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ABSTRACT 
 
Hypofractionated conformal stereotactic radiotherapy (HCSRT) has been used 
for the treatment of AVMs at the Umeå University Hospital since 1986. From 
this year and onwards an increasing number of patients with single or oligo 
brain metastases have also been treated using this technique. 

In paper I we have retrospectively evaluated our treatment results of 
AVMs in terms of obliteration and complications. The rates of obliteration and 
complications seem to be comparable with SRS even if the AVM volumes in 
our series were larger than in most series with SRS. In paper II we have 
retrospectively evaluated the results in terms of local control, survival and 
complications in two groups of patients with single or oligo brain metastases. 
One group was treated with HCSRT alone and the other group was treated with 
whole brain radiotherapy in combination with a stereotactic boost. Controversy 
still exists concerning the benefit of additional use of WBRT in combination 
with stereotactic irradiation. The survival times were equal in the two groups 
and no significant difference in local control was observed. The omission of 
WBRT seems to carry a higher risk for development new brain metastases 
distant from the irradiated area. In paper III we report the treatment results in a 
subgroup of AVMs treated with a combination of embolisation and HCSRT. We 
also focus on the reduction of vascular density within the nidus of an AVM and 
propose a method to digitally compare images and more objectively assess a 
reduction in vascular density following embolisation. Obliteration rates seem 
comparable with other series using a combination of SRS and embolisation even 
if our rate of complications was higher than what is usually reported. Using 
luminescence as measure of vascular density all AVMs seemed to be less dense 
after embolisation.  

Treatment accuracy in terms of reproducibility of the isocenter in 
consecutive treatment sessions is crucial in fractionated radiotherapy. In paper 
IV we have radiologically evaluated the reproducibility of the isocenter in 
successive treatment sessions using the non invasive relocatable Fixster frame. 
There was a high degree of reproducibility and only small errors that most likely 
is of no clinical importance. 

A reliable dose plan is equally important as a tool to predict the dose 
delivered inside and outside the target volume. In paper V we have evaluated the 
reliability of treatment plans in HCSRT for targets of different geometry and 
size. A liquid ion chamber and gel dosimeter was used for assessment of dose 
distribution and absorbed dose. The doseplanning system proved to be accurate 
in predicting the absorbed dose and dose distribution for the different targets. 
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ABBREVIATIONS 
 
 

AVM  Arteriovenous malformation 
VEGF  Vascular endothelial growth factor 
VEGF-R  Vascular endothelial growth factor receptor 
Tie-2  Endothelial angiopoietin receptor 
HHT  Hereditary haemorrhagic teleangiectasia 
NPPB  Normal perfusion pressure breakthrough 
HCSRT  Hypofractionated conformal stereotactic radiotherapy 
CC  Cubic centimetre  
PTV  Planning target volume 
GTV  Gross tumour volume 
SRS  Stereotactic radiosurgery 
MRI  Magnetic resonance imaging  
CT  Computerized tomography 
CNS  Central Nervous System 
LINAC  Linear accelerator 
KPS  Karnofsky performance scale 
RPA  Recursive partitioning analysis 
WBRT  Whole brain radiotherapy 
NBCA  N-butyl cyanoacrylate 
LIC  Liquid ionization chamber 
TPS  Treatment planning system 
DVH  Dose volume histogram 
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1. INTRODUCTION 
 
Cerebral AVMs are tangles of abnormal blood vessels that shunt blood from the 
arterial side to the venous side without passing a capillary bed. AVMs have 
three morphological components; feeding arteries, a vascular core (nidus) and 
draining veins.  Haemorrhage, seizures or focal neurological symptoms are the 
most common clinical manifestations at presentation [1]. The rate of 
haemorrhage, the most serious of the manifestations, is estimated to be 2–4% 
annually [2] and is associated with a substantial morbidity and mortality. The 
aim of treatment of cerebral AVMs is to obliterate the nidus to prevent 
haemorrhage. There are three major treatment options at hand: surgery, 
radiosurgery and embolisation. Surgery is associated with a high mortality and 
morbidity when the AVMs are large or located in eloquent areas [3]. Single 
fraction radiosurgery (SRS) is an option, but it has been considered difficult to 
treat large AVMs safely and efficiently using this modality. Embolisation may 
be effective to reduce the size of the AVM but may not totally obliterate the 
AVM. 
 
By fractionation of radiation a higher total dose may be possible to deliver 
without increasing the rate of complications. We therefore believe that 
hypofractionated stereotactic radiotherapy may be an important alternative for 
the treatment of cerebral AVMs that are large or located in eloquent areas, 
allowing a higher dose of radiation than possible with a single fraction. This 
treatment was developed at the Umeå University Hospital through the 
pioneering work of Lauri Laitinen and Nils-Erik Säterborg [4]. In 1986 the first 
AVM was treated at the Umeå University hospital using this technique. This 
AVM was then considered to be too large to be treated with SRS and a 
fractionated linear accelerator (LINAC) treatment was chosen to be able to 
deliver a sufficient dose of radiation while sparing the surrounding normal brain 
tissue. 
 
On the basis of our good experience from treatment of AVMs we have extended 
our hypofractionated stereotactic irradiation to be used in patients with cerebral 
metastases. Brain metastases are common manifestations of systemic cancer and 
the incidence has been estimated to be 20-40%. Treatment options for brain 
metastases are surgery, radiosurgery and whole brain radiotherapy (WBRT). 
Surgery may be an alternative in expansive single brain metastases in patients 
with a good prognosis. WBRT has earlier been used frequently, but has several 
drawbacks, considering the long treatment times, side effects, and the risk of 
neurocognitive sequele. Radiosurgery is now recognised as an important 
alternative to treat single or oligo brain metastases. We believe that HCSRT may 
be an option offering equivalent treatment results to radiosurgery but with the 
benefit of being able to treat larger lesions. 
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2. BACKGROUND 

History of AVMs 

Cutaneous vascular malformations were known as early as in ancient Egypt. The 
Papyrus Ebers (ca 1500 BC) are to contain descriptions of vascular lesions such 
as varicose veins and aneurysms [5]. The first pathological descriptions of 
intracranial AVMs date back to Luschka in 1854 and Virchow in 1867 [6]. 
According to Virchow these lesions were to be considered as congenital 
malformations rather than neoplasias as suggested by the pathologist 
Rokitansky. Virchow developed a nomenclature for vascular lesions and 
proposed that intracranial arteriovenous malformations should be termed 
aneurysma spurium arterio-venosum [5]. This terminology was used frequently 
in earlier publications until after the Second World War. The terminology was 
then changed, and the term arteriovenous malformation was used for these 
lesions to avoid confusing them with saccular aneurysms. 

Definition and aetiology of cerebral AVMs  
 
Cerebral arteriovenous malformations (AVMs) consist of a tangle of abnormal 
vessels which can be distinguished by 3 morphological features: (1) a dysplastic 
vascular core (nidus) wherein blood flows directly into draining veins without a 
normal capillary bed in between, (2) the feeding arteries and (3) the draining 
veins. AVMs are in most cases well circumscribed with only little intervening 
brain parenchyma (Fig. 1).  
 
 
 
 
 

   

 
 
 
 
 
 
Figure 1. Angiograms showing anterioposterior and lateral views of the right 
internal carotid artery. Right sided AVM with a nidus supplied by branches from 
the middle cerebral artery on the right side as feeding vessels. 
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Cerebral AVMs are thought to be congenital lesions even if there seems to be 
evidence that they can be acquired during life. Vascular morphogenesis in 
embryos is a two stage process. In the first process (vasculogenesis) angioblasts 
differentiate into endothelial cells to form a primary vascular plexus. In the 
second stage (angiogenesis) the primary plexus undergoes remodelling and 
organization including recruitment of periendothelial cells. Mullen et al. [7, 8] 
postulated that AVMs of the brain may result from a congenital failure of 
capillary development that occurs before 3 months of gestation and that cerebral 
AVMs are a fistulized cerebral venous malformations that develops due to a 
failure in the development of the cortical venous system. During vasculogenesis 
and angiogenesis VEGF, VEGF-Rs and Tie-2 may play important roles, 
regulating endothelial cell proliferation (VEGF-R) and the recruitment of 
periendothelial support cells to form mature stable vessels (Tie-2). Sonstein et 
al. found that in immunocytochemical analysis there was a high degree of VEGF 
expression in children with regrowth of AVMs after operation compared to 
nonrecurring AVMs [9]. This supports that the angiogenic factor VEGF is 
associated with cerebral AVMs. Hashimoto et al. have also performed a 
immunocytochemical analysis of AVMs and found that compared with normal 
brain tissue the expression of Tie-2 (tyrosine kinase with immunoglobulin and 
epidermal growth factor homology domains) and VEGF-R were consistently 
decreased [10]. The decreased expression of Tie-2 may explain the poor 
periendothelial cell support structures in AVMs. 
 
Even though most authors believe cerebral AVMs to be congenital it is 
intriguing that cerebral AVMs have never been detected in utero [11]. The 
current use of intrauterine ultrasound has led to the early diagnosis of aneurysms 
of the vein of Galen [12], which is an anomaly much less commonly seen than 
cerebral AVMs. Yet, there is no report of an AVM detected in utero. This might 
raise some doubt about the congenital nature of AVMs. According to the 
classification proposed by Newton and Cronqvist intracranial AVMs can be 
divided into 3 categories based on their arterial supply; pial, dural and mixed 
pial-dural [13]. The dural AVMs (arteriovenous fistulas) are arteriovenous 
shunts from a dural arterial supply to a dural venous drainage channel. These 
AVMs seldom have a discrete nidus. It is well described that dural AVMs 
appear to be acquired rather than congenital and that they may develop at the 
site of a venous thrombosis [14]. On the other hand, pial AVMs that receive 
arterial supply from cerebral or cerebellar arteries are considered to be 
congenital. Ozawa et al. have reported a case where a patient developed a mixed 
pial and dural AVM following thrombosis in the superior sagittal sinus and 
transverse sinus [15]. 
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Prevalence and incidence of AVMs 
 
The true incidence and prevalence of cerebral AVMs in the population are not 
well known. This is largely due to the rarity of the disease, its presumed 
congenital nature and its long asymptomatic development period. McCormick’s 
description of 5744 consecutive autopsies performed at the University of Iowa 
and the University of Texas is one of the most frequently cited series [16]. They 
identified AVMs in 30 of the 5754 autopsies, equivalent to a prevalence rate in a 
population of 521 per 100.000 (0.52%). There are however reasons to believe 
that even this autopsy study includes a bias. In this study the reported autopsy 
rate was only close to 50% at the beginning of the study to decline to 
approximately 30% at the end. The majority of the cases with AVMs were also 
symptomatic and there may have been a selection bias for examination. The 
probably most reliable data from a population study has been provided by 
Brown et al [17, 18]. As a measure of incidence a detection rate of 0.94 per 
100.000 person-years for symptomatic AVMs was reported. From the various 
reports available on AVMs there seems to be a moderate male predominance 
with a male female ratio of about 1.4: 1 [19]. 
 
Cerebral AVMs may occur sporadically or develop as a part of the disease 
hereditary haemorrhagic teleangiectasia (HHT), also known as Rendu Osler 
Weber. This is a genetic autosomal-dominant disorder characterised by the 
presence of vascular teleangiectasies in mucocutaneous tissues, visceral organs 
and the central nervous system. The incidence of this disease is estimated to be 
one in 5–10.000 [20]. Cerebral involvement with arteriovenous fistulae or 
AVMs has been reported to be 10-30%. Diagnostic genetic testing is available 
for affected families or for patients suspected to have HHT. Mutations of the 
endoglin gene located on chromosome 9q33 or the ALK-1 gene on chromosome 
12q have been found to cause HHT [21]. Some advocate regular screening with 
MRI angiography or conventional angiography for patients with HHT [21]. 
HHT is commonly associated with multiple AVMs, but one study found a 
significantly lower risk of bleeding compared to sporadic AVMs, with an annual 
risk ranging from 0.41 to 0.72% per year [22].  
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Natural history and clinical characteristics 
 
Owing to the fact that there is uncertainty regarding the true prevalence of 
AVMs there is also controversy regarding the natural history of AVMs. Our 
knowledge of the natural history of cerebral AVMs is based on natural history 
studies and descriptive studies on patients selected for surgery or radiosurgical 
treatment. Both kinds of studies show selection bias as patients with small 
AVMs not deeply located, or in eloquent areas of the brain are more likely to be 
selected for surgery or radiosurgery, and the rest of the patients have been 
treated conservatively. Furthermore, the natural history studies have in most 
cases enrolled patients before the era of modern neuroimaging.  
 
