapy that is individual-
ized to each patient’s neuro-architecture [54]. Importantly, the biological effects of SRS are
increasingly recognized to extend beyond focal tissue ablation, encompassing a spectrum
of neuromodulatory effects that can be leveraged to refine therapeutic outcomes; this pa-
rameter space makes SRS a highly attractive therapy for optimizing rehabilitation of com-
plex neural dynamics non-invasively [10,55].

Though SRS was initially conceptualized and employed by Leksell to create lesions
via radiation-induced free radical formation and cell death, decades of research demon-
strate that meaningful and durable changes in circuit physiology occur below histologic
thresholds for frank necrosis [11,56]. Though work continues to elucidate underlying bio-
logical mechanisms, emerging evidence suggests that SRS exerts subnecrotic effects via
selective modulation of cells with high turnover rates, particularly cycling glial cells, with
relative preservation of non-dividing neurons. Beyond this lies a broader neuromodula-
tory zone, in which subtle biochemical, inflammatory, and microstructural changes occur
without significant cell death. Inflammatory mediators produced within the subnecrotic
region are thought to contribute to functional changes in the surrounding neuromodula-
tory area, while regions outside this zone remain unaffected [57]. The relative extent of
each zone depends not only on delivered dose but also on treatment volume, tissue com-
position, vascular sensitivity, and individual genetic susceptibility. White matter tracts
and microvasculature are particularly radiosensitive, with diffusion-weighted MRI
demonstrating vasogenic and cellular edema patterns consistent with fiber dissociation
and myelin sheath alteration rather than axonal loss [57]. This neuromodulation frame-
work substantially expands the therapeutic scope of SRS beyond its initial conception as
an ablative technology. In the following sections, we highlight how these neuromodula-
tory properties underpin the clinical utility of SRS across pain, epilepsy, and other func-
tional neurological and psychiatric disorders.

4.1. SRS for the Treatment of Epilepsy

Over the past two decades, the utility of SRS-mediated neuromodulation in epilepsy
has continued to expand. As epilepsy is increasingly conceptualized as a network disor-
der—arising from aberrant seizure onset zones, propagation pathways, and thalamocor-
tical loops—neuromodulation has become a cornerstone of treatment for patients who are
poor candidates for resection. Modalities such as vagus nerve stimulation, responsive
neurostimulation, and anterior thalamic DBS exemplify this shift by reshaping network
excitability and synchrony without tissue destruction [58-60].

In mesial temporal lobe epilepsy (MTLE), randomized and prospective studies
demonstrate that SRS offers seizure remission rates comparable to open surgery in se-
lected patients, albeit with delayed onset. A study of 15 MTLE patients by Bartolomei and
colleagues reported seizure cessation in 60% of patients with a mean follow-up of 8 years,
with seizure cessation occurring with a mean delay of 12 months after GK SRS [61]. Simi-
larly, a prospective multicenter study by Regis and colleagues assessing the efficacy and
safety of GK SRS for the treatment of medically refractory epilepsy (MRE) patients re-
ported a reduction in median seizure frequency from 6.16 prior to treatment to 0.33 at 2
years after treatment [62]. The ROSE trial randomized MRE patients between open sur-
gery and SRS, demonstrating seizure remission in 52% of patients who were treated with
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SRS at 2 years follow-up, increasing up to 74% after 3 years [63]. Adverse effects are pre-
dominantly delayed and radiobiologic, including transient edema and inflammatory
changes, with lower immediate cognitive morbidity than dominant-hemisphere resection
[63].

SRS has also proven effective in hypothalamic hamartoma-related epilepsy, a partic-
ularly challenging condition. A recent meta-analysis of 152 patients reported seizure im-
provement in 77% and seizure freedom in 48%, with an adverse radiation effect rate of 0%
[64]. Similarly, Romanelli and colleagues reported their experience using image-guided
LINAC radiosurgery to treat hypothalamic hamartomas, demonstrating complete seizure
freedom in eight patients with no neurological complications reported that are associated
with microsurgical resection [65].

The level II evidence provided by the 2018 ROSE randomized trial currently repre-
sents the strongest evidence supporting SRS for the treatment of epilepsy; however, SRS
remains less efficient than anterior temporal lobectomy (ATL) at achieving post-treatment
seizure remission. This study had a small recruitment size and an early study termination
at 34-36 months, preventing comparison of longer-term seizure remission between the
two treatment modalities [63]. The 2008 level IV cohort study by Bartolomei and col-
leagues of 15 patients treated with Gamma Knife SRS for MTLE with greater than 5 years
of follow-up reported a mean delay of seizure cessation of 12 months, with 60% of patients
requiring a short period of steroid treatment for mild headaches, and all patients eventu-
ally experiencing relapse requiring restoration of antiepileptic drug therapy [61]. Given
that these small powered studies are now between a decade to two decades old, it be-
hooves the field to properly design a multicenter randomized clinical trial with careful
patient selection and standardization of treatment dose and target to confidently conclude
the safety and efficacy of using SRS to treat medication-refractory epilepsy.

4.2. SRS for the Treatment of Essential Tremor

Essential Tremor (ET) is one of the most common adult movement disorders, charac-
terized by an isolated upper limb action tremor with at least a 3-year duration, although
other symptoms may occur [66]. A neurodegenerative disease, MRI studies show changes
in metabolism and relations to the cerebellum and motor cortex activity. ET per se is func-
tionally disabling, but complications of ET can bring on additional symptoms that com-
plex behavior [66]. Common comorbidities in patients include hypertension (52%), other
nervous system disorders (45%), lipid metabolism disorders (44%) and mood and anxiety
disorders (37%). Hearing impairment, sleep disorders, and psychiatric disturbances are
also comorbidities that follow ET conditions, emphasizing the need for a reliable and ef-
fective treatment [66].

Evidence supporting the use of SRS to treat ET is weak. Of the 34 studies included in
Martinez-Moreno and colleagues’ systematic review, 14 had fewer than 10 patients, and 8
were case reports [67]. Treatment was usually lesion-based Gamma Knife thalamotomy
using a single 4 mm collimator, with doses ranging from 100 to 200 Gy. The mean im-
provement in tremors was 88%. While degrees of improvement were not closely moni-
tored in many studies, those that kept records reported a 31% rate of tremor disappear-
ance and various positive responses. Similar to the epilepsy literature, ET studies reported
a delayed post-treatment response, with a mean of 4.8 months and a median of 2.5 months.
Compared to deep brain stimulation, SRS lacks the ability to confirm the target’s location
via intraoperative monitoring, thereby increasing the need for highly accurate anatomical
identification during SRS treatment planning. Targeting the ventral intermediate thala-
mus (VIM) using ablative doses of SRS requires precise MRI-guided volumetric dose and
treatment planning [66—-68] but remains inferior in its inability to achieve closed-loop feed-
back unlike deep brain stimulation (DBS). Conversely, thalamotomy harbors a high rate
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of morbidity compared to SRS and has largely fallen out of favor [67]. Gamma Knife,
CyberKnife Robotic Radiosurgery, and Zap-X Gyroscopic Radiosurgery (Zap-X) are cur-
rently the three SRS devices in use across the world [68]. These platforms are largely sim-
ilar in safety and efficacy; however, as the Zap-X has the smallest collimator range (3—4
mm), the smallest focus may be more advantageous in treating tremors with a lower side
effect profile [68]. Complications such as dysarthria and disequilibrium may occur, com-
pared to DBS-related complications, which are quite low [66]. With the increasing availa-
bility of SRS devices across the world and the United States, the non-invasive and relative
low cost of this treatment modality compared to other more expensive ablative treatment
modalities such as magnetic resonance-guided laser interstitial thermal therapy, radiofre-
quency thermocoagulation, and focused ultrasound, allows SRS to serve as a bridge for
MRE patients who are not ideal surgical candidates. For the convenience of our readers,
we have provided a summary table of studies using SRS for the treatment of epilepsy and
tremors (Table 2).
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Table 2. Summary of clinical studies of SRS for functional disorders. This table summarizes studies demonstrating safety and efficacy of SRS for the treatment of

functional disorders, including epilepsy and essential tremor. The level of evidence remains weak, largely level III and level IV evidence supporting the current
use of SRS for functional disorders. Abbreviations: PT = patient(s); ATL = anterior temporal lobectomy; MTLE = mesial temporal lobe epilepsy; SRS = stereotactic
radiosurgery; QOL = quality of life; RCT = randomized controlled trial; FU = follow-up; AED = antiepileptic drugs; HH = hypothalamic hamartoma; GP = globus
pallidus; STN = subthalamic nucleus; VL = ventral lateral nucleus; VOA = ventralis oralis anterior nucleus; VOP = ventralis oralis posterior nucleus; UPDRS =
Unified Parkinson’s Disease Rating Scale; FTMRS = Fahn-Tolosa-Marin rating scale; VIM = ventral intermediate nucleus; GKRS = Gamma Knife radiosurgery;

ARE = adverse radiation effect.
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5. Use of SRS for the Treatment of Pain Disorders
5.1. SRS for the Treatment of Trigeminal Neuralgia

Trigeminal neuralgia (TN) is a clinically diagnosed neuropathic disorder character-
ized by recurrent, unilateral, brief, electric shock-like pains affecting one or more divisions
of the trigeminal nerve, often triggered by innocuous stimuli such as touch, chewing, or
speaking [69]. Traditional therapy consists of anticonvulsant medications, with microvas-
cular decompression representing the preferred surgical option for eligible patients. Per-
cutaneous ablative procedures, including radiofrequency rhizotomy, glycerol rhizolysis,
and balloon compression, as well as stereotactic radiosurgery, are typically reserved for
recurrent disease or patients who are poor surgical candidates.

