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Abstract Radiosurgery is commonly considered to be

effective through a destructive physical mechanism on

neural tissue. Since its invention by Leksell in the 1950s,

clinical and experimental experience of radiosurgery has

demonstrated that for classical indications, for example

arteriovenous malformations and benign tumors, radiosur-

gery is effective because of its specific histological effects

of thrombotic endothelial proliferation and apoptosis, not

simple coagulative necrosis. In functional neurosurgery,

the strategy is either to target a small volume of normal

tissue (i.e., ventrointermediate nucleus, capsulotomy, tri-

geminal neuralgia, etc.) with a high dose (80–140 Gy at

maximum) or to target a large volume of tissue (i.e., 5–9 cc

in epilepsy radiosurgery) with a moderate dose (17–24 Gy

at the marginal isodose). These procedures have been

proposed, technically performed, and evaluated on the

basis of the hypothesis that their mechanism of action is

purely destructive. However, modern neurophysiological,

radiological and histological studies are leading us to

question this assumption. Tissue destruction is turning out

to be either absent or minimal and in almost all cases

insufficient to explain the clinical effects obtained. There-

fore, one possibility is that radiosurgery is inducing chan-

ges in the functioning of the neural tissue, by inducing

remodeling of the glial environment, and is leading to

the modulation of function while preserving basic pro-

cessing. Thus, most radiosurgery procedures may induce

the desired biological effect without requiring the histo-

logical destructive effect for completion of the therapeutic

objective. Therefore the concept of ‘‘lesional’’ radiosurgery

may be incorrect and a completely hidden world of neu-

romodulatory effects may remain to be discovered.
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Introduction

From the beginning, neurosurgery has been a specialty field

dealing with the ‘‘ablation, removal or reduction’’ of

structural conditions affecting neurological function [3].

Perhaps one of the first attempts at therapeutic neuro-

modulation was the use of electrical fish by the ancient

Egyptians in 500 BC for pain management. However, only

recently has the idea of restoration of function through

modulation of neuronal function or restoration of dam-

aged neurological circuitry been given consideration, thus

marking a significant milestone in the intellectual and

therapeutic course of neurosurgery [3]. Twenty years ago

concepts of neuromodulation, gene therapy, and cellular

grafting were being introduced to our field [30, 55]. Elec-

trical stimulation, direct installation of substances in the

central nervous system (CNS), and grafting are now

regarded as the main avenues for technical development in

neuromodulation. However, radiosurgery has always been
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considered as a purely ablative treatment. This article

explores some of the documented and theoretical mecha-

nisms involved in the responses of neural tissues to radi-

osurgery from the perspective of an experienced user.

Lesional versus non-lesional effect

Radiosurgery, in the mind of its inventor Lars Leksell,

was clearly intended to mimic the lesional effects of a

surgeon’s knife, hence the name ‘‘Gamma Knife’’ given

to the first completed instrument. The high doses initially

selected for the thalamotomies [55] or capsulotomies [7]

or benign tumors [33, 60] were rapidly identified as being

unnecessarily toxic. The first vestibular schwannoma

treated with the Gamma Knife in Stockholm by Leksell

and Meyerson on June 16, 1969 was treated with 35 Gy

at the periphery [33]! Gradually, neurosurgeons in Karo-

linska came to appreciate that it was possible to provide

very long-term tumor control for benign tumors using

much lower doses. In 1992, we were taught by George

Noren [33] to treat these tumors with 11–13 Gy at the

margin, a lower dose than originally recommended but

only implemented in Stockholm from April, 1989. This

dose reduction policy resulted in a dramatic decrease in

facial palsy rate from 27% to less than 1%, and an

increase in hearing preservation to 80% with no loss of

tumor control [10, 49, 53]. With this new regimen of

lower doses for benign tumors, the predominant mecha-

nism of action was presumed to be cell death mediated by

DNA breakage in the populations of cells which were

entering mitosis [2, 22, 25].

The objective of arteriovenous malformation (AVM)

radiosurgery is to create thrombosis of the nidus thus

preventing further hemorrhage. This clinical effect is

obtained because of a histological change marked by

endothelial proliferative thrombosis [56, 65]. This is typi-

cally a biological effect specifically induced by radiosur-

gery without simple destruction of vascular tissue but

rather a proliferative response within the arterial wall of the

vessels to radiation injury. This histological and clinical

evidence consequently led Steiner [57] to propose a mod-

ification to Leksell’s historical definition of radiosurgery as

follows: ‘‘radiosurgery is the neurosurgical procedure

where narrow ionizing beams, given in a single high dose

fraction, are used either to destroy a predetermined target

volume or to induce a desired biological effect in this target

volume, …’’. Furthermore, the much lower rate of hem-

orrhage after AVM radiosurgery (compared with emboli-

zation) may have something to with modulation of another

specific biological effect, namely a decrease in the angio-

genic response to injury with a reduction of the expression

of the vascular endothelial growth factor [1].