The majority of patients with symptomatic AVMs present before the age of 40 
and intracranial haemorrhage is the most common symptom, followed by 
seizures and headache and various focal neurological symptoms. In a study of 
nonsurgically treated patients collected and followed between 1930–1961 Svien 
et al. found that patients presented with intracranial haemorrhage in 50% and 
that epilepsy (generalized or focal seizures) occurred in 46%. The complaint of 
headaches was registered by 34% of the patients and gradual progression of a 
neurological deficit was encountered in 21% [1]. 
 
The manifestation in form of intracranial bleeding is the most devastating one, 
and the most important rationale for treatment. The mortality and morbidity 
following an intracranial bleeding has been reported to be as high as 29% and 
22%, respectively [23]. The annual bleeding risk from a sporadic cerebral AVM, 
derived from studies of natural history, is agreed to range from 2-4% [2, 23, 24] 
However, controversy remains regarding intrinsic factors of AVMs that might 
predispose to an intracranial bleeding. Some authors claim that small AVMs 
carry a higher risk of bleeding than larger ones [25], while others have found no 
association between AVM size and the risk of bleeding [2, 23]. The assumed 
association between small AVMs and an increased bleeding risk may be a 
confounding factor since small AVMs are less likely to present with seizures or 
focal neurological symptoms. On the other hand there may be a biological 
explanation for the observed higher frequency of bleedings in small AVMs. 
Spetzler et al. performed intraoperative pressure measurements from major 
feeding arteries to AVMs and found that there existed an inverse relationship 
between the size and the feeding artery pressure [25]. This might explain the 
somewhat paradoxical observation reported by some authors that small AVMs 
are more prone to bleed. If the likelihood of haemorrhage is related to the 
perfusion pressure in the AVM rather than the volume of the AVM nidus, and 
the perfusion pressure decreases as the AVM size increases, this would explain 
an increased bleeding risk for small AVMs. 
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There is also inconsistent data concerning the risk of recurrent bleedings from an 
AVM that has previously bled. Pollock et al. [26] reviewed 315 patients that had 
been treated with stereotactic radiosurgery and found by using multivariate 
analysis three factors that were associated with haemorrhage; history of prior 
bleeding, a single draining vein and a diffuse AVM morphology. The risk of 
rebleeding was reported to be 7.45% compared to an initial bleeding risk of 
1.89% in all patients included in this study. The explanation for the increased 
bleeding risk associated with a single draining vein may be an increased 
intranidial pressure as shown by Spetzler [25]. Other authors have in contrast to 
Pollock et al. found no association between prior bleedings and an increased risk 
of haemorrhage. Ondra et al. reviewed a series of 262 unoperated patients with 
symptomatic AVMs from the Finnish population. These patients were enrolled 
from 1942 through 1975 [2]. The rate of a major rebleeding was 4.0% per year 
and there was no difference in the incidence of rebleeding regardless of 
presentation with or without evidence of haemorrhage. The mean interval 
between initial presentation and subsequent haemorrhage was 7.7 years. 
 
The relationship between arterial hypertension and a spontaneous haemorrhage 
from an AVM is unclear. It seems at least as if transient moderate hypertension 
does not precipitate bleeding [27]. 
 
As mentioned above the actual size may be of importance for the characteristics 
of an AVM (and for the possible treatment options). The possibility of growth of 
an AVM over time has been known since the first report by Olivecrona and 
Riives in 1948 [28]. Several explanations have been put forward: real growth of 
arterial and venous elements, dilatation of existing vessels or ingrowth of 
collateral vessels into haemorrhagic areas surrounding the AVM [5]. Waltimo 
[29] published a series of 21 patients and found a more than 20% increase in 
AVM size in 12 cases after a median follow-up time of 44 months. This author 
supported the theory of dilatation of the poorly differentiated vessels of the 
AVM. The cause of growth or regrowth of AVMs is however still debated. 
Pellettieri et al. [30] hypothesized in 1997 that the growth or regrowth of AVMs 
could be attributed to an anatomical entity which the authors named “hidden 
compartments”. On the basis of three patients with regrowth of AVMs they 
proposed that the true boundaries of an AVM could not always be visualised 
with an angiography. Angiographically unfilled compartments could still exist 
and be “recruited” to the AVM. 
 
Considering the fact that AVMs present in predominantly young patients one 
must evaluate both the risk of haemorrhage per year and the life time risk of 
haemorrhage. This information is valuable when considering treatment options. 
Assuming a constant annual bleeding risk in a homogenous population, a 
formula for the probability of bleeding can be constructed [31]. 
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Life-time risk of haemorrhage = 1– (risk of no haemorrhage)X 

 

X = expected years of remaining life. 

 
For a patient with a life expectancy of 50 years and an annual bleeding risk of 
3% the result would be as follows: 
 
Life-time risk of haemorrhage = 1– (0.97)50 = 0.7819 ≈ 78% 
 
 
Another simple equation for clinical practise has been suggested by R.D Brown 
[32]. Assuming a normal life expectancy and an annual bleeding risk of 3% the 
equation is as follows: 
 
Life-time risk of haemorrhage = 105 – patient’s age in years 
 
As an example, the bleeding risk for a 25 year old patient would be as follows: 
 
Life-time risk of haemorrhage = 105 – 25 = 80%. 
 
It is generally agreed that treatment which results in complete obliteration of an 
AVM will substantially reduce or eliminate the risk of haemorrhage. However 
recanalisation has been reported to occur after treatment with SRS, surgery or 
embolisation [33-35]. De novo recurrence of new AVMs in areas of the brain 
previously not treated have also been reported [36]. There is also evidence that 
only partial obliteration of AVMs after embolisation or SRS will reduce the 
bleeding risk as compared to the natural history [37, 38]. 
 
Seizures are the second most common manifestation of cerebral AVMs. 
Whether seizures are a risk factor or not for intracranial bleeding still remain a 
controversy. Some studies have shown an association between seizures and a 
history of haemorrhage [39], while other authors like Ondra et al. [2] have found 
a  constant annual bleeding risk not influenced by any clinical manifestation.  
 
The size of large AVMs and the large blood flow within these lesions often 
result in symptoms that may be different from small AVMs. Large AVMs may 
cause progressive neurological symptoms through a mechanism termed as 
cerebrovascular steal. Up to 14% of all patients with AVMs have been reported 
to develop progressive neurological symptoms including hemiparesis and 
cognitive dysfunction [40]. It is assumed that the large volume of blood shunting 
through the AVM may cause relative hypoperfusion and ischemia in the 
surrounding brain [41]. It has been hypothesized that a lower blood pressure 
within the arterial feeders to the AVM compared to the surrounding brain results 
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in a preferential shunting through the AVM. The large volume of blood shunted 
through the AVM may also lead to venous hypertension, resulting in impaired 
venous outflow from the normal cortex. This may also result in neurological 
deficit and a raised intracranial pressure.

Cerebral AVMs are frequently associated with intracranial aneurysms which can be
divided into intranidal aneurysms, feeding artery aneurysm or aneurysms 
unrelated to the arterial supply of the AVM (Fig. 2). The coexistence of 
aneurysms has been reported in up to 25% of patients with AVMs [42]. The 
significance of these aneurysms has been debated. Some studies have reported a 
significantly higher risk of haemorrhage associated with intranidal aneurysms 
(9.8% per year) [43], while other studies have found an increased risk of 
haemorrhage associated with feeding artery aneurysms [42]. Other studies again 
have found no increased risk of haemorrhage to be associated with coexisting 
aneurysms [44]. These conflicting data have led to various different approaches 
regarding these aneurysms. Some advocate treatment of the aneurysms before 
the actual AVM while others only aim to treat the AVM.  

Figure 2. Angiograms showing lateral views of the right internal carotid artery. 
A high-flow parietal left sided AVM with a dilatated pericallosa artery on the 
left side as a major feeder. Feeding artery aneurysms on the pericallosa artery 
(indicated with arrows) and a proximal anterior communicating artery aneurysm. 
Feeding artery aneurysms visible in the early arterial phase due to a high flow.
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Current treatments of AVMs 

The modern treatment of AVMs requires a multidisciplinary approach. The 
three main treatment modalities are microsurgery, radiosurgery and 
endovascular embolisation. These treatment modalities can be used as a single 
treatment, or more commonly combined to achieve complete obliteration of the 
AVM nidus. Proton or heavy ion beams have also been used in the treatment of 
AVMs [45, 46]. Proton beam irradiation may be beneficial for the treatment of 
large AVMs due to a sharp dose profile even in large targets. This treatment is, 
however, less accessible than radiosurgery. With the intention to treat AVMs, 
the primary object must be that the morbidity and mortality of the treatment 
itself has to beat the natural history. Even if there remain questions considering 
the natural history, the bleeding risk has been agreed to range between 2–4% 
annually. Thus every treatment has to be associated with less mortality and 
morbidity than associated with an intracranial bleeding from an AVM. 
Especially in large AVMs (Spetzler-Martin grade IV and V) which may have a 
low annual risk of haemorrhage the safest alternative may in some cases be no 
treatment at all [47]. 
 

Surgery  

In 1932 Olivecrona and Riives reported the first successive excision of a 
cerebral AVM [28]. Surgery is the oldest treatment alternative for AVMs and is 
still considered to be the “golden standard” for the treatment of small AVMs not 
located in eloquent areas of the brain. Surgical technique has been considerably 
improved since the 1970s with the introduction of microneurosurgery by 
Yasargil [48]. Surgery has the advantage of instant cure if all of the AVM can be 
surgically removed. There are however considerable risks associated with 
surgery. The mortality and morbidity have been reported to range from 0–3.6% 
and 8.3–21.9%, respectively [3, 49, 50].  
 
One of the most important factors influencing the rate of morbidity and 
mortality is the size of the AVM [3]. A grading system was proposed by 
Spetzler and Martin to assess and classify AVMs according to the surgical risk 
associated with different AVMs [51]. According to this classification every 
AVM is graded on the basis of size, pattern of venous drainage and neurological 
eloquence of surrounding brain (Table 1). The size of the AVM is determined to 
be small (< 3 cm), medium (3–6 cm) or large (> 6 cm). Eloquent brain regions 
were defined as those with readily identifiable neurological function. Examples 
of regions considered to be eloquent are; the sensorimotor, language, and visual 
cortex, the hypothalamus and thalamus, the internal capsule, the brain stem, the 
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cerebellar peduncles and the deep cerebellar nuclei. The venous drainage is 
considered to be superficial if all the drainage is to the cortical venous system 
and considered deep if any of the drainage is to the deep veins (internal cerebral 
veins, basal veins etc). Thus AVMs can be graded from I–V. This classification 
has become widely used to estimate the risk from surgical treatment of AVMs.  
 
The mortality and morbidity from surgical treatment have been shown to correlate 
well with the assigned grade of the AVM; The higher the grade, the higher the 
risk of surgery. Hamilton et al. found in a prospective study that the surgical 
neurological morbidity was 0% in AVMs grade I–III, increasing to 21.9% in 
patients with an AVM grade IV [49]. It is now generally agreed that patients 
with AVMs graded I–III are the patients most suited for primary surgical 
treatment [49, 52, 53]. Microsurgical treatment of AVMs is in fact still the 
treatment of choice in AVM grade I–III based on treatment results and cost 
analysis. Pikus et al. reported total excision resulting in 100% obliteration 
verified with angiography in AVMs grade I–III, 93% of these patients made a 
good recovery without postoperative neurological deficit. Comparing these 
AVMs graded I–III with a series of similar AVMs treated with stereotactic 
radiosurgery, the microsurgical treatment showed to be superior, with fewer 
postoperative haemorrhages and deaths [50]. Porter et al. used a decision 
analysis model with cure estimates and complications derived from the literature 
concerning radiosurgery and surgery. They found a large clinical benefit as well 
as a cost benefit in favour of surgery in small AVMs (< 3 cm). Stereotactic 
radiosurgery was favoured only when the surgical morbidity exceeded 12% and 
the mortality exceeded 4% [54]. 
 