The clinical utility of SRS is supported by the robust outcomes literature demonstrat-
ing safety and efficacy in drug-resistant TN. A systematic review reported initial pain-free
outcomes ranging from approximately 17-100% depending on treatment platform
(Gamma Knife [mean 53.1%, median 52.1%], LINAC [mean 49.3%, median 43.2%], Cyber-
Knife [mean 56.3%, median 58%]), with durable benefit observed in many patients 12
months post procedure [70]. Large historical cohorts encompassing over 400 patients fur-
ther demonstrate high rates (>90%) of pain control at 12 months following GKS, and long-
term single-institution series have reported that >75% of patients remain pain free or ex-
perience meaningful improvement 3 years after treatment [71,72].

Although SRS for TN is often framed as an ablative intervention targeting the trigem-
inal root entry zone, it serves as an example of how neuromodulation and microstructural
injury can coexist. Though classical explanations attribute pain relief to radiation-induced
micro-injury that disrupts aberrant ectopic firing and ephaptic transmission, emerging
evidence suggests a complementary glial mechanism. Within this mechanism, Somaza
and Montilla propose that radiosurgery may also alter the function of satellite glial cells
within the trigeminal (Gasserian) ganglion, which play a critical role in regulating neu-
ronal excitability. Modulation of these glial elements may further suppress pathological
firing and pain signaling, compounding the therapeutic effect [73,74]. Radiosurgery has
been used to treat TN since the 1960s with an average of 21.5% of patients reporting post-
treatment hypesthesia, dry eye syndrome, and jaw weakness. Several studies have re-
ported long-term outcomes after radiosurgery, with a total of 920 patients. Among them,
Dhople and colleagues reported a median follow-up of 5.6 years, an initial pain-free rate
of 81%, and a gradually decreasing percentage who maintained pain relief over time [75].
Kondziolka et al. followed 107 patients for more than 5 years and reported higher pain-
free rates initially and over time [76]. Unlike treatment of SRS for epilepsy and tremors,
SRS for TN leads to a rapid treatment response, likely due to direct lesional effects on the
sensory nerve fibers of the cisternal segment of the trigeminal nerve, and represents a safe
and effective modality of the treatment of TN.

5.2. Central Neuropathic Pain and Brain Targets

SRS for the treatment of central neuropathic pain targets the medial thalamus (in-
tralaminar CM/Pf + mediodorsal nuclei), the central lateral thalamus (CL/CLp), and the
anterior cingulate cortex [77,78]. In a 56-patient single-group experience, radiosurgery to
the medial thalamus—alone or combined with trigeminal or pituitary targets —achieved
>50% pain relief in approximately 69% of patients [79]. A systematic review encompassing
six studies and 125 patients reported meaningful pain reduction in approximately 55%,
persisting in 38% at last follow-up, with low rates of morbidity [80]. Clinical benefit is
typically delayed, with median onset around three months, and eventual recurrence of
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symptoms [78,81]. In a cohort study of 21 patients, Gamma Knife CL thalamotomy re-
sulted in meaningful pain reduction in 57% of patients after a median of three months,
with declining durability over time [78]. This series supports the feasibility and safety of
SRS thalamotomy.

Anterior cingulotomy using SRS has the purported mechanism of modulating the
affective-motivational dimension of pain rather than decreasing pain sensation alone,
suggesting that it may be used to treat patients with diffuse chronic pain with a prominent
psychological component. A small series of 5 patients reported a 60% improvement in
symptoms [82]. With a median follow-up of 24 months across a range of radiation doses,
pain relief was reported in only 43.3% of patients. As such, the jury is still out as to whether
or not there is a role for SRS in the treatment of central neuropathic pain. We have pro-
vided a summary table for our readers detailing the use of SRS for the treatment of differ-
ent pain conditions (Table 3).
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Table 3. Summary of clinical studies of SRS for the treatment of pain disorders. Summarized above are pertinent studies reporting the use of SRS for the treatment
of trigeminal neuralgia and chronic neuropathic pain syndrome.

Anatomical t Foll R Rate and D il-
Indication Study N natorica Dose Outcome oow esponse a'e and Durabi Adverse Events Level of Evidence
Target Measure Up ity
New sensory dys-
function/hypesthe-
i d in 72
BNI pain 456/497 PTs, 91.75%, initially o o oo
. . . . PTs; actuarial hyp-
. scale; pain pain free, median time 10 . o
Single 4 mm . . . esthesia rate 20.4%
. freedom . days. Pain-free without medi- .. .
Retrogas- isocenter; me- . Median 43.8 . at 5 years and Level 1V clinical evi-
. . (. . . . . without cation at 3, 5, 7, and 10 years: o . .
Trigeminal = Régis et al. serian/cisternal dian maxi- . months, o o o 21.1% at 7 years. dence; large historical co-
. 497 PT . . medica- 71.8%, 64.9%, 59.7%, and . .
neuralgia [71] portion of tri- mum dose 85 . range 12— o Very bothersome hort with prospectively
K tion; recur- 45.3%. . .
geminal nerve Gy, range 70— 174.4 months . X . facial hypesthesia collected data; non-RCT
rence; fa- Pain relief without further .
90 Gy . occurred in 3 pa-
cial hypes- surgery at 10 years was . o
thesia 67.8% tients, 0.6%.
o No anesthesia dolo-
rosa or dry-eye syn-
drome reported.
Successful pain relief in 13/30  No new neurologi-
30 PT Pain relief PT, 43.3%; complete pain re- cal deficits, no
with se- Medial thala- Median24  lief in 1 PT. Median latency to  worsening of exist- Level IV clinical evi-
Central Neu- . 145-150 Gy; percentage . . . . .
. Urgosik & vere re- mus; centrome- . months, pain relief was 3 months, ing neurological dence; retrospective sin-
ropathic . . . single 4 mm and BNI . . .
. Liscak [81] fractory  dian/parafascic- . . range 12-180  range 2-12 months. Pain re- deficits, and no gle-center case series
Pain . collimator shot  pain inten- . . . .
pain syn- ular complex . months curred in 4/13 responders, worsening of pain without control group.
sity score o .
dromes 31%, after a median of 24

months.

symptoms re-
ported.

Abbreviations: PT = patient(s); SRS = stereotactic radiosurgery; QOL = quality of life; RCT = randomized controlled trial; FU = follow-up; BNI = Barrow Neurological
Institute; CM/Pf = centromedian/parafascicular complex; GKT = Gamma Knife thalamotomy.
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6. Use of SRS for the Treatment of Psychiatric Disorders
6.1. SRS for the Treatment of Obsessive—Compulsive Disorder

Refractory obsessive—compulsive disorder (OCD) has been treated in 14 Gamma Knife
(GK) SRS capsulotomy clinical studies, a dataset comprising 142 resistant OCD patients [83].
Patients reported improvement in their symptom severity using the 10-item, clinician-admin-
istered Y-BOCS scale in approximately 96% of studies, with doses ranging from 60 Gy to 90
Gy delivered to the anterior limb of the internal capsule, and with variation across bilateral,
double-shot GK SRS capsulotomies. A large number of patients (78 total) received 90 Gy of
irradiation, with varying Y-BOCS outcomes ranging from remission to remaining within the
“extreme” range. Doses below 90 Gy have been implicated in achieving similar or even better
effects. The most adverse effects were mild, ranging from nausea, vomiting, and headaches.
However, brain cyst development has been reported as a potential complication of GK SRS
and was observed in 10% of patients in another study using a higher dose range (160-200 Gy)
[84]. While the application of Gamma Knife capsulotomy for the management of treatment-
refractory obsessive—compulsive disorder is clinically effective, the use of such doses (60-90
Gy at the anterior limb of the internal capsule) is better understood as lesions than as defini-
tively non-lesional forms of radiomodulation. It is worth noting that the former is an accepted
but high-dose form of radiosurgery-based lesioning that is known to be effective and must be
distinguished from the new paradigm of radiomodulation discussed earlier in the text. It re-
mains an open question of whether lower, subnecrotic doses could achieve comparable benefit
through genuine neuromodulation of capsular circuitry.

6.2. SRS for the Treatment of Alcohol Use Disorder

The promise of using SRS to treat addiction comes from recent preclinical studies using
a miniature pig model of alcohol use disorder (AUD) [85]. Yeh and colleagues recently re-
ported the ability to safely deliver low-dose (Dmax <40 Gy, 7.5 mm collimator) focal IR to the
brains of miniature pigs without adverse neurological sequelae or evidence of ablative neu-
ronal tissue injury [52]. They exposed Lee Sung miniature pigs to ethyl alcohol in amounts
exceeding the human binge drinking level over a period of two years to develop alcohol de-
pendence. These animals then underwent single-fraction bilateral SRS of the nucleus accum-
bens (NAc; Dmax = 30 Gy, 5 mm collimator) and their voluntary alcohol consumption was
measured over a period of 1 year. Brain MRIs were repeated every 3 months to assess radia-
tion-induced tissue changes in the NAc. Voluntary alcohol consumption was significantly de-
creased for up to 9 months post radiosurgery [85]. Post-irradiation effects consisted of one
animal that was seen to have a significant structural alteration in the form of an asymptomat-
ically enlarged lateral ventricle, which was noted to imply collateral effects. While encourag-
ing, the findings remain limited to a mini-pig model. Currently, there is no published data on
the use of SRS in humans for treating AUD, and thus further research needs to be conducted
before translating this approach into a clinical setting.