A differential biologic effect

When an AVM, located in a highly functional area, is

associated with focal seizure disorder, the probability of

curing this epilepsy after radiosurgery is approximately

85% [9, 13, 18, 24, 56]. Interestingly, seizure cessation in

these patients frequently occurs before the AVM occlu-

sion, or even despite a failure of radiosurgery to occlude

the nidus and in the absence of any neurologic deficit

specific to the function of the surrounding brain Thus, the

biological changes leading to the cessation of the epi-

leptogenic activity in the brain adjacent to the AVM are

independent of the occlusion of the AVM and are not

dependent on radiographic or histologic evidence of a

destructive effect in tissue removed at surgery. Such

destructive changes would have been expected to lead to

a functional deficit, with or without AVM obliteration

[41, 42, 47, 48]. This common clinical experience in

AVM radiosurgery demonstrates well the capability of

radiosurgery to eliminate epileptic activity from previ-

ously epileptogenic cortex while preserving its underlying

normal function (Fig. 1). This kind of observation led us

to hypothesize the existence of some kind of differential

biological effect of radiosurgery in tissues, namely that

low-dose radiosurgery applied to normal neuronal tissue,

relying on subtle but specific biological changes, may

affect some processes while sparing others, producing the

desired clinical effect [43]. In 1994, we published the

very first paper demonstrating that the existence of such a

differential effect was manifest at the biochemical level

[43]. In rats, targeting of the striatum with radiosurgery

was shown to lower the level of the enzyme choline

acetyl-transferase while not affecting the levels of gluta-

mate decarboxylase. Conversely, the levels of the excit-

atory amino acids were reduced and the non-excitatory

amino acids (particularly gamma aminobutyric acid) were

stable [43]. However, the clinically safe and efficient

implementation of radiosurgery to effect some form of

neuromodulation still requires further basic science work

to enable better understanding of the effect of dose, vol-

ume, target topography, and dose distribution homoge-

neity on the modulation of specific biological systems

[43, 48]. At the cellular level, it is well-known that non-

cycling cells, for example neurons, exposed to moderate

amounts of energy with radiosurgery are quite resistant

with a low level of cell loss. On the other hand, cycling

cells, such supporting glial and endothelial cells, can be

severely injured by radiosurgery and are part of the

radiation-induced biological cascade [63] with an impor-

tant rate of cell loss. Lunsford [20] has described a

delayed astrogliosis reaction and cell loss occurring in the

field of radiosurgery in animal models. Interestingly, this

death of glial cells has reportedly been seen to induce
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migration of progenitor cells from the subependymal

matrix germinal zones (personal communication Kihl-

strom 1998). These progenitors arise within the target

volume of radiosurgery and differentiate into mature glial

cells with a phenotype clearly different from those of the

destroyed glia. Yang et al. [66] have shown that in 71 rats

receiving a maximum dose of 100 Gy and then sacrificed

at intervals between 3 h and 90 days after Gamma Knife

radiosurgery (GKR), vascular changes with endothelial

hyperplasia and vessel wall thickening, and associated

hyperplasia and hypertrophy of astrocytes, are seen as

early as 3 h. At later time points, between 3 and 24 h,

proliferation of astrocytes is observed. Three days after

GKR, an initial peak of astrocytic proliferation adjacent to

the corpus callosum can be seen. From 14 to 30 days after

GKR, peak proliferation is seen within the target site and

at distant sites within the adjacent cortices and hippo-

campus. No necrosis is reported before day 30, but at day

90, a 4 mm-diameter necrotic lesion with glial scar at the

periphery is visible.

Kurita et al. in 2002 studied radiation-induced apoptosis

of oligodendrocytes in the adult rat brain, relying on the

counting of TUNEL-positive cells with apoptotic mor-

phology (GFAP-, CNP?). They reported rapid apoptotic

depletion of the oligodendrocytes (maximum after 8 h) and

a significant decrease in cell density in the white matter

24 h after irradiation. These changes are dose, time, and

location-dependant, because more intense changes are seen

in the external capsule than in the genus of the corpus

callosum, the internal capsule, and the cerebellum [32].

