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Summary 
 

 

Doctoral thesis represents  results of analysis of  stereotactic radiosurgical treatment of 

meningiomas, benign intracranial tumors, and the risk factors related to the treatment in 368 

patients with 400 meningiomas treated at the Department of Stereotactic and Radiation 

Neurosurgery, Na Homolce Hospital in Prague between 1992 and 1999. 

 Detailed analysis of the results of skull base meningiomas was performed, as well as  

analysis  of  long-term results. An edema prediction model was created  in order to identify patients 

with higher risk for post treatment complications with its practical clinical implication.  

The actuarial tumor  5 and 10 years control was 97,9% and 94,7% respectively, what 

confirmes efficiency of radiosurgical treatment, with low permanent morbidity of 6,4% and zero 

mortality.  

Radiosurgery as a minimally invasive technique is a treatment of choice  of meningiomas in  

skull base filfilling size criteria; as a part of multimodal approach in large meningiomas, which 

cannot be excised completely, in patients, who would not tolerate operative procedure and in 

elderly.  

Doctoral thesis consists of seven chapters and 4 appendices.The first chapter deals with 

theoretical background of meningioma as a nosologic entity. Hypotheses and goals of the study are 

defined in the second chapter. The third chapter contains information on material and methods.  

Results of  study, both  mid-term and long-term, are featured in the fourth chapter. The fifth 

chapter is dedicated to discussion. Theoretical and  practical contribution  of study results to 

neurosurgery is discussed in the sixth chapter.  The seventh chapter deals with conclusions of the 

study.  Relevant published papers are presented as appendices 1 through 4.  
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“The tools used by the surgeon must be adapted to a task and where the human brain is 

concerned, they cannot be too refined.” Lars Leksell 

 

 Introduction 
 

Meningioma is a nosologic entity in a neurosurgeon` s daily practice. Because it is benign 

in most cases, there is a chance to cure the patient with its complete removal. On the other hand, 

there are other major challenges - difficult location and  often large size, as meningiomas are slow 

growing neoplasms and the surrounding brain has  time to adapt to its growth. Planning the 

treatment, one must consider the following - location and blood supply, proximity or encasement 

of vital structures like major blood vessels and cranial nerves, size, peritumoral edema, age and 

neurological symptoms of the patient. The goal is to deal with the meningioma to relieve reversible 

symptoms, prevent further expansion and at the same time to maintain  quality of life, as  longevity 

is  usually not limited by meningioma itself.  Wise decision making leads almost always to  a 

rewarding outcome.  

The goal of the study was to define  long-term results of Gamma Knife radiosurgery of 

intracranial meningiomas  and  identify the risk factors related to the treatment, with emphasis on 

edema occurence and possibility to prevent its occurence after the treatment.  

The object of the study was a group of 368  patients with 400 meningiomas treated at the 

Department of Stereotactic and Radiation Neurosurgery, Na Homolce Hospital in Prague between 

1992 and 1999. 

Doctoral thesis consists of seven chapters and 4 appendices. 

The first chapter deals with theoretical background of meningioma as a nosologic entity, from 

its histopathology, etiology, pathogenesis, symptoms,  diagnostic techniques to treatment options. 

Hypotheses and goals of the study are defined in the second chapter. The third chapter contains 

information on material and methods.  Results of  study, both  mid-term and long-term, are 

featured in the fourth chapter. The fifth chapter is dedicated to discussion. Theoretical and  

practical contribution  of study results to neurosurgery is discussed in the sixth chapter.  The 

seventh chapter deals with conclusions of the study.  Relevant published papers are presented as 

appendices 1 through 4.  
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1. Theoretical background 
 

1.1. Meningioma in historical perspective 

 

The oldest reported finding of a skull with several features of the inner cranial table 

consistent with a diagnosis of meningioma is the fossil of Homo Steinheimensis from 

Steinheim/Murr (Baden-Wurttemberg, Germany), approx. 365 000 years old. It consists of 

plagiocephalic cranium, with most of the facial skeleton intact. The estimated tumor volume was 

29 cm³. In view of  the demanding Pleistocene living conditions, a tumor of this size in conjunction 

with the small Steinheim cerebrum of only 1100-1200 cm³ ( modern brain 1300-1800 cm³) might 

have caused continual headache, severe hemiparesis and finally death. Fig 1. (17). 

Signs of hyperostosis were found in the skulls  of pre-Columbian Incas in the Peruvian 

Andes. A finding of a highly destructive meningioma of the skull base  was found in Alaska, from 

the Late Aleutan Phase and the skull with a frontal hyperostosis from medieval Rochester (cca 

1000-1800 AD). (4,18,32) 

 

 

 

 

Fig. 1 A lateral view of the median section of the reconstruction of the intravital situation. 

Sphenoparietal sinus (1), two wided branches of middle meningeal artery(2). At the bottom is a CT 

scan through meningioma region indicating the thinning of parietal bone.(17) 
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Swiss Felix Platter (1536-1614) was the first person who described meningioma in the 

autopsy of his patient, whose case he followed for 3 years, with the symptoms of gradual mental 

deterioration. 

Meningeoma itself has the most frequently changed nomenclature in the history of 

medicine. Tab.l. It was Harvey Cushing, who in 1922 introduced the term meningioma. He wanted 

the term to be simple and to  contain a „ tissue name“. 

Surgical treatment of meningiomas was started by Heister in 1743, in Helmstead, Germany.  

The first successful operation on a meningioma was performed by Zanobi Pechhioli (1801-

1866). Another successful operation, the removal of left olfactory groove meningioma was 

performed by Sir William MacEwen in 1879.  

One of the most important names related to meningioma is Harvey  Cushing, whose 

contribution to neurosurgery made him one of the most outstanding men in medical history. He 

introduced electrosurgery, after its introduction, Cushing`s case mortality dropped to 11,8% and 

operative mortality to  8,9% (3).  

 

 

 
 

Fig. 2 Harvey Cushing (1869-1939) (14) 

 
 

A further milestone in meningioma surgery was the introduction of the operative 

microscope by M.G. Yasargil in the1970s. Names connected to meningioma surgery and especially 

skull base approaches are  D. Simpson,  H. Olivecrona,V. Dolenc, O. Al Mefty, M. Samii, L. 

Sekhar, T. Kobayashi.  
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Year Author Nomenclature 

1743 Heister De tumore capitis 

1768 Acrel Cranii crebrique fungus cancrosus 

1774 Louis Tumeurs fongueuses de la dure-mére 

1913 Berlinghieri Sarcoma of the dura mater 

1830 Von Grossheim Dural fungus 

1831 Bright Fungoid tumor 

1834 Cruveilhier Tumeurs cancreuses internes de la dure mere 

1835 Pecchioli Fungus of the dura mater 

1851 Lebert Tumeurs fibro-plastique 

1854 Paget Myeloid tumor 

1856 Billroth Cylindroma 

1858 Bennett Epithelial cancer 

1859 Meyer Epithelioma 

1859 Virchow Psammoma (sand-like) 

1863 Virchow Sarkoma de dura mater 

1864 Bouchard Epithelioma 

1864 Cleland Villous tumors of the arachnoid 

1869 Robin Epithelioma 

1869 Golgi Endothelioma 

1874 Bizzozero&Bozzolo Sarcoma endotheloides alveolare et fasciculatum 

1879 Macewen Tumour of the dura mater 

1881 Cornil & Ranvier Sarcoma angiotelique 

1883 Novaro Sarcoma periosteale del cranio 

1883 Durante Fibroma 

1885 Durante Fibrosarcoma of the dura mater 

1887 Keen Itracranial fibroma, dural fibroma 

1892 Bramann Myxosarcoma 

1893 Pribytkov Sarcoma of meninx 

1894 Kortweg Fibroma of the pia 

1896 Hanseman Benign: cylindroma, syphoma, myxoma,chondroma 

   Malignant:sarcoma endotheliole, carcinoma endotheliole 

   carcinoma sarcomatosus endotheliole, adenoma endotheliole 

1897 Marchi Dural endothelioma 

1903 Starr Sarcoma(spindle cell, round cell, hyperostotic) 

1922 Oberling Neurofibrosarcomatosis 

1922 Cushing Meningothelioma 

1922 Cushing Meningioma 

1923 Penfield Osteogenic dural endotheliomas 

1923 Penfield Endotheliomata 

1927 Penfield Meningeal fibroblastomas 

1927 Learmonth Leptomeningioma 

1930 Del Rio-Hortega Meningo-exothelioma 

 

Tab. 1 Overview of terms used for meningioma. (3) 
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1.2  Histopathology of meningiomas  

 

          Meningiomas are defined as tumors arising from arachnoidal cap cells of leptomeninges, that 

are commonly associated with arachnoidal villi at the dural venous sinuses at the cranial nerve 

foramina, at the cribriform plate and medial middle fossa. Meningothelial cells of choroid plexus, 

tela choroidea and arachnoid villi at the spinal nerve exit zones are the origin of  intraventricular 

and pineal region meningiomas. They are derived from neural crest (telencephalic meninges) and  

from mesoderm. (18,62,83,108) 

           Meningiomas comprise 10-26% of brain tumors, the occurrence of which varies between 1-

6/100 000 population. The male to female ratio is 2-3:1, in Africans and Africans Americans the 

gender distribution is almost equal. Incidence for African Americans was found to be  higher 

(3,1/100 000 population) than for Caucasian Americans (2,3/l100 000). The incidence of 

intracranial meningioma increases with age, with the peak in the seventh decade. (18, 108) Of all 

intracranial meningiomas, 85-90% are supratentorial, one third to one half of which are located 

along the base of  the anterior and middle fossae. About 8% of meningiomas are multiple. In about 

2-3% they are found in autopsy, previously asymptomatic. (18, 64, 83)  

            Macroscopically meningiomas appear smooth and lobulated, with a fine vascular pattern on 

the surface. Most meningiomas are globular but according to specific location, they might be of 

different shapes, e.g. dumbbell (falcine, Meckels cave), tubular (optic sheath), flat or en plaque. 

Based on histological features  correlated with aggressiveness, like nuclear atypia, mitotic figures, 

increased celularity, sheeting, necrosis and brain invasion, WHO classifies and divides 

meningiomas into 3 grades. (18,107) 

 

Meningiomas WHO Gr. I  

Meningiomas WHO Gr. I  show  benign course and comprise about 90% of all 

meningiomas. Mitotic figures are seen only occasionally, although pleiomorphic nuclei do occur. 

The group is subdivided into several different variants: meningothelial, transitional, fibroblastic, 

psammomatous, angiomatous, microcystic, secretory, chordoid, metaplastic, lymphoplasmacyte 

rich  and clear cell. WHO Gr. I meningiomas may also present clinically-aggressive behaviors such 

as penetration of the arachnoidal border, destruction of the bone, rapid regrowth of a residual 

tumor, or recurrence of a totally resected tumor. Distinct molecular genetic and biochemical 

alterations differentiate clinically, as will be shown further -  aggressive WHO Gr. I meningiomas 

from clinically-benign WHO Gr. I meningiomas. This fact is clearly demonstrated by the 7 to 20% 
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recurrence rate of histologically benign meningiomas . MIB-l labelling index is  1.0-1.35% (18, 

74). 

 

Meningiomas WHO Gr. II 

Atypical meningiomas,  make up to 5-7%. Two subtypes of WHO Gr. II meningiomas are 

recognised on the basis of their architectural pattern: clear cell and chordoid meningiomas. WHO 

Gr. II tumors have a higher rate of recurrence (29 - 40%), particularly after partial resection. MIB-l 

labeling index is 1.9-9.3% (18, 74,107). 

 

Meningiomas WHO Gr. III  

Anaplastic or malignant meningiomas are  found in about 1-2%. They are subclassified on 

the basis of their architectural pattern into papillary and rhabdoid subtypes. Papillary meningiomas 

are rare variants and are mostly seen in children. There is  evidence of brain invasion, cellular 

sheeting, nuclear pleomorphism, increased cellularity, mitoses and necrosis. Metastases from 

intracranial meningiomas occur rarely; if they occur, the common sites of implantation are the 

lungs, liver, lymph nodes and bones.  Anaplastic meningiomas have obvious malignant cytology,  

high mitotic rates (20 or more mitotic figures in ten high power fields), or both. These tumors show 

local and brain invasion, recurrence and metastasesMIB-l labelling index is 5.6-19.5%. (18, 

73,74,107,108) 

 

Dural invasion 

 

There are several patterns of meningioma invasion into the dura mater: a papillary-shaped 

invasion with destruction of the dural structure, infiltration along the fibers of the dura mater, and 

invasion of several tumor cell units with a fibroblast infiltration. Strong immunostaining was 

obtained with MMP-1 ( matrix metalloproteinase -1), followed by AQP-1 ( aquapourin-1) and 

uPA( urokinase-type plasminogen activator), within the invading tumor cells. Neovasculature and 

extravasated erythrocytes, which stained with AQP-1, were also occasionally observed around the 

invading tumor cells.  The fact that AQP-1 was highly expressed at the dural attachment and the 

invading front of meningioma may indicate that dural invasion of the meningioma may be 

facilitated by an AQP-1-induced water flow and neovascularization and have important roles in 

meningioma invasion into the dura mater. (62)  

There is also evidence of meningioma infiltration into cranial nerves and blood vessels. 

(44,47) 
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1.3 Etiology and pathogenesis 

1.3.1 Etiology 

 

Among exogenic factors, the only one confirmed is cranial irradiation. Radiation induced 

neoplasm must fullfil the following criteria: 1. It must occur in an irradiated field, 2. It appears 

following appropriate, usually a long period of latency following irradiation and 3.  It differs  from 

any pre- existing neoplasms.   There were meningiomas published after scalp irradiation with low 

doses  for tinea capitis and after radiotherapy. Because radiation causes damage to DNA,  it might 

be hypothesized, that radiation leads to injury of  genetic material, found within the long arm of 

chromosome  22,  in the locus subtending the tumor supressor gene (18,108).  

 

1.3.2 Cytogenetics   

 

 Various genes have been idetified as having relation to meningioma, or their causative 

effect on meningioma occurence was confirmed  

NF2 gene. Mutations of the NF2 gene, which is located at chromosome 22q12 are found in 

meningiomas of all grades and are thought to be an early event in tumorigenesis. Up to 60% of 

sporadic meningiomas show a somatic mutation of the NF2 gene resulting in a non functional 

merlin or schwannomin protein. There is an connection between the histological variant and the 

frequency of NF2 mutations, with 70-80% of transitional and fibroblastic meningiomas  carrying 

NF2 mutations, compared with only 25% of meningothelial meningiomas.(48,51) 

The majority of multiple meningiomas with an NF2 gene mutation are of somatic and 

clonal origin. The spread of tumor cells via cerebrospinal fluid is the most likely mechanism to 

account for the development of these multiple meningiomas that confirms that multiple 

meningiomas are not a fruste form of NF2. (96) 

Other genes. The product of the DAL -1 gene (18p11.3), a member of the protein 4.1 

family, which has homology with merlin, has also been implicated in familial meningiomas, and 

meningioma evolution; loss of expression of this protein is an early event in tumorigenesis. (18, 

108) The next most common generic mutation seen in meningiomas are deletions of 1p, 9p (which 

contain the CDKN2A, also known as ARF or p16 gene) 3p, 6q, 10q, and 14q. A putative supressor 

gene is located at 1p36.21. Deletions of 1p, 9p, 10q, and 14q are associated with increasing 

histological grade and 14q deletions in benign meningiomas WHO Gr. I reflect a propensity for 
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recurrence. Allelic gain and amplification of 17q occurs in up to 60% of anaplastic meningiomas. 