6.3. SRS for the Treatment of Bipolar Depression

Refractory Bipolar Depression has been treated in a small-scale clinical study in which
three screened volunteers were subjected to bilateral subgenual cingulate cortex (SGC) irradi-
ation with a dose of 75 Gy in one fraction, and observed over a 1-year period [86]. Two of the
three volunteers displayed clinical improvement in their depressive symptoms and had a
mean decrease in HDRS-17 of 27% following their initial and post-treatment follow-up. The
remaining one had no change in severity. Post-irradiation, one patient showed manifestation
of edema 12 months after, while another patient had edema at the SGC following a long-term
follow-up. No other adverse effects have been observed. These results must be interpreted
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cautiously. The limitation associated with these findings, which includes having a sample size
of just three individuals, no control group, limited response rate (only two of three), and radi-
ation-induced edema in two subjects, means that no conclusion about clinical readiness can
be made at this point. These results are only meant to demonstrate the feasibility of the proce-
dure, and no determination about its clinical readiness can be made based on these findings.
Larger-scale randomized clinical trials will need to be conducted to prove clinical efficacy.

The aforementioned three psychiatric applications vary in the degree of available sup-
portive evidence and in the extent of their congruence with the discussed non-ablative radio-
modulation paradigm, all failing to satisfy both of these requirements. Gamma ventral cap-
sulotomy for OCD benefits from the greatest body of scientific literature, but the former con-
sists of an aggregate of 14 different studies (n = 142) that involve variability in dosage and
technique used as well as diverse outcomes even at a fixed dose, ranging from remission to
constant presence of severe symptoms. Even more importantly, it is delivered in a dosage
range of 60 to 90 Gy and should rather be referred to, as it was already indicated above, as a
well-established lesioning procedure and not as a non-ablative modulation approach. There-
fore, despite being the most evidenced and supported among the applications under discus-
sion, it can hardly be called a representative of the paradigm. The literature on OCD includes
an example of an opposing position regarding the need for lesioning: even though most pa-
tients received 90 Gy, lower dosages were also reported to provide either equally good or even
better results, thus raising the issue of whether it is possible to receive comparable therapeutic
effects through non-ablative neuromodulation of the circuits involved. Of the above three psy-
chiatric conditions, gamma ventral capsulotomy for OCD is by far the most established tech-
nique. SRS for the treatment of AUD and bipolar depression is still in its infancy and will
require rigorous clinical trials testing to demonstrate safety and efficacy compared to current
standard of care practices.

Focal irradiation of the nucleus accumbens for AUD, performed at a subablative dose
(Dmax 30 Gy) and described by the investigators as a nonablative neuromodulation proce-
dure, is, conversely, the best example of the discussed mechanism in terms of the paradigm;
the limitation associated with it lies solely in evidential, rather than conceptual, terms, because
the positive finding was achieved using a miniature pig model only and involved a maximum
duration of effects of about nine months, a collateral structural change in one of the subjects,
and no human data at all.

Finally, refractory bipolar depression is the least developed of the three: an uncontrolled
three-patient feasibility study, which included one non-responder and involved the occur-
rence of radiation-induced edema at the same frequency as clinical improvement (two out of
three patients), while its authors refer to it as an illustration of feasibility rather than efficacy.

In summary, the application with the highest degree of human evidence is lesioning ra-
ther than radiomodulation; the only example of a truly non-ablative application has been
tested in animals only; and the last one does not establish either safety or efficacy. Thus, no
indication provides any evidence of the safety and effectiveness of non-ablative radiomodu-
lation in humans, which makes the paradigm preclinical and still in the initial stages of feasi-
bility evaluation. Demonstrating clinical efficacy would require properly designed trials with
dose-finding and adverse-event control, rather than extrapolation from existing lesioning data
or results from single models. For ease of reference for our readers, we have provided Table 4
summarizing our critical appraisal of the current literature on the use of SRS for the treatment
of psychiatric disorders.
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Table 4. Summary of Clinical Studies Using SRS for the Treatment of Psychiatric Disorders.

A ical
Indication Study N natomica Dose Outcome Follow-up Response Rate & Durability Adverse Events Level of Evidence
Target Measure
. Adverse events de- Level Il ev1dencle
96% of papers showed im- . L means systematic
Cam- scribed in literature .
. . provement on the Y-BOCS . . reviews of observa-
poneschi Y-BOCS im- . were minor, compris- .
L. GK SRS; 60-90 scale. The actual range is from . o tional cohorts. It
OCD (Gamma 2023 (14- Anterior limb L. provement . L. . ing nausea, vomiting,
. Gy; majority 90 . . Variable per  remission to sustained severe ; should be empha-
Ventral Cap- study 142 of internal cap- . (10-item, cli- . and headaches. Brain .
. Gy bilateral . study symptoms. The durability of . sized that the mode
sulotomy) aggre- sule (bilateral) nician-ad- . ) cysts were formed in . .
double-shot .. improvement in responders o of action here is ab-
gate) ministered) was reported with variations 10% at the dosage of lative or lesionin,
[83] Ijimon apers 160-200 Gy (Peker et not radiomodulag ,
& papers. al., 2020 [84]). :
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Th 1 i-
Animal studies have ese resu ts. C.OI‘lStl
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Disorder (Pre-  al. 2025. ture b bens (NAc), bi- G '5 m colli MRI tissue y SRg sisted up to 9 months. The du- the lateral ventricle man subjects. The
clinical) [85] mo dil;g lateral Yi mator changes rability past 9 months was not without neurolosical translation into hu-
(every 3 recorded. consequences ingthe man practice re-
months) q . quires controlled
rest of animals. ..
studies in humans.
In the oth h 2
11 the other Tesea.rc area, Edema was detected . .
out of 3 subjects improved . This set includes
HDRS-17 . . in subgenual cyrus .
Bipolar Debres Solva- Subeenual cin score 1 year; long- with the mean decrease in (SGC) in 2 of 3 sub Level V evidence
P P son et al. & 75 Gy, single . term follow- HDRS-17 score by 27%, while1 . (n=3 feasibility
sion (Refrac- 3 gulate cortex . change; clin- . . jects at 12 months and .
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ated (sample size=3, one-time
assessment).

No other adverse
events were recorded.

cept only.

Abbreviations: GK = Gamma Knife; HDRS-17 = Hamilton Depression Rating Scale-17; NAc = nucleus accumbens; OCD = obsessive-compulsive disorder; SGC =

subgenual cingulate cortex; SRS = stereotactic radiosurgery; Y-BOCS = Yale-Brown Obsessive Compulsive Scale. Level of Evidence per Oxford Centre for Evi-

dence-Based Medicine (2009).
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7. Discussion

There is currently a lack of longitudinal follow-up data regarding the longer-term effects
of SRS-induced neuromodulation in humans. As suggested by Regis and colleagues in 2004,
“...further basic science work is required to better understand the effects of dose, volume,
target topography, and dose distribution homogeneity on the modulation of specific biologi-
cal systems” [62]. Zaer and colleagues recently published an elegant study in Gottingen min-
ipigs in which they treated their visual cortex with a 7.5 mm-diameter target using 40, 60, 80,
and 100 Gy of SRS [57]. A 9 mm-wide, 8 shank, 64-electrode probe was implanted into their
brains spanning the radiation focus and neighboring low-exposure neighboring areas 6
months post-irradiation to assess neuronal network function. Unirradiated animals subjected
to visual stimuli resulting in typical visual evoked potentials (VEPs), while animals irradiated
with 40 Gy IR demonstrated a significant reduction in the P1 peak time, indicating a higher
network excitability, while doses of 60 Gy were associated with a decrease. Post-mortem his-
tology demonstrated no evidence of necrosis at doses below 60 Gy. They then co-cultured
inducible pleuripotent human stem cell-derived neurons and astrocytes in vitro and exposed
them to IR, and performed electrophysiologic recording of excitatory and inhibitory neurons,
revealing a higher susceptibility of inhibitory over excitatory neurons to the effects of IR [57].
The significance of this study demonstrated a long-lasting IR dose-dependent neuromodula-
tion effect. Similarly, a single focal irradiation of the bilateral NAc in a miniature pig model of
alcohol dependency achieved a durable reduction in voluntary alcohol consumption up to 9
months [52], further supporting the ability of sublethal doses of IR delivered to specific relay
centers in the brain to modulate neural function. We eagerly await further in-human studies
to see whether these preclinical findings will translate.

The potential for using neuromodulation for the treatment of psychiatric illnesses such
as AUD, substance dependencies, and treatment-resistant depression, comes from reports of
improved alcohol abstinence in patients [87-91]; decreased opiate, benzodiazepine, and meth-
amphetamine dependencies [92-97]; and decreased depressive symptoms [98-100]. However,
significant ethical concerns exist arising from past experiences of using SRS to treat patients
with alcohol dependency, which brings into question the appropriateness of using this mo-
dality to treat this patient population. These ethical concerns will be outlined below in the
Section 8.