The ‘‘cocade’’ theory (Fig. 2) is an original concept that

we proposed some years ago summarizing the effect of a

radiosurgery dose on normal brain by artificially separating

it into four concentric zones [48]. When dose and volume

are sufficient, the central zone shows evidence of histologic

necrosis. Around this ‘‘necrotic core’’ is the ‘‘subnecrotic

area’’ where cellular death is observed without coagulative

necrosis. The subnecrotic area is typically the area where

cellular differential effects of radiosurgery are observed

with a considerable wash-out of glial cells and very few

non-cycling cells (neurons) dying. Outside of the ‘‘subne-

crotic area’’ is the ‘‘neuromodulatory area’’. More subtle

changes are visible without significant increase in cell

death. Inflammatory compounds produced in the subne-

crotic area are likely to account for a significant part of the

changes observed in this area. Outside this ‘‘neuromodu-

latory area’’, no effect is observed.

Proteins and small molecules are likely to play a major

role in mediating the cellular changes seen in the tissues in

and around the area of radiosurgery. Changes observed in

subnecrotic or neuromodulatory areas may be the sum of

the area’s direct and indirect local radiation effects and

those induced from neighboring areas (subnecrotic area

affecting the neuromodulatory area and necrotic core

affecting the subnecrotic area). Thus the relative extent of

each zone is not only dependent on the dose delivered to it

but also on the volume of treatment, the histological and

biochemical nature of the targeted brain tissue, and, finally,

the genetics of the patient. White matter and capillaries are

classically more sensitive to the effects of radiation. Dif-

fusion-weighted imaging has revealed signs of vasogenic

edema in the subcortical white matter with a decrease of

fractional isotropy associated with dissociation of the

neuronal fibers by extracellular water, and signs of cellular

edema (ischemia) with no change of the fractional isotropy

maps associated with myelin sheath splitting and periaxo-

nal space enlargement (Naoyuki Miyasaka, personal com-

munication, 2002). Magnetic resonance imaging (MRI)

Fig. 1 M1 AVM radiosurgery. Radiosurgery produces obliteration of

the AVM and the cessation of seizures, while preserving the

underlying function. Both effects rely on a nondestructive mechanism

Fig. 2 The cocade theory
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changes may sometimes be misleading [26]. Typically, the

extent of the white matter changes are more related to an

increase in extracellular fluid rather than the locally

delivered dose affecting the role of secondary messengers.

For example, in medial temporal lobe epilepsy (MTLE),

the major white matter changes extend far from the target

laterally, following association fiber tracts, but those fiber

tracts within the brainstem, which receive similar energies,

are absolutely not modified on follow-up imaging studies

(Fig. 3). Obviously, these distant changes are because of

propagation of inflammatory small molecules through the

white matter tracts and are not induced directly by ionizing

radiation, not dissimilar to the diffuse white matter changes

sometimes observed after the treatment of small midline

meningiomas. Not surprisingly, when these inflammatory

mechanisms are considered, the time course of the

observed biological effects in tissue can be explained.

Sheehan et al. [39] showed, for a group of patients with

brain metastases, that those patients treated in the morning

were doing substantially better than those treated in the

afternoon. Does this suggest that some sort of cellular

circadian rhythm affects the response of tumor and normal

tissues to radiosurgery?

The genetic profile of the individual is certainly crucial.

In thalamotomies, the treatment is completely standard in

terms of the volume of the target, location, and dose.

Although the tissue reaction to radiosurgery is reportedly

very focal in some series [19, 67], up to 10% of the patients

can have a much larger radiographic reaction, as seen on

MR imaging, and these imaging changes may be associated

with hemiparesis, usually transient. Kondziolka et al.

[21, 23] have demonstrated the radio-protective effect of

the 21-aminosteroid U-74389G in an experimental study in

rats. They report that this drug reduces the cytokine

expression normally seen after radiation injury and which

may be over-expressed in patients having a greater reaction

to radiosurgery seen clinically.

Main functional radiosurgery indications: a review

Ventrointermediate nucleus (VIM) thalamotomies are clas-

sically performed using a maximum dose of 130–140 Gy

inducing a small area of necrosis after several months, well

seen on the 12 months follow-up MRI (Fig. 4). This is one of

the infrequent indications for radiosurgery where the inten-

ded effect is to mimic the histologically destructive effect

produced by thermocoagulation. However, Ohye et al. [34],

in 2000, proposed that the clinical effect on tremor was not

only the result of the necrotic lesion. Their main argument

was that the size of the lesion induced by radiosurgery was

too small to account for the clinical effect seen (and it is

interesting to note that the limit of the MR lesion corresponds

in our experience to the volume of the 90 Gy isodose line).