Large AVMs are often treated preoperatively with endovascular embolisation. 
This is done to embolise deep feeding arteries and to reduce the size of the 
AVM before surgery. It is also believed that preoperative embolisation may 
minimize the risk of normal perfusion pressure breakthrough (NPPB) [55, 56]. 
The phenomenon known as NPPB is a postoperative hyperaemic state that may 
be due to loss of normal autoregulation. It has been suggested that there is a loss 
of autoregulation to blood flow in the brain surrounding the AVM due to 
hypoperfusion. When these arteries are subjected to an increased blood flow 
postoperatively the lack of autoregulation, and the inability to contract, may lead 
to brain oedema and postoperative haemorrhage [57]. It has also been shown in 
a rat model that chronic hypoperfusion results in neovascularisation of 
capillaries with structural abnormalities, making them prone to mechanical 
weakness [58]. NPPB is a well known complication after surgery and has been 
reported to have occurred in 21% of the patients in one series [59]. The interval 
between embolisation and surgery when the aim is to prevent NPPB has been 
proposed to be more than three weeks [56]. 



14

 Table 1. Spetzler-Martin grading system. Reproduced from R. F. Spetzler and 
N. A. Martin [51]. 

Graded feature Points Assigned 
MVAfoeziS

  Small (< 3 cm) 1 
  Medium (3–6 cm) 2 
  Large (> 6 cm) 3 
Eloquence of adjacent 
brain 
  Non-eloquent 0 

1tneuqolE
Pattern of venous drainage
  Superficial only 0 

1peeD

Embolisation 

Endovascular embolisation has been a treatment option to treat AVMs since the 
1960s. The aim of the treatment is total obliteration or reduction in size of the nidus 
to facilitate further treatment with surgery, radiosurgery or HCSRT. Even in 
partial embolisation of an AVM the aim should be not only to obliterate feeders 
but also to reduce the size of the nidus. Total obliteration following embolisation 
is, however, a rare event (Fig. 3). Although success rates as high as 40% have been 
reported in terms of total obliteration [60] most authors report total obliteration 
in 10–22% of patients with AVMs [61]. Haemorrhage and ischemic events can 
occur as a complication due to embolisation. The total incidence of 
complications in one study was reported to be as high as 40% with a procedural 
mortality of 1.3% [62]. Cyanoacrylates are the most effective materials used for 
embolisation and have been shown to offer a stable obliteration. According to 
Wikholm et al., no signs of recanalisation were observed in patients with total 
obliteration following embolisation with cyanoacrylate, with a mean follow up 
time of 6.2 years [63]. Embolisation may facilitate surgery by reducing size and 
obliterating deep seated feeders. This might reduce the peroperative bleeding. A 
staged treatment with peroperative embolisation may also reduce the risk of 
NPPB in the treatment of large AVMs [55, 62, 64, 65]. Embolisation can also be 
used as a treatment alternative to reduce the size of AVMs before treatment with 
SRS. AVMs > 10 cc in volume are rarely treated with SRS [66]. Unexpectedly a 
low rate of obliteration (46%) following embolisation and subsequent SRS has 
been reported [63]. In AVMs that have been embolised there may be a problem 
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to outline the nidus properly. The nidus may be scattered throughout the original 
nidus despite the aim to reduce the size. Inadequate embolisation with occlusion 
of only the proximal feeders may also result in remodelling and regrowth of the 
AVM. This may pose a problem if stereotactic irradiation is delivered soon after 
embolisation. Due to remodelling parts of the nidus may be outside the target 
volume for irradiation [35, 67]. Therefore it has been suggested to keep an 
interval of two months between embolisation and irradiation to ensure that parts 
of the nidus is not outside the target volume for irradiation [35].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Incidental AVM discovered in an investigation for tremor. The first 
image from above (A) show a sagittal T1-weighted MRI with a left-sided 
parieto-occipital AVM (indicated with an arrow). The images below show 
angiograms of the left internal carotid artery in anterioposterior and lateral 
views. B, C; before embolisation; D, E; after embolisation. A complete 
obliteration of the nidus was achieved.
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Radiosurgery 

The Gammaknife was designed in the 1960s by the neurosurgeon Lars Leksell 
together with the radiobiologist Börje Larsson [68]. The first gammaknife unit 
contained 179 sources of Co60 and was installed at the Sophiahemmet Hospital 
in 1968 [68, 69]. With the invention of the Gammaknife and the subsequent 
treatment of AVMs [70] many AVMs are now selected for this treatment, 
being less invasive than surgery. Stereotactic radiosurgery (SRS) is a technique 
where multiple radioactive sources are focused in a precisely defined volume. 
The radiation is delivered in a single fraction. This treatment ensures a very 
steep dose gradient from the target to surrounding normal brain tissue. The rate 
of obliteration has been shown to be correlated to the size of the AVM and the 
minimum radiation dose, obliteration rate diminishing with increasing size and a 
lower dose of irradiation [71-74]. Single stage Gammaknife treatment is 
generally confined to smaller AVMs as it has not been considered safe and 
effective to treat larger AVMs. AVMs with a volume of less than 10 cc are most 
suitable for this treatment [75], and especially small AVMs located deep or in 
eloquent areas such as the basal ganglia, thalamus and brain stem. The risk of 
postradiosurgical injury associated with single stage radiosurgery of large 
targets can be minimized using staged radiosurgery [76, 77]. Using this 
approach the target is divided in different compartments which are treated in 2–3 
stages with up to 6 months in between. This technique has been used to treat 
AVMs as large as 57.7 cc without an increased rate of radiation induced 
complications [76]. The radiation exposure to normal brain adjacent to the target 
has also been shown to be reduced in staged radiosurgery [77].  
 
Obliteration following radiosurgery is to be expected after a latency period of 1–
3 years after treatment. Various rates of obliteration have been reported 
depending on the size of the AVM. Lunsford et al. [78] reported the following 
rates of obliteration 2 years after treatment: less than 1 cc 100%; 1–4 cc 85%; 
and 4–10 cc 58%. Pan et al. [79] have reported an obliteration rate as low as 
25% in AVMs with volumes above 15 cc after 40 months.  Late complications 
after radiosurgery in the form of symptomatic radiation necrosis have been 
reported to range between 3–6% [80]. A radiosurgery based grading system has 
been proposed by Pollock et al. [72] to predict excellent patient outcome 
(complete AVM obliteration without new neurological deficit) after treatment of 
AVMs. This classification is similar to the Spetzler-Martin classification but 
puts even more emphasis on AVM size. The following equation has been 
proposed: 
 
(0.1)(AVM volume (cc)) + (0.02)(patient age in years) + (0.3)(location of 
lesion) 
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Location of lesion: frontal or temporal = 0; parietal, occipital, intraventricular, 
corpus callosum, cerebellar = 1; basal ganglia, thalamic or brainstem = 2. 
 
An AVM score less than 1 has been shown to be a predictor for excellent 
outcome after SRS.  
 
 
Hypofractionated conformal stereotactic radiotherapy of AVMs 
 

Fractionation of radiotherapy has been used since the invention of radiotherapy. 
At first fractionation with delivery of a total dose of radiation divided in to 
multiple fractions were used for pragmatic reasons. The low output of X-ray 
tubes in the beginning of the 20th century  required single fractions over several 
hours or multiple fractions delivered over several days to accomplish the desired 
effect [81]. With the development of a technical capability to deliver irradiation 
in a single fraction it became evident that fractionation could be more efficient 
for treatment of tumours and were less likely to cause undesired side-effects like 
necrosis of tissue [82]. 
 
Conventional fractionated radiotherapy using a LINAC has been used in the 
treatment of AVMs since the 1950s [83]. Stereotactic radiosurgery with a linear 
accelerator was developed later using invasive frames for stereotactic definition 
of the target [84]. The development of non invasive relocatable frames enabled 
stereotactic fractionated LINAC radiotherapy of AVMs [85]. The overall results 
using conventional fractionation or conventional non stereotactic radiotherapy in 
the treatment of AVMs have been reported to be unsatisfactory. Obliteration 
rates as low as 9–20% have been reported by some authors [83, 86]. 
 
Hypofractionation is defined as fractionation with fewer fractions than used in 
conventional radiotherapy, usually 2–5 fractions. Treatments referred to as 
conventional radiotherapy of AVMs report the use of 15–30 fractions for each 
treatment [83, 86]. 
 
HCSRT have been used for the treatment of AVMs at Umeå University Hospital 
since the middle of the 1980s as an alternative to SRS [87]. In later years there 
have also been an emerging interest towards this technique from other centres, 
reporting results in terms of obliteration of AVMs comparable to SRS [88, 89]. 
The radiophysical basis for this treatment is the empirical knowledge that when 
a large volume is irradiated a much smaller dose is required to produce the 
isoeffect of necrosis compared to when a small volume is irradiated [90]. As a 
consequence single stage SRS is limited to volumes < 10 cc to avoid long term 
complications in form of radionecrosis. Delivering stereotactic irradiation in 
fractions may be a treatment alternative when brain tolerance is a factor. This 
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treatment may offer the possibility to treat large AVMs or AVMs located in 
eloquent regions, allowing delivery of a higher total dose than possible with 
SRS without producing radionecrosis. 

 Conventional fractionated radiotherapy has earlier been reported to be less 
effective than single fraction radiosurgery in obliterating AVMs [83, 86]. 
However, considering radiation biology there may be a therapeutic gain using 
fractionated radiotherapy in the treatment of AVMs. The linear-quadratic model, 
first described by Lea and Catcheside (1942) is considered to be the modelling 
tool of choice for investigating fractionation schedules [91-94]. 

[1]     

BED = biologically effective dose, E = radiation log cell kill, D = total dose, d = 
dose fraction, α / β = fraction sensitivity. 

The bracketed term in equation [1] is the relative effectiveness, the equation can 
then be interpreted as BED = Total Dose x Relative Effectiveness. The formula 
can also be used to calculate the isoeffectiveness between two fractionation 
schedules, as shown in equation [2]. 

[2]   

The Linear quadratic model can also be written as in [3]. 

[3]

Using this formula the proportional change in the biologically effective dose in 
two different fractionation schedules for AVM obliteration and brain tolerance 
can be described as in [4]. N = number of fractions, d = dose fraction, r = α / β. 
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The ratio for the Effect AVM / Effect Brain describes the relative gain or loss 
with altered fractionation. Thus the formula for evaluating therapeutic gain 
expressed in percentage can be written as in [5]. 

[5] 

[4] 

The alpha / beta ratio is an empirically derived tissue specific parameter 
determining the fractionation sensitivity. The efficiency of fractionation, and 
different choices of fractionation schedules, will as shown above ultimately 
depend on value of the alpha / beta ratio. 
It has earlier been assumed that AVM target cells have a small alpha / beta ratio 
in the dose response curve, similar to late responding normal brain tissue. 
Therefore conventional fractionation has been considered to be inefficient for 
the obliteration of an AVM. However, the actual alpha / beta ratios of AVMs 
and normal brain tissue are not well known. In fact, a recent report by R. D 
Wigg [91, 92] found that the alpha / beta ratio for AVM obliteration was 
considerably higher than previously assumed. The alpha / beta value of the 
endothelial target cells in the AVM was approximately 10 Gy compared to alpha 
/ beta value of 1.5 for small brain volume tolerance. The alpha / beta value for 
AVMs has previously been assumed to be ≤ 3.0 Gy. The benefit of fractionated 
radiotherapy depends on the relationship between the alpha / beta ratios of 
AVMs and the normal late responding brain tissue in the irradiated area. If the 
AVM has a somewhat larger alpha / beta ratio than normal tissue there is a 
potential for therapeutic gain with hypofractionated radiotherapy, allowing a 
higher total dose of irradiation than possible with a single fraction. This is 
clinically important when AVMs are large or located in eloquent areas. In our 
treatment model we have chosen a hypofractionated regime with 6–7 Gy 
delivered in 5 fractions.   