8. Limitations

Due to the non-invasive nature of SRS, unlike neuromodulation through implantation of
DBS electrodes, allowing for real-time neurophysiologic feedback of the stimulatory response,
we currently do not have the ability to perform real-time feedback of the neuromodulatory
effects of SRS. We also currently do not know how often SRS of the NAc can be repeated for
the treatment of AUD and other psychiatricillnesses to achieve a life-long steady state of well-
ness, and the cellular and molecular effects of neurotransmitter receptor signaling following
repeated SRS treatments. Schneider and colleagues compared the duration of the neuromod-
ulatory effects of different neuromodulation modalities and compared them with radiomod-
ulation, postulating that while radiomodulation may potentially achieve permanent durable
effects, it is limited to unidirectional, downward neuromodulation, unlike the bidirectional
capabilities of electrical cortical stimulation, DBS, transcranial magnetic stimulation, and opto-
genetic stimulation [13].

Another significant limitation with SRS is the delayed period of time before a therapeutic
effect is observed (several months to a year), corresponding to the initial period of radiation-
induced axonal degeneration and neuronal dysfunction, mandating that the patients remain
on their pre-existing treatment regimens with close follow-up [101]. Furthermore, the side ef-
fects of SRS can be varied, ranging from a self-limiting headache to weight gain and memory
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loss. In addition, significant ethical considerations exist in prescribing SRS for the treatment
of psychiatric disorders. The NAc is a complex relay hub that processes human motivation,
learning, and emotions. Ablating the NAc risks decoupling the brain’s ability to perform “hu-
man” functions, form positive reinforcement-based memories, sustain natural motivation for
essential work day-to-day activities, and maintain hedonic capacity [102]. Large-scale treat-
ment of patients in addiction centers across China in the early 2000s using NAc radiofre-
quency ablation purported temporary curbing in dependence. However, they were left with
severe and lasting iatrogenic adverse effects, leading to a country-wide ban on the procedure
by 2004 [103]. As such, we must exercise an abundance of caution before using SRS for the
treatment of psychiatric and functional disorders. Stringent basic science and preclinical stud-
ies must be performed to better understand the downstream effects of SRS in order to reach
an acceptable risk-benefit profile for patients [104-106].

9. Future Directions

More recently, investigators have begun to use connectomic-guided SRS by integrating
functional MRI (fMRI), MRI, and diffusion brain imaging data from the FSL-FMRIB software
library tools (fsl.fmrib.ox.ac.uk/fsl/docs/ accessed on 22 April 2026) and a 12 million-fiber
whole-brain tractography template to generate fiber density maps compared against the
XTRACT Human Connectome Project Probabilistic Tract Atlas. Using connectivity planning
in the Brainlab Elements intraoperative neuronavigation suite (https://www.brainlab.com),
Lovo and colleagues mapped pain-processing nuclei in patients’ brains during SRS-guided
thalamotomy procedures for the treatment of chronic pain [54]. Connectivity analysis demon-
strated that fiber tracts within the contoured SRS treatment plan extended upward to the pri-
mary motor and sensory cortices while descending tracts reached the periaqueductal gray and
critical pain processing centers of the prefrontal cortex, insula, amygdala, and cerebellum. This
study demonstrated that integrating connectivity mapping during SRS could be a feasible
means of adopting a personalized approach to achieving neuromodulation using SRS. Simi-
larly, Chang and colleagues from the Lovo group used connectomics to map the NAc using
DTI for GK SRS planning in 5 patients [107]. Middlebrooks and colleagues recently performed
a retrospective study of patients in a prospective trial for frameless virtual-cone SRS on a
LINAC for Essential Tremor or tremor-dominant Parkinson’s Disease aimed at developing a
new targeting approach by using patient-specific structural connectivity to improve outcomes
after SRS [108]. Using connectomic-based targeting and probabilistic tractography assessed
connectivity from each thalamic voxel to the primary motor cortex, primary sensory cortex,
and supplementary moto area/premotor cortex. Results of the study showed that patient-spe-
cific connectivity between the treatment target and the primary motor cortex positively corre-
lated with treatment outcomes, providing a practical targeting method for SRS thalamotomy
for tremors.

Finally, a study by Zaer and colleagues describes an intracortical implantable brain—com-
puter interface (BCI) for telemetric real-time recording and manipulation of neuronal circuits
in the visual cortex of Gottingen minipigs after exposure to IR [109]. This device allows for
untethered BCI telemetric recording of local signatures of sub and suprathreshold neuronal
activity in the visual cortex with high bandwidth, capable of long-term untethered real-time
communication for causal preclinical circuit-based closed-loop interventions. This untethered
implantable BCI has widespread functionality and can facilitate the study of the neuromodu-
latory effects of sublethal doses of IR delivered to different parts of the brain in preclinical
animal models, serving as a powerful tool for understanding downstream effects on neuronal
signaling and feedback across circuits following exposure of the brain to sublethal doses of
radiation. This preclinical data set can help inform clinicians to design future clinical trials to
determine the safety and treatment parameters for using SRS to treat patients with functional
and psychiatric illnesses.
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10. Conclusions

In conclusion, there is a growing body of preclinical data that describes the ability of
varying doses of focused radiation to achieve radiomodulatory effects in the brain, with on-
going work to determine if this phenomenon can be leveraged for clinical treatment applica-
tions. There are ongoing ethical concerns for causing long-term, irreversible neurologic and
psychiatric dysfunction in patients following ablation of the NAc for the treatment of their
psychiatric disorders. Leveraging these preclinical animal models to study the radiomodula-
tory effects of varying doses of focused radiation to the NAc and other nuclei may help to
inform clinicians in the design of future clinical trials to improve the safety profile of using
SRS for the treatment of functional and psychiatric disorders. Finally, the emerging use of
connectomics to assist in the accurate identification of anatomical nuclei during radiosurgery
planning can help improve the safety and treatment efficacy for patients. In closing, Dr.
Leksell first described the phenomenon of radiomodulation in the 1950s. With the renewed
interest in radiomodulation research across the world, perhaps we should rework the title of
this review to “Radiomodulation —Back To the Future”.

Author Contributions: Conceptualization, F.C.L., E.C,, BM., Y.S,, D.J.P,, S.D.C.; methodology, F.C.L.,
E.C., B.M,, Y.S,; resources, F.C.L, E.C,, BM,, YS.,, AH, JL.G,N.Z, NK, YSH., MBS, J.AJ, DJ.P.,
S.D.C.; data curation, F.C.L,, E.C,, BM,, Y.S,, A H,, ].L.G.; writing—original draft preparation, F.C.L.,
E.C,BM.,YS, AH,JLG,; writing—review and editing, F.C.L.,, N.Z, N.X,, Y.S.H, MBS, J.A]J, DJ.P,,
S.D.C,; supervision, D.J.P., S.D.C. All authors have read and agreed to the published version of the man-

uscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due to

the descriptive nature of this review not affecting nor involving the well-being of human subjects.

Informed Consent Statement: Patient consent was waived due to all images being stripped of all patient

identifiers.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is not
applicable to this article.

Acknowledgments: We are grateful to Alexander Maslowski and Puja Nakrani from ZAP Surgical, Inc
(San Carlo, CA, USA) for generously providing de-identified MRI images with SRS targets for functional

and psychiatric disorders.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Knisely, ].P.S.; Apuzzo, M.L.]. Historical Aspects of Stereotactic Radiosurgery: Concepts, People, and Devices. World Neurosurg. 2019,
130, 593-607. https://doi.org/10.1016/j.wneu.2019.04.030.

2. Leksell, L,; Larsson, B.; Andersson, B.; Rexed, B.; Sourander, P.; Mair, W. Lesions in the depth of the brain produced by a beam of
high energy protons. Acta Radiol. 1960, 54, 251-264. https://doi.org/10.3109/00016926009172547.

3. Steiner, L.; Forster, D.; Leksell, L.; Meyerson, B.A.; Boethius, ]. Gammathalamotomy in intractable pain. Acta Neurochir 1980, 52, 173—
184. https://doi.org/10.1007/BF01402072.

4. Cecconi, J.P.; Lopes, A.C.; Duran, F.L; Santos, L.C.; Hoexter, M.Q.; Gentil, A.F.; Canteras, M.M.; Castro, C.C.; Noren, G.; Greenberg,
B.D.; et al. Gamma ventral capsulotomy for treatment of resistant obsessive-compulsive disorder: A structural MRI pilot prospective
study. Neurosci. Lett. 2008, 447, 138-142. https://doi.org/10.1016/j.neulet.2008.09.061.

5. Eisenschenk, S.; Gilmore, R.L.; Friedman, W.A.; Henchey, R.A. The effect of LINAC stereotactic radiosurgery on epilepsy associated
with arteriovenous malformations. Stereotact. Funct. Neurosurg. 1998, 71, 51-61. https://doi.org/10.1159/000029648.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 28 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Heikkinen, E.R.; Konnov, B.; Melnikov, L.; Yalynych, N.; Zubkov Yu, N.; Garmashov Yu, A.; Pak, V.A. Relief of epilepsy by
radiosurgery = of cerebral arteriovenous malformations.  Stereotact.  Funct.  Neurosurg. 1989, 53,  157-166.
https://doi.org/10.1159/000099532.