Molecular screening for telomerase  activity and LOH / loss of heterozygocity on chromosomes 

1p, 9p, 10q could be useful in a clinical setting to complete WHO grading of meningiomas and to 

determine the most apropriate treatment of these locations. (13,18,48,51,74) 

Various other genes were differentially overexpressed, including midkine (mitogenic and 

angiogenic regulation) and t (associated with gene hormonal regulation). Other genes, including 

RAD ( an nm 23 metastasis supressor), BCR ( mediator of cell cycle growth arrest and apoptosis) 

and JUN-B (represses cyclin D and cell proliferation) were downregulated in tumors of Grades II 

and III compared with WHO Gr. I. tumors.(13) 

Cathepsin D is associated with a lower tumor grade, low mitotic count and low recurrence. 

Cathepsin K  expression is associated with aggressive phenotype meningioma, Cathepsins B and L 

are significantly higher in invasive types of benign meningioma. Cathepsin B may therefore be 

used as a diagnostic marker to distinguish histomorphologically benign but invasive meningiomas 

from histomorphologicaly clear benign tumors. (99) 

It has been postulated, that abnormal expression of certain proto-oncogenes may lead to 

neoplastic transformation of normal cells. In tests, all meningiomas expressed both c-sis/PDGF-2-

proto-oncogene and the PDGF receptor gene. (Maxwell et al l990 in 18) The coexpression of 

PDGF-R suggests an autocrine loop which may contribute to the growth and maintenance of 

meningiomas. Subsequently, it was possible to inhibit meningioma cell proliferation 

pharmacologically by PDGF antagonist.(18) 

 

1.3.3 The role of regional heterogenity of chromosomal aberations and clonal 
evolution 

 

Regional  heterogenity of chromosomal aberrations decreases with increasing meningioma 

histopathological grade, with aberrations being more homogeneous in higher grades. Thus, 

regional heterogenity of aberrations is common in lower-grade meningiomas and the intercellular 

prevalence of aberrations becomes increasingly homogeneous as meningioma grade increases (i.e., 

more cells contain the aberrations). (74) 

Based on the intertumoral cytogenetic heterogenity of meningiomas, multicolor interphase 

fluorescence in situ hybridization (iFISH) studies performed for detection of quantitative 

abnormalities for eleven different chromosomes have shown, that the pathways of intratumoral 

clonal evolution observed in the benign tumors were different from those observed in 
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atypical/anaplastic meningiomas, suggesting that the latter tumors might not always represent a 

more advanced stage of histologically benign meningiomas. Fig. 3.  In the great majority of 

meningiomas, two or more tumor cell clones carrying different chromosomal abnormalities were 

present. Development of a tumor is thought to start with the clonal expansion of a single cell 

carrying a mutation that leads to a growth/survival,  and subsequently any cell of this original clone 

may acquire additional genetic alterations with potentially selective proliferative advantages in 

these subclones. Therefore tumors develop in a multi-step process through the accumulation of 

genetic changes. According to the concept of clonal evolution, complete or partial loss of either 

chromosome 22, X or Y chromosome, del (1p) or less frequently of chromosome 14.14q alone or 

in combination with other chromosomes, e.g. monosomy 10/10q, 18/18q, would frequenttly 

represent the earliest detectable cytogenetic event in meningioma tumor cells. Cytogenetic patterns  

present in histologically benign tumors are different from those in atypical/anaplastic tumors. 

While monosomy 22/22q was commonly present in the earliest tumor cell clone observed in Grade 

I meningiomas, it was only detected in a minor proportion of all atypical/anaplastic tumors. In turn, 

isolated losses of a sex chromosome, del (1p) and monosomy 14  in the ancestral tumor cell clone 

were characteristic of atypical/anaplastic tumors. (84)  

 

 

 

Fig. 3 Genetic heterogenity of meningiomas. Hypothetical intratumoral aneuploidization.(84) 
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1.3.4  Growth  factors and angiogenesis 

 

Angiogenesis is a formation of blood vessels from a preexisting vascular bed. It consists of 

two distinctive processes; the sprouting of endothelial cells and the splitting of vessel lumen by 

intususceptive microvascular growth. Tumors are angiogenesis dependent. Once the tumor cells 

are able to induce neovascular formation, neoangiogenesis starts and the tumor starts to grow 

rapidly, it increases its invasive and metastatic potential. (29) 

VEGF ( vascular endothelial growth factor) is an endothelial cell specific cytokine, 

produced by meningothelial cells, which induces  proliferation and migration of endothelial cells 

and dramatically increases capillar permeability. VEGF is both an angiogenic and vascular 

permeability factor and it plays a central role in neovascularisation and tumor stroma generation.  It 

is also related to stromal degradation through activation of proteolytic enzymes that are involved in 

tumor invasiveness and angiogenesis. Hypoxia is an inducer of  the VEGF expression, and 

pathological vascular network of the tumor perpetuates hypoxia, promoting angiogenesis. There 

was a significant correlation between microvascular density and VEGF expression, as well as with  

VEGF mRNA expression. (7,37,75) 

An increase in vascular permeability is likely to be mediated through endothelial 

cytoskeletal rearrangements, associated with intracellular calcium, allowing the opening of 

endothelial tight junctions which are crucial for integrity of the blood brain barrier. Glucocorticoids 

are transcriptional inhibitors of VEGF production, therefore they are used to alleviate peritumoral 

edema. (77) 

EGFRs ( epidermal growth factor receptors)  expressed by meningiomas are activated; they 

interact with and phosphorylate Shc, a SH2 domain containing adapter protein that is important in 

transducing mitogenic signals from EGFR to the nucleus via activation of the Ras signaling 

pathway (a major mitogenic cascade used by many receptor and non receptor tyrosin kinase). 

These results support the concept that activation of EGFRs in human meningiomas by 

autocrine/paracrine stimulation (by endogenous ligands, EGF and especially TGF alfa, which are 

also expressed by meningioma) may contribute to their proliferation. Activated EGFRs are capable 

of activation of the Ras signaling pathway; this mechanism can be used in possible biological 

therapy.(10) 

In vitro, there was found a presence of Coxsackie virus and Adenovirus receptor (CAR) for 

Adenovirus type 5, as well as for EGFR and alpha integrins (ITGAVs). The direction of 
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Adenoviruses to EGFR or integrin receptors is promising in future gene therapy of meningiomas. 

(21) 

PDGF (platelet derived growth factor)  and EGF (epidermal growth factor) act as a growth 

factor in meningiomas. (7,8)  

Tenascin is an extracellular matrix glycoprotein that is expressed during embryogenesis, 

inflamation, angiogenesis, invasion and migration and carcinogenesis. In meningiomas, tenascin 

expression is correlated with anaplasia, tumor associated edema and VEGF expression. It plays a  

role in the neoplastic and angiogenic process in atypical and malignant meningiomas and might be 

a potential target for meningioma therapy.(37)  

Fibronectins (FNs) are adhesive glycoproteins mainly expressed in the extracellular matrix. 

The isoform ED-B occurs in foetal and neoplastic tissues, it has been recognised as a marker for 

angiogenesis. It was found in the vessels of anaplastic meningiomas, with its expression restricted 

in the vasculature of typical subtypes and absent in neighbouring cerebral tissue. This way it might 

provide a potential target for in vivo delivery of angiosupressives. (11) 

 

1.3.5 Hormone receptors in meningiomas 

 

Progesterone receptors (PR) are expressed in about 50-88%, they are functional and play a 

role in meningioma growth. Several studies have shown a connection between high PR expression 

and good histological grade, lower frequency of recurrence and overall favourable prognosis. 

There is  evidence that PR status seemed to be associated with changes near the NF2 gene on 22q 

(mutations which are identified as being an important initial event in meningioma development) 

continues to suggest that hormones are likely to play an important role in either the development or 

progression of some meningiomas and/or that PR status may be an important clinically measurable 

indicator variable of that role. (13,18,25,108) 

Somatostatin receptos are expressed in 70-100% meningiomas. Their presence can be used 

to image tumors with radiolabelled  substances, which is especially useful for postoperative 

detection of residual or early recurrent tumors. (18,108) 

There is evidence of growth hormone receptors and estrogen receptors, their role is still 

unclear (18,108). 
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1.4 Peritumoral edema  

 

Meningiomas are surrounded by edema in 40-60%. The causative factors of peritumoral 

edema is the type of arterial blood supply; pial blood supply in particular;  and vascular endothelial 

growth factor (VEGFs). VEGF is an endothelial cell specific cytokine, produced by meningothelial 

cells, which induces  proliferation and migration of endothelial cells and dramatically increases 

capillar permeability. VEGF is both an angiogenic and vascular permeability factor; it plays a 

central role in neovascularisation and tumor stroma generation  It is also related to stromal 

degradation through activation of proteolytic enzymes that are involved in tumor invasiveness and 

angiogenesis. Meningeomas are variable in its expression, whereas all gliomas secrete significant 

amounts of VEGF. (29,106)  

Peritumoral edema requires both an expression of VEGF as well as a mechanical factor 

such as obliteration of  the subarachnoidal space that allows VEGF /VPF to penetrate and act on 

the peritumoral brain vasculature. Secreted VEGF from the tumor enters  the brain tissue through 

the disrupted arachnoid, promotes the proliferation of microvessels, increases the number of pial 

feeding arteries and  promotes edemagenesis which induces adhesion to the surrounding brain 

tissue. Such adhesion make separation of the tumor capsule from pia mater difficult and causes 

tumor cells to remain in the surrounding brain after surgery. Remnant tumor cells secrete VEGF, 

which would induce neovascularisation and support the growth of meningioma cells. VEGF is a 

strong predictor of recurrence. (7,75,77,92,104,106) 

 

 

1.5  Natural history of meningiomas 

 

Natural history of meningioma is not fully understood, even though it is possible to predict 

its growth to a certain extent based on typical radiological features. Benign meningiomas are slow 

growing tumors and it takes often years, sometimes decades, until they become symptomatic. The 

growth of  benign incidental meningioma is often well tolerated by surrounding brain, which can 

adapt to slow increase of tumor volume, as the opposite to rapid growth of malignant tumor. 

Natural history of meningiomas can be studied in patients, in whom incidental meningiomas were 

found and who are not candidates for operative surgery due to various reasons, such as 

asymptomatic meningiomas in elderly, serious health conditions, refusal of treatment etc. 

Incidental meningiomas are diagnosed more frequenty with increased availability of CT a MR 
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scanners. The majority of scans are performed due to non-specific complaints, such as headache 

and dizziness. 

Few published studies on natural history of meningiomas came to the same conclusion, that 

meningiomas containing calcifications in elderly, without perilesional edema, have low growth 

potential and can be observed. Large meningiomas in younger patients, especially the ones with 

collateral edema are symptomatic, or become symptomatic during short period of time. There is an 

evidence of meningiomas behaving more aggressively in male patients. As published by Olivero 

(69), growth rate of meningioma might vary between 0,2 cm to 1 cm annually. 

(45,64,66,69,101,105)     

The growth pattern of meningiomas is not linear and during its life, meningioma might 

show different growth patterns. In patients who underwent surgery for their meningiomas, it is 

possible to predict behavior of eventual remnant of the tumor by investigating their growth 

potential by Ki-67 and MIB-1. Remnants of resected meningiomas have, however,  higher growth 

potential. (101,105) 

Natural history of each incidental meningioma should be followed by follow up scans. 

After the diagnosis of meningioma is set, first follow up scans are recommended in 2-3 months, to 

rule out malignant meningioma with higher growth potential, or other lesions that might mimic 

benign  meningioma.  Further follow up scans should be performed annually, or when the patient 

becomes symptomatic. (66,105) 

 

 

1.6 Presenting symptoms 

 

There is no single symptom or sign that alone identifies the patient with intracranial 

meningioma. Meningiomas arise from dura at any site, most commonly the skull vault, skull base, 

sites of dural reflexions (falx, tentorium). Less common is the optic nerve sheath and choroid 

plexus. 10% of meningiomas arise in the spine. Very rarely, meningiomas have arisen wholly 

outside the craniospinal axis, in the ear and temporal bone, mandible, foot, mediastinum and lung. 

 The most common symptoms  are headaches, paresis, seizures, personality changes and 

visual impairment. Meningiomas in a specific location may have a typical clinical presentation. 

Olfactory groove meningiomas present with anosmia and the Foster-Kennedy syndrome (optic 

atrophy and scotoma in the ipsilateral eye and  papilledema on the contralateral side). Tuberculum 

sellae meningiomas present often with ipsilateral optic atrophy and incongruous bitemporal 
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hemianopsia. Cavernous sinus meningiomas often present with proptosis and diplopia. Optic nerve 

sheath meningiomas often lead to progressive visual acuity decline, color blindness, and finally 

complete loss of vision because of the lesions’ intimate circumferential relationship with the optic 

nerve and its vascular supply. Foramen magnum meningiomas present with nuchal and 

suboccipital pain. (18,22) 

Some meningiomas are diagnosed incidentally in asymptomatic patients as a result of the 

patients having CT or MR scans carried out on them for a different reason. For an asymptomatic 

patient, an individual approach according to location, size and the age of patient should be utilized.  

 

1.7 Diagnostic modalities 

 

CT and enhanced CT 

CT identifies most meningiomas and has the advantage of bone window, which shows bone 

involvment, e.g. hyperostosis or bone lysis. Also, calcifications are clearly seen. Non- enhanced 

CT scans of typical meningioma shows an isodense or slightly hyperdense mass; calcification  

range from punctate calcifications to dense areas. Intravenous contrast shows  intense, homogenous 

enhancement. About 15% of meningiomas  have atypical appearance, with the presence of cysts, a 

hemorrhage or necrosis. (18) 

 

MR 

MR is necessary to perform on every patient with meningioma, as it shows details 

important for surgery as well as for radiosurgery, i.e. the proximity of cranial  nerves, major 

vessels and their distortion. On T1 images  60-90%  of meningiomas are  isointense, whereas  10-

30% are mildly hypointense. T2 images show hyperintense meningiomas in 30-45% and isointense 

in about 50%. Specifically, meningothelial and angioblastic variants have a higher signal on T2 

than fibroblastic and transitional meningiomas. It is also important in the assessment of peritumoral 

edema, hyperintense on T2 images. In contrast MR provides the highest level of meningioma 

detection. It shows often „dural tail“ enhancement beyond the margins of mass lesion of 

meningioma, showing infiltration of dura, which needs to be resected to prevent recurrence, 

whenever possible. Postoperative MR shows residual or recurrent meningioma.   

 

 

 



 20 

Angiography 

Angiography has been recently replaced by CT or MR angiography to assess the blood 

supply. Selective angiography is often combined with embolisation to decrease blood loss during 

operations. It offers valuable information  about the vascular blood supply, which can predict the 

resecability of meningioma, obtaining the plane of cleavage.(18)  

Magnetic resonance spectroscopy 

Magnetic resonance spectroscopy helps  to distinguish different pathologies preoperatively. 

Alanine has generally been found to be elevated in meningiomas relative to other tumors and the  

normal brain. Its ocurrence is lower in those meningiomas that rapidly recur. Its concentration  

correlated to the presence of chromosomal aberrations and was found to be lower in meningiomas 

with aberrations. Alanine is thought to be  a so-called "normal" part of the metabolism of 

meningioma cells or the progenitor cells of a meningioma (i.e., arachnoidal cap cells or the dura).  

Choline is generally elevated in tumors compared with the normal brain; it  is a generic marker for 

brain cancers and tumors of other tissue types. Elevated choline peaks are also seen in regions of 

high tumor cell density where tissue has not necessarily been anaplastic. Meningiomas have been 

shown to have choline concentrations comparable to Grade III astrocytomas  and meningioma cells 

may have phosphocholine/glycerophosphocholine ratios as high as those seen in glioblastoma 

cells. 