According to calculations by Brenner et al [95] derived from interstitial 
brachytherapy for brain tumours, 35 Gy in 5 fractions equals 19 Gy in a single 
fraction, and a single dose 18 Gy would correspond to 32.5 Gy in 5 fractions. 
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Epidemiology and characteristics of cerebral metastases 
 
Brain metastases are the most common brain tumours and have been reported to 
occur in 10–30% of cancer patients [96]. The incidence of intracranial 
metastases has increased recently. This could partly be due to a longer survival 
in cancer patients, and an increased capability to detect small brain metastases 
with modern magnetic resonance imaging (MRI) [97]. The two cancers with 
most propensity of CNS spread are lung cancer followed by malignant 
melanoma on second place. Primary lung tumours have been reported to account 
for 50–60%, and skin melanomas for 5–10%, of all cases of brain metastases 
[98]. Breast cancer also frequently produces brain metastases (20% of cases with 
brain metastases) whereas brain metastases from colorectal cancer are more 
uncommon. The primary tumour has been reported to be unknown in up to 15% 
of patients with cerebral metastases [97]. The formation of brain metastases are 
due to haematogenous spread from the primary tumour, and the distribution of 
brain metastases are therefore proportional to the cerebral blood flow with 
approximately 90% of the metastases being supratentorial and 10% in the 
posterior fossa. As mentioned above certain tumours are more likely to spread to 
the CNS which is due to specific interaction between tumour cells and CNS 
cells. This has earlier been formulated as the “seed and soil theory”. It has been 
estimated that more than 80% of the brain metastases are detected after the 
primary tumour has been diagnosed [97]. Presenting symptoms of brain 
metastases are similar to any intracranial mass lesion. Mass effect of the lesion 
and elevated intracranial pressure may produce symptoms such as nausea, 
headache and papilloedema. Depending on the location focal neurological 
symptoms such as seizures, dysphasia and paresis may occur. Acute 
neurological deterioration has been reported in 5–15% of the patients with brain 
metastases due to haemorrhage into the tumour, cerebral infarction from 
embolic events, or compressive occlusion of a blood vessel [99]. 
 
 
 
Treatment of cerebral metastases 
 
Surgery 
 
Surgery is the only treatment modality that can establish a histological 
diagnosis, which is important in cases with suspected cerebral metastases 
without any known primary tumour. The main indication for surgery is an 
expansive single metastasis in patients in a good clinical condition [100]. 
Surgery allows immediate relief of symptoms associated with mass effect. Two 
out of three randomized trials have demonstrated that patients with single brain 
metastases and a Karnofsky Performance Status (KPS) score (Table 2) of at least 
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70 lived significantly longer and had fewer recurrences after surgery in 
combination with whole brain radiotherapy (WBRT) than treated with WBRT 
alone [101, 102]. The role of surgery in the management of multiple brain 
metastases remains controversial. A retrospective study has been performed 
comparing patients with multiple brain metastases that were all resected and 
patients with remaining brain metastases after surgery [103]. In this study there 
was no difference in surgical morbidity and mortality between the groups, and 
the survival times of the patients that had all the metastases removed were 
similar to a third group of patients with single brain metastases that had been 
removed surgically. Based on this study, even patients with multiple brain 
metastases may be eligible for surgery.  
 
 
 
 
Table 2. Karnofsky Performance Status score, definitions and rating criteria. 
 

100 No complaints; no evidence of disease. 
90 Able to carry on normal activity; minor 

signs or symptoms of disease. 

Able to carry on 
normal activity and 
to work; no special 
care needed. 80 Normal activity with effort; some signs 

or symptoms of disease. 
70 Cares for self; unable to carry on 

normal activity or to do active work. 
60 Requires occasional assistance, but is 

able to care for most of his personal 
needs. 

Unable to work; able 
to live at home and 
care for most 
personal needs; 
varying amount of 
assistance needed. 

50 Requires considerable assistance and 
frequent medical care. 

40 Disabled; requires special care and 
assistance. 

30 Severely disabled; hospital admission 
is indicated although death not 
imminent. 

20 Very sick; hospital admission 
necessary; active supportive treatment 
necessary. 

10 Moribund; fatal processes progressing 
rapidly. 

Unable to care for 
self; requires 
equivalent of 
institutional or 
hospital care; disease 
may be progressing 
rapidly. 

0 Dead. 
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Whole brain radiotherapy 

Whole brain radiotherapy (WBRT) has been the standard treatment for brain 
metastases for decades. The treatment is usually delivered in 20–40 Gy over one 
to four weeks, and has   been shown to increase the survival up to 6 months in 
patients with cerebral metastases [104]. The mortality in these patients is 
however mainly due extracranial disease and the long term local control 
following WBRT has been reported to be as poor as 0–14% at one year [101, 
105]. Recently WBRT has been combined with single fraction radiosurgery in 
an effort to improve treatment results. The results using this approach seem 
conflicting. Some authors have performed retrospective studies which compares 
radiosurgery vs. radiosurgery in combination with WBRT. They claim that 
treatment with radiosurgery alone without WBRT carries the same survival as a 
combination of radiosurgery and WBRT [106, 107]. Other authors have, using a 
retrospective material, found a benefit in terms of survival from the combined 
treatment with WBRT and radiosurgery [108]. A recent prospective study found 
a significant improved survival for patients with a single brain metastasis that 
were treated with a combination of WBRT and radiosurgery compared  to only 
WBRT (median survival time 6.5 vs. 4.9 months) [109]. 

Radiosurgery 

Radiosurgery alone for the treatment of brain metastases has been advocated by 
several authors [110-115]. The initial reason for omitting WBRT has been the 
risk of neurocognitive sequele in long time survivors. Some authors have also 
stated that radiosurgery is to be preferred over WBRT due to shorter 
treatment time and a better cost-effectiveness. Treatment results in terms of 
survival and local control have been reported to be equal to a combination of 
radiosurgery and WBRT by some authors [106, 110]. Local control rates have 
been reported to be close to 90%. However, a high rate of recurrence of brain 
metastases locally or distant from the treated area has been reported by some 
authors. One study reported that the rate of recurrence anywhere in the brain was 
47% in patients treated for brain metastases [116]. The risk of leaving 
micrometastases untreated when omitting WBRT has also been recognised by 
other authors [117, 118]. 

HCSRT for cerebral metastases 

HCSRT has emerged as an alternative to SRS in the treatment of single or oligo 
metastases.  The treatment results in terms of local control and survival seem 
equivalent to treatment with SRS [119, 120]. As described for AVMs HCSRT 
may be more appropriate than radiosurgery for lesions > 10 cc, allowing a larger 
total dose than what is possible to use in single fraction radiosurgery. It has also 



  

    23

been suggested that the use of a fractionated radiotherapy may provide a 
radiobiological advantage over SRS especially in the treatment of intracranial 
malignancies [95, 121].  
 
There are two major radiobiological principles that may favour a fractionated 
treatment for malignant tumours [121]. The first principle states that the dose-
response curves are different for aerobic and hypoxic cells. Fractionation may 
provide an effective way to deplete the proportion of tumour cells that are 
hypoxic and therefore resistant to radiation. Fractionated radiotherapy allows for 
reoxygenation of the hypoxic cells and the subsequent killing of these cells in 
other treatment sessions. The second principle is based on experimental 
evidence indicating a difference between the dose-response of early responding 
tissue like tumours and late responding tissue (normal brain). The larger α / β 
ratio of tumour tissue compared to late responding tissue may be beneficial for 
fractionation, killing off tumour cells and sparing late responding normal tissue. 
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3. AIMS  
  
 
This project consists of five major parts. 
 

1. Evaluation of treatment results of HCSRT in AVMs.  
 
2. Evaluation of treatment results of HCSRT alone or in combination with 

Whole Brain Radiotherapy in patients with cerebral metastases.  
 
3. Evaluation of treatment results using a combination of embolisation and 

HCSRT in cerebral AVMs. Assessment of the difference in vascular 
density before and after embolisation using a new method to compare 
digital angiography images.  

 
4. Evaluation of reproducibility and geometric accuracy of a non invasive 

relocatable stereotactic frame (Fixster) during treatment with HCSRT.   
 

5. Evaluation of the reliability of treatment plans in HCSRT for cerebral 
lesions of different size and geometry.  
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4. PATIENTS AND METHODS 

Paper I 
 
Between December 1986 and June 2001 36 patients in northern Sweden were 
diagnosed with AVMs and treated with HCSRT at Umeå University Hospital. In 
2003 angiographic follow up had been conducted in 29 patients, and these
are reported in this study. Eighteen of the patients were females and 11 were 
males, ranging in age from 17 to 74 years (mean 43.4 years). The first clinical 
manifestation of the AVMs were intracerebral haemorrhage in 8 cases
(27.5%), subarachnoidal haemorrhage in 6 cases (21%), and seizures in 8 cases 
(27.5%). The remaining 7 (24%) patients had headaches, vertigo and various 
focal neurological symptoms as initial manifestation. Eleven patients (38%) 
were referred to and treated with partial embolisation of the AVM prior to the 
stereotactic radiotherapy, and in 2 cases embolisation was performed after the 
radiotherapy. Five patients (17%) were treated surgically with partial extirpation 
of the AVM prior to the radiotherapy. One patient underwent surgical 
devascularisation and subsequent embolisation prior to radiotherapy. Another 
patient was treated with embolisation followed by Gamma knife radiosurgery 
before treatment with HCSRT. 
 
Clinical information concerning the patients was collected from patient records. 
Angiographies were used to assess the AVMs in terms of size, location, venous 
drainage and obliteration. The location and classification of AVMs treated by 
HCSRT are listed in Tables 3 and 4. The Spetzler and Martin grading system 
was used to classify all AVMs according to size, location in eloquent areas and 
venous drainage. The volumes of the AVMs were determined by our three-
dimensional dose planning system (TMS. MDS Nordion). The volume was 
defined by the nidus not encompassing feeding arteries and draining veins. The 
AVMs were also grouped according to volume to provide data comparable to 
those used in radiosurgical publications (Table 5). To allow hypofractionation 
the relocatable Laitinen stereoadapter was used [4, 122, 123]. The Laitinen 
stereoadapter is a non-invasive stereotactic interface for CT/MRI and 
angiography that is mounted on the head by means of two ear plugs and a nasion 
support. Its position on the head is recorded by symmetrical mm-scales (Fig. 4). 
A CT or MRI study with 2.5 mm contiguous thick slices and a stereotactic 
angiography are performed, both with the Laitinen stereoadapter (Fig. 5). The 
position and shape of the AVM was defined from the stereotactic angiography. 
On the axial CT scan the coordinates derived from the angiography are related 
to the landmarks of the stereoadapter. The CT study was processed in a three-
dimensional dose planning system (TMS. MDS Nordion) for target definition 
and dose calculation. A 2 mm margin was added to the AVM boundaries to 
create the planning target volume.  
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Stereotactic irradiation was administered in 5 fractions with 4–11 conformal 
fields with individually cast shielding blocks (Fig. 6). Non-coplanar fields were 
used for the last 27 patients. Irradiation was performed with 6 MV photons from 
a Linear accelerator (Dynaray 6H, BBC or later Varian Clinac 2300CD). The 
size and arrangement of the irradiation fields were adapted so that the target 
volume was encompassed by the 90% isodose when normalized to the isocenter. 
The coordinates for the isocenter were determined independently by two 
different persons and the treatment settings were simulated at the treatment 
machine before the first radiation dose was administered.  
 
The first 16 patients were treated with 6.0 Gy fractions every second day. The 
next 20 patients were treated in 5 consecutive days. The dose was then increased 
to 6.5 Gy (18 patients), and from November 1998 7.0 Gy / fraction was the 
standard dose except in extremely large AVMs and when the irregular shape of 
an AVM has made dose conformity difficult. At each treatment session the 
Laitinen stereoadapter with lateral target plates was mounted to the patient’s 
head and locked to the linear accelerator table (Fig. 7). In 4 cases an additional 
treatment was given with 10–15 Gy in a single dose because of partial 
obliteration at the 2- year follow-up.  
 
All patients except one were followed with a CT study 1 year after HCSRT was 
completed and with an angiogram 2 years after the completion of the treatment 
(Fig. 8). If necessary, repeated angiography studies were obtained at 1–2 year 
intervals until the angiography showed obliteration of the AVM. Complete 
obliteration was defined as the disappearance of the nidus without early venous 
drainage on the angiographical study. The time to obliteration was defined as the 
period between the start date of treatment and the first angiographic examination 
that showed complete obliteration of the AVM. 
 
 

Table 3. Locations of AVMs in 29 patients treated with HCSRT. 
 
 

Location No. of Patients  
frontal 8 
temporal 4 
parietal 7 
occipital 4 
thalamus/hypothalamus 4 
brainstem 1 
cerebellar 1 
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Table 4. Spetzler-Martin classification of 29 AVMs treated with HCSRT. 