Kida, Y.; Kobayashi, T.; Tanaka, T.; Mori, Y.; Hasegawa, T.; Kondoh, T. Seizure control after radiosurgery on cerebral arteriovenous
malformations. J. Clin. Neurosci. 2000, 7, 6-9. https://doi.org/10.1054/jocn.2000.0701.

Kurita, H.; Kawamoto, S.; Suzuki, L; Sasaki, T.; Tago, M.; Terahara, A.; Kirino, T. Control of epilepsy associated with cerebral
arteriovenous  malformations  after  radiosurgery. J.  Neurol.  Neurosurg.  Psychiatry — 1998, 65,  648-655.
https://doi.org/10.1136/jnnp.65.5.648.

Steiner, L.; Lindquist, C.; Adler, J.R.; Torner, J.C.; Alves, W.; Steiner, M. Clinical outcome of radiosurgery for cerebral arteriovenous
malformations. J. Neurosurg. 1992, 77, 1-8. https://doi.org/10.3171/jns.1992.77.1.0001.

Regis, ].; Kerkerian-Legoff, L.; Rey, M.; Vial, M.; Porcheron, D.; Nieoullon, A.; Peragut, J.C. First biochemical evidence of differential
functional effects following Gamma Knife surgery. Stereotact. Funct. Neurosurg. 1996, 6, 29-38. https://doi.org/10.1159/000099698.
Regis, ].; Bartolomei, F.; Rey, M.; Genton, P.; Dravet, C.; Semah, F.; Gastaut, J.L.; Chauvel, P.; Peragut, ].C. Gamma knife surgery for
mesial temporal lobe epilepsy. Epilepsia 1999, 40, 1551-1556. https://doi.org/10.1111/j.1528-1157.1999.tb02039.x.

Regis, J.; Bartolomei, F.; Rey, M.; Hayashi, M.; Chauvel, P.; Peragut, ].C. Gamma knife surgery for mesial temporal lobe epilepsy. J.
Neurosurg. 2000, 93, 141-146. https://doi.org/10.3171/jns.2000.93.supplement_3.0141.

Schneider, M.B.; Borchers, D.]J.; Adler, ]J.R., Jr. Radiation-based Neuromodulation: Rationale and New Directions. Cureus 2010, 2, e8.
https://doi.org/10.7759/cureus.8.

Lam, F.C; Byun, J.; Guru, S.; AbuReesh, D.; Hori, Y.S.; Rahimy, E.; Pollom, E.L.; Soltys, S.; Park, D.J.; Chang, S.D. Understanding the
Radiobiology of Central Nervous System Diseases in the Golden Age of Radiosurgery-Does It Matter? Brain Sci. 2025, 15, 649.
https://doi.org/10.3390/brainsci15060649.

Daigle, J.L.; McBride, W.H.; Withers, H.R. Biological principles of radiotherapy in the central nervous system. In Combined Modality
Therapy of Central Nervous System Tumors. Medical Radiology; Springer: Berlin/Heidelberg, Germany, 2003; pp. 53-62.
https://doi.org/10.1007/978-3-642-56411-6_4.

Santacroce, A.; Kamp, M.A.; Budach, W.; Hanggi, D. Radiobiology of radiosurgery for the central nervous system. Biomed. Res. Int.
2013, 2013, 362761. https://doi.org/10.1155/2013/362761.

Milano, M.T.; Usuki, K.Y.; Walter, K.A.; Clark, D.; Schell, M.C. Stereotactic radiosurgery and hypofractionated stereotactic
radiotherapy: Normal tissue dose constraints of the central nervous system. Cancer Treat. Rev. 2011, 37, 567-578.
https://doi.org/10.1016/j.ctrv.2011.04.004.

Smith, J.C. Radiation: Its detection and its effects on taste preferences. In Progress in Physiological Psychology; Stellar, E., Sprague, ].M.,
Eds.; Academic Press: New York, NY, USA, 1971; Volume 4, pp. 53-117.

Rosenthal, F.; Timiras, P.S. Changes in brain excitability after whole-body x-irradiation in the rat. Radiat. Res. 1961, 15, 648—657.
Mickley, G.A.; Stevens, K.E.; Moore, G.H.; Deere, W.; White, G.A.; Gibbs, G.L.; Mueller, G.P. Ionizing radiation alters beta-
endorphin-like immunoreactivity in brain but not blood. Pharmacol. Biochem. Behav. 1983, 19, 979-983. https://doi.org/10.1016/0091-
3057(83)90402-1.

Mickley, G.A.; Stevens, K.E.; White, G.A.; Gibbs, G.L. Endogenous opiates mediate radiogenic behavioral change. Science 1983, 220,
1185-1187. https://doi.org/10.1126/science.6857244.

Kimeldorf, D.J.; Hunt, E.L. Radiation effects on performance capacity. In Ionizing Radiation: Neural Function and Behavior; Kimeldorf,
D.J., Hunt, E.L., Eds.; Academic Press: New York, NY, USA, 1965; pp. 166-213.

Bogo, V. Effects of bremsstrahlung and electron radiation on rat motor performance. Radiat. Res. 1984, 100, 313-320.

Casarett, A.P.; Comar, C.L. Incapacitation and performance decrement in rats following split doses of fission spectrum radiation.
Radiat. Res. 1973, 53, 455-461.

Mickley, G.A.; Teitelbaum, H. Persistence of lateral hypothalamic-mediated behaviors after a supralethal dose of ionizing radiation.
Aviat. Space Environ. Med. 1978, 49, 868-873.

Chen, Z.F.; Kamiryo, T.; Henson, S.L.; Yamamoto, H.; Bertram, E.H.; Schottler, F.; Patel, F.; Steiner, L.; Prasad, D.; Kassell, N.F.; et al.
Anticonvulsant effects of gamma surgery in a model of chronic spontaneous limbic epilepsy in rats. J. Neurosurg. 2001, 94, 270-280.
https://doi.org/10.3171/jns.2001.94.2.0270.

Tolliver, ].M.; Pellmar, T.C. Ionizing radiation alters neuronal excitability in hippocampal slices of the guinea pig. Radiat. Res. 1987,
112, 555-563.

Yamaguchi, N.; Yamashima, T.; Yamashita, J. A histological and flow cytometric study of dog brain endothelial cell injuries in
delayed radiation necrosis. |. Neurosurg. 1991, 74, 625-632. https://doi.org/10.3171/jns.1991.74.4.0625.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 29 of 33

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yoshii, Y.; Phillips, T.L. Late vascular effects of whole brain X-irradiation in the mouse. Acta Neurochir. 1982, 64, 87-102.
https://doi.org/10.1007/BF01405622.

Mullin, M.J.; Hunt, W.A.; Harris, R.A. Ionizing radiation alters the properties of sodium channels in rat brain synaptosomes. J.
Neurochem. 1986, 47, 489—495. https://doi.org/10.1111/.1471-4159.1986.tb04528.x.

Shimura, T.; Sasatani, M.; Kawai, H.; Kamiya, K.; Kobayashi, J.; Komatsu, K.; Kunugita, N. A comparison of radiation-induced
mitochondrial damage between neural progenitor stem cells and differentiated cells. Cell Cycle 2017, 16, 565-573.
https://doi.org/10.1080/15384101.2017.1284716.

Pellmar, T.C.; Lepinski, D.L. Gamma radiation (5-10 Gy) impairs neuronal function in the guinea pig hippocampus. Radiat. Res.
1993, 136, 255-261.

Pellmar, T.C.; Schauer, D.A.; Zeman, G.H. Time- and dose-dependent changes in neuronal activity produced by X radiation in brain
slices. Radiat. Res. 1990, 122, 209-214.

Gilly, W.F,; Teal, P.; Graves, E.E.; Lo, J.; Schneider, M.B.; Zasio, R.; Adler, J.R,, Jr. Effects of Focal Ionizing Radiation of the Squid
Stellate Ganglion on Synaptic and Axonal Transmission in the Giant-Fiber Pathway. Cureus 2021, 13, e13110.
https://doi.org/10.7759/cureus.13110.

Cacao, E.; Cucinotta, F.A. Modeling Impaired Hippocampal Neurogenesis after Radiation Exposure. Radiat. Res. 2016, 185, 319-331.
https://doi.org/10.1667/RR14289.51.

Vlkolinsky, R.; Krucker, T.; Nelson, G.A.; Obenaus, A. Fe-particle radiation reduces neuronal output and attenuates
lipopolysaccharide-induced inhibition of long-term potentiation in the mouse hippocampus. Radiat. Res. 2008, 169, 523-530.
https://doi.org/10.1667/RR1228.1.

Alcazar-Felix, R.J.; Cheng, L.; Srinath, A.; Bindal, A.; Tieri, D.; Vera-Cruz, D.; Yuan, M.; Allaw, S.; Muntu, N.A.; Montas, D.; et al. A
mouse model of stereotactic radiosurgery-induced neuroinflammation and blood-brain barrier compromise. Acta Neuropathol.
Commun. 2025, 13, 195. https://doi.org/10.1186/s40478-025-02112-x.