Creatine is typically very low in meningiomas, especially in comparison with levels seen in more 

malignant tumors such as medulloblastomas and glioblastomas. A creatine level thus could be  an 

indicator of aggressive behavior. (73) 

A typical proton MR spectrum shows a marked increase in the choline signal, which reflects an 

increased pool of membrane components necessary for cell proliferation.This feature is typical for 

most intracranial neoplasms and therefore it is not specific for meningioma. A marked reduction of 

NAA( N-acetylaspartate) and PCr/Cr peaks is typical for meningioma.(73) 

 

1.8 Meningioma treatment 

1.8.1 Surgery 

 

It is the most common primary management of meningioma. Simpson described the 

recurrence rates according to to the extent of surgical resection (91). Although his series was 

retrospective and  was done before CT and MR and microsurgery, the importance of the extent of 

tumor and dural resection  has been confirmed in several subsequent studies. On the other hand, 
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CT and MR available today would probably cause the regrading of the meningioma excision.  

However, in all these studies  the rate of meningioma recurrence  increased  when the follow up 

period was extended.  Even after a Simpson grade 1 resection, a recurrence rate of 20% 10 years 

later has been reported. 

Even though total excision is the ideal goal, many tumors cannot be totally excised  because 

they are enveloping vital neural or vascular structures or are en plaque. With the introduction of 

MR, many of these cases were diagnosed when the tumor was small, which led to a trend of 

attempted total excision of these lesions by various novel skull base and microsurgical approaches. 

Most of these case series have methodological problems and are subject to bias. Subsequent long 

term follow ups suggested that successful complete excision is rare and that the morbidity 

associated with attempted removal is significant, particularly for meningiomas involving cavernous 

sinus, the petroclival region, the posterior part of the superior sagittal sinus, the optic nerve sheath 

and for spheno-orbital en-plaque tumors. For skull base meningiomas, the chance of complete 

excision is 20-97,8% , with a risk of  up to 46% of cranial nerve deficit and 0-11% mortality.  

Attempts at excision of these lesions can cause catastrophic vascular injury or disabling cranial 

neuropaties. By contrast, most convexity and spinal meningiomas and  many falcine  can be 

excised without significant morbidity. Parasagittal meningiomas infiltrate  superior sagittal sinus, 

which is difficult to manage especially in its posterior part. One can either resect meningioma 

completely with the reconstruction of the superior sagittal sinus or leave the residual for 

stereotactic radiosurgery. (1,2,5,6,15,16,19,22,23,30,31,33,52,58,61,68,70,80,81,85,86,98,103) 

 

1.8.2 Endovascular treatment 

 

With recent advances in the design of interventional neuroradiology catheters and 

microvascular techniques,  the importance of endovascular therapy has increased substantially. 

Selective embolisation of feeding arteries can be achieved by glue or coils. These can be highly 

effective in devascularising the tumor; preoperative embolisation reduces blood loss during 

subsequent surgery. The question remains the precise timing between embolisation and resection. 

Embolisation can induce histological atypical changes associated with benign WHO Gr. I 

meningioma, since tumor necrosis will follow embolisation. Although atypical features might be 

seen in embolised meningiomas, they may reflect a primary tumor grade. (18) 
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1.8.3  Radiotherapy 

 

The clinical benefit of radiotherapy is clear in atypical  WHO Gr. II and anaplastic WHO 

Gr. III, after incomplete resection, in recurrent  tumors too large for stereotactic radiosurgery or in 

a patient in whom serious health conditions preclude surgical resection. Delayed complications are 

however significant, so the treatment should be  recommended for young patients cautiously. Most 

of the studies included data from the pre-CT and MR era, local control is defined very loosely, 

most studies use radiological criteria only and  a few studies have reported changes in neurological 

functions. The application of radiotherapy has evolved with imaging and conformal planning. (56)  

 In cases where a tumor is close to optic pathways or encases it, high precision fractionated 

stereotactic radiotherapy is recommended as the treatment of choice. (87,89) Radiotherapy, both 

conventional and stereotactic, has recently been shown to have good efficacy, with local tumor 

control and stabilization or improvement of the visual function, and has been recommended as the 

best option for most cases. Primary  optic nerve sheath meningiomas (ONSMs) arise from 

meningoepithelial cap cells of the arachnoid villi and can develop at any location along the entire 

course of the optic nerve sheath. Secondary ONSMs may arise from tissues outside the orbit, 

namely the cavernous sinus, falciform ligament, clinoid processes, sphenoid wing, pituitary fossa, 

planum sphenoidale, tuberculum sellae, frontotemporal dura, and/or the olfactory groove, and 

secondarily grow into the optic nerve sheath. The growth pattern is typical for meningiomas, and 

growth normally follows the path of least resistance.  Visual improvement was reported in  25-40% 

of eyes with no progression.  

For meningiomas that recur even after radiotherapy, hydroxy urea, interferon alpha and 

progesterone agonist have been used experimentally. (108)   

 

1.8.4  Prediction of meningioma recurrence 

 

Meningioma recurrence may have the most significant impact on patient survival and 

quality of life and, thus, may be the most important component of the clinically - aggressive 

definition, yet the likelihood of recurrence of these tumors is difficult to predict in vivo. The best 

predicting factor is a Simpson grading system of resection. According to its definition, Simpson 

Grade 1 is macroscopicaly complete removal, excision of the dural attachment and abnormal bone; 

Grade 2 is macroscopicaly complete removal, with coagulation of the dural attachment; Grade 3 is 

macoscopicaly complete removal, without resection or coagulation of the dural attachment; Grade 
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4 is a partial excision and Grade 5 is biopsy. 5 year recurrence rate for Simpson 1 is 9% (4-15%), 

16% for Simpson 2 and 29% for Simpson 3.  These numbers might however be imprecise, in a 

long term perspective as well as with increasing diagnostic possibilities  recurrent  meningioma 

might be discovered in more cases. Clinical and pathological findings are the current standard for 

diagnosis and prognostication of meningiomas, but the behavior of an individual meningioma may 

still be difficult to predict. Immunohistological methods such as MIB-1, progesterone receptor, and 

vascular endothelial growth factor (VEGF)  staining as well as S100A5  protein have shown 

promise for evaluating aggressive potential in meningiomas. (28,91) 

Additionally, fluorescent in situ hybridization (FISH) and 1H magnetic resonance 

spectroscopy (MRS) may show promise for the development of diagnostic and prognostic tools to 

enhance clinical and pathological diagnostic criteria. FISH may be especially sensitive in 

predicting clinical behavior because it allows direct observation of chromosomal abnormalities that 

can be correlated with a specific phenotype or clinical parameter such as recurrence. Tumors that 

present with complex genetic alterations, even those with a benign histological grade, are 

potentially aggressive and require a closer follow up. FISH is also more sensitive than standard 

cytogenetic methods in that it can be done directly on tissue and does not require dividing cells. 1H 

MRS has shown diagnostic promise because it can be used to measure the concentrations of major 

metabolites in brain tumors in vivo and with excellent resolution on ex vivo tissue samples, thereby 

providing a noninvasive quantitative measure of  tumor metabolism. (74) 

Meningiomas that recur within a 5-year follow-up period may share a significant amount of 

genetic and biochemical characteristics sufficient to classify them more adequately than is 

currently done within the WHO grading system. In MRS, the ratio of glutamine to glutamate tend 

to be higher in rapidly recurring meningiomas (3,13, 74). 

Proliferative  potential of tumours can be quantified, using BUdR, Ki67, MIBl or PCNA, 

which are helpful in the prediction of clinical behavior of the tumor. BUDrR, 5-bromdeoxyuridine 

is incorporated into cells during the S phase and the monoclonal antibody, Ki-67 (Ki LI) reacts 

with a human nuclear antigen which is expressed only in cycling cells but not in quiescent cells. 

The monoclonal antibody MIB-1 can detect the Ki-67 antigen. Labelling indices of BUdR LI and 

Ki LI represent the proliferation activity of brain tumors.  Invasive phenotype,  positively 

correlated with histological grading, may be  observed in Gr. I meningioma.  BUdR LI is in benign 

less than l%, in  recurrent meningiomas 1%, in malignant meningiomas 5%.  Ki LI of recurrent 

meningiomas increased from 5% to 20%. They correlate with tumor doubling time. Identification 

is  effective in predicting the clinical course and planning the best individual treatment. Other 

biological factors, such as apoptosis related proteins (p53,p21WAF1, and p27Kip1) or growth 
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factors ( transforming growth factors alpha and beta and PDGF) are important in meningioma 

progression or recurrence; this link is also suggested by findings in childhood meningiomas in 

which MIB-1 labelling indices are similar to those in adults, although meningiomas in children 

behave more agressively. (18,34,83,108) 

Cathepsin B may be used as a diagnostic marker to distinguish histomorphologically benign 

but invasive meningiomas from histomorphologicaly clear benign tumors. (99) Benign 

meningiomas that are PR positive, are less likely  to recur. (25, 63) According to Yamasaki (104) 

the best predicting factor for recurrence is VEGF, followed by MIB1. 

 

 

1.9  Gamma Knife radiosurgery 

 

1.9.1  Historical background of radiosurgery 

  

Stereotactic radiosurgery is a technique for the non invasive  affecting of intracranial tissues 

or lesions that may be inaccessible or unsuitable for open surgery.  

 Lars Leksell introduced the term „radiosurgery“   back in  1951.  

 

 
                  

Fig. 4 Profesor Lars Gustaf  Leksell   1907-1986  (110) 
 

 

 

 

   
 

 The idea was to  obtain a local necrosis by delivering by energy sources outside the brain.  

The first prototype of the Gamma Knife was installed  at the Sophiahemmet Hospital in Stockholm 

in 1967. The first patient treated in 1968 was a patient with craniopharyngioma. The first vestibular 
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schwannoma was treated by Steiner in 1969, the first AVM by Steiner and Backlund in 1970 and 

the first meningioma by Backlund in 1971. (35) 

                                                            

Fig. 5 Prof. Leksells stereotactic frame. (110) 

 

In spite of the fact, that radiation was used, Leksell introduced the term radiosurgery, 

because  the procedure is  performed by a combination of mechanicaly directed instruments and 

modern radiation physics, albeit using another physical agent  in place of the knife or 

radiofrequency heat lesion.(35,50) 

 

                                          

Fig. 6 Prof. Leksell and the patient inside the Gamma Knife. (111) 

 

The greatest advantage of radiosurgery is its precision as well as the fact, that it delivers a 

high focused radiation dose to the tumor with a steep fall-off  of the dose  and thus sparing normal 

brain tissue. (55) At present, stereotactic radiosurgery is most commonly used for the treatment of 

arteriovenous malformations, vestibular schwannomas, meningiomas, pituitary adenomas, 

metastases and trigeminal neuralgia. (50, 97) 
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1.9.2  Radiobiology of radiosurgery  

 

 Mechanisms of radiation damage 

 

The impact of irradiation can be detected at various levels of organisms at different times 

after the tissue was irradiated. In general, three phases can be distinguished:  

The physical phase covers the interaction of ionizing radiation with atoms and molecules.  

The secondary electron with high energy passes through DNA in about 10
18

 to 10
14

 s. During this 

phase interaction between secondary electrons and orbital electrons occur, resulting in ionisation or 

excitation of atoms and molecules. In the case of  the energy of released electrons being high 

enough to affect other molecules, a cascade process of ionisation can occur. For the dose of  1 Gy, 

there is 10
5
 of ionisations in the volume of every irradiated cell of aprox. 10 μm.  (53) 

The chemical phase; during this phase damaged atoms and molecules interact with other 

cell components in chemical reactions. Ionisation and excitation lead to the disruption of chemical 

binding between atoms and molecules and give rise to free radicals. Free radicals are very active 

and they interact further with other chemical substances to achieve a new equilibrium. The 

reactions run for 1 ms from the beginning of irradiation.  

The biological phase covers all subsequent processes. It begins with an enzymatic reaction 

of damaged  DNA.  Many single strand breaks are repaired by the second part of DNA helix and 

represent thus sub lethal damage. Double strand breaks are usually not repaired, or repaired 

imperfectly, what leads to structural chromosomal aberrations: dicentric chromosomes, ring 

chromosomes, fragments, translocations.  

Ionizing radiation causes changes to the genetic information of cells as well as to the cells 

in general.  The effect of radiation depends on its type, absorbed dose, volume of irradiated organs 

and tissues. It can be direct or indirect. 

Direct effect is a result of interactions between electrons, neutrons and photons with 

important structures. It requires a sufficient dose and a target, which might be the cell with a large 

or doubled nuclei; they are radiosensitive, e.g. stem cells and proliferating cells. Their proliferation 

depends on enzymatic systems, which can also be affected by radiation via direct or indirect 

mechanisms (electrons, free radicals). Proliferating, quickly dividing cells have short cell cycles 

which leave the cell with less time to repair radiation damage. (53) 

Indirect effect  caused by X ray and gamma rays, is mediated  by free radicals, which  

interact with the DNA,  leading to damage of DNA bases, saccharides, bindings within DNA helix, 

single and double breaks.  
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A schematic cascade of interaction between electrons and substances can be written as follows:  

Gamma radiation + H₂O  →   H₂O* + e⁻ 

H₂O* + H₂O  →     H₂O* + OH*   (1) 

H₂O*  →   H* + OH*     (2) 

H₂O + e⁻→   H₂O*     (3) 

H₂O*+ e⁻   →    H* + OH*    (4) 

H* + O₂   →    HO₂*     (5) 

e⁻ +  nH₂O  →   e⁻ aq     (6) 

OH* + OH*  →   H₂O₂    (7) 

 

Hydroxyl radical OH* from equation (1) and (2)  is a powerful oxidizing agent. In equation 

(6) electron and water molecules give rise to hydrated electron which is a powerful reduction 

agent.  Water decomposition gives rise to OH* also in equation (3).  Hydrogen radical H* has both 

strong  oxidizing and reduction properties. Free radicals enter two types of reactions competing 

against  each other. They react with molecules of chemical substances and with each other. (53) 

 

Direct and indirect effects of irradiation might result in any of three different kinds of cell 

deaths: 

1. Cell death in interphase: this type of death occurs after the application of high doses caused by 

destructive radiation.  

2.  Mitotic cell death: the cell loses its propensity to divide.   

3. Apoptosis e.g. cell death programmed genetically.  Changing the genes of the cell, apoptosis can 

be facilitated or postponed. (53) 

 

Key volume from a radiobiological point of view is the DNA in nucleus, mitochondria, 

enzymatic systems and cell membranes. DNA damage can affect genes, chromatids or 

chromosomes.  Irradiation causes gene instability by DNA damage, and leads to the induction of a 

stress cell reaction.  Information transfer within the cell is regulated by signal chains, which are 

composed from five essential components: membrane proteins, enzymes regulating protein 

phosphorylation, cell proto-oncogenes, connecting proteins and transcription factors.  Irradiation 

affects the classic signal pathway leading from the membrane receptor to the nucleus; damage to 

DNA activates another signal pathway, signaling to the cell the damage of its DNA, what leads to 
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reparation processes. To understand the effect of radiation to the cell, it is important to know, in 

which part of the cell cycle the cell is most radiosensitive and when it is radio resistant.(6,53)  

 

Cell cycle and radiosensitivity 

 

A cell cycle is the time interval between two divisions of a cell. It is regulated by a number 

of enzymatic and non enzymatic substances, cytokines and protein kinases; it consists of a 

preparation phase (interphase) and from cell division- mitosis.   

The G0 phase. The division of the cell has been finished. Many differentiated cells, which will not 

replicate, remain in the G0. This phase is regulated by a regulation node at the beginning of the G1 

phase.  Some cells have a propensity to return to the G1 phase  (hepatocytes).  Cells in the G0 

phase are the most resistant to radiation treatment. In  the population of tumorous cells, cells 

coming to the G1 phase from the G0 are responsible for recurrence of  disease.  

The G1 phase, post mitotic phase. Cell grows  and prepare for their next division,  DNA control 

and reparation  occur during this phase, before replication in the next phase.  

The S phase, synthetic phase. DNA is replicated, doubled. Every chromosome is doubled, 

consisting of two sister chromatids.  