Some experimental observations [68] support this hypothe-

sis but further studies are still necessary in order to better

understand the nature and respective role of non-lesional and

lesional mechanisms in VIM radiosurgery. Terao et al. [59],

in 2008, reported that the somatotopic distribution of kin-

aesthetic cells was modified by GKR of the VIM, raising the

possibility that the specific properties of the neurons are

changed in response to GKR.

Fig. 3 White matter high T2 signal after MTLE GKS interpreted as a

regional indirect response to irradiation

Fig. 4 VIM GKS thalamotomy. Note the precise tiny lesion

produced one year after radiosurgery
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Curative epilepsy surgery until the 1990s was limited

to open microsurgery in which the abnormal epileptogenic

tissue was physically removed. Stimulation techniques

(vagus nerve stimulation or deep brain stimulation) and

disconnection surgery (callosotomies or subpial transec-

tion) are palliative techniques usually reserved for very

severe cases of drug-resistant epilepsies in which there is

no hope left for a curative resective procedure [54]. The

first cases of temporal lobe epilepsy treated with GKR, in

Marseille in 1993 [42, 44], were encouraging with short-

term results demonstrating the safety and efficacy of this

approach. Seizure control rates were similar to those of

resective surgery, and these early results are now con-

firmed to be durable responses on medium [4, 50] and

long-term follow-up [6]. Other groups are attempting to

confirm GKRs potential as a new, non-invasive treatment

for MTLE in comparison with standard open temporal

lobe surgery (personal communication, Nicholas Barbaro,

USA). The impressive MRI findings observed approxi-

mately one year after radiosurgery led us initially to

speculate a that necrotic lesional effect was responsible

for the clinical effect [45]. However, medium-term dis-

appearance of these MRI findings, leaving the medial

structures of the temporal lobe either similar to, or only

slightly more atrophic than, the preoperative status, sug-

gests a more subtle neuromodulating effect of radiosur-

gery than initially thought (Fig. 5), and shows much more

limited volume of the temporal lobe being involved

compared with the effect of microsurgery (MS) [50].

Further studies correlating the efficacy of the quality of

the coverage of each structure of the medial temporal lobe

area on seizure outcome have demonstrated the impor-

tance of the targeting of the anterior parahippocampal

cortex and, especially, the perirhinal and entorhinal cortex

[12]. These findings are perfectly consistent with those of

Wieser and Yasargil [64] in their series of microsurgical

amygdalohippocampectomies. Perirhinal and entorhinal

cortex are of a major importance in memory processing

[5]. Globally, it is estimated that 40% of patients with

MTLE operated microsurgically on the dominant side

have a significant postoperative short-term verbal memory

deficit [37, 58]. Clussman et al. [8] showed in their large

Bonn series of 285 patients that this deficit was slightly

more common (43.4 instead of 30.9%) when an anterior

temporal lobectomy was performed instead of an amy-

gdalohippocampectomy. Our first prospective trial of

GKR for MTLE found that in 65% of those who had

dominant temporal lobe treatment there was no evidence

of any neuropsychological deficit [6, 50]. Since that time,

our subsequent experience has confirmed this observation.

Nowadays we consider this memory-sparing benefit of

GKR as the major advantage of radiosurgery over MS in

patients with dominant temporal lobe MTLE. Thus, the

MTLE patients selected for GKR instead of MS are today

are those who may suffer more and longer if an additional

memory deficit is produced, namely young patients with a

high level of functioning, socially adapted, working, con-

cerned by the risk of MS and time off from work, presenting

with risk factors for verbal memory loss in case of resection

(no atrophy, dominant side, few neuropsychological deficits

before surgery) [14]. This group of patients are more often

highly functioning with a sufficient IQ enabling them to

understand well the peculiarities and nuances of radiosur-

gery. In addition they frequently do not have the more

severe epilepsies, which affords them the luxury of waiting.

The San Diego group has observed in patients tested during

Fig. 5 Radiological differences

after gamma knife radiosurgery

(GKR) and microsurgery (MS)

for MTLE
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the ‘‘acute phase’’ (when the acute MRI signs are still

present) a neuropsychological worsening in some patients

[29], but this group has not reported the long-term results of

their neuropsychological testing after resolution of the acute

MRI signs. We have observed the same verbal memory

sparing in our long-term MTLE patients treated on the

dominant side. This same observation has recently been

confirmed by the multi-centered Phase 1–2 trial in the USA

[4]. The mechanism of this functional preservation is still a

matter of speculation. It may be that at this dose regimen we

are not lesional at all. It may also be that the cell loss is

selective, affecting the glial environment primarily. Perhaps

we are inducing some neuronal and astrocytic damage but

the process is so slow and delayed that the brain has suffi-

cient time to reorganize functionally. Maesawa et al. [27,

28], in elegant work, have tested, in an a rat kainic acid

model of epilepsy, both the efficacy of radiosurgery and the

sparing of the memory. The control group (not treated)

continued to have seizures whereas rats treated with 30 Gy

(maximum dose) had a reduction in their seizure frequency.