Constanzo, J.; Masson-Cote, L.; Tremblay, L.; Fouquet, ].P.; Sarret, P.; Geha, S.; Whittingstall, K.; Paquette, B.; Lepage, M.
Understanding the continuum of radionecrosis and vascular disorders in the brain following gamma knife irradiation: An MRI
study. Magn. Reson. Med. 2017, 78, 1420-1431. https://doi.org/10.1002/mrm.26546.

Ruitenberg, M.J.; Wells, ].; Bartlett, P.F.; Harvey, A.R.; Vukovic, J. Enrichment increases hippocampal neurogenesis independent of
blood monocyte-derived microglia presence following high-dose total body irradiation. Brain Res. Bull. 2017, 132, 150-159.
https://doi.org/10.1016/j.brainresbull.2017.05.013.

Wang, Y.; Zhou, K,; Li, T;; Xu, Y.; Xie, C.; Sun, Y.; Zhang, Y.; Rodriguez, J.; Blomgren, K.; Zhu, C. Inhibition of autophagy prevents
irradiation-induced neural stem and progenitor cell death in the juvenile mouse brain. Cell Death Dis. 2017, 8, e2694.
https://doi.org/10.1038/cddis.2017.120.

Chen, K.T.; Huang, C.Y; Pai, P.C.; Yang, W.C,; Tseng, C.K.; Tsai, H.C,; Li, ].C,; Chuang, C.C.; Hsu, P.W.; Lee, C.C.; et al. Focused
ultrasound combined with radiotherapy for malignant brain tumor: A preclinical and clinical study. J. Neurooncol. 2023, 165, 535—
545. https://doi.org/10.1007/s11060-023-04517-x.

Zeng, ].; See, A.P.; Phallen, J.; Jackson, C.M.; Belcaid, Z.; Ruzevick, J.; Durham, N.; Meyer, C.; Harris, T.].; Albesiano, E.; et al. Anti-
PD-1 blockade and stereotactic radiation produce long-term survival in mice with intracranial gliomas. Int. J. Radiat. Oncol. Biol. Phys.
2013, 86, 343-349. https://doi.org/10.1016/j.ijrobp.2012.12.025.

Brisman, J.L.; Cole, A.].; Cosgrove, G.R.; Thornton, A.F.; Rabinov, J.; Bussiere, M.; Bradley-Moore, M.; Hedley-Whyte, T.; Chapman,
P.H. Radiosurgery of the rat hippocampus: Magnetic resonance imaging, neurophysiological, histological, and behavioral studies.
Neurosurgery 2003, 53, 951-961; discussion 961-962. https://doi.org/10.1227/01.neu.0000083629.92550.a5.

Jenrow, K.A; Ratkewicz, A.E.; Lemke, N.W.; Kadiyala, M.; Zalinski, D.N.; Burdette, D.E.; Elisevich, K.V. Effects of kindling and
irradiation on neuronal density in the rat dentate gyrus. Neurosci. Lett. 2004, 371, 45-50. https://doi.org/10.1016/j.neulet.2004.08.036.
Ben Abdallah, N.M.; Slomianka, L.; Lipp, H.P. Reversible effect of X-irradiation on proliferation, neurogenesis, and cell death in the
dentate gyrus of adult mice. Hippocampus 2007, 17, 1230-1240. https://doi.org/10.1002/hipo.20358.

Zou, Y.; Leu, D.; Chui, J.; Fike, ].R.; Huang, T.T. Effects of altered levels of extracellular superoxide dismutase and irradiation on
hippocampal  neurogenesis in female mice. Int. ] Radiat. Oncol. Biol.  Phys. 2013, 87, 777-784.
https://doi.org/10.1016/j.ijrobp.2013.08.002.

Cheng, Z.; Li, Y.Q.; Wong, C.S. Effects of Aging on Hippocampal Neurogenesis After Irradiation. Int. |. Radiat. Oncol. Biol. Phys. 2016,
94, 1181-1189. https://doi.org/10.1016/j.ijrobp.2015.12.364.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 30 of 33

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Acharya, M.M,; Patel, N.H.; Craver, B.M.; Tran, K.K,; Giedzinski, E.; Tseng, B.P.; Parihar, V.K.; Limoli, C.L. Consequences of low
dose ionizing radiation exposure on the hippocampal microenvironment. PLoS ONE 2015, 10, e0128316.
https://doi.org/10.1371/journal.pone.0128316.

Whoolery, CW.; Yun, S.; Reynolds, R.P.; Lucero, M.].; Soler, I.; Tran, F.H.; Ito, N.; Redfield, R.L.; Richardson, D.R.; Shih, H.Y.; et al.
Multi-domain cognitive assessment of male mice shows space radiation is not harmful to high-level cognition and actually improves
pattern separation. Sci. Rep. 2020, 10, 2737. https://doi.org/10.1038/s41598-020-59419-z.

Cacao, E.; Kapukotuwa, S.; Cucinotta, F.A. Modeling Reveals the Dependence of Hippocampal Neurogenesis Radiosensitivity on
Age and Strain of Rats. Front. Neurosci. 2018, 12, 980. https://doi.org/10.3389/fnins.2018.00980.

Chu, C,; Davis, C.M.,; Lan, X.; Hienz, R.D.; Jablonska, A.; Thomas, A.M.; Velarde, E.; Li, S.; Janowski, M.; Kai, M.; et al.
Neuroinflammation After Stereotactic Radiosurgery-Induced Brain Tumor Disintegration Is Linked to Persistent Cognitive Decline
in a Mouse Model of Metastatic Disease. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, 745-757. https://doi.org/10.1016/j.ijrobp.2020.05.027.
Yeh, C.I; Cheng, M.F.; Xiao, F.; Chen, Y.C,; Liu, C.C,; Chen, H.Y,; Yen, RF.; Ju, Y.T.; Chen, Y.; Bodduluri, M.; et al. Effects of Focal
Radjiation on ['®F]-Fluoro-D-Glucose Positron Emission Tomography in the Brains of Miniature Pigs: Preliminary Findings on Local
Metabolism. Neuromodulation 2021, 24, 863-869. https://doi.org/10.1111/ner.13147.

Barnett, G.H.; Linskey, M.E.; Adler, J.R.; Cozzens, ] W.; Friedman, W.A_; Heilbrun, M.P.; Lunsford, L.D.; Schulder, M.; Sloan, A.E.
Stereotactic  radiosurgery--an  organized neurosurgery-sanctioned definition. ].  Neuwrosurg. 2007, 106, 1-5.
https://doi.org/10.3171/jns.2007.106.1.1.

Lovo, E.; Venetucci Gouveia, F.; Germann, J.; Omar Contreras, W.; Lopes Alho, E.J.; Cruz, C.; Bermudez-Guzman, L. Individualised
connectomic-guided  radiosurgical thalamotomy for chronic pain. Br. ].  Neurosurg. 2025, 40, 536-546.
https://doi.org/10.1080/02688697.2025.2557210.

Regis, J.; Carron, R.; Park, M. Is radiosurgery a neuromodulation therapy?: A 2009 Fabrikant award lecture. ]. Neurooncol. 2010, 98,
155-162. https://doi.org/10.1007/s11060-010-0226-5.

Leksell, L. The stereotaxic method and radiosurgery of the brain. Acta Chir. Scand. 1951, 102, 316-319.

Zaer, H.; Fan, W.; Orlowski, D.; Glud, A.N.; Jensen, M.B.; Worm, E.S.; Lukacova, S.; Mikkelsen, T.W.; Fitting, L.M.; Jacobsen, L.M.;
et al. Non-ablative doses of focal ionizing radiation alters function of central neural circuits. Brain Stimul. 2022, 15, 586-597.
https://doi.org/10.1016/j.brs.2022.04.001.

Morrell, M.]J. Responsive cortical stimulation for the treatment of medically intractable partial epilepsy. Neurology 2011, 77, 1295—
1304. https://doi.org/10.1212/WNL.0b013e3182302056.

Fisher, R.; Salanova, V.; Witt, T.; Worth, R.; Henry, T.; Gross, R.; Oommen, K.; Osorio, I.; Nazzaro, J.; Labar, D.; et al. Electrical
stimulation of the anterior nucleus of thalamus for treatment of refractory epilepsy. Epilepsia 2010, 51, 899-908.
https://doi.org/10.1111/j.1528-1167.2010.02536.x.

Spencer, S.S. Neural networks in human epilepsy: Evidence of and implications for treatment. Epilepsia 2002, 43, 219-227.
https://doi.org/10.1046/j.1528-1157.2002.26901.x.

Bartolomei, F.; Hayashi, M.; Tamura, M.; Rey, M; Fischer, C.; Chauvel, P.; Regis, ]. Long-term efficacy of gamma knife radiosurgery
in mesial temporal lobe epilepsy. Neurology 2008, 70, 1658-1663. https://doi.org/10.1212/01.wnl.0000294326.05118.d8.

Regis, J.; Rey, M.; Bartolomei, F.; Vladyka, V.; Liscak, R.; Schrottner, O.; Pendl, G. Gamma knife surgery in mesial temporal lobe
epilepsy: A prospective multicenter study. Epilepsia 2004, 45, 504-515. https://doi.org/10.1111/j.0013-9580.2004.07903.x.