The G2 phase . In this phase, the doubling of the organelles and synthesis of  cell substances 

necessary for cell division occur. In this phase, control of doubled chromosomes, i.e. double 

checks occur. Genes with mutations are repaired before entering mitosis. Low  radiation doses 

introduce the block in the G2 phase. Control genes slow the G2 phase down and enable the cell to 

repair the damage. Higher doses damage also those control genes and so reparation cannot occur.  

M phase- mitosis. It consists of four phases of cell division- prophase, metaphase, anaphase, 

telophase.  Cells in the mitotic phase are the most radiosensitive.  
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Fig. 7 Cell cycle. (111) 

 

  The cell cycle in normal cells is about 20-22 hours long.  In tumorous cells, this interval is 

prolonged. The length of mitosis, S and G1 do not change. If both cells entered a new cycle after 

the termination of mitosis, cell population would double with every cell cycle. This would be 

however an exceptional situation, as some cells do not divide after mitosis. The other cells will 

differentiate and die, and some other cells will get the impulse to synthesize DNA and stay in the 

G1 phase or remain in the G0 phase. Cells in the G0 phase are difficult to address by radiation 

therapy and  after a particular impulse, they turn to the proliferative phase, e.g. cells in the G0 

phase might activate after decreasing the number of tumorous cells by surgery, necrosis etc.  Cells 

with a long cell cycle and a long G1 phase show radioresistance in the late G1 phase.(6,53) 

The most sensitive cells to irradiation are immature cells with a large nucleus, with 

intensive metabolism, cells that are growing fast, dividing fast and cells with preprogrammed death 

(apoptosis).  These cells are contained in early responding tissues, including precursors of blood 

elements and epithelial cells of the intestine. Post radiation response can be detected within days to 

months. On the other hand, late responding tissues contain a large fraction of cells in the G0 phase. 

Post radiation response can be detected within months to years. Tissues and organs, however, 

consist of both early and late responding tissues, e.g. capillaries and blood vessels which respond 

both early and late. (53) 
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The goal of radiosurgery in benign tumors is not the eradication or removal of tumorous 

population in terms of complete regression; it is its impact on  proliferating cells.  After the 

treatment, changed stroma and differentiated cells in the G0 phase persist. The treatment response 

is late, 2-5 years.(6,53)  

 

1.9.3 Technical aspects of radiosurgery 

 

Stereotactic radiosurgery is a treatment method of brain lesions utilizing a focused external 

beam ionizing radiation.  The goal is to apply a sufficient dose precisely to the target volume of a 

particular size, shape and location to achieve the desired radiobiological effect within the lesion 

and at the same time to spare the surrounding brain tissue.  Three different sources of ionizing 

radiation are used for radiosurgery:  

1. Focused ionizing gamma irradiation from  nuclear sources Co (Gamma Knife) 

2. Focused ionizing  X irradiation in a linear accelerator (LINAC) 

3. Charged heavy particles in cyclotron 

Since photon beams used for radiosurgery are limited to a relatively narrow energy range, the 

only consequential photon interaction is the Compton effect. This interaction is viewed 

conceptually as an elastic collision between a bombarding photon and a free atomic electron (an 

electron with a small binding energy).  Their energy is low in  comparison to the bombarding 

photon energies encountered in radiosurgery and they appear to the radiosurgery beam as free 

particles. With every photon-electron interaction the photon transfers all or a portion of their 

energy to electrons. Thus, photon energy decreases exponentially with the depth from the surface 

of the medium and likewise the number of electrons that are set in motion. Unlike photons, which 

are attenuated exponentially, electrons are charged particles that have a finite range in the 

absorbing medium. As electrons created at the surface of the substance near the end of their range, 

the absorbed dose builds up until it reaches the maximum. Beyond this depth of a maximum dose, 

the shape of the fall of the curve matches the exponential decrease in photon energy.   Photons 

become more penetrating with increasing energy; in unit density material, Co photons are 

exponentially absorbed at a rate of approximately 4 percent/cm. (27) 

The specific biological effect of radiation is determined by the absorbed dose in tissue. 

Absorbed dose is quantified as energy deposition per unit mass and has SI units gray (Gy), where 1 

Gy = 1 J/kg. Radiosurgery requires a large dose deposition within the target volume and a steep 

dose gradient resulting in very little dose delivered to a normal tissue. The basic photon 
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radiosurgery paradigm relies on the use of multiple tightly focused beams, each of which uses 

unique entry paths and all converging on a point of interest, i.e. the isocenter. The region, in which 

beam intensity is rapidly decreasing is called the penumbra and its width is quantified as the 

distance between 80% and 20 % regions. Since radiosurgery relies on steep dose gradients outside 

the irradiated volume, sharp penumbra is important. Factors affecting the slope of the penumbra 

are the physical size of the radiation source, the distance from the radiation source to the final 

beam collimation, and the distance from the final beam collimation to the point of interest. (27) 

 

1.9.4  Gamma Knife treatment 

 

 Gamma Knife 

 

  The Gamma Knife is a highly sophisticated device, utilizing 201 Co pellets. Co decays to 

an excited state of Ni through the process of beta decay, in which the Co nucleus emits an electron 

and neutrino. Excited  Ni nuclei stabilize by emitting photons with energy levels of 1,17 MeV and 

1,33 MeV, which are emitted per radioactive disintegration. Average photon emission is thus 1,25 

MeV. Photons emitted from 201 sources are directed through the 201 channels drilled in a high 

density metal helmet attached to the stereotactic frame during the process of treatment. High 

density metal absorbs photons that are not directed along the axis of the channel.  To design 

variable field   sizes to treat lesions of different sizes and shapes, each channel entails removable 4, 

8, 14 and 18mm diameter tungsten collimators that project particular circular fields at the focal 

point of the radiation beams. Any of the channels might be plugged if it is determined that a beam 

passes through  radiosensitive critical structures and thus avoid their damage.  

The Gamma Knife consists of the following parts: 

a) The radiation unit,  enclosing  201 60 Co sources 

b) The treatment couch with the collimator helmets attached 

c) The control panel and couch driving mechanisms 

d) The stereotactic frame for target localization and for supporting the patients head during the 

treatment 

e) The computerized dose planning system   
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Fig.8 The structure of  Leksell`s Gamma Knife. (109) 

 

The radiation unit contains Cobalt 60 pellets 1 mm in diameter and 1 mm long; they are 

stacked axially in a cylindrical stainless steel capsule closed by welding. This capsule is contained 

in another sealed stainless steel capsule and in an aluminum container. The whole assembly is 

referred to as the source.  At the time of installation, the activity of 201 sources is 230G Bq + 10%. 

(53) The radiation sources are placed in a hemisphere called the central body inside the radiation 

unit. They are symmetrically distributed around the perimeter of the central body. The central body 

has conical channels for each of the sources and the gamma beams converge through those 

channels to channels towards the unit center point. The unit center point is defined as the point of 

the intersection of the axes of each of the individual source beams. During treatment, treated lesion 

is placed  at this point of the beams intersection. 

 The helmet on the treatment couch makes up the third part of the beam channel when the 

couch is in the treatment position and the collimators of the helmet are aligned with their 

counterparts in the central body. This helmet, made of tungsten alloy, determines the ultimate size 

of the focal spot generated at the unit center point or in the target.  The individual collimators on 

the helmet are removable and interchangeable and have conical channels of equal size for a given 

size of collimators. There are four different collimator helmets that are perpendicular to the beam 

axis at the unit entry point, with the size of the collimators being 4,8,14 and 18 mm. One or more 

can be replaced with solid plugs to block the radiation. (27)  



 33 

The console provides the operator with an audiovisual telemonitoring system to observe the 

patient during the treatment.  

The stereotactic frame is attached to the patient`s skull by four titanium  pins to provide the  3D 

coordinate system,  in which treated lesion is defined and then treated.  

Hardware and software (Gamma Plan, Elekta Instruments Inc.)   is utilized to define the lesion, 

to plan the treatment and to execute it.  

Leksell Gamma Knife, model C (Elekta Instruments Inc.)  was used until November 2009; in 

December 2009, a new model-Perfexion was installed, which differs from previous models in 

terms of technology and shielding of the radiation unit.  

 

1.9.5  Process of treatment  

 

Stereotactic frame 

The stereotactic frame is attached to the skull of the patient by four titanium pins under local 

anesthetic, after premedication has been administered. The position of the frame must be 

considered for every patient individually, as the treated lesion must be as close to the center of the 

coordinate system as possible.  Fig.9 

Defining the size of the skull and its position inside the helmet is used for planning;   data are 

collected after attaching the plastic sphere to the stereotactic frame and measuring the distance of 

the skull  from the plastic sphere, which corresponds with the treatment helmet. It is performed by 

a physicist and the result is the correct position of the patient`s head within the helmet as well as 

avoidance of any spatial collisions during the treatment.  

 

 

                        

Fig.9. A. Patient JK, 52 years old, treated for right intra- and parasellar meningioma, with  fitted 

Leksell`s stereotactic frame, with a localizing box, anterior view. B. Lateral view. Planning scans and 

histogram for the same patient featured in Fig.11,12,13,14. 
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Imaging  

Treatment of meningioma requires MR  imaging  with a stereotactic frame attached to the 

skull. Therapeutic imaging differs from diagnostic imaging in terms of position, slice thickness, 

contrast media (Gadolinium) administration as well as requirements for accuracy of imaging. The 

MR scanner has specific conditions, which have to be considered to create accurate images to 

prepare a precise treatment plan. It is the magnetic field inhomogeneity, gradient field nonlinearity, 

artifacts coming from the interface of air/tissue, image distortion and eddy currents. 

(27,53)

 

 

Fig.10  Patient VB, woman, 60 years old, treated for left falcine  parietal meningioma. Planning 

scans and 3D reconstruction in the Gamma Plan (Elekta Instruments, Inc. Stockholm, Sweden) 

 

Key parameters that define the quality of a stereotactic image are resolution and distortion.(27) 

Preparation of the treatment plan  

Planning is programmed in the Gamma Plan (Elekta Instruments Inc.) planning system. It 

contains the personal data of the patient, actual physical data of the Gamma Knife, DICOM images 

and final treatment plan data which is exported to the operating console. The first radiosurgical 

treatment plans, however, were created entirely by a graphic display of isodose distributions 

superimposed on the patient`s imaging scans.  
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Defining the target volume is based on reliable imaging. It is important not only to draw the 

target itself, but also critical structures in its vicinity before deciding on the dose. Preparation of the 

treatment plan requires covering the target by “shots” which are single isocenters delivered through 

one of four collimators.  The result of the process might be a simple one shot plan, or a complex 

plan, in which the neurosurgeon covers the lesion of irregular shapes with multiple shots of 

different sizes.   

 

 

Fig.11 Patient JK, man, 52 years old, treated for right intra and parasellar meningioma. Planning 

scans with marked up lesion in the Gamma-Plan (Elekta Instruments, Inc. Stockholm, Sweden) 

 

The dose distribution is influenced by adding shots,  by weighing of the shot (for a particular 

shot less than 100% of its power will be utilized), plugging of certain shots and the change of angle 

of the patient`s head within the helmet.   

 

 

 

 



 36 

 

Fig.12  Patient JK, man, 52 years old, treated for right intra and parasellar meningioma. Planning 

scans with marked up lesion and chiasm, sequentional 1 mm slices, in the Gamma-Plan (Elekta 

Instruments, Inc. Stockholm, Sweden) 

 

 

  

Fig.13 Patient JK, man, 52 years old, treated for right intra and parasellar meningioma. 2D and 

3D visualisation of meningioma and its relationship to the chiasm,  in the Gamma-Plan (Elekta 

Instruments, Inc., Stockholm, Sweden) 
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The treatment plan  is further evaluated by dose/volume histograms. Dose volume histograms 

(DVH) effectively condense this three dimensional into two dimensional representation of the 

volume of tissue irradiated through the execution of a given treatment plan. Differential DVHs are 

plotted as  histograms according to the mathematical definition, with the dose plotted along the x 

axis and the volume fraction receiving a particular dose on the y axis. Cumulative DVHs are 

frequency distributions that represent the fractional volume receiving a dose greater than or equal  

to a specified dose as a function of the dose. The DVH  may be computed for the target volume 

and each normal tissue of interest within the irradiated volume.  If multiple treatment plans are 

prepared for one patient, the best one can be chosen according to their DVHs on the same graph 

and  noting  how closely each approximates the ideal DVH.(27)  Fig.14  

 

 

 

Fig.14  Patient JK, man, 52 years old, treated for right intra and parasellar meningioma. 

Histogram depicting dose received by volume of the tumor,  in the Gamma Plan (Elekta Instruments, 

Inc., Stockholm, Sweden) 

 

The nature of the lesion determines the minimal effective dose, referred to as the margin or 

prescription dose. This dose should be delivered to the surface of the target volume. The goal of 

the treatment is to prescribe this dose to all parts of the surface of the target volume with a surface 

dose gradient steep enough to minimize the dose and thus the risk to adjacent normal structures. In 

some situations, e.g. in planning the treatment of tumors displacing the optic chiasm it might be 

necessary to compromise and so the dose to the surface of the target volume  would receive less  

than the optimal dose. The dose delivered to the treated lesion is determined by the exposure time 
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to radiation. Exposure time for a given dose is determined by the distance of the volume from the 

radiation sources, “freshness” of the sources  and the amount of tissue the radiation must traverse 

before reaching the target. 

 Dosimetry calculation for a limited number of points within the volume are insufficient to 

characterize the parameters  of a treatment plan. Dose distribution is delineated by isodose lines 

either in a 2D or 3D  display  of the irradiated volume.  The isodose  curves may be displayed in 

terms of absolute dose, or they might  represent values relative to a reference point.  In 

radiosurgery, the reference point chosen is typically either the isocenter of or the point of the 

maximum dose .  All these beams are focused on a single isocenter, since the dose to isocenter is 

generally within 5 percent of the maximum dose. If multiple isocenter plans are generated, the 

maximum dose generally lies in the overlap between the isocenters.   

The dose distribution within the target volume is defined by the Conformity Index (CI) and 

Paddick`s Index (PCI). To compute these indexes, the following parameters are used: target 

volume (PTV), isodose volume (PIV), and target volume covered by planned isodose (PTV PIV).  

The Conformity index represents coverage of target volume by planned isodose:  

CI= PTV PIV/PTV 

This index , however, does not define conformity completely, therefore Paddick`s  conformity 

index (PCI) is used. This index combines the conformity index with the target volume: 

PCI= PTV PIV²/ PIV*PTV 

The final dose prescription is made to maximize the chances for success and minimize the risks 

of the treatment. The basic elements used in dose prescription are the nature of the lesion, anatomic 

location, volume of lesion, the clinical status of patients, dose volume histograms, dose to adjacent  

structures and previous radiation treatment. (27,53) 

Once all these considerations were taken into account, the dose was defined  and the plan 

evaluated, the treatment plan is signed by the neurosurgeon, radiation oncologist and  radiation 

physicist.  

 

Treatment  

Treatment is carried out according the treatment plan inside the Gamma Knife unit. 

Between the treatments, the door of  the radiation unit  is closed and the couch is outside the unit. 

The patient, lying on the couch, with the stereotactic frame is connected to the collimation helmet.  

Calculated coordinates define the treated isocenters. The couch with the patient is shifted to the 

radiation unit and the collimation helmet aligns with the primary stationary collimators.  Prescribed 

isocenters are irradiated sequentially, the position is changed by APS (Automatic Positioning 
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System  or manually. Collimator helmets are changed according to the treatment plan. Once the 

treatment is finished, the couch with the patient comes out of the radiation unit; the stereotactic 

frame is removed from the patient`s head and pin sites are covered by sterile band aids. During the 

treatment process, the computer of the operation panel controls all the parameters, e.g. size of 

collimators, number of isocenters, time of irradiation, stereotactic coordinates etc. 