Grade No. of       
Patients 

I 9 
II 9 
III  10 
IV 1 
V 0 

Table 5. Characteristics of patients according to AVM volume. 

Vol. 
(cc) 

No. of 
patients

Spetzler-
Martin                       

(max-min) 

Age 
(mean) 

Gender 
(male/female)

Presenting symptoms 
Haemorrhage / Seizures 

1-4 3 1 29.3 2 m / 1 f 2 1 
4-10 16 1-3 43.1 6m / 10 f 8 4 
>10 10 1-4 45.5 3 m / 7 f 3 3 

Figure 4. The Laitinen adapter mounted on a phantom. 
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Figure 5. Stereotactic angiography with the Laitinen stereoadapter in a 
anterioposterior (A) and lateral view (B). Images from a contrast enhanced CT 
study with the Laitinen stereoadapter (C-D).  
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6. A, beam-eye view of an AVM. B, three-dimensional computerized 
dose planning for an AVM with six conformal noncoplanar fields. C, cast 
shielding blocks that were used as collimators to create conformal fields. 
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Figure 7. Photograph showing the Laitinen stereoadapter with lateral target 
plates. Note the laser beams visible on the target plates and frontal scale used for 
targeting of the patient. The conformally shaped collimator is fixed at the 
aperture of the LINAC device. 

Figure 8. Angiograms of a frontal AVM with a volume of 29 cc prior to 
HCSRT. Partial embolisation had previously been performed. A, B, before 
HCSRT; C, D, 2 years after treatment. A and C, anterioposterior view of the 
right internal carotid artery; B and D, lateral view of the right internal carotid 
artery. 
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Paper II 
 
Between 1986 and 2002, 61 patients with 77 brain metastases were treated at 
Umeå University Hospital. The first series of patients treated in the late eighties, 
when our technique was developed, were treated with HCSRT in combination 
with WBRT which at this time was considered to be a crucial component in the 
treatment of brain metastases. From the early 1990s on, WBRT has been 
omitted, and doses have been stepwise escalated. The criteria for patients to be 
treated with stereotactic radiotherapy have also been widened. At present, the 
technique of HCSRT is considered to be a standard procedure, and all 
patients with 1–2 (and in exceptional cases 3) brain metastases that do not need 
surgical resection due to extensive mass effect are eligible as long as the patients 
are able to cooperate in the treatment procedure. In addition, patients with small 
cell lung cancer are excluded because of the propensity of early development of 
multiple new brain metastases. 
 
In 2003 patient records were reviewed for information concerning local control, 
survival and complications associated with treatment of cerebral metastases. The 
response criteria after treatment were similar to those suggested by Macdonald 
et al. for malignant gliomas [124]. Forty-seven patients were treated with 
HCSRT alone and 14 patients were treated with WBRT in combination with 
stereotactic radiotherapy as a boost. Patients were followed at Umeå University 
Hospital or at referring hospitals from the time of treatment until death. The 
patients’ characteristics are shown in Table 6. Forty-two patients (42 of 56, 
75.0%) had active extracranial disease, i.e., uncontrolled primary tumour or 
extracranial metastases. In 5 patients there were no reliable data concerning the 
stage of disease. The recursive partitioning analysis (RPA) was also used for 
classification [125], one patient could not be classified owing to lack of data 
concerning stage of disease. The radiation therapy oncology group (RTOG) has 
previously developed three prognostic classes for brain metastases based on 
Karnofsky performance status (KPS), primary tumour status, presence of 
extracranial metastases, and age.  Class I: patients with KPS   70, less than 65 
years of age, controlled primary tumour and no extracranial metastases; Class 
III: KPS < 70; Class II: all others. The RPA classification has previously been 
shown to correlate well to the prognosis and survival of patients with brain 
metastases [125]. 
 
Twenty-three brain metastases were located in the parietal lobe, 16 in the frontal 
lobe, 14 in the temporal lobe, 7 in the occipital lobe, 9 in the cerebellum, and 8 
in a central location (brain stem, basal ganglia, pineal gland). Forty-seven 
patients (47 of 61, 77%) had a solitary metastasis. 
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 HCSRT 
 

The patients were fixated in a non invasive relocatable, locally modified 
prototype version of a stereotactic frame with the former trademark Fixster 
(Elekta, Stockholm, Sweden) [126] (Fig. 9). The patients were treated in supine 
position with the head resting in a plastic support, formed as a bowl, attached to 
a vertical metal frame. For immobilisation the patient had a bite bloc 
(thermoplastic plates reinforced with a stiff aluminium alloy) and a similar 
thermoplastic support for the ridge of the nose, both of them attached to the 
adjustable vertical frame. The distances from the metal frame to the top of the 
ears as well as the horizontal distance from the vertex to the top of the head 
support were carefully measured and carefully reproduced throughout all steps 
of the procedure. 
 
For the CT-examination a special perspex box with a fiducial system was 
attached to the metal frame and 2.5 mm CT-slices were taken from the metal 
frame to the vertex. Before CT examination 100 ml Ultravist (Schering AG, 
Berlin, Germany) was given with 4-min delay to allow for proper contrast 
enhancement of the metastatic lesions. 
 
The dose planning was performed with a TMS (former Helax, now Nucletron, 
Veenendaal) 3D dose planning system. The planning target volume (PTV) was 
generally outlined with a 3-mm margin to the Gross Tumour Volume (GTV). 
The treatment was given with 4–8 isocentric, non-coplanar, conformal fields 
(Fig. 10). Irradiation was performed with 6 MV photons from a Linear 
accelerator (Dynaray 6H, BBC or later Varian Clinac 2300CD, Varian Medical 
Systems, Palo Alto, CA). For the collimation of the fields we used individually 
shaped cast collimators, cylindrical collimators or in case of large metastases 
even the multileaf collimator or a combination of these when appropriate. The 
dose was normalized and specified to the center of the target and the 90% 
isodose line encompassed the PTV. The coordinates for the isocenter in the 
target were carefully determined and marked on a box attached to the vertical 
frame. The narrow laser cross-lines were then carefully positioned on the marks 
of the box (Fig. 11). The standard radiation dose delivered in HCSRT was 40 Gy 
administered in 5 fractions on consecutive days. 
 
 
Combination with WBRT 
 

WBRT was delivered with 3 Gy in 10 fractions to a total dose of 30 Gy. In 
addition, a stereotactic boost was delivered in 1–3 fractions with 6–12 Gy per 
fraction to a total dose of 12–32 Gy (mean, 17 Gy). Dose planning and the 
stereotactic irradiation were performed in the same way as the HCSRT. 
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Tumour volume 
 

The mean tumour volume in 61 patients with 77 intracranial metastases was 7.6 
cc (0.9–41 cc; median, 5.0 cc). In 47 patients with 60 metastases treated with 
HCSRT the mean tumour volume was 6.5 cc (0.9–41 cc; median, 4.75 cc). In 14 
patients with 17 metastases treated with WBRT in combination with a 
stereotactic boost the mean tumour volume was 10.6 cc (1–33 cc; median, 9 cc). 
 
 
 Follow up 
 
After treatment the patients were followed at the Department of Oncology at 
Umeå University Hospital or at the referring hospitals. Clinical data were 
collected from patient records. Follow-up imaging studies were performed in 43 
of 61 (70.5%) patients with 55 cerebral metastases. Follow-up with a CT scan or 
MRI was performed typically 3 month after treatment (mean, 3.7 months; range, 
1–29 months). In 18 patients no radiologic examination was performed post 
treatment due to a poor general condition. 
 

The survival time for the two groups treated with HCSRT or WBRT in 
combination with a stereotactic boost was analysed using the Kaplan-Meier 
product-limit method. In addition the survival rate until death due to brain 
metastases was also estimated, and death as a cause not related to brain 
metastases was treated as censored data. The log-rank test was used for 
evaluation of significance. Possible predictive factors for survival were assessed 
using the Cox regression model, for multivariate analysis a stepwise forward 
regression was used. Possible predictive factors for local control defined as at 
least stable disease were also evaluated using logistic regression. Fischer’s exact 
test was performed to test the significance of the distribution of patients that 
achieved local control in the two groups of patients who received HCSRT or 
WBRT in combination with a stereotactic boost. 
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Table 6. Characteristics of patients treated with WBRT combined with 

stereotactic boost or patients treated with HCSRT. 
 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Gastric cancer, Prostatic cancer 

 
 
 
 
 
 
 

 
Characteristics 

WBRT+ 
Stereotactic 
boost  (%) 

HCSRT 
 
(%) 

Total 
 
(%) 

Age (yr) 
<60 
≥60 
Median age 

 
2 (14.3)  
12 (85.7)  
62 

 
18 (38.3) 
29 (61.7) 
63.5 

 
20 (32.8) 
41 (67.2) 
63 

Sex 
Men 
Women 

 
9 (64.3) 
5 (35.7) 

 
16 (34.0) 
31 (66.0) 

 
25 (41.0) 
36 (59.0) 

KPS Score 
<70 
≥70 

 
2 (14.3) 
12 (85.7) 

 
6 (12.8) 
41 (87.2) 

 
8 (13.1) 
53 (86.9) 

Primary tumour 
Lungcancer                               
Renal cell carcinoma 
Breast cancer 
Malignant melanoma 
Adenocarcinoma 
Miscancellous* 

 
6 (42.9) 
2 (14.3) 
2 (14.3) 
3 (21.4) 
0 (0) 
1 (7.1) 

 
16 (34.0)  
12 (25.5) 
11 (23.4) 
2 (4.3) 
4 (8.5) 
2 (4.3) 

 
22 (36.1) 
14 (23.0) 
13 (21.3) 
5 (8.2) 
4 (6.5) 
3 (4.9) 

Active extracranial disease 
Yes 
No 

 
7 (63.6) 
4 (36.4) 

 
35 (77.8) 
10 (22.2) 

 
42 (75.0) 
14 (25) 

RPA 
I 
II 
III 
 

 
3 (21.4) 
9 (64.3) 
2 (14.3) 

 
2  (4.3) 
38 (82.6) 
6 (13.0) 

 
5 (8.3) 
47 (78.3) 
8 (13.3) 
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Figure 9. The Fixster frame used for HCSRT of cerebral metastases. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Dose planning of a frontal metastasis on the left side. The planning 
target volume and seven non-coplanar isocentric irradiation fields are outlined. 
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Figure 11. Patient in a treatment situation with the Fixster frame attached and 
with laser crosslines indicating the isocenter. 

Paper III 

Between 1988 and 2001 sixteen patients (9 female, 7 male) with cerebral AVMs 
were treated with a combination of embolisation and HCSRT. Data concerning 
these patients were retrieved from patient records at Umeå University Hospital 
and at the Sahlgrenska University Hospital. These patients comprise a subgroup 
of the patients reported in study I. 

Two patients were treated surgically with partial devascularisation of the AVM 
prior to embolisation. The embolisations were performed at Sahlgrenska 
University Hospital. Fifteen patients received HCSRT after the last session of 
embolisation and in one patient embolisation was performed after treatment with 
HCSRT. Mean age during treatment with HCSRT was 36.2 years (range, 16–62 
years). Five AVMs were located in the parietal lobe, 4 in the frontal lobe, 3 in 
the occipital lobe, 2 in the temporal lobe, one in the cerebellar hemisphere and 
one centrally located in the brain stem. The Spetzler and Martin grading system 
was used to classify all AVMs according to size, location in eloquent areas and 
venous drainage [51] (Table 7).  
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Embolisation  

 
The embolisation was performed as described previously with N-butyl 
cyanoacrylate (NBCA) [62]. The endovascular procedures were staged with 4 to 
6 weeks between sessions. The 15 patients that were embolised prior to HCSRT 

were treated in 1–6 sessions (median, 2 sessions). The aim was to close the 
AVMs totally or to decrease the total volume as much as could be safely 
achieved. For measurements of volume the AVMs were outlined on 
angiographic films before and after the embolisation procedures. Only the nidus 
of the AVM, without feeding arteries and draining veins, was included. Three 
perpendicular diameters were measured and multiplied, and the product was 
divided by 2 to achieve the volume in cubic centimetre (cc) [127]. 
 