Barbaro, N.M.; Quigg, M.; Ward, M.M.; Chang, E.F.; Broshek, D K,; Langfitt, ].T.; Yan, G.; Laxer, K.D.; Cole, A.].; Sneed, P.K;; et al.
Radiosurgery versus open surgery for mesial temporal lobe epilepsy: The randomized, controlled ROSE trial. Epilepsia 2018, 59,
1198-1207. https://doi.org/10.1111/epi.14045.

Hajikarimloo, B.; Tos, S.M.; Alvani, M.S.; Kooshki, A.; Mohammadzadeh, I.; Zare, A.H.; Mortezaei, A.; Hezaveh, E.B.; Ebrahimi, A ;
Habibi, M. A. Efficacy and safety of stereotactic radiosurgery for hypothalamic hamartomas: A systematic review and meta-analysis.
Radiat. Oncol. 2025, 20, 177. https://doi.org/10.1186/s13014-025-02754-0.

Romanelli, P.; Tuniz, F.; Fabbro, S.; Beltramo, G.; Conti, A. Image-guided LINAC radiosurgery in hypothalamic hamartomas. Front.
Neurol. 2022, 13, 909829. https://doi.org/10.3389/fneur.2022.909829.

Welton, T.; Cardoso, F.; Carr, J.A.; Chan, L.L.; Deuschl, G.; Jankovig, J.; Tan, E.K. Essential tremor. Nat. Rev. Dis. Primers 2021, 7, 83.
https://doi.org/10.1038/s41572-021-00314-w.

Martinez-Moreno, N.E.; Sahgal, A.; De Salles, A.; Hayashi, M.; Levivier, M.; Ma, L.; Paddick, L; Regis, J.; Ryu, S.; Slotman, B.J.; et al.
Stereotactic radiosurgery for tremor: Systematic review. J. Neurosurg. 2019, 130, 589-600. https://doi.org/10.3171/2017.8.JNS17749.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 31 of 33

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Marianayagam, N.J.; Paddick, I.; Persad, A.R.; Hori, Y.S.; Maslowski, A.; Thirunarayanan, I.; Khanna, A.R.; Park, D.J.; Buch, V.;
Chang, S.D.; et al. Dosimetric Comparison of Dedicated Radiosurgery Platforms for the Treatment of Essential Tremor: Technical
Report. Cureus 2024, 16, e57452. https://doi.org/10.7759/cureus.57452.

Lambru, G.; Zakrzewska, ], Matharu, M. Trigeminal neuralgia: A practical guide. Pract. Neurol. 2021, 21, 392-402.
https://doi.org/10.1136/practneurol-2020-002782.

Tuleasca, C.; Regis, J.; Sahgal, A.; De Salles, A.; Hayashi, M.; Ma, L.; Martinez-Alvarez, R.; Paddick, I; Ryu, S.; Slotman, B.J.; et al.
Stereotactic radiosurgery for trigeminal neuralgia: A systematic review. J. Neurosurg. 2019, 130, 733-757.
https://doi.org/10.3171/2017.9.JNS17545.

Regis, J.; Tuleasca, C.; Resseguier, N.; Carron, R.; Donnet, A.; Gaudart, ].; Levivier, M. Long-term safety and efficacy of Gamma Knife
surgery in classical trigeminal neuralgia: A 497-patient historical cohort study. J. Neurosurg. 2016, 124, 1079-1087.
https://doi.org/10.3171/2015.2.JNS142144.

Karam, S.D.; Tai, A.; Wooster, M.; Rashid, A.; Chen, R.; Baig, N.; Jay, A.; Harter, K.W.; Randolph-Jackson, P.; Omogbehin, A.; et al.
Trigeminal neuralgia treatment outcomes following Gamma Knife radiosurgery with a minimum 3-year follow-up. J. Radiat. Oncol.
2014, 3, 125-130. https://doi.org/10.1007/s13566-013-0134-3.

Somaza, S.; Montilla, E.M. Novel theory about radiosurgery’s action mechanisms on trigeminal ganglion for idiopathic trigeminal
neuralgia: Role of the satellite glial cells. Surg. Neurol. Int. 2020, 11, 412. https://doi.org/10.25259/SNI_484_2019.

Goldschmidt, E.; Fellows-Mayle, W.; Wolfe, R.; Niranjan, A.; Flickinger, J.C.; Lunsford, L.D.; Gerszten, P.C. Radiosurgery to the
spinal dorsal root ganglion induces fibrosis and inhibits satellite glial cell activation while preserving axonal neurotransmission. J.
Neurosurg. Spine 2020, 32, 790-798. https://doi.org/10.3171/2019.11.SPINE191176.

Dhople, A.A.; Adams, J.R.; Maggio, W.W.; Naqvi, S.A.; Regine, W.F.; Kwok, Y. Long-term outcomes of Gamma Knife radiosurgery
for classic trigeminal neuralgia: Implications of treatment and critical review of the literature. Clinical article. J. Neurosurg. 2009, 111,
351-358. https://doi.org/10.3171/2009.2.JNS08977.

Kondziolka, D.; Lunsford, L.D.; Flickinger, ].C.; Young, R.F.; Vermeulen, S.; Duma, C.M.; Jacques, D.B.; Rand, R.W; Regis, ].; Peragut,
J.C.; et al. Stereotactic radiosurgery for trigeminal neuralgia: A multiinstitutional study using the gamma unit. ]. Neurosurg. 1996, 84,
940-945. https://doi.org/10.3171/jns.1996.84.6.0940.

Young, R.F.; Vermeulen, S.S.; Grimm, P.; Posewitz, A.E.; Jacques, D.B.; Rand, R.W.; Copcutt, B.G. Gamma Knife thalamotomy for
the treatment of persistent pain. Stereotact. Funct. Neurosurg. 1995, 64, 172-181. https://doi.org/10.1159/000098777.

Franzini, A.; Ninatti, G.; Rossini, Z.; Tropeano, M.P.; Clerici, E.; Navarria, P.; Pessina, F.; Picozzi, P. Gamma Knife Central Lateral
Thalamotomy for Chronic Neuropathic Pain: A Single-Center, Retrospective Study. Neurosurgery 2023, 92, 363-369.
https://doi.org/10.1227/neu.0000000000002211.

Del Cid, P.; Moreira, A.; Campos, F.; Cruz, C; Blanco, A.; Lovo, E.E. Radiosurgery to the Medial Thalamus for Chronic Pain: A
Single Group Experience and Review of Literature. Cureus 2025, 17, e83003. https://doi.org/10.7759/cureus.83003.

Franzini, A.; Rossini, Z.; Moosa, S.; Tropeano, M.P.; Milani, D.; Attuati, L.; Clerici, E.; Navarria, P.; Pessina, F.; Picozzi, P. Medial
thalamotomy using stereotactic radiosurgery for intractable pain: A systematic review. Neurosurg. Rev. 2022, 45, 71-80.
https://doi.org/10.1007/s10143-021-01561-x.

Urgosik, D.; Liscak, R. Medial Gamma Knife thalamotomy for intractable pain. ]. Neurosurg. 2018, 129, 72-76.
https://doi.org/10.3171/2018.7.GKS181583.

Molina-Romero, O.I.; Diez Palma, J.C.; Fonnegra Caballero, A.; Segura-Hernandez, A.; Leal-Isaza, ].P.; Fonnegra Pardo, J.R. Bilateral
anterior cingulotomy with Gamma Knife radiosurgery: Another alternative for the treatment of non-oncologic intractable chronic
pain. J. Radiosurg SBRT 2024, 9, 165-169.

Camponeschi, F. Exploring New Horizons in Treatment: The Potential of Radiation-Induced Neuromodulation to Enhance
Psychological Therapies in Refractory Obsessive Compulsive Disorder. Master’s Thesis, UMC Utrecht, Utrecht, The Netherlands,
2023.

Peker, S.; Samanci, M.Y.; Yilmaz, M.; Sengoz, M.; Ulku, N.; Ogel, K. Efficacy and Safety of Gamma Ventral Capsulotomy for
Treatment-Resistant Obsessive-Compulsive Disorder: A Single-Center Experience. World Neurosurg. 2020, 141, e€941-e952.
https://doi.org/10.1016/j.wneu.2020.06.098.

Yeh, C.I; Chen, K.H,; Lin, CH.; Chen, Y.; Xiao, F.; You, W.C; Ju, Y.T.; Chong, N.S.; Barbosa, D.A.N.; Halpern, C.H.; et al. Localized
Nonablative Neuromodulatory Irradiation of the Nucleus Accumbens Ameliorates Voluntary Excessive Alcohol Consumption in
Miniature Pigs. Neuromodulation 2025, 29, 219-226. https://doi.org/10.1016/j.neurom.2025.10.066.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 32 of 33

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Solvason, H.B.; Marianayagam, N.J.; Soltys, S.G.; Schatzberg, A.F.; DeBattista, C.; Ketter, T.; Wang, P.; Chang, S.D.; Spiegel, D.; Adler,
J.R. Treatment of Refractory Bipolar Depression With Stereotactic Radiosurgery Targeting the Subgenual Cingulate Cortex. Cureus
2024, 16, €57904. https://doi.org/10.7759/cureus.57904.

Kuhn, J.; Grundler, T.O.; Bauer, R.; Huff, W.; Fischer, A.G.; Lenartz, D.; Maarouf, M.; Buhrle, C.; Klosterkotter, ].; Ullsperger, M.; et
al. Successful deep brain stimulation of the nucleus accumbens in severe alcohol dependence is associated with changed
performance monitoring. Addict. Biol. 2011, 16, 620-623. https://doi.org/10.1111/j.1369-1600.2011.00337 ..