 

 

 

Fig.15.  Checking the position of the patient, collimation helmet and gama knife setting before the 

beginning of treatment. ( Source: Courtesy of  Ass. Prof. R. Liscak, PhD) 

 

Radiosurgical treatment is multidisciplinary team work of the neurosurgeon, the radiation 

oncologist and the physicist with the assistance of the radiological assistant.  
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2. Hypotheses and  goals of the study 
 

Hypotheses  set  for study were based on literature data as well as on experience in the field of 

Gamma Knife radiosurgery.   

 

Hypothesis 1 – Long-term efficacy of  treatment and its complications 

Meningiomas are slow growing tumors with uncertain  natural history.  Meningioma treatment 

requires a long term follow up for at least 10 years, to assess the efficacy of the treatment.  The 

results of Gamma Knife treatment, based on treatment strategy, do justify the tretament with 

acceptable rate of temporary and permanent complications. Doses applied ensure disease 

stabilisation with possible lowest  rate of side effects.  

 

    Hypothesis 2- Edema occurence and its predictability after Gamma Knife treatment 

Edema surrounding meningioma is a common finding. Radiation itself can induce edema of 

treated  tumor  as well as in adjacent tissues. Edema after radiosurgery is one of the side effects of  

treatment. It is presumed, that based on treatment strategy, it is possible to predict development of 

perilesional edema or worsening of preexisting edema.  

 

To confirm or reject proposed hypotheses,  answers to the following questions were yielded 

from studied material: 

- What are the results of Gamma Knife treatment on skull base meningimas and which are 

the most difficult meningiomas  to treat with acceptable results? 

-  What are the temporary and permanent  complications of meningioma radiosurgery? 

- What is the risk of edema after Gamma Knife surgery, which contributes to posttreatment 

morbidity and how can it be influenced by treatment strategy? 

- What are the results of Gamma Knife treatment of meningioma from a long term 

perspective?  
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3. Material and Methods 
 

The goal of the entire study was to identify the factors which influence the outcome of Gamma 

Knife radiosurgery and to  identify the risk factors for posttreatment complications. The work was 

therefore sequentional. The cornerstone was the analysis of the entire group of patients with a 

median follow up of 60 months, which is the minimum time required to assess the results of  the 

treatment of benign, slow growing tumors, yielding mid-term results. We presumed, that the 

substantial number of 368  patients with 400 meningiomas would be a solid base on which to 

perform statistical analysis with reliable results.  

 As a first step we have analyzed in great detail data on treated meniningiomas in the skull 

base. During the time period from 1992 till 1999, 192 patients with 197 meningiomas were treated, 

which was 55% of all treated meningiomas in that time period. 

In the next step we  intended to confirm the efficiacy of the treatment, as well as to learn about 

factors important for radiosurgical treatment of meningioma from a long-term perspective 

(Appendix, Paper 4).   Therefore, we analyzed  a group of  of 226 patients with 249 meningiomas 

where  at least  10 years had elapsed since treatment. 

Ten variables were analysed in order to find important factors related to radiosurgical treatment 

from both mid-term and  long–term perspective. Independent variables were gender, age, previous 

surgery, perilesional edema, meningioma volume and its location (convexity, skull base). Variables 

depending on treatment were maximum and margin doses. Five events were analyzed to determine 

their relation to the analysed factors: regression and progression of the tumor, perilesional edema 

occurence, improvement and impairment of clinical status of the patient.  

Univariate analysis was calculated by using the Kaplan-Meier statistical test log rank. For 

multivariate analysis, Cox regression („Cox  proportional hazards model  with backward  stepwise 

conditional likelihood ratio“ ) was used. All the analyses were performed using SPSS Version 13.0 

a 16.0 (SPSS Inc., USA) statistical software. Variables with statistically significant values ( 

p<0,05) in at least two tests were considered as risk factors for the studied events. (Tab.2,5)  

The most frequent side effect of meningioma radiosurgery is edema, which might cause  

deterioration in the clinical state of the treated patient. One of the aims of our study was to create a 

model to predict the occurence of  the edema. We presumed, that  it would be  possible to create an 

empirical multifactorial prediction model based on the results of treatment on a large group of 

patients.  The model is based on  the data of 381 patients with meningiomas treated between the 

years 1992 and 1999.  Ten predictive factors were proposed as possible predictors for occurence of 

perilesional edema after Gamma Knife treatment:  patient`s age, gender, previous surgery, edema 
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before GKS treatment, tumor volume, tumor location and tumor margin dose, lobulated margin of 

meningioma and  heterogenous appearance of the tumor. To find out  the factors influencing edema 

occurence,  univariate analyses were performed using Kaplan-Meier statistics with a log rank test 

and a multivariate using  Cox Proportional hazards model by using the  backward stepwise 

conditional likelihood ratio method and binary logistic  regression analysis with the backward 

stepwise method. Analyses were performed  with SPSS statistical software  version 10.0.  

All 10 potentional predictors  were included in the binary logistic regression. The backward 

stepwise elimination with the likelihood ratio test for automated model building was used. The 

parameters of the model were estimated  by using the maximum–likelihood method (the coefficient 

that made our observed results more likely were selected). An iterative algorythm implemented in 

the SPSS software was used  for parameter estimation. As a result of this process, the binary 

logistic regression equation including selected predictors and coefficients , was built to best fit our 

data.The following parameters were selected based on the elimination process for the edema 

occurence model (the significance level for the Wald statistic probability and the 95% CI of the 

odds ratio are given as well for each parameter): previous surgery (p=0,059, 95% CI 0,202-1,030), 

edema before GKS treatment (p<0,001, 95% CI 5,774-419,128), tumor vlume (p<0,001, 95% CI 

1,051-1,171), tumor location (p=0,012, 95% CI 1,204-4,591) and margin dose (p=0,012, 95% CI 

0,991-1,417). 
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4. Results 
 

4.1 Mid-Term Results of Meningioma Radiosurgery 

 

There are a number of studies and published data on meningioma radiosurgery, with tumor 

control ranging from 87% to 100% , the average being 95,5%  and morbidity of  3% to 43% with 

an average of 8%. The follow up in the presented studies is shorter than 5 years and therefore these 

figures  show mid-term results of meningioma radiosurgery. (Table 2.)  

 

Author 
Number 

pts Location Years 
Margin dose 

Gy 
Volume 

(cm³) 
Follow up 
(months) 

Tumor 
control Morbidity 

Gamma Knife         

Kollová (39) 368 all 1993-1999 12,55 4,4 60 97,9% 5,3% 

DiBiase (20) 162 all 1992-2000 14 4,5 54 91,70% 8,3% 

Kondziolka (41) 99 all 1987-1992 16 4,7 NA 93% 5% 

Linskey (52) 38 all 1998-2003 16 7,85 21,5 97% 5% 

Malik (57) 309 all 1994-2000 20 7,3 39 87% 3% 

Pollock (76) 330 all 1990-2002 16 7,3 43 94% 8% 

Stafford (95) 190 all 1990-1998 16 8,2 40 93% 3% 

Aichholzer (1) 46 skull base 1992-1995 16,3 NA 48 96% 9% 

Iwai (31) 24 skull base 1994-1996 10,6 10,1 17,1 100% 4% 

Pendl (72) 97 skull base 1992-1996 13,8 13,7 18,5 96% 5% 

Lee (49) 176 cavernous sinus 1987-2000 13 6,5 39 93% 7% 

Roche (78) 32 petroclival 1992-1998 13 2,28 52,6 100% 6% 

Kim (38) 23 convexity 1998-2003 16 4,7 33 95% 43% 

Kondziolka (42) 203 parasagittal 10 years 15 7,5 42 93% 16% 

Muthukumar (61) 41 tentorial 9 years 15,3 NA 36 98% 3% 

         

LINAC         

Shafron (88) 70 all 1989-1997 12,7 10 23 100% 3% 

Chang (12) 55 skull base 1989-1996 18,3 7,33 48,4 98% 5% 

Spiegelmann(94) 42 cavernous sinus 1993-2001 14 8,4 36 98% 6% 

         

Tab. 2 Overvew of published data on meningioma radiosurgery. 

 

The results of the treatment of meningiomas  as slow growing tumors would not show fully 

the benefit of the treatment within 5 yeras; to assess its efficiency together with its adverse effects, 

at least 10 years of follow up is necessary.  Therefore, we designed our study to cover  the aspects 

mentioned above.  

During the time period from 1992 till 1999, 192 patients with 197 meningiomas were 

treated, which was 55% of all treated meningiomas in that time period. The ratio of women to men 

was 4:1. The age of the patients ranged from 23 to 82 years and the median age was 60. Gamma 

Knife radiosurgery was used as a primary treatment modality in 66% of patients; 34% underwent 
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operative surgey before radiosurgery. In 3 (2%) of the patients, subsequent radiotherapy was 

necessary to obtain tumor control. The majority of treated meningiomas were located in the 

cavernous sinus (51%) followed by the pontocerebellar angle (25%) and in the clivus (21%), 15% 

of meningiomas were  intrasellar  and in the sphenoid wing, 6% in the anterior skull base and 4% 

in the orbit.  The volume of skull base meningiomas ranged from 0,12 cm³ to 36,5 cm³ and the 

median was 5,3 cm³. The minimum margin dose was  6,5 Gy, the maximum 20,4 Gy, the median 

12 Gy, and the dose was delivered in a 40-80%, median 50% isodose. The maximum dose ranged 

from 13 Gy to 36 Gy, with a median of 24 Gy. Nine patients  have undergone staged radiosurgery  

in two sessions 6 months apart because of the size of the tumor; in the first step the part in the more 

eloquent area was treated. One of the most important issues in radiosurgery of skull base 

meningiomas is the contact or compression of the optic chiasm and the brain stem. In cases where 

the vision was intact, the margin dose to the optic tract did not exceed 8 Gy ( higher margin doses 

were applied only in the case of there being preexistent postoperative damage). In cases where the 

patient underwent previous fractionated radiotherapy, the dose to the optic tract did not exceed 3 

Gy. The dose to the brain stem was in our study  below 14 Gy.  

The group of patients with skull base meningiomas were followed up for an average of 36 

months, ranging from 6 to110 months. Tumor volume decrease was recorded in 73% of the 

patients (129 patients), the growth of the tumor after radiourgery was found in 3 (2%) patients, in 

44 patients (25%) the tumor remained unchanged. One patient underwent a second session of 

radiosurgery, one patient with fractionated therapy and one with operative surgery followed by 

radiotherapy. Clinical symptoms present before radiosurgery improved in 111 patients (63%). The 

most frequent improved symptom was with headaches, which improved in 71 patients, oculomotor 

palsy in 31 patients, imbalance and ataxia in 21, hemiparesis in 11, visual loss in 24, facial nerve 

palsy in 10, hearing improved in 6 patients, mental changes occured in 3 patients. We presume, 

that in patients with radiosurgery as a primary treatment modality clinical improvement is 

attributable to the shrinkage of the tumor, whereas in patients who underwent operative surgery, 

clinical improvement might be due to the time period  of rehabilitation. There was a clinical 

deterioration observed after Gamma Knife treatment.  Overall, clinical symptoms worsened or a 

new neurological deficit was found in 19 patients (11%), from 15 days to 48 months, with the 

median being 5 months. Impairment included worsened trigeminal symptoms in 9 patients, 

oculomotor deficit in 9, vertigo in and mental changes in 2 patients and impaired epilepsy in 1 

patient. Persistent morbidity remained in 8 patients (4,5%). Edema after radiosurgery was detected 

in 19 patients (11%), 1-3 months, a median of 12 months after radiosurgery. In 7 patients, edema 

was asymptomatic. Radiological and clinical  resolution of edema was found in 8 patients, 2-44 
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months, the median was 18 months after radiosurgery. Twelve patients in whom  edema after 

radiosurgery developed, required steroid medication.  

Statistical analyses of the group of patients with skull base meningiomas have shown, that 

statistically significant tumor size decrease occured in patients in whom radiosurgery was a first 

treatment modality (p= 0,028 log rank). Also, significatly lower edema occurence was found in 

meningiomas after a previous surgical resection (p=0,030 log rank), in patients with meningiomas 

in the posterior skull base  ( p=0,029 log rank, p=0,041 Cox) and in patients treated with a margin 

dose lower or equal to 14 Gy ( p=0,035 log rank , p=0,041 Cox). Patients with perilesional edema 

before Gamma Knife treatment were at higher risk of edema occurence after treatment (p<0,001 

log rank, p=0,006 Cox). 

The entire analysed  group  consisted of 368 patients with 400 meningiomas treated 

between 1992 and 1999. Radiosurgery was used as a primary treatment modality in 259 patients 

(70,3%). 

Location of treated meningiomas is in Table 3.  

The median follow up of the patients in the studied group was 60 months, 90% of patients 

had a follow up of longer than 24 months. Out of this group of patients, 12 (3,3%) were lost to 

follow-up and 10 were suspended from the follow up, because the treated meningioma was deemed 

to be controlled. Thirty-one patients underwent a follow up shorter than 24 months afterwards; 

however we included six of these patients in our descriptive analysis to investigate posttreatment 

complications, which occur within the first two years following treatment. Although 25 out of 31 

patients had a shorter follow up- 11 of them died of unrelated causes and the rest refused to follow 

up because of their advanced age, and so they were not included in our descriptive statistics. Their 

data could however be used for actuarial analysis without limitations. Follow up data was analyzed 

in 331 patients (90%) with 355 meningiomas (88,7%) for descriptive statistics  and in 368 patients 

for actuarial analysis Kaplan-Meier statistics and Cox regression. Follow-up protocol included 

follow up scans and follow up in clinics 6 months, 1 year and annualy thereafter, up to 5 years and 

then every 3 years. In patients with intra- and parasellar meningiomas, visual fields were tested 

before treatment and during the follow up. 
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LOCATION   

   Site (sites overlapping - multiple fossae) Number % 

Cavernous sinus 103 25.8 

CP angle 51 12.8 

Clivus 42 10.5 

Intrasellar 34 8.5 

Sphenoid Ridge 30 7.5 

Anterior Fossa 13 3.3 

Orbit 9 2.3 

Tentorial 46 11.5 

Parafalcine 45 11.3 

Parasagittal 33 8.3 

Frontal 22 5.5 

Parietal 21 5.3 

Temporal 14 3.5 

Cerebellar 7 1.8 

Pineal 5 1.3 

Intraventricular 4 1.0 

Torcular 3 0.8 

Occipital 3 0.8 

 

Tab. 3 Location of treated meningiomas. 

 

The average age of patients was 57 ( ranged between 18 and 84 years old) and the median 

tumor volume was 4,4 cm³, (range: 0,11-44,9 cm³). The number of treated meningiomas ranged 

from one to six in each patient. The median margin dose to the 50% isodose line was 12,55 Gy 

(range 6,5 Gy-24 Gy). The volume of treated meningiomas showed a regression in 69,8%  of cases 

(248 meningiomas), remained stable in 27,8% ( 99 meningiomas) and progression was found in 

2,5% (9 tumors). 

  The actuarial tumor control rate was 97,9% at 5 years after Gamma Knife treatment. Ten 

patients underwent further treatment: 5 patients (1,5%) excision, 4 patients with a second session 

of stereotactic radiosurgery and  1 with fractionated radiotherapy.  Among these  10 patients, the 
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tumor showed growth in 6, surgery was performed in two patients due to postiradiation edema and 

in another two for unknown reasons, even though the tumor growth had not been detected.  

 Perilesional edema was found in 51 patients (15,4%), symptomatic in  32 (9,6%). It was 

temporary in 23 (6,9%) and persistent in nine (2,7%). The onset of edema was  observed at a 

median of 9 months (  range: 1-36 months). Radiologically, edema resolved  7-55 months after 

radiosurgery; clinical symptoms related to edema resolved 0,5-48 months ( a median of 12 months) 

after treatment. Eighteen patients  (4,9%) were on steroids at the time of the treatment and in 

another 16 patients (4,3%), steroids were administered  after the treatment for an average of 4 

months ( mean 5,8 +-5,3 months). 