HCSRT 
 

HCSRT was performed as described in study I. To allow hypofractionation the 
relocatable Laitinen stereoadapter was used [122, 123]. Stereotactic irradiation 
was delivered in 5 fractions with 4–11 conformal fields with individually cast 
shielding blocks. Irradiation was performed with 6 MV photons from a Linear 
accelerator (Dynaray 6H, BBC or later Varian Clinac 2300CD). The size and 
arrangement of the irradiation fields were adapted so that the target volume was 
encompassed by the 90% isodose when normalized to the isocenter. Patients 
were treated every second day or in 5 consecutive days with a dose of 6–7 Gy in 
each fraction to a total dose ranging from 30–35 Gy (median, 32.5 Gy). In one 
case an additional treatment was given with 10 Gy in a single booster because of 
only partial obliteration at the angiographic follow-up 2 years after the initial 
radiotherapy. 
 

Image analysis 
 
X-Ray films from cerebral angiographies were photographed using a digital 
camera (Ixus 330, Canon). Digital images from each patient before and after 
treatment with embolisation were compared using the software Adobe 
Photoshop 7.0 (Adobe Systems Inc, CA, USA). Digital images were 
transformed into the same level of grey-scale and size and superposed over each 
other. The lateral projections of a carotid angiography and in 3 cases the lateral 
projections of a vertebral angiography were used for comparison before and 
after embolisation. Correct superposition of the AVMs was achieved by 
superposition of vessels visible both before and after embolisation. The AVMs 
were delineated on images performed before and after embolisation using the 
pre embolisation image as a template (Fig. 12 and Fig. 13). Using the software 
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Adobe Photoshop, a mean luminescence for the delineated area on the images 
pre and post embolisation was attained. The histograms over the delineated areas 
show the distribution of pixels in the grey-scale, from black (0) to white (255) 
(Fig. 14 and Fig. 15). An Index for luminescence was created for comparison of 
the two images (luminescence after embolisation / luminescence before 
embolisation). An Index > 1 would mean that the area delineating the AVM was 
brighter and thus having a less dense vascularity after the embolisation. The 
difference in volume and mean luminescence before and after embolisation was 
evaluated and tested for significance using the Wilcoxon signed rank test. 

Table 7. AVMs graded according to the Spetzler-Martin classification. 

Figure 12. Angiography of the left internal carotid artery, lateral view, before 
embolisation. 

Spetzler-
Martin 
Grade 

No of 
patients

I 4 
II 4 
III 5 
IV 3 
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Figure 13. Angiography of the left internal carotid artery, lateral view, after 
embolisation. 

Figure 14. Luminescence of the delineated area in Fig. 12. 
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Figure 15. Luminescence of the delineated area in Fig. 13.

Paper IV 
 
Ten patients diagnosed with cerebral metastases were treated with HCSRT using 
the Fixster frame for stereotactic targeting of the lesion in every treatment 
session. Before treatment a stereotactic CT examination with the Fixster frame 
was performed in all patients for doseplanning. During the treatment the patients 
were positioned on the coach of a Linear accelerator (Varian 2300 C/D). The 
rotation center for the linear accelerator was positioned in the isocenter of the 
dose plan by alignment of calibrated narrow laser cross lines in the treatment 
room to marked positions on the side plates of the frame (Fig. 11 and Fig. 16). A 
careful and precise test of reproducibility was not possible to do in the treatment 
room and was therefore performed at the simulator where an X-ray facility was 
available (the Oldelft MC). After each of three consecutive treatment sessions 
the patient had the Fixster frame carefully applied and positioned in the 
simulator room. Indicators were mounted on all the side plates of the frame to 
facilitate the evaluation. Two orthogonal plain X-ray images; lateral and 
anterioposterior views (Fig. 17), were taken with the Fixster frame in position. 
The first set of X-ray images was used as a template, and the center of the target 
was carefully marked. A pencil was used to mark the inner table of the skull 
bone and bone landmarks on the lateral and anterioposterior views; the orbital 
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rim, the sphenoid sinus and the sella. Images from the next two investigations 
were marked in the same way and superimposed on the corresponding 
projection. The deviation in X, Y, and Z from the isocenter on the original 
investigation was measured and corrected with the magnification factor on the 
X-ray images to achieve the real deviation. Deviation to the right in the X axis, 
laterality, was assigned positive values and to the left negative values. Deviation 
in the frontal direction in the Y axis, anterio-posteriorly, was assigned a positive 
value and a deviation in the opposite direction a negative value. Finally, 
deviation in the Z axis, cranio-caudal, caudally towards the skull base was 
assigned a positive value and deviation in the cranial direction was assigned a 
negative value.  

Ordinary descriptive statistics were used to describe deviations in the X, Y and 
Z axis. 

Figure 16. Doseplanning with Fixster frame, the target outlined. 
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 Figure 17.  Orthogonal plain X-ray images; lateral and anterioposterior views.  

Paper V 

Targets 

Targets from three actual patients with AVMs treated with HCSRT were 
selected (Fig. 18). These patients had been treated using our schedule of HCSRT 
with 6-7 Gy delivered in five fractions to a total dose of 30–35 Gy. As described 
in study I individual cast shielding blocks were used to create conformal fields 
(Fig. 6). The three AVMs were chosen to represent different subtypes of AVMs 
and the AVM volumes were 22.2, 6.2 and 1.7 cc, respectively. The largest AVM 
(22.2 cc) was in upper range in volume previously treated with HCSRT at Umeå 
University Hospital. The medium sized AVM (6.2 cc) was chosen due to the 
irregular shape of the AVM and a midsize volume. The 1.7 cc AVM was chosen 
to represent a small target. The largest and the smallest AVMs were regular in 
shape in contrast to the medium sized AVM. The planning target volume (PTV) 
for the large, irregular and small AVM were 30.8 cc, 12.1 cc, and 3.9 cc, 
respectively. 
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Figure 18. AVM volumes from the left: 22.2 cc (large), 6.2 cc (irregular) and 1.7 
cc (small). 

Phantom

The phantom used to mimic the human head was a spherical glass flask (Shott 
Duran, VWR International AB, Stockholm, Sweden) with a volume of 2.0 L and 
an outer diameter of 16.6 cm. The flask had a long bottleneck used to fixate the 
phantom to the stereotactic frame (Fixster, Elekta, Stockholm, Sweden) [126]. A 
special device was manufactured to fixate the phantom in the stereotactic frame 
in a reproducible fashion (Fig. 19). Another device was manufactured to fixate 
the LIC (liquid ionization chamber) within the phantom (Fig. 19). The fixation 
was made entirely of plastic materials. 
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Figure 19. On the left: gel filled phantom with the stereotactic frame in the 
treatment position on the accelerator. On the right: schematic drawing of the 
phantom with the LIC mounted, seen from the side 

Treatment planning 

The treatment plans were based on CT scans of the phantom, for this purpose 
filled with water. Since the type of polymer gel used in this study is 
dosimetrically nearly water equivalent [128, 129], this is assumed to have no 
significant effect on the absorbed dose calculations. The water filled phantom 
mounted in the stereotactic frame together with the LIC mounted in the fixation 
device was scanned in the CT using the same settings and procedure as when 
scanning an ordinary AVM patient. Scans covering the entire spherical glass 
flask were acquired in 2.5 mm slices. The beams from the selected treatment 
plans were then copied onto the CT study of the phantom. The plan isocenter 
and dose reference point were placed in the center of the LIC:s active volume 
determined from the CT scan. The treatment planning system (TPS) used was 
TMS v. 6:1B (Nucletron B.V., Veenendaal, The Netherlands).  

Treatment equipment

The LINAC, a Varian Clinac 2300 CD (Varian Medical systems, Palo Alto CA), 
normally used to perform HCSRT at the department was used. The LINAC was 
calibrated using the standard dosimetry protocol IAEA TRS 398 [130] and an air 
filled ion chamber with a calibration factor traceable to the secondary standard 
dosimetry laboratory (SSDL) for absorbed dose in Sweden, The Swedish 
Radiation Protection Authority (SSI). The LINAC calibration, dose per monitor 
unit, was performed under the radiotherapy departments normal quality 
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assurance (QA) routines. 

LIC measurements
 
The LIC measurements were performed using the same fixation device that was 
used for the CT scanning and with position adjustments from the treatment plan. 
The phantom with the LIC was irradiated according to the treatment plan. The 
irradiation of the chamber was repeated three times for each beam to check the 
stability of the measurement equipment and the dose monitor chamber of the 
LINAC. To test the long-term stability of the LIC during the course of the 
measurements, regular constancy checks of the LIC were performed using a 
60Co source. 
 
The LIC used (SICAB LIC-H(g)) had an active volume of 2.12 mm3 (diameter, 
3 mm, thickness, 0.3 mm) and was filled with a mix of 40% Isooctane and 60% 
Tetramethyl Silane. The LIC was calibrated against a cylindrical air filled ion 
chamber, of the type FC 65-G (Scanditronix Wellhöfer, Schwarzenbruck, 
Germany), in a beam of similar energy to that of the treatment beams. The beam 
qualities in terms of TPR 20 / 10 ratios for the beams used for the LIC 
calibration and the phantom measurements were 0.684 and 0.678, respectively. 
The cylindrical chamber (FC 65-G) was calibrated at the SSDL in Sweden, SSI. 
The dose at the reference point was calculated according to the standard 
dosimetry protocol, IAEA TRS 398 [130]. The calibration factor for the LIC 
was measured both with the chamber parallel and orthogonal to the beam 
direction. The calibration of the LIC is independent of the accelerator calibration 
all the way back to the SSDL. 

Gel preparation and irradiation 

Since the dose response of the gel used in this study is not negatively affected by 
oxygen exposure during manufacturing [131-133], it was mixed in room 
atmosphere, at normal levels of oxygen. The gel was manufactured using 
methacrylic acid (purity grade approx. 99%, Sigma Aldrich), gelatine (swine 
skin, 300 Bloom, Sigma Aldrich), tetrakis / hydroxymethylphosphonium (THP, 
techn. ~80% in water, Sigma Aldrich) and ultra pure deionised water (resistivity 
>18.2 MΩcm) (Table 8). The mixing procedure has been described elsewhere 
[134]. 
Two sets of gel were prepared. For the first set a single volume of 5000 ml of 
gel was manufactured. Two batches of gel were mixed (à 2500 ml) in the second 
set. Both sets of the gel were poured into two identical spherical glass flasks as 
described above. Screw-top glass vials for dose response evaluation (diameter, 
1.5 cm, length, 6.0 cm) and test tubes (diameter, 1.6 cm, length, 13.0 cm) for 
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depth dose measurements were filled as well. The gel preparation was carried 
out at the Malmö University Hospital. 

 

Table 8. Gel composition. 

 

Chemical Concentration 
Deionized water 90% w/w 
Gelatine 8%   w/w 
Methacrylic acid 2%  w/w 
Tetrakis(hydroxymethyl)phosphonium 2 mM 
 

 

The gel filled phantoms mounted in the stereotactic frame were irradiated to a 
total dose of 2 Gy in the isocenter according to the treatment plans. The total 
dose of 2 Gy was chosen in order to minimize possible dose rate effects or 
overshoots in the beam penumbra [128]. The positioning of the phantom using 
the frame was done according to the patient positioning procedure. The gel filled 
screw-top glass vials and the test tubes, used for dose response and depth dose 
evaluation, respectively, were irradiated in water.  
 

 

MR scanning, image and data processing 

 

Magnetic resonance imaging (MRI) was undertaken at the Malmö University 
Hospital, using a Siemens Sonata 1.5 T scanner (Siemens Medical Solutions, 
Erlangen, Germany).  The time between irradiation and scanning was at least 20 
h. The gels were scanned using a 32-echo multiple spin echo sequence, with 
repetition time 4000 ms (first set, large AVM), 5320 ms (second set, irregular 
AVM and small AVM), inter echo time 10.6 ms, and pixel size 1.0x1.0 mm2. A 
slice thickness of 2.5 mm was chosen in order to match the calculated data. 
Vitamin E capsules were used as fiducial markers to identify the isocenter plane. 
 
All image and data processing was undertaken using an in-house written 
software routine run under IDL (Interactive Data Language, Research Systems 
Inc., Boulder, CO, USA) [135]. The outer contours of the phantoms were used 
to match the TPS and MRI images in-plane. Background subtraction was carried 
out using the R2 value for the unirradiated parts of the phantom. Normalization 
of the measured dose distributions to the LIC measurements was performed in 
the isocenter. Sagittal, coronal and transversal dose profiles were extracted 
through the isocenter of the measured and calculated dose maps for evaluation 
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of the spatial agreement.  
 