Bach, P.; Luderer, M.; Muller, U.J.; Jakobs, M.; Baldermann, J.C.; Voges, J.; Kiening, K.; Lux, A.; Visser-Vandewalle, V.; Bogerts, B.;
et al. Deep brain stimulation of the nucleus accumbens in treatment-resistant alcohol use disorder: A double-blind randomized
controlled multi-center trial. Transl. Psychiatry 2023, 13, 49. https://doi.org/10.1038/s41398-023-02337-1.

Davidson, B.; Giacobbe, P.; George, T.P.; Nestor, S.M.; Rabin, ].S.; Goubran, M.; Nyman, A.].; Baskaran, A.; Meng, Y.; Pople, C.B.; et
al. Deep brain stimulation of the nucleus accumbens in the treatment of severe alcohol use disorder: A phase I pilot trial. Mol.
Psychiatry 2022, 27, 3992-4000. https://doi.org/10.1038/s41380-022-01677-6.

Muller, UJ.; Sturm, V.; Voges, ].; Heinze, H.].; Galazky, I.; Buntjen, L.; Heldmann, M.; Frodl, T.; Steiner, ].; Bogerts, B. Nucleus
Accumbens Deep Brain Stimulation for Alcohol Addiction—Safety and Clinical Long-term Results of a Pilot Trial.
Pharmacopsychiatry 2016, 49, 170-173. https://doi.org/10.1055/s-0042-104507.

Kuhn, J.; Lenartz, D.; Huff, W.; Lee, S.; Koulousakis, A.; Klosterkoetter, J.; Sturm, V. Remission of alcohol dependency following
deep brain stimulation of the nucleus accumbens: Valuable therapeutic implications? J. Neurol. Neurosurg. Psychiatry 2007, 78, 1152—
1153. https://doi.org/10.1136/jnnp.2006.113092.

Mabhoney, ].J.; Haut, M.W.; Hodder, S.L.; Zheng, W.; Lander, L.R.; Berry, ].H.; Farmer, D.L.; Marton, J.L.; Ranjan, M.; Brandmeir, N.J.;
et al. Deep brain stimulation of the nucleus accumbens/ventral capsule for severe and intractable opioid and benzodiazepine use
disorder. Exp. Clin. Psychopharmacol. 2021, 29, 210-215. https://doi.org/10.1037/pha0000453.

Ge, S.; Wang, X,; Chen, L.; Li, N.; Li, Y.; Cai, Y.; Li, W.; Su, M.; Zheng, Z.; Lj, ].; et al. Effects of deep brain stimulation of the nucleus
accumbens and anterior limb of the internal capsule on heroin addiction: Over five years of long-term follow-up in a prospective
open-label pilot study. Transl. Psychiatry 2025, 15, 415. https://doi.org/10.1038/s41398-025-03635-6.

Qu, L; Ge, S,; Li, N,; Wang, W.; Yang, K.; Wu, P.; Wang, X.; Shi, ]J. Clinical evaluation of deep brain stimulation of nucleus
accumbens/anterior limb of internal capsule for opioid relapse prevention: Protocol of a multicentre, prospective and double-blinded
study. BM] Open 2019, 9, e023516. https://doi.org/10.1136/bmjopen-2018-023516.

Chen, L.; Li, N,; Ge, S.; Lozano, AM.; Lee, D.J.; Yang, C,; Li, L.; Bai, Q.; Lu, H.; Wang, J.; et al. Long-term results after deep brain
stimulation of nucleus accumbens and the anterior limb of the internal capsule for preventing heroin relapse: An open-label pilot
study. Brain Stimul. 2019, 12, 175-183. https://doi.org/10.1016/j.brs.2018.09.006.

Ge, S; Chen, Y,; Li, N; Qu, L; Li, Y,; Jing, ], Wang, X,; Wang, J. Deep Brain Stimulation of Nucleus Accumbens for
Methamphetamine Addiction: Two Case Reports. World Neurosurg. 2019, 122, 512-517. https://doi.org/10.1016/j.wneu.2018.11.056.
Rezai, A.R.; Mahoney, ].J.; Ranjan, M.; Haut, M.W.; Zheng, W; Lander, L.R; Berry, ].H.; Farmer, D.L.; Marton, J.L.; Tirumalai, P.; et
al. Safety and feasibility clinical trial of nucleus accumbens deep brain stimulation for treatment-refractory opioid use disorder. .
Neurosurg. 2024, 140, 231-239. https://doi.org/10.3171/2023.4.JNS23114.

Grubert, C; Hurlemann, R.; Bewernick, B.H.; Kayser, S.; Hadrysiewicz, B.; Axmacher, N.; Sturm, V.; Schlaepfer, T.E.
Neuropsychological safety of nucleus accumbens deep brain stimulation for major depression: Effects of 12-month stimulation.
World ]. Biol. Psychiatry 2011, 12, 516-527. https://doi.org/10.3109/15622975.2011.583940.

Bewernick, B.H.; Hurlemann, R.; Matusch, A.; Kayser, S.; Grubert, C.; Hadrysiewicz, B.; Axmacher, N.; Lemke, M.; Cooper-Mahkorn,
D.; Cohen, M.X; et al. Nucleus accumbens deep brain stimulation decreases ratings of depression and anxiety in treatment-resistant
depression. Biol. Psychiatry 2010, 67, 110-116. https://doi.org/10.1016/j.biopsych.2009.09.013.

Bewernick, B.H.; Kayser, S.; Sturm, V.; Schlaepfer, T.E. Long-term effects of nucleus accumbens deep brain stimulation in treatment-
resistant  depression: =~ Evidence  for  sustained  efficacy. = Neuropsychopharmacology 2012, 37,  1975-1985.
https://doi.org/10.1038/npp.2012.44.

Witjas, T.; Carron, R.; Krack, P.; Eusebio, A.; Vaugoyeau, M.; Hariz, M.; Azulay, J.P.; Regis, ]. A prospective single-blind study of
Gamma Knife thalamotomy for tremor. Neurology 2015, 85, 1562-1568. https://doi.org/10.1212/WNL.0000000000002087.

Berridge, K.C,; Kringelbach, M.L. Pleasure systems in  the  brain. Neuron 2015, 86, 646-664.
https://doi.org/10.1016/j.neuron.2015.02.018.

Ma, S.; Zhang, C.; Yuan, T.F,; Steele, D.; Voon, V.; Sun, B. Neurosurgical treatment for addiction: Lessons from an untold story in
China and a path forward. Natl. Sci. Rev. 2020, 7, 702-712. https://doi.org/10.1093/nsr/nwz207.

https://doi.org/10.3390/brainsci16070751



Brain Sci. 2026, 16, 751 33 of 33

104.

105.

106.

107.

108.

109.

Sun, B.; Nuttin, B.; Wu, H.; De Salles, A.; Schulder, M.; Adler, ]J. The Perils of Ablative Stereotactic Radiosurgery for the Nucleus
Accumbens: A Historical Perspective Urging Caution. Cureus 2025, 17, €98236. https://doi.org/10.7759/cureus.98236.

Cabrera, L.Y.; Courchesne, C.; Kiss, Z.H.T; Illes, J. Clinical Perspectives on Psychiatric Neurosurgery. Stereotact. Funct. Neurosurg.
2019, 97, 391-398. https://doi.org/10.1159/000505080.

Cabrera, L.Y.; Courchesne, C.; Bittlinger, M.; Muller, S.; Martinez, R.; Racine, E.; Illes, ]. Authentic Self and Last Resort: International
Perceptions of Psychiatric Neurosurgery. Cult. Med. Psychiatry 2021, 45, 141-161. https://doi.org/10.1007/s11013-020-09679-1.
Chang, J.E.; Contreras Lopez, W.O,; Parraga, R.G.; Torres Monterrosa, J.; Merlos Salazar, L.; Lovo, E.E. Connectome Analysis of the
Nucleus Accumbens: Refining Radiosurgical Targeting for Addictive Disorders. Cureus 2025, 17, e95307.
https://doi.org/10.7759/cureus.95307.

Middlebrooks, E.H.; Patel, V.; Popple, R.A.; Walker, H.C.; Thomas, E.M.; Brinkerhoff, S.A.; Anderson, A.R.; Deshpande, H.D.;
McCullough, B.A.; Stover, N.P.; et al. Connectomic-guided stereotactic radiosurgery thalamotomy for tremor: A patient-specific
approach to enhance outcomes. |. Neurosurg. 2025, 143, 53-62. https://doi.org/10.3171/2024.10.JNS24753.

Zaer, H.; Deshmukh, A.; Orlowski, D.; Fan, W.; Prouvot, P.H.; Glud, A.N.; Jensen, M.B.; Worm, E.S.; Lukacova, S.; Mikkelsen, T.W.;
et al. An Intracortical Implantable Brain-Computer Interface for Telemetric Real-Time Recording and Manipulation of Neuronal
Circuits for Closed-Loop Intervention. Front. Hum. Neurosci. 2021, 15, 618626. https://doi.org/10.3389/fnhum.2021.618626.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s)

and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or

property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/brainsci16070751