Neurological deficits without evidence of edema were temporary in 11 patients (3,3%) and 

permanent in 10 patients (3,0%). Overall, temporary morbidity was 10,2% and  permanent 

morbidity was 5,7% . In  seven patients of the studied group the tumor initially increased in size 

due to intratumoral edema, and shrank subsequently. Onset of intratumoral edema was detected 

from 5 to 16 months after the treatment and resolved in 6 to 36 months after the treatment.  Six out 

of these 7 patients experienced intratumoral edema along with collateral postiradiation edema. 

Table 4.   

 

  

Temporary 

deficit Permanent deficit 

Symptoms impaired after GKS (n=331) Number (%) Number (%) 

Seizures 9 (2,7) 6 (1,8) 

Trigeminal symptoms 10 (3,0) 4 (1,2) 

Hemiparesis 7 (2,1) 3 (0,9) 

Oculomotor palsy 5 (1,5) 2 (0,6) 

Vertigo 3 (0,9) 2 (0,6) 

Headache 13 (3,9) 0 

Mental  change 3 (0,9) 2 (0,6) 

Imbalance 1 (0,3) 0 

Dysphasia 1 (0,3) 0 

Hearing loss 1 (0,3) 1 (0,3) 

Total – symptoms 53 (16) 20 (6,0) 

Total – patients 34 (10,2) 19 (5,7) 

 

Tab. 4 Complications after radiosurgery (in some patients more than 1 symptom could be 

observed) 
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Two patients died as as a result of edema, which developed after radiosurgery around the 

treated meningioma.  The first patient, a 77-year-old man unfit for operative surgery  underwent 

staged  radiosurgery for a large parasagittal meningioma  ( the largest treated volume in our study 

was-44,5, cm³). Preexisting perilesional edema worsened  progressively 9 months after 

radiosurgery  and despite the administration of steroids, the patient died 18 months after treatment. 

The second, a 52-year-old  woman with parasagittal meningioma causing a mass effect refused  

operative surgery for religious reasons. Staged radiosurgery was planned; however, after  the first 

irradion of a part of the tumor, the preexisting edema had increased and despite the adminstration 

of steroids, the patient died 4 months after treatment.  

Other patients died of unrelated causes: 6 patients due to cancer, 5 patients due to ischemic 

heart disease, 5 due to strokes and in 10 patients the cause of death remained unknown.  

Overall improvement of neurological symptoms in patients treated for meningioma was 

observed in 61,9% . Table 5.  

 

Symptoms improved after GKS (n=331) Total % 

Imbalance 38 11,4 

Trigeminal symptoms 29 8,7 

Oculomotor palsy 31 9,3 

Seizures 29 8,7 

Hemiparesis 25 7,5 

Vertigo 21 6,3 

Facial nerve palsy 14 4,2 

Mental change 9 2,7 

Dysphasia 6 1,8 

Hearing 6 1,8 

Hydrocephalus 1 0,3 

Total – symptoms 209 63,1 

Total -  patients 205 61,9 

 

Tab. 5 Symptoms improved after radiosurgery (in some patients more than 1 symptom could be 

observed) 

  

 The results of univariate and multivariate analysis  of  studied factors on events related to 

meningioma radiosurgery are shown in Table 6.  

Tumor volume decrease after GKS  

 There was a significantly higher incidence of tumor volume decrease observed in patients 

where the tumor maximal dose was higher than 22 Gy (p=0.005 log rank, p=0.045 Cox) and the 

tumor marginal dose was higher or equal to 12 Gy (p=0.012 log rank) . 
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Tumor volume increase after GKS 

 There was a significantly higher incidence of tumor volume increase observed in men 

compared to women (p=0.005 log rank, p=0.013 Cox) and for patients where the tumor marginal 

dose was lower than 12 Gy (p=0.047 log rank). 

Edema occurrence after GKS 

 There was a significantly higher incidence of edema occurrence  observed in patients older 

than 60 years (p=0.019 log rank), with no surgical procedure before GKS (p=0.013 log rank, 

p=0.035 Cox), with edema present before GKS (p0.001 log rank, p0.001 Cox), with tumor 

volume larger than 10 cm³
 
(p=0.002 log rank, p0.001 Cox), with tumor location in  the anterior 

fossa (p=0.025 log rank, p=0.001 Cox), where the tumor maximal dose was higher than 30 Gy 

(p=0.013 log rank, p=0.018 Cox) and the tumor marginal dose was higher than 16 Gy (p0.001 log 

rank) (Fig 5, 6). 

Neurodeficit improvement after GKS 

 There was  a significantly higher incidence of neurodeficit improvement  observed in 

patients who underwent surgical procedures before GKS (p=0.003 log rank), with a lobulated 

tumor margin (p=0.032 log rank), with a tumor volume larger than 5 cm³ (p0.001 log rank), with 

a skull base tumor location (p0.001 log rank, p0.001 Cox), with tumor location in the  middle 

and  posterior  fossa (p0.001 log rank), when the tumor maximal dose was lower or equal to 30 

Gy (p=0.047 log rank) and the tumor marginal dose was lower or equal to 16 Gy (p=0.018 log 

rank, p=0.002 Cox). 

Temporary neurodeficit impairment after GKS 

 There was a significantly higher incidence of temporary neurodeficit impairment observed 

in patients with a tumor volume larger than 10 cm³ (p=0.014 log rank, p=0.002 Cox). 

Permanent neurodeficit impairment after GKS 

 There was a significantly higher incidence of permanent neurodeficit impairment observed 

in patients with edema present before GKS (p=0.008 log rank) and with a tumor volume larger 

than 10 cm³ (p=0.050 log rank, p=0.002 Cox). 

Seizure improvement or disappearance after GKS 

There was a significantly higher incidence of seizure frequency improvement or 

disappearance observed in patients without perilesional edema  before GKS (p=0.017 Cox), with a 

skull base tumor location (p=0.008 log rank, p=0.027 Cox) and with a tumor located in the anterior 

fossa, middle fossa  and posterior fossa  (p=0.009 log rank, p=0.009 Cox). 
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Tumor 

Decrease 

Tumor 

Increase 

Edema 

Occurrence 

Neurodeficit 

improvement 

Temporary 

neurodeficit 

impairmnet 

Permanent 

neurodeficit 

impairment 

Seizure 

Improveme

nt 

Gender 
 
X 

 

p=0.005 

(log rank) 

p=0.013 
(Cox) 

X X X X X 

Age 
 
X 

 
X 

p=0.019 
(log rank) 

 
X 

 
X 

 
X 

 
X 

Previous 

surgery 

 

X 

 

X 

p=0.013 

(log rank) 
p=0.035 (Cox) 

p=0.003 

(log rank) 

 

X 

 

X 

 

X 

Edema before 

GKS 

 

X 

 

X 

p0.001 
(log rank) 

p0.001 (Cox) 

 

X 

 

X 

p=0.008 

(log rank) 

p=0.017 

(Cox) 

Lobulated 

margin 
X X X 

p=0.032 
(log rank) 

X X X 

Heterogeneity X X X X X X X 

Tumor 

volume 
X X 

p=0.002 
(log rank) 

p0.001 (Cox) 

p0.001 

(log rank) 

p=0.014 

(log rank) 

p=0.002 (Cox) 

p=0.050 

(log rank) 

p=0.002 (Cox) 

X 

Tumor 

location 
X X 

p=0.025 

(log rank) 
p=0.001 (Cox) 

p0.001 
(log rank) 

X X 

p=0.009 (log 
rank) 

p=0.009 

(Cox) 

Dose to 

maximum 

p=0.005 (log 

rank) 

p=0.045 
(Cox) 

 

X 

p=0.013 
(log rank) 

p=0.018 (Cox) 

p=0.047 

(log rank) 
X X X 

Dose to 

margin 

p=0.012 (log 

rank) 

p=0.047 

(log rank) 
p0.001 

(log rank) 

p=0.018 

(log rank) 

p=0.002 (Cox) 

X X X 

 

Tab. 6  Overview of studied events and factors in meningioma radiosurgery. Significant p values are 

also presented for factors having a significant influence on the subject studied. 

 

 

 

 

The most frequent adverse effect of meningioma radiosurgery is edema, which might cause  

deterioration in the clinical state of the treated patient. One of the aims of our study was to create a 

model to predict the occurence of the edema. 
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Based on the statistical analysis of the patient data, the binary logistic regression equation 

for the probability (Prob) of intracranial edema occurence is as follows:  

Prob (edema occurence) = 1/(1+ e
-z
), where z = - 5,080 – 0,786( previous surgery) + 3,896(edema 

before GKS) +0,104 (tumor volume) +0,855 (tumor location ) +0,170 (margin dose). 

Input variables in the model are presented as the following values: “1” or “0” for “yes” or 

“no” respectively for the case of previous surgery, edema before GKS and tumor location, volume 

in cm³, and dose to the tumor margin in Gray for tumor volume  and margin dose. Based on 

Kaplan-Meier statistics with a log rank test and a Cox  proportional hazards model, tumor location 

was divided into two categories: risk location (defined as “1” in the model) and non-risk location 

(defined as “0” in the model) As risk locations the following were considered: anterior cranial 

fossa, convexity and falx). As non-risk locations middle cranial fossa, posterior cranial fossa, 

tentorium and cerebellum were considered. In general, if the probability is greater than 0,5, it is 

predicted that the event will occur (in this case edema will occur). If the estimated probability of 

the event is less than 0,5, it is predicted that the event will not occur and consequently the second 

complementary event will occur (in this case no edema will occur). If the probability is 0,5, it is 

not possible to make any decision.  

The model was tested on 381 meningiomas in 368 patients. The model made an overall 

correct decision in 87,7% of cases. In those patients with no edema the model decided correctly in 

99,4%, in those with edema it predicted correctly in 21,1% of cases. These results point out the 

fact, that the number of meningiomas with edema after radiosurgery was relatively small. The 

model is stronger in predicting that edema will not occur. These results are used to counsel the 

particular risk of patients in risk of edema development to arrange for  more detailed post treatment 

care. As the model was created using a studied group of patients, it entails bias caused by the group 

itself. In the future, it will be necessary to test the model on a number of new patients, whose data 

are fully unrelated to the derivation of our model.  

 

4.2 Long-Term Results of Meningioma Radiosurgery 

 

To obtain long-term results, we analyzed a group of  of 226 patients with 249 meningiomas 

where  at least  10 years had elapsed since treatment. The studied group consisted of 179 women 

(79,2 %). The age of the patients ranged from 18 to 84 years with the median being 61 years.  

There were 133 (53,4%) meningiomas located at cerebral convexities and 116 (46,6%) in the skull 
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base. The Karnofsky score of the treated patients was between 30 and 100%, with a median of 

80%.  

In patients, who underwent operative surgery before radiosurgery, cranial nerve palsy was 

found in 28 (12,4%), hemiparesis in  19 (8,4%) and cerebellar symptoms in 8 (3,5%).  Fifty three 

patients (23,4%) had neurodeficits after previous surgery;in two of them two different symptoms 

were recorded. Neurological deficits before Gamma Knife treatment  were found in  134 patients 

(59,3%), epilepsy in 32 patients (14,2%) and 60 patients were asymptomatic (26,5%).  Table 7.  

Fifteen patients had multiple meningiomas.  

 

Symptoms 

Symptoms before 

GKS 

Number of improved 

symptoms 

n. I 8 4 

n.II 29 16 

n. III, n.VI 30 17 

n.V 37 23 

impaired hearing 14 7 

Hemiparesis 36 18 

Ataxia 40 23 

Vertigo 42 30 

Nausea 14 10 

mental change 10 8 

 

Tab. 7 Overview of clinical symptoms before Gamma Knife treatment (note that more than 1 

symptom was found in some patients) 

 

67 patients (29,6%) underwent operative surgery, 1-3 operations, 2-132 months prior to 

Gamma Knife treatement. In patients in whom Gamma Knife radiosurgery was a first treatment 

modality, and who therefore did not have a formal confirmation of the histopathology of the tumor, 

diagnosis of meningioma was set upon typical radiological features. Six patients underwent 

radiotherapy.   

Gamma Knife radiosurgery was a primary treatment in 159 patients (70,3%) of the  group 

examined. Compression of optic pathways  by meningioma was found in 30 cases (12%) and brain 

stem compression in 45 (18%). Perilesional edema was recorded in 11 (4,9%) of the patients. In 10 

patients ( 4,4%) the meningioma was spread through  both the middle and posterior cranial fossae; 
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radiosurgical treatment was therefore performed in two stages. The first part treated was the part in 

the most eloquent area  followed by irradiation of  the second part of the tumor in six months.  

A stereotactic frame was attached to the skull after premedication under local anesthetic. 

Radiosurgical  treatment was performed using a Leksell Gamma Knife (model C, Elekta 

Instruments AB, Sweden). Target localisation  was performed according to CT scans in 64 (25,7%) 

and according to MR scans in 185 (74,3%) of meningiomas.  

Tumor volume of treated meningiomas ranged from 0,1 to 44,9cm³, median 4,37 cm³, mean 

5,9 cm³. The margin dose in the studied group ranged from 6,5 to 24 Gy, median being 12,9 Gy 

(the margin isodose was between 40 - 90 % and the median 50%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab. 8 Adverse symptoms of Gamma Knife treatment 

 

For the analysis, there data was available on 217 patients with 239 meningiomas. 81 

patients had a follow up longer than 120 months. In 10 patients  the follow up was terminated 

because of controlled meningioma  and advanced age. The follow up period ranged from 1 to 168, 

median - 96 months. 25 (11,5%) patients died during the follow up course, two of them because of 

progression of perilesional swelling related to  parasagittal meningioma;  in the rest of them the 

cause of death was not related to meningioma.  

Tumor control, or stabilisation of the disease was achieved in 94,7% after 10 years. (Fig. 

16). Tumor volume regression was found in 163 meningiomas (68,2%), remained stabilised in 70 

(29,3%) and progression of the disease was recorded in 6 (2,5%) of patients. Improvement of 

clinical symptoms was detected in 89 (41%) of patients. 

Symptom after GKS Number % 

Hemiparesis 6 2,8 

Epilepsy 6 2,8 

Trigeminal symptoms 5 2,3 

Headache 3 1,4 

Anosmia 3 1,4 

Vertigo 3 1,4 

Mental change 2 0,9 

Hearing impairment 1 0,5 

Fatic disorder 1 0,5 

All symptoms 30 14 
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Postiradiation edema occured in 40 (18,4%) of patients, 1-21, a median of 7 months after 

the treatment. Edema was symptomatic in 24 (11,1%) patients. In another 6 patients (2,8%), 

impairment of clinical symptoms was recorded, without radiological  evidence of edema.  In 16  

(7,4%) patients the symptoms improved, in 14 (6,4%) patients it remained permanent.  

 

Intratumoral edema developed in two patients, the volume of meningioma increased during 

the first 12 months after treatment and subsequently settled within 30 months after treatment. In 4 

patients, a second session of radiosurgery was performed because of disease progression, 3 patients 

underwent operative surgery, one of them despite a volume decrease after Gamma Knife 

radiosurgery.  