A quantitative comparison of measured and calculated data was obtained using 
the gamma technique [135-137], with the criteria 3% / 1 mm and 3% / 2 mm. 
The γ-value is based on a comparison of measured and calculated dose where 
the relative dose difference, for each point in the dose matrix, is compared to a 
specified value. Furthermore the γ-value calculation algorithm is allowed to look 
for dose values within a specified distance from each point that fulfills the dose 
criterion. This distance is called distance to agreement. The smaller the γ-value 
is the better the calculated and measured dose distribution match. A γ-value less 
than or equal to one means that the criteria are fulfilled. 
 

A unique feature of gel dosimetry is the possibility for true three dimensional 
evaluation using dose volume histograms (DVH), which were calculated for all 
three targets. DVHs are commonly used to examine the dose coverage and dose 
homogeneity of targets and organs at risk when evaluating and comparing 
treatment plans. A DVH gives an overview of the dose distribution, based on the 
dose to every volume element, in the entire volume considered.  
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5. RESULTS AND DISCUSSION 

Results Paper I 
 
Twenty-one out of 29 patients (72%) included in this study showed complete 
obliteration of AVMs following primary HCSRT. The mean AVM volume was 
10.3 cc ranging from 2–29 cc (median 8.5 cc). In addition, 3 patients out of 5 
who received retreatment showed AVM obliteration after 2 years in 2 cases and 
3 years in one case (5–8 years after primary treatment). Two patients were still 
awaiting angiographic follow-up at the time of the study. The patients who 
required retreatment had a mean AVM volume of 12.2 cc, ranging from 2–35 cc 
(median 7.0 cc). Altogether 24 out of 29 patients (83%) with a mean volume of 
11.5 cc showed complete obliteration of their AVMs. In the 29 total patients the 
distributions in AVM volumes was as follows: 1–4 cc 3 patients (10.4%); 4–10 
cc 16 patients (55.1%); > 10 cc 10 patients (34.5%). None of the treated patients 
had an AVM volume < 1 cc. The majority of patients (26 / 29, 90%) had AVM 
volumes larger than 4 cc.  The rate of total obliteration at a 2 year angiography 
were 56% in AVMs 4–10 cc, and 50% in AVMs > 10 cc (Table 9). None of the 
3 patients with AVMs 1–4 cc showed obliteration of their AVMs at this time. 
 
A total of 14 patients (14 / 29, 48%) showed complete obliteration 2 years after 
treatment. However, obliteration rates increased with longer follow up. Six years 
after treatment 100% of AVMs 1–4 cc showed obliteration. Five years after 
treatment, the obliteration rates in AVMs 4–10 cc and > 10 cc were 81% and 70%, 
respectively. The mean time until obliteration was 39 months. One further 
patient in the 4–10 cc AVM group reached the goal of obliteration 4 years after 
having received retreatment (8 years after primary treatment). Including this 
patient, the obliteration rate until 2003 was 87.5% in this group of AVMs. One of  
the patients treated with primary HCSRT had 2 AVMs, one located in the 
temporal lobe on the right side and one in the parietal lobe on the left side. The 
AVM on the right side was subtotally removed surgically in 2 sessions and then 
treated with HCSRT (preirradiation volume 2.0 cc), the AVM on the left side 
was initially not treated. An angiography in 1999 showed remaining AVMs 
bilaterally and the patient was treated with stereotactic radiosurgery (SRS). A 
subsequent angiography in 2002 showed obliteration of both AVMs. In 5 cases 
angiography showed more or less remaining AVMs 2 years after primary 
treatment with HCSRT. In one of those cases, follow-up was ended 2 years after 
treatment because of the patient’s age. One other patient declined further follow-
up and treatment. Two patients with partial obliteration of their AVMs at 
angiographic examination 3 years after primary treatment received retreatment, 
and were awaiting angiographic follow-up 2 years after the last treatment. One 
patient, who was followed by MR imaging at one year intervals due to aortic 
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stenosis, showed only partial obliteration 3 years after primary treatment, and is 
still subject for follow up. 
 
Two patients out of 29 who were followed more than 2 years suffered from an 
intracerebral haemorrhage during the follow-up. One patient with a history of 3 
episodes of intracerebral haemorrhage prior to the treatment with HCSRT had 
an haemorrhage 3 months after the treatment and was referred for embolisation. 
The other patient had a nonfatal haemorrhage 2 years after undergoing 
irradiation. Four patients with diagnosed epilepsy secondary to their AVMs, and 
two patients without previous epileptic seizures experienced seizures (partial or 
generalized) during the follow-up period. All 29 patients in our series have 
survived the treatment and follow-up period. 
 

Adverse radiation effects 
 
Two patients treated with HCSRT developed radiological changes suggesting 
radionecrosis 6 and 24 months after treatment (Fig. 20). In one patient with an 
occipital AVM on the left side MRI showed signs of necrosis and oedema 
around the irradiated area 2 years after treatment. This patient had before 
treatment a visual field defect which remained unchanged throughout the 
follow-up period. The other patient with an AVM centrally located in the right 
parietal lobe experienced a transient weakness in the left leg approximately 6 to 
10 months after treatment. A MRI study showed suspicion of necrosis in the 
target area surrounded by oedema. The symptoms could be controlled by steroid 
treatment for approximately 6 months. 
 
 
 
Table 9. Angiographically proved obliteration of AVMs of different volumes 
during follow-up. Cumulative percentage within brackets.   
 
 

Obliteration; No of patients (cumulative percentage) 

AVM 
vol. 
(cc) 

No. of 
patients 2 year 3 year 4 year 5 year 6 year 8 year 

1–4 3  1 (33%)  1 (67%) 1 (100%)  
4–10 16 9 (56%)  2 (69%) 2 (81%)  1 (87.5%) 
>10 10 5 (50%) 1 (60%)  1 (70%)   

Total 29 14 
(48%) 

16 
(55%) 

18 
(62%) 

22 
(76%) 

23  
(79%) 

24  
(83%) 
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Figure 20. Angiograms (A-D) and MRI scans (E-F) obtained in a patient with an 
11 cc asymmetrical AVM located in the right thalamus. A, B; before HCSRT; C, 
F, 2 years after treatment. A and C, anterioposterior view of the right vertebral 
artery; B and D, lateral view of the right vertebral artery. T1-weighted (E) and 
T2-weighted (F) MRI scans obtained six months after treatment demonstrate a 
contrast-enhancing lesion suggestive of radionecrosis on the right side (E) and 
show the lesion area surrounded by oedema (F). 

Discussion Paper I 

The overall obliteration rate in our patients 2 years after treatment was 48%. 
Fourteen of 29 patients showed total obliteration. Considering larger AVMs, 
the obliteration rates were 56% in AVMs 4–10 cc, and 50% in AVMs > 10 cc after
2 years. Five years after treatment the obliteration rates had increased to 81% in 
AVMs 4–10 cc and 70% in AVMs > 10 cc. Eight years after treatment the 
obliteration rate in the group of AVMs 4–10 cc had increased to 87.5% as a 
result of AVM obliteration in one additional patient. The result of AVM 
treatment is among other factors related to the size of the AVM. Most authors 
have reported that the obliteration rate is inversely correlated with the volume of 
the AVM or the maximum diameter of the nidus [51, 71, 73, 74, 80, 84, 138]. 
Lunsford et al. [78] reported a strong correlation between AVM volume and 
obliteration rate 2 years after Gamma Knife radiosurgery as follows: less than 1 
cc 100%; 1–4 cc 85%; and 4–10 cc 58%. The majority of Lunsford’s patients 
had AVM volumes < 4 cc (34 / 46 patients), none had an AVM volume > 10 cc. 
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In our patients AVM volumes were significantly greater. The majority of our 
patients (26 / 29, 90%) had AVM volumes larger than 4 cc, and none of them 
had an AVM volume < 1 cc (Table 9). When comparing obliteration rates with 
other radiosurgical series, however, one has to be aware of the variety of other 
combined treatments that the patients sometimes have been subjected to. In this 
study 62% of the patients were treated with embolisation or surgery apart from 
HCSRT. This combination of treatments will make it more difficult to separate 
the effect of HCSRT from the other treatment modalities, and to compare with 
radiosurgical series where only one treatment modality has been used. 
 
The overall obliteration rate in our patients 2 years after treatment seems slightly 
lower than the rates reported by other authors [78, 80, 88]. However, the 
obliteration rate in our patients improved considerably with extended follow up. 
Six years after treatment, the obliteration rate in AVMs 1–4 cc was 100%. 
Taking into account the limited number of patients in this group, and that the 
time until obliteration was longer than that reported by other investigators, our 
obliteration rate seems comparable to the rates in other reports. 
 
The obliteration rate in larger AVMs with a volume exceeding 4 cc seems 
comparable to the rates in other reports concerning LINAC radiosurgery in 
which the radiation dose was delivered in a single fraction. Friedman et al. [80] 
reported angiographic obliteration rates of 89% in AVMs 4–10 cc and 69% in 
AVMs greater than 10 cc. The mean follow up period in their study was 33 
months. Concerning SRS treatment of AVMs, Pollock et al. [73] reported an 
obliteration rate of 60% for AVMs with a mean volume of 4.1 ± 3.3 cc 2 
years after treatment. Zhou et al. [139] found that 78% of AVMs with an 
average diameter of 23 mm had obliterated 2 years after treatment with SRS. 
Assuming a spherical shape of the AVM, an average diameter of 23 mm 
corresponds to a mean AVM volume of 6.3 cc. Taking into consideration the 
longer latency until obliteration in our study, treatment with HCSRT seems 
comparable with SRS treatment concerning the obliteration rate of AVMs 4–10 
cc.  
 
Few reports of large AVMs > 10 cc treated with SRS have been published. Pan 
et al. [79] reported obliteration rates of 77% for AVMs 10–15 cc and 25% for 
AVMs with volumes greater than 15 cc after 40 months. When follow up was 
extended to 50 months their obliteration rate increased to 58% in AVMs with 
volumes exceeding 15 cc. In our study, six patients had AVM volumes greater 
than 15 cc (mean volume 26.0 cc). Obliteration was achieved after 2 years in 
three patients (50%), 2 other patients were still being followed at the time of 
the study, and one patient declined further follow up and treatment. In our study, 
an obliteration rate of 60% of AVMs > 10 cc had been reached 36 months after 
treatment. Six of 10 patients in this group had AVM volumes exceeding 15 cc. 
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In comparison with the treatment results reported by Pan et al., it seems that 
HCSR is at least as effective as Gamma knife radiosurgery in obliterating large 
AVMs.  
 
Conventional fractionated radiotherapy has earlier been reported to be less 
effective than single fraction radiosurgery in obliterating AVMs [83, 86]. With 
regard to their radiation biological characteristics, AVM target cells have been 
suggested to have a small alpha / beta ratio in the dose response curve, similar to 
late responding normal brain tissue. For that reason, conventional fractionation 
may be an inefficient method of AVM obliteration. However, the actual alpha / 
beta ratios of AVMs and normal brain tissue are not well known. In fact, a 
recent report found that the alpha / beta ratio for AVM obliteration was 
considerably higher than previously assumed [92]. The benefit of fractionated 
radiotherapy depends on the relationship between the alpha / beta ratios of 
AVMs and the late responding normal brain tissue in the irradiated area. 
If the AVM has a somewhat larger alpha / beta ratio than normal tissue there is a 
potential for therapeutic gain with hypofractionated radiotherapy, allowing a 
higher total dose of irradiation than possible with a single fraction [92]. This is 
clinically important when AVMs are large or located in eloquent areas. It is 
known that when a large volume of brain tissue is irradiated with a single 
fraction, a lower dose of irradiation is needed to produce radionecrosis than 
when a smaller volume is irradiated [90]. Thus hypofractionated radiotherapy 
may have an advantage when brain tolerance is a limiting factor.  
 