The group treated with 60 Gy (maximum) had cessation of

seizure activity between 5 and 11 weeks after GKR. The

Morris water maze test was used for spatial memory testing

and spatial memory was highly abnormal in the control

group, but the radiosurgically treated 30 Gy group had a

normal spatial memory [27, 28].

Jenrow et al. [17] have reported in epileptic rats (kind-

ling model) that the selective reduction of densities in the

dentate granular cell layer and the medial CA3 pyramidal

cell layer was prevented or reversed by the irradiation at

25 Gy but not at 18 Gy. These experimental studies tended

to support the dose effect we have found in man [40].

Several magnetic resonance spectroscopy studies are show-

ing, at around 12 months (usual delay for clinical and

radiological major changes), a strong reduction of choline,

creatine, and N-acetylaspartate with elevation of the lactate,

pointing to lack of normal oxidative metabolism (ischemia)

[11, 15, 36, 38, 61, 62]. Dr Jason Sheehan and his group

report that for epileptic rats irradiated with 40 Gy to the

medial temporal lobe, immunohistochemical findings sug-

gest that at least one subtype of hippocampal interneurons

are selectively vulnerable to GKR. Neuronal cells seem to

have undergone a phenotypic shift with regard to calbindin

and GAD-67 expression (K. Lee, personal communication,

2009). Thus, this work suggests a selective vulnerability of

some neuronal subtypes to our proposed ‘‘neuromodula-

tive’’ effect.

Hypothalamic hamartoma radiosurgery for epilepsy

control is an even more convincing example of the

functional, non-lesional effect in GKR. As an interna-

tional referral center for this rare pathology, we have

treated more than 80 patients. Theoretically, the question

of epileptogenic zone (EZ) definition is straightforward.

The hamartoma itself, usually quite well delineated on a

high resolution MRI, is supposed to be the EZ [31, 51]

and defines the limits of the target, thus making the tar-

geting simpler than for MTLE. After the first multi-

centered retrospective trial [46], we have organized a

prospective trial [52]. In these case series, the vast

majority of the patients do not show any radiographic

changes on their follow-up MRI. More than 50% of the

patients are seizure-free and a large portion of the patients

have had a significant reduction in their seizure frequency

and associated significant improvement of their quality of

life. Interestingly, the psychiatric [52] and neuropsycho-

logical symptoms are also improving dramatically or

resolving completely, in a larger percentage of the

patients, even in those with no complete seizure cessation.

This effect on the co-morbidities usually occurs before the

effect on seizure control and in the absence of any

changes in the MRI. The clinical observation of profound

therapeutic effect with absolutely no histological necrosis

induced by radiosurgery is encouraging and is again

indicative of a neuromodulatory effect of radiosurgery on

the surrounding brain [51].

Conclusion

The CNS is known not to be capable of meaningful

regeneration of lost neurons or axons and dendritic con-

nections after injury. Thus a lesion in the brain may result

in permanent and severe loss of neurological function.

Classically, the CNS regenerative process fails, in our

opinion, for at least three reasons:

1 neurons are highly susceptible to death after CNS

injury;

2 the CNS extracellular matrix contains multiple inhib-

itory factors making growth impossible; and

3 the intrinsic growth capacity of post-mitotic neurons

are constitutively reduced by factors that inhibit CNS

regeneration and its potential strategies to overcome

those obstacles [16].

A radical change in the phenotype of the glial envi-

ronment may allow a functional readjustment phenomenon.

Neurons may have a more impressive capacity for adjust-

ing than previously suggested. Their intracellular machin-

ery may be able to adapt in response to changes in their

environment and some sort of retained developmental state

may have an amazing ability to correct internal errors,

battling the effects of such mistakes as mutations or mis-

folded proteins [35]. Our hypothesis is that radiosurgery,

under certain conditions, relying on non-necrotizing dose

conditions, may induce an important turnover of the glial

environment of neurons, enabling functional connections
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the opportunity to reset, reorganize, and overcome errors

disturbing their functional capability. Thus, let us create

‘‘Glial Chaos’’ in the system!
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