Detailed display of univariate and multivariate statistical analysis results  is featured in 

Table 9.  
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  Event 

Factor Decrease Increase Edema Impairment Improvement 

Gender 

Men greater prop. of 

decrease than women 
p = 0.008 (log rank),   

p = 0.006 (Cox) 

Men greater prop. of 
increase than women p 

= 0.029 (log rank), not 

significant using Cox 
regression p = 0.653 

Not significant (log 
rank, Cox) 

Not significant (log 
rank) 

Not significant (log 
rank, Cox) 

Age 

Significant, p = 0,034 
(log rank), using Cox 

regression not 

significant (p = 0,117) 

Not significant (log 

rank, Cox) 

Significant p = 0,025 
(log rank), not 

significant using Cox 

regression (p = 0,068) 

Not significant          

p = 0,214 (log rank), 

significant using Cox 
regression p = 0.040 

(Cox) 

Not significant (log 

rank, Cox) 

Previous 

operation 

Not significant (log 

rank, Cox) 

Operated greater prop. 
of increase than not 

operated p = 0.047 (log 

rank), p = 0.016 (Cox) 

Not operated greater 
prop. of edema 

incidence than 

operated p = 0.015 
(log rank), not 

significant using Cox 

regression (p = 0.334) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Edema 

before 

treatment 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

With edema before 

GKS greater prop. of 
edemas incidence after 

GKS p < 0.001 (log 

rank), p < 0.001 (Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Lobulated 

margin 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Heterogenity 
Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Tumor 

volume 

Not significant (log 

rank, Cox) 

Not significant (log 

rank, Cox) 

Significant p = 0,001 

(log rank), p = 0,002 
(Cox) 

Significant p = 0,021 

(log rank), p = 0,004 
(Cox) 

Not significant (log 

rank, Cox) 

Location – 

skull base 

Not significant (log 
rank, Cox) 

Not significant (log 
rank, Cox) 

Not significant (log 
rank, Cox) 

Skull base lower rate 
of impairment than 

other location p = 

0.028 (log rank), p = 
0.029 (Cox) 

Skull base higher rate 
of improvement than 

other location           p 

< 0.001 (log rank),       
p < 0.001(Cox) 

Maximum 

dose 

Dmax > 22 Gy            
p = 0.028 (log rank),      

p = 0.023 (Cox) 

Not significant (log 

rank, Cox) 

Dmax > 30 Gy p = 

0.016 (log rank), not 

significant using Cox 
regression p = 0.114 

Dmax > = 30 Gy 
higher rate of 

impairment p = 

0.023 (log rank), Cox 
regression not 

significant p = 0.062 

Dmax 30 Gy not 
significant (log rank, 

Cox) 

Margin dose 
Not significant (12 
Gy, log rank, Cox) 

Dmarg < = 12 Gy p = 

0.048 (log rank), not 
significant using Cox 

regression p = 0.053 

Dmarg > 16 Gy          

p < 0.001 (log rank), 
p < 0.001 (Cox) 

Dmarg 16 Gy not 

significant (log rank, 

Cox) 

Dmarg 16 Gy not 

significant (log rank, 

Cox) 

 

 

Tab. 9 Studied factors of Gamma Knife meningioma treatment in the  long-term group of patients 
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Fig.16 A Kaplan-Meier cumulative curve for 10 years of meningioma growth control 

 

The Kaplan-Meier univariate analysis has shown, that  actuarial control of tumor growth 

was achieved in 94,7%. This result is in continuity with our mid-term results of actuarial tumor 

control- 97,9%. Such a long term analysis is possible only in circumstances of  careful follow-up 

data storage and a high measure of cooperation between the treating department and patients, as 

well as their relevant physicians.  Gamma Knife units globally serve in the majority of locations 

vast geographical areas in different health care systems, which is reflected in the different 

percentages of patients with a completed long term follow up.  The database of the department and 

the organisation of the follow-up of treated patients ensure further study of meningioma control 

after Gamma Knife treatment. In the time period beyond 10 years after treatment, we would  

perhaps not expect  treatment related complications related to edema; we would be interested in 

further actuarial tumor control rate as well as the risk of newly occured  malignancy related to the 

treatment.  
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Margin and maximum dose 

 As shown in Table 6. and Table 9., both margin and maximum doses were statictically 

significant for tumor volume increase and decrease, edema occurence and clinical impairment, 

both in the mid-term and long-term follow up studies.  

 

Fig.17  A Kaplan-Meier cumulative curve of meningioma volume decrease according to 

maximum dose 

 

 Statistically significant in both log rank (p=0,028) and Cox (p=0,023) tests of multivariate 

analysis  was the maximum dose; tumors treated with maximum doses of 22 Gy have shown in  

higher percentages a decrease of their volumes; these meningiomas are controlled in  radiosurgical 

terms. A maximum dose of 22 Gy is advocated in meningiomas where the size, location and 

proximity of the optic tract does not lead to the necessity of dose reduction. As will be shown 

further, the maximum dose of 30 Gy was a significant risk factor for edema occurence and for 

clinical impairment. Therefore, a maximum dose of 22 Gy from a long term perspective is high 
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enough to achieve tumor control and at the same time does not pose an increased risk of 

posttreatment complications.  

 

Fig.18.  A Kaplan-Meier cumulative curve of meningioma volume increase according to the 

margin  dose 

 

A margin dose of lower than 12 Gy has shown statistical significance for meningioma 

volume increase  both in mid-term and long-term results in the log rank test (p=0,048). According 

to the results of the study, dose applied to the margin of the tumor is always above 12 Gy, the only 

exception are the cases, where the chiasm or the brain stem is in contact or compressed by the 

meningioma. Similarly as with the maximum dose, margin dose is also important when 

considering the risk of posttreatment complications. A margin dose of 16 Gy was found to be 

critical in this respect and therefore a recommended margin dose for meningioma treatment lies in 

the space between above 12 Gy and below 16 Gy, to achieve  tumor control with the lowest 

possible risk of posttreatment complications. 
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Fig.19 A Kaplan-Meier cumulative curve of clinical impairment according to a maximum 

treatment dose 

 

A maximum dose of 30 Gy was a significant risk factor for clinical posttreatment 

impairment in the log rank test (p=0,016) in the long-term study; this factor was not statistically 

significant in a mid-term results. The results can be influenced by a small number of studied cases, 

as a vast majority of  posttreatment complications occurred during the time period covered by our 

mid-term study. As will be discussed further in the discussion in this thesis, the increase of 

maximum and margin dose at a certain level does not improve tumor control, but almost certainly 

will increase the risk of posttreatment complications.  
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Fig. 20 A Kaplan-Meier cumulative curve of meningioma volume decrease according to the 

patient`s gender 

 

Long-term results have shown an interesting finding of a significant decrease of volume of 

treated meningioma in men, in both Cox (p=0,006) and log rank tests (0,008). This finding is  part 

of a new understanding of the biological behavior of meningioma in men. As will be examined 

further in the discussion, meningiomas in men behave differently than those in women due their 

chromosomal and hormonal conditions and differences; still  more aspects of these differences 

have yet to be discovered. Men with meningioma are at higher risk of radiosurgical treatment 

failure ( Fig. 22), but at the same time, once the meningioma is responding to the treatment, it is 

more likely that its volume will gradually decrease in the long-term.  
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Fig.21 A Kaplan-Meier cumulative curve of meningioma volume decrease according to the 

patient`s  age 

 

Meningioma volume decrease after Gamma Knife treatment has shown a statistical 

significance in the log rank test for patients younger than 40 years with regard to long-term results 

( p=0,034 log rank). There was no statistical significance found in  mid–term results. This finding 

suggests, that meningiomas in older patients are often calcified to a higher extent than in younger 

patients; calcified  tumors do not decrease their volume after irradiation. In younger patients we 

can therefore expect tumor shrinkage  and thus reduction of mass effect, which is often beneficial, 

besides control of the growth of meningioma as a result of Gamma Knife treatment.  
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Fig.22 A Kaplan-Meier cumulative curve of meningioma volume increase according to the 

patient`s gender 

 

Both mid-term ( p=0,005 log rank, p=0,005 Cox) and long-term (p=0,029) results have 

shown a statistically significant increase of tumor volume after radiosurgery in men. Increase of 

irradiated volume of meningioma occurred during the time period investigated in the mid-term 

study, as the failure of the treatment is detected usually between 2 and 6 years after the treatment. 

Long-term results only confirmed more aggressive biological behavior in men. 
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Fig.23 A Kaplan-Meier cumulative curve of clinical impairment according to the patient`s age 

 

A surprising finding was a statistically significant impairment of clinical symptoms in 

patients younger than 40 years in the Cox test (p=0,040). It was unexpected becase there was no 

evidence of statistical significance in mid-term results; clinical impairment is usually an issue of  

posttreatment period of two years  after  the treatment, which was the time period covered by the 

mid- term study. The finding can be explained by the low number of patients with posttreatment 

complications and censored cases in the statistical analysis. A logical explanation of this finding 

can be a higher number of calcifed meningiomas without a tumor-pial interface causing 

perilesional edema; these patients are at lower risk of posttreatment complications and edema 

occurrence than patients with meningiomas with  a pial blood supply.  
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Fig.24 A Kaplan-Meier cumulative curve of meningioma volume decrease according to 

previous surgery 

 

From a long-time perspective we have found that patients who underwent operative surgery 

for meningioma, were at higher risk of radiosurgical treatment failure, both in the Cox (p=0,016) 

and the log rank (p=0,047) tests. Our statistical analysis did not show  significance in mid-term 

results. Meningiomas which required operative surgery as a first modality usually have a higher 

growth potential leading to mass effect and clinical symptoms. From a long term perspective, the 

growth potential of resected meningiomas could lead to failure of radiosurgical treatment.  
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Fig.25 A Kaplan-Meier cumulative curve of clinical impairment according to the location of 

meningioma 

 

From a long-term analysis  (p=0,028 log rank, p=0,029 Cox) we have found, that  patients  

with meningiomas in the skull base are at a lower risk of clinical impairment after radiosurgical 

treatment. In other words,  patients  with meningiomas located in convexity, parafalcine and 

parasagittal, with perilesional edema and  a pial blood supply experience posttreatment impairment 

more frequently. This finding is important as an indication of radiosurgical treatment and suggests, 

in which patients clinical impairment can be expected. Even though impairment after Gamma 

Knife treatment is in the majority of cases temporary and rarely disabling, for selected 

meningiomas with collateral edema surgery it should be considered, at least as a first step.   
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Fig.26 A Kaplan-Meier cumulative curve of clinical improvement according to meningioma location 

 

Both mid-term (p<0,001 log rank) and long-term (p<0,001 log rank, p<0,001 Cox) studies 

have confirmed the statistical significance of clinical improvement  after Gamma Knife treatment 

in patients harboring skull base meningiomas. Improvement as such can be attributed to the 

decreased volume of the treated meningioma as well as recovery after surgery, in cases when 

Gamma Knife treatment is performed within one year after operative surgery. The results presented 

advocate  radiosurgical treatment as the treatment of choice for selected meningiomas in the skull 

base, where complete operative removal is impossible.  
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Fig.27 A Kaplan-Meier cumulative curve of clinical impairment according to the size of the 

treated meningioma 

 

The statistical significance  of tumor volume  as a risk factor for clinical improvement after 

Gamma Knife treatment was found in both mid-term (p=0,014 log rank, p=0,002 Cox) and long-

term (p=0,021 log rank, p=0,004 Cox)  results; in both Cox and log rank tests, which suggests its 

clinical importance. The bigger the treated volume, the higher the cumulative dose necessary to 

cover the whole meningioma  with an adequate dose. The bigger the irradiated volume, the higher 

the risk of complications. Therefore, volume is a very important issue when considering Gamma 

Knife treatment.  
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Fig.28 A Kaplan-Meier cumulative curve of patients weth postiradiation edema according to 

evidence of edema prior to treatment 

 

Both Cox and log rank tests showed statistical significance in both mid- term ( p<0,001 log 

rank, p<0,001 Cox) and long term (p<0,001 log rank, p<0,001 Cox)  results for the analysis of 

perilesional edema after treatment and its relation to edema occurrence before the treatment. The 

finding is not surprising, as edema present before treatment would be aggravated by Gamma Knife 

treatment; Gamma Knife treatment itself can  induce edema also in tissues without edema before 

treatment. This finding is taken into account when deciding about the indication of radiosurgery in 

meningiomas with perilesional edema.  
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Fig.29 A Kaplan-Meier cumulative curve of posttreatment edema according to treatment with 

the maximum dose 

 

Both mid- term ( p=0,013 log rank,  p=0,018 Cox)  and long-term ( p=0,016 log rank) studies have 

confrmed  the significance of a maximum dose higher than 30 Gy as a risk factor for edema 

occurrence after Gamma Knife treatment.  Edema is a consequence of irradiation induced changes, 

mostly within the treated lesion and thus inducing edema directly, as well as perifocal edema 

caused by vascular factors increasing the permeability of the blood vessels ( VEGF).  

 



 70 

 

Fig.30 A Kaplan-Meier cumulative curve of posttreatment edema according to treatment 

margin dose 

 

Dose to margin is equally important for edema induction, which was confirmed by mid-

term results (p0.001 log rank) and long-term results ( p<0,001 log rank, p<0,001 Cox), which 

further confirms the effect of irradiation that induces edema in treated  areas as well as in its 

vicinity. Both findings of edema occurence after treatment with a maximum dose of higher than 30 

Gy and a margin dose of higher than 16 Gy have practical clinical implications during the planning 

of Gamma Knife treatment. 
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Fig. 31  A Kaplan-Meier cumulative curve of posttreatment edema according to previous 

surgery 

 

Patients who have  undergone surgery for their meningiomas were at lower risk of edema 

occurrence after Gamma Knife treatment both in the mid- term (p=0.013 log rank, p=0.035  Cox) 

and in long-term studies (p=0,015 log rank). This finding is discussed in more detail in the 

Discussion chapter; it is attributred to the disruption of the tumor-pial interface and thus the limited  

effect of VEGF on brain tissue.  
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Fig.32 A Kaplan-Meier cumulative curve of posttreatment edema according to tumor volume 

 

Tumor volume was found to be a statistically significant factor both in mid-term (p=0,002 

log rank, p0,001 Cox) and in long-term (p=0,001 log rank , p=0,002 Cox) studies. The finding is 

a logical consequence of the size of  the irradiated volume; the bigger the volume irradiated, the 

higher cumulative dose and the higher the impact to the tisue of meningioma resulting in 

perilesional swelling. Again, this finding has a practical implication  and patients are consulted 

about increased treatment risk if it is found to be necessary to treat the meningioma at an upper 

volume limit.  
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Fig.33 A Kaplan-Meier cumulative curve of posttreatment edema according to the patient`s 

age 

 

Both mid- term (p=0.019 log rank) and long-term (p=0,025 log rank) results suggest that 

patients older than 60 years are at a higher risk of edema occurence after Gamma Knife treatment.  

Also, younger patients more often have meningiomas resected by operative neurosurgery and 

therefore the surface of the brain in contact with possibly edemagenic meningioma is reduced. The 

practical implication of this finding is reflected in the more conservative approach to meningioma 

radiosurgery in the elderly.  
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5.  Discussion  
  

Radiosurgery as a treatment modality does not remove the tumor;  tumorous cells lose  the 

ability to divide, they remain in the G0 phase of  the cell cycle. Also, as a result of postiradiation 

changes, fibrosis and necrosis will occur. All the above mentioned features can be found when 

analyzing specimen obtained during surgery of meningioma after stereotactic radiosurgery. The 

mere presence of viable meningioma cells is not proof of treatment failure.  

An often addressed issue is the natural biological behaviour of meningioma versus 

meningioma treated by  radiosurgery. Meningiomas are slow growing tumors and especially in the 

elderly, do not increase in size during follow up years. From a long term follow up view of 

surgically treated meningiomas it was found, that there was a 5 year recurrence rate of 4-20% in 

meningiomas which were radically removed; in subtotally resected meningioma the percentage is 

higher, 18,4-37%. All these patients have to be followed up with MR scanning for years, as 

recurrence can occur even 30 years after surgery. Long term studies show however, inacurracy in 

terms of removal quantification, as accurate imaging techniques were not available in the past as 

we know them today (9,60).  

The actuarial 5 and 10 -year tumor control rate in the studied group of patients was 97,9% 

and 94,7% respectively, which is within the range between 84,3% and 100% in  the published 

studies of  middle and long term results. (1,6,12,20,24,26,27,31,38,39,41,42,43,49, 

50,52,53,54,57,60,71,72,76,78,88,94,95,97). Our results in  the upper part of the range reflect the  

successful strategy of the treatment in terms of dose selection as well as  patient selection (size of 

tumor).  Fig.16    

 

Tumor Margin and Maximum Dose 

 

An optimum treatment dose  for meningioma is still  a topic of controversy, as shown in 

Table 5. In the present study, both in 5-year follow ups and 10-year follow ups,  there was a 

significantly higher decrease in the volume of meningioma treated with a marginal prescription 

dose greater than 12 Gy .  (Table 4.) 
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In our study, a margin dose of lower than 12 Gy was applied only to patients who had  

undergone previous fractionated  radiotherapy. In the case of meningioma compressing optic 

pathways, this part of the tumor was covered with a reduced dose of 10-12 Gy. The experience of 

the department shows that the strategy of reduced marginal dose  has controlled the growth of 

tumors (40,53,54,67). 

With regard to location, the most vulnerable structure are the anterior visual pathways, 

especially regarding the dose necessary for the treatment of intrasellar and parasellar menigiomas. 

No visual field loss was detected in our study. The dose to the optic tract exceeded the 

recommended 8 Gy only in cases where the patients had become blind since primary operative 

treatment, and for the dose to the patients who had previously undergone radiotherapy, the dose 

was always lower than 3 Gy. There are papers advocating a dose to the optic tract of higher than 10 

Gy (36,59). Nonetheless, we believe that delayed damage can occur up to 10 years after treatment 

(89,100). The dose to hypophysis in the treatment of intra and parasellar meningiomas did not 

exceed 15 Gy, which we consider a safe limit to avoid damage to the pituitary. No clinical 

evidence of hypopituitarism was confirmed in our study (102).  

In patients treated with margin doses of higher than 16 Gy, there was a signifcantly greater 

occurence of postiradiation edema, confirmed both in 5 and 10- year cohorts. Additionally, in 10 

year follow ups we have found, that neurological impairment was statistically significant in 

patients treated with a margin dose of higher than 16 Gy and a maximum dose of higher than 30 

Gy. Fig. 19 

  According to our results,  a higher  margin dose was not related to tumor control, although 

the risk of complications was increased. As reported by Kondziolka (42,43), margin doses of over 

16 Gy did not provide better tumor control. The current practice at our center  is to apply a margin 

dose of 12-16 Gy for benign meningiomas. 

  

Patient sex and age 

 

The relationship between meningioma and the hormonal status of patients has been 

confirmed (18).  Analyzing tumors, that increased in size after radiosurgery, we have found that the 

majority of them were in men, which was statistically significant. On the other hand, men have 

higher chance  of meningioma regression after treatment, as confimed by analyis of long term 

results. Table 3, Fig.20 A similar finding of meningioma behaving more agressively in men, was 

also reported by other authors (20,64,66).  
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Patients younger than 40 years were found to have an increased chance of tumor regression, 

which can be explained by the fact that these meningiomas contain less calcium than in older 

patients.  Fig.21  Meningiomas in younger patients also behave more aggressively and therefore 

these patients are often candidates for surgery in the first instance. 

 A significantly increased frequency  of  adverse effects was observed in patients younger 

than 40 years old and  older than 60. It has also been reported, that meningioma in the elderly show 

a lower progression rate (9,66). These facts suggest that prescribed dose should be kept  at the 

lower end of the therapeutic window, i.e 12-16 Gy to prevent  posttreatment complications, as life 

expectancy is shorter (39,40).  

 

Previous surgery 

 

In our study, previous surgery was significantly related to the improvement of  neurological 

deficit detected before treatment. The other authors report higher improvement rates  in patients 

with no history of surgery before radiosurgery (1, 95). Our results can be explained by the fact that 

more than  40% of patients have undergone radiosurgery within one year after operative surgery, 

which is the recovery time period. Nevertheless, a combination of surgery and radiosurgery to keep 

the risk of surgical damage to a minimum  is reported as beneficial  by many authors (5,6, 

15,16,23,34, 42, 58,70).   

Analyzing our 10 year cohort it was found that patients who had undergone surgery for 

their meningiomas were at a greater risk of tumor progression after radiosurgery; this fact can be 

explained by the aggressive behaviour of tumors which required surgery as a first treatment 

modality.   

In our study, previous surgery was associated with  a lower risk of  postiradiation edema. 

This fact can be explained by follow up MR scans, where it is difficult to distinguish  postoperative 

changes from edema, unless there are clear signs of mass effect. Also, surgical removal decreases 

the  portion of meningioma in conctact with brain parenchyma, disrupts the pial blood supply, thus 

reducing the risk of edema (39,40). 

 

Interestingly, Cox regression does not indicate a previous operation as a significant factor. 

Table.3  This can be partially explained by the higher amount of censored cases. Another 

explanation might be that the previous operation is somehow related to the age of the patients – for 

example Fisher’s exact test indicates that there is a significant association between a previous 

operation and age – in the age categories <40 and >60 years there is a higher rate of previous 
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operations (Fisher’s two tailed p = 0.018) compared to the 40-60 year-old category. Using Kaplan-

Meier statistics we can stratify the data according to the previous operation into “yes” and “no” 

groups and each group into three subgroups <40, 40-60, >60 years. Now we can observe that in the 

previous operation, in the “yes” group the age is no longer a significant factor, while in the “no” 

group the age is significant, p = 0.032 (log rank). 

In addition vice versa we can make three age groups (<40, 40-60, >60 years) and divide 

each group into two subgroups - previous operation “yes” and “no”. We can test the rate of edema 

incidence for the previous operation in the “yes” and “no” groups in each age category separately. 

In that case the previous operation was not found significant in any of the age categories (p = 

0.094, p = 0.101, p = 0.812). However, note the low number of patients in some age categories. 

 

Location of the meningioma 

 

In both groups of patients we have found, that there is a lower risk of clinical impairment in 

patients with meningiomas located in the skull base ( the only exception is anterior cranial fossa). 

The reason for that finding might be the fact that skull base meningiomas have a smaller surface 

dirrectly in contact with the brain tissue, with a pial blood supply, that enables  angiogenic factors 

produced by meningioma  to enter the brain tissue and induce perilesional edema. (39).  Especially 

patients with meningiomas located in the convexity and parasagittal/falcine meningioma are at 

higher risk of posttreatment complications. A higher chance for clinical improvement are patients 

who harbor skull base meningioma. Fig.25  

 

Adverse effects 

 

In the majority of cases,  morbidity associated with  stereotactic radiosurgery is temporary.  

In our 5- year cohort, temporary morbidity  was 10,2% and permanent 5,7%. Results of the 10- 

year follow up analysis  have shown  9,6% temporary and 1,3%  permanent morbidity. These 

numbers reflect the fact that in early stages of Gamma Knife meningioma treatment, the patients 

were selected very carefully with regard to the size of tumor (median 4,4, cm³ vs. median 3,78 cm³ 

respectively). 

Published permanent complication rate ranges from 2,5% to 9% 

(12,38,42,59,78,79,90,93,95). Posttreatment deficit is rarely disabling. Surgical treatment, 

especially for skull base meningiomas, would result in major changes in lifestyle for more than 

50% of patients due to a  new neurological deficit. One also cannot underestimate the impact on 
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the patients  family  and  carers. As our data confirms,complications can be predicted  by the 

characteristic features of meningioma, its location, size and peritumoral edema (46).    

The results of our study show, that meningiomas larger than 5 cm³ carry an increased risk 

of perilesional edema and patients are more likely to experience neurological impairment.  

Table.2,3 

Seven patients in the present study experienced intratumoral edema, which developed 5 to 

16 months after radiosurgery. In all of them  the tumors finally shrank and  the symptoms settled. 

This information is very important, because a referring neurosurgeon might mistake intratumoral 

edema for the growth of the tumor, and proceed with microsurgery at the least favourable time due 

to acute postiradiation changes. When intratumoral edema occurs, use of steroids is recommended 

(39,40).  

To distinguish intratumoral edema from further growth of the tumor, one must consider the 

time period since treatment. In our experience, intratumoral edema occurs within 2 years after 

radiosurgery, whereas the growth of the tumor is detected at least 2 years after radiosurgery.  

 

Peritumoral edema 

 

Overall, peritumoral edema is reported in 40-60% of meningiomas. In our study it was 

found only in 3,8% of treated patients. This fact can be explained by the need for operative 

surgery, when  edema is  causing mass efect and clinical symptoms. According to our results, the 

patients with peritumoral edema before radiosurgery are at an increased risk for the development of 

postiradiation complications and the worsening of preexisting edema. 

 This  result was confirmed both in the 5- and 10- year cohort analyzed. Moreover, patients 

with seizures and perilesional edema have less chance for seizure improvement. Table.2,3 

Further risks for the induction of posttreatment edema are those with a tumor volume larger 

than 10 cm³, a prescription dose of higher than 16 Gy and a tumor located in the anterior fossa. 

Table.2,3  

Meningiomas located in the convexity and in  the anterior skull base have a higher risk of 

perilesional edema occurence compared to other skull base meningiomas. In addition, larger 

tumors can be associated with edema after being exposed to lower doses; higher doses can induce 

extensive edema in small tumors in the same location. A unifying factor for  these findings could 

be  the pial interface, which enables VEGF to enter surrounding brain tissue, after its release from 

damaged tumorous cells after irradiation.  
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The risk of radiation induced complications increases with the volume irradated 

(24,26,49,90,97). A tumor volume of greater than  10 cm³ was a risk factor for  the development of 

a temporary and permanent neurological deficit after radiosurgery, as shown by the 5- year follow 

up cohort.  Therefore, patients with meningiomas larger than 10 cm³ must be consulted concerning 

the increased risk of treatment. Note that the other authors have not found  a relationship between 

tumor volume and margin dose, and the occurence of complications. In contrast, patients in the 

present study with  a larger tumor volume ( more than 5 cm³) had a greater chance of improvement 

in any neurological symptom if it was present before treatment. A greater likelihood of 

improvement  under these circumstances could be attributable to tumor shrinkage  as well as to 

somatostatin receptors on meningioma cells. (65) 

Ten patients in the present study received staged treatment for meningioma; the bigger 

portion or the portion in the posterior fossa was treated first; in another 6 months the smaller 

portion was treated. Postiradiation edema occured in two patients, it was symptomatic in one. This 

approach was used to improve tolerance in treating two smaller parts instead of one large part, and 

therefore to decrease the risk of treatment. This option was used in patients with large skull base 

meningiomas, who would not tolerate surgery.  

According to our data, it is possible to predict the occurence of posttreatment edema with 

regard to the location of meningioma. Patients with meningioma in the anterior skull base  have a 

higher risk, followed by those of convexity and parafalcine meningiomas. Also, patients with skull 

base meningiomas have a higher chance of neurological improvement after treatment, when 

compared to convexity meningiomas. The edema prediction model, which was developed as a part 

of the study, improves chances to predict edema occurence after Gamma Knife treatment and it is 

used in the identification of patients who can develop this adverse effect eventually. These patients 

are counselled about the increased risk of posttreatment complications, with practical 

recommendation for futher care.  

   

Other factors 

 

The lobulated tumor margin and its heterogenous appearance after contrast media 

administration as a  sign of higher biological activity failed to show a significant relation to the 

studied events in both the 5- and 10- year follow up cohorts, which suggests no change in the 

treatment strategy with regard to morfological appearance.  
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6. Theoretical and Practical Contribution of Doctoral Thesis 
Results 

 

 

Hypothesis 1 –Efficacy of the treatment and its complications 

The results of the study confirmed high efficacy of Gamma Knife treatment according to 

current strategy; margin dose applied to the tumor between 12-16 Gy ensures stabilisation of the 

disease and at the same time does not cause severe adverse effects. Permanent deficits occured in 

6,4% and were rarely disabling. The data justify the treatment as a treatment of choidce for skull 

base meningiomas fulfilling size limit, as well as a part of multimodal approach. The treatment 

efficacy was confirmed in a long term horizon of 10 years. Published study was the first long-term 

study on meningioma Gamma Knife treatment  at the date of its issuance.  

 

    Hypothesis 2- Edema occurence and its predictability after Gamma Knife treatment 

Gamma Knife treatment can induce perilesional edema, or increase preexisting edema. 

Presence of edema before radiosurgery was significantly related to edema worsening after 

treatment. This finding suggests careful approach, when considering patient with edema for 

Gamma Knife radiosurgery.  

Occurence of edema can be predisted, as we have confirmed by our edema occurence model. 

For every patient, individual risk can be calculated and this fact is included in decisionmaking 

proces regarding the best treatment.  

 

Results of the study were offered as the part of  study material in research conducted by 

European Gamma Knife Surgery Study Group, which investigated results of  meningioma  

treatment at 15  Gamma Knife centers across Europe during 2007-2009. 

 

The data from the  paper (Appendix 1) on results of Gamma Knife treatment of benign 

meningiomas: 

Kollová A, Liščák R, Novotný J Jr , Vladyka V, Šimonová G, Janoušková L  : 

Gamma Knife surgery for benign meningioma. J Neurosurg 107 : 325-336, ( 2007)  were quoted 

in essential textbook of stereotactic and functional neurosurgery: 

Lozano A, Gildenberg PL, Tasker RR (Eds.): Textbook of Stereotactic and Functional 

Neurosurgery (v. 1&2),  Second Edition,  2009, Springer Verlag, ISBN-10: 3540699597; ISBN-

13: 978-3540699590 
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7.  Conclusions 
 

Radiosurgery as a treatment of choice is recommended  in patients  with meningiomas in 

skull base, which fulfill size criteria,  in patients, who cannot be treated  by operative surgery due 

to their age or because of other medical reasons in cases where meningioma is not causing a mass 

effect requiring excision.  

Gamma Knife treatment  is a part of a multimodal approach in large meningiomas in areas 

where complete removal is impossible, or where it could be risky due to damage to the cranial 

nerves and major vessels; in the skull base. In such cases, operative surgery to remove, is planned 

in the first instance, followed by radiosurgery.   

Actuarial 5 and 10 -year tumor control rate is 97,9% and 94,7% respectively, which 

confirms the efficiency of the treatment from a long-term perspective.  Permanent morbidity 

associated with Gamma Knife treatment was 6,4% , although it was rarely disabling.  The low 

percentage of side effects make Gamma Knife treatment also attractive for patients, who are 

deciding on a treatment option in cases where both radiosurgery as well as operative surgery are 

feasible.  

Observation is a treatment option for meningiomas in the elderly, especially in patients in 

whom meningiomas show signs of calcium deposits. These meningiomas grow rarely and usually 

do not cause a mass effect towards the atrophic brain. On the other hand, observation in younger 

patients might lead to meningioma progression to an extent, where radiosurgery is limited, or 

impossible, e.g. in skull base meningiomas approaching or compressing the optic pathways.  

From a technical point of view, we suggest a prescription dose of 12-16 Gy to the tumor 

margin. Higher margin doses are associated with higher treatment risks, but they do not improve 

the tumor control rate. 

Patients with tumors larger than 5 cm³, peritumoral edema,  meningiomas in the anterior 

skull base  and parasagittal meningiomas should be informed about the higher risk of posttreatment 

complications.   

The multifactorial model for the prediction of edema occurrence after radiosurgery as well 

as the significant predictive factors in this study should be tested and validated in the future in 

patients of the department as well as  by other centers treating meningiomas.  

The results of radiosurgery  increase the standard of menigioma treatment with low adverse 

effects and  thus maintaining the quality of life of the patient with a benign tumor. Treatment 

options or combinations of them should be assesed for every patient individually.  
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