Radiation-induced complications have been reported by all authors performing 
radiosurgery to treat AVMs. The tolerance dose of normal brain tissue for 
hypofractionated photon therapy is not well known. Symptomatic radiation 
necrosis after radiosurgery has been reported to occur in 3–6% [80]. Two of our 
29 patients who were followed for more than 2 years had radiological signs of 
radionecrosis, one of whom was asymptomatic. Thus, 1 (3.4%) of 29 patients 
was symptomatic for radionecrosis, which is in the range of rates reported 
previously. This suggests that our present treatment model with 35 Gy 
administered in 5 fractions is in the upper tolerable dose range for treating 
patients with AVM volumes of 2–35 cc. According to calculations provided by 
Brenner et al., [95] who derived them from interstitial brachytherapy for brain 
tumours, 35 Gy in 5 fractions equals 19 Gy in a single fraction, and a single 18 
Gy dose corresponds to 32.5 Gy delivered in 5 fractions.  
 
Another important aspect to consider when evaluating different treatment 
methods is the risk of haemorrhage during the latency period. In our patients 
with AVMs treated with HCSRT, 2 of 29 (6.8%) patients followed for more 
than 2 years had intracerebral haemorrhages during the follow up period. This 
figure seems to be comparable to the natural history of AVMs, with a risk of 
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haemorrhage of 2–3% every year. The frequency of haemorrhage after 
radiosurgery is reported to range from 4.0–9.2% [78-80]. 

Results Paper II 

Best response 

The best response after treatment with HCSRT or WBRT combined with a 
stereotactic boost is shown in Table 10. Eleven brain metastases (11 patients) in 
the group that received WBRT and 44 brain metastases (32 patients) that 
received HCSRT had been followed with a CT scan or MRI 1–3 months (mean, 
3.7 months) after treatment. The best response was evaluated comparing this 
radiological investigation with the pretreatment imaging. Eleven brain 
metastases that received WBRT in combination with a stereotactic boost (11 of 
11, 100%) and 37 brain metastases (37 of 44, 84.1%) that were treated with 
HCSRT showed at least stable disease without tumour progression at this time. 
Considering both treatment groups, 48 brain metastases (48 of 55, 87.3%) 
showed at least stable disease. Stable disease was defined as at least unchanged 
tumour volume at the time of radiologic follow-up, including patients with total 
or partial regression of tumour size. Fischer’s exact test showed that the 
observed difference in the proportion of patients in the two groups that had at 
least stable disease after treatment was not significant (p = 0.32). Eight of 43 
patients (18.6%) treated with WBRT in combination with a stereotactic boost or 
HCSRT, and followed radiologically, developed new brain metastases during 
the follow-up. All of those 8 patients (8 of 32, 25.0%) had received HCSRT, and 
developed new brain metastases in areas not covered by the previous treatment.  
 
One patient received a new treatment with HCSRT and died within one month 
after this treatment. The other 7 patients received no salvage treatment owing to 
a poor general condition and a short expected survival; the mean time until death 
after detection of new brain metastases was 2.0 months. No patient in the group 
of patients treated with WBRT and a stereotactic boost and radiologically 
followed (n = 11) developed new brain metastases in new areas. This difference 
was highly significant using the Fischer’s exact test (p = 0.0005). 

Possible predictive factors for local control are shown in Table 11. Only female 
sex showed to be significant for a lower rate of local control in univariate testing 
(p < 0.05). Breast cancer metastases on the other hand (not shown in table 11) 
did not prove to be a significant risk factor for a worse local control in univariate 
(p = 0.13) or multivariate logistic regression. 
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Table 10. Best response in brain metastases treated with WBRT combined with 
a stereotactic boost compared to HCSRT. 
 
 

Best 
response 

WBRT+ 
Stereotactic 
boost (%) 

HCSRT 
 

(%) 

Total 
 

(%) 
Total regress 2 (18.2) 5 (11.4) 7 (12.7) 
Partial 
regress 

5 (45.4) 18 (40.9) 23 (41.8) 

Unchanged 4 (36.4) 14 (31.8) 18 (32.7) 
Progress 0 (0) 7 (15.9) 7 (12.7) 
Total 11 (100) 44 (100) 55 (100) 

 
 
 
Table 11. Possible predictive factors for local tumour control after treatment 
with HCSRT or WBRT in combination with a stereotactic boost.  
 
 

Variables Univariate 
(P value) 

Multivariate 
(P-value) 

Age 0.38 0.88 
Sex 0.023 0.13 
KPS 0.97 0.19 
Tumour volume 0.77 0.32 
Lungcancer 0.67 0.99 
Renal cell 
carcinoma 

0.49 0.99 

Malignant 
melanoma 

0.97 0.99 

Adenocarcinoma 0.20 0.99 
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Survival and cause of death 

Of 61 treated patients, 58 patients were dead at the time of analysis in August 
2003. The overall mean survival time from the time of treatment was 6.1 months 
(0–26 months; median, 5.0 months). For the group of patients treated with 
HCSRT (n = 45) the mean survival time was 6.1 months (0–26 months; median, 
5.0 months). Patients treated with WBRT in combination with a stereotactic 
boost (n = 13) had a mean survival time of 6.3 months (2–12 months; median, 
5.0 months). The log-rank test showed no significant difference in survival 
between the two groups (p = 0.77; Fig. 21). 

In 54 patients the cause of death could be obtained (9 patients who received 
WBRT and 45 patients treated with HCSRT). Forty-seven out of these patients 
(87.0%) died of progression of extracranial disease. A total of 7 patients (7 of 
54, 13.0%) died as a result of brain metastases. Four patients in the group treated 
with WBRT in combination with a stereotactic boost (4 of 9, 44.4%), and 3 
patients treated with HCSRT (3 of 45, 6.6%) died from their brain metastases. 
Using a log-rank test the observed difference in deaths due to brain metastases 
in the two groups was close to significant (p = 0.052) and in favour of HCSRT 
(Fig. 22). Possible predictive factors for survival are shown in Table 12. Of the 
supposed predictors in this table only KPS < 70 showed to be a significant 
predictor for poor survival (p < 0.05). 

Figure 21. Kaplan-Meier scatterplot showing survival time for patients treated 
with HCSRT or WBRT in combination with a stereotactic boost. 
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Figure 22. Kaplan-Meier scatterplot showing survival and deaths due to brain 
metastases in patients treated with HCSRT or WBRT in combination with a 
stereotactic boost. 

Table 12. Possible predictive factors for survival after treatment with HCSRT or 
WBRT in combination with a stereotactic boost. 

Variables Univariate
(P value) 

Multivariate
(P value) 

Age 0.44 0.66 
Sex 0.88 0.63 
Active extracranial 
disease 

0.58 0.47 

KPS  0.03 0.04 
RPA 0.13 0.06 
Tumour volume 0.52 0.51 
No of metastases 0.36 0.45 
Lungcancer 0.80 0.62 
Renal cell carcinoma 0.39 0.57 
Malignant melanoma 0.75 0.49 
Adenocarcinoma 0.98 0.95 
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Complications 
 

Two of 61 patients (3.3%) treated with HCSRT or WBRT in combination with a 
stereotactic boost experienced acute complications. These 2 patients (2 of 47, 
4.3%), of whom one was in a poor clinical condition before treatment (KPS 30), 
deteriorated neurologically during the 5 days treatment with HCSRT. Both 
patients were comatose shortly after the treatment and died within 2 weeks. No 
radiologic investigation was performed in these 2 patients, and the exact cause 
of the deterioration was uncertain. No such complications were reported in the 
group of patients who received WBRT and a stereotactic boost. Late 
complications were reported in 2 of the 43 patients (4.7%) in the HCSRT and 
WBRT group who were followed radiologically. These two patients who were 
treated with HCSRT (2 of 32, 6.25%) and followed radiologically developed 
radionecrosis with oedema within the target volume areas 6 months after 
treatment. The neurological condition remained unchanged in one patient and 
deteriorated in the other patient. In this patient a CT scan showed a contrast 
enhancing lesion with surrounding oedema and a surgical resection was 
performed with removal of necrotic tissue with no signs of residual tumour 6 
months after treatment with HCSRT.  
 
 
 

Discussion Paper II 
 
The aim of our study was to evaluate treatment results in patients with brain 
metastases treated with HCSRT or WBRT in combination with a stereotactic 
boost. Over the years several studies have been published advocating single 
fraction radiosurgery alone without WBRT for brain metastases, reporting local 
control rates above 80%  [110, 114, 140]. At the Umeå University Hospital 
patients with 1–2 cerebral metastases in the earlier series were treated with 
WBRT in combination with a stereotactic boost. On the basis of good treatment 
results reported with single fraction radiosurgery, we changed our protocol in 
the early nineties and started to treat patients with HCSRT without WBRT as a 
first choice. Since then this technique has been a standard procedure for 
treatment of patients with 1–2 brain metastases and in these cases WBRT has 
been considered only as a salvage therapy. 
 
We think that HCSRT may be an important alternative and in certain cases offer 
advantages over single fraction radiosurgery (SRS) in the treatment of brain 
metastases. Treatment results with HCSRT equivalent to SRS have been 
reported [119, 120]  From a biological point of view dose fractionation over a 
short time may be an advantage in the treatment of malignant tumours [121]. In 
addition HCSRT may be more appropriate in treating lesions with a large 



  

    57

volume. As discussed in study I, HCSRT may enable the delivery of a higher 
total dose than possible in a single fraction. 

Local control and survival 

The local control rates for both groups of patients, treated with HCSRT (84.1%) 
or a combination of WBRT and stereotactic irradiation (100%), seem to be 
comparable with the reported results from treatment with WBRT, single fraction 
radiosurgery or HCSRT. The time until radiological evaluation was however 
shorter in our series than reported elsewhere [110, 119, 141]. There was no 
significant difference in the rates of local control between the two groups. In the 
group of patients treated with HCSRT, 8 patients (8 of 32, 25.0%) developed 
new metastases in areas not covered by the stereotactic irradiation. None of the 
patients in the early series treated with WBRT and a stereotactic boost 
developed new metastases in other areas. The difference in occurrence of new 
metastases was highly significant (p = 0.0005). The risk of leaving 
micrometastases untreated when omitting WBRT from the treatment protocol 
has earlier been recognised by other authors. In one series, 18% of the patients 
with brain metastases treated with single fraction radiotherapy developed new 
brain metastases distant from the irradiated area [116]. In addition, Sneed et al. 
[141] has previously reported a significantly worse tumour control in respect to 
new metastases for single fraction radiosurgery vs. radiosurgery in combination 
with WBRT. The risk of developing new metastases after local treatment also 
seems to be correlated to the number of brain metastases at presentation [111, 
142, 143]. Female sex turned out to be a predictor of worse local control in the 
regression analysis even though breast cancer metastases did not prove to be a 
predictor of worse local control. 

The median survival time for both groups of patients was 5.0 months. This is 
just below the survival time reported elsewhere after treatment with HCSRT or 
single fraction radiosurgery [110, 119]. The survival time, however, is also to a 
major part dependent on the extent of active extracranial disease. In our series, 
75% of the patients had an active extracranial disease with extracranial 
metastases at the time of treatment. This must also be considered when 
evaluating survival. The majority of the patients (87%) died of progression of 
their extracranial disease and only 13% died as a result of brain metastases, 
figures that are comparable to treatment results with single fraction radiosurgery 
[110, 114]. The observed large difference in the percentage of patients that died 
due to brain metastases in the group of patients treated with WBRT and a 
stereotactic boost (44.4%) and HCSRT (6.6%) did not reach statistical 
significance (p = 0.052), probably owing to the small group of patients treated 
with WBRT. One must also bear in mind that comparison between the two 
treatment groups in terms of local control and death due to brain metastases are 
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difficult, owing to the fact that the two groups display heterogeneity in age, 
gender, type of primary tumour and stages of disease.  
 
As reported previously, KPS ≥ 70 was shown to be a significant predictor for 
survival [110, 144]. In contrast to other studies neither RPA class nor type of 
primary tumour showed to be significant factors for survival [108, 110, 144]. A 
significant correlation between RPA class and survival would be expected, but 
may be lacking due to undiagnosed extracranial metastases. It is possible that 
the 5 patients (5 of 60, 8.3%) classified as RPA I in fact should belong to RPA 
II.  
 

Complications 
 

Acute or late complications due to treatment of brain metastases with single 
fraction radiosurgery or HCSRT have been reported to range from 4.6–14% 
[110, 140, 141]. In our series 2 patients treated with HCSRT (2 of 47, 4.3%) 
experienced acute complications, maybe due to increased cerebral oedema, and 
2 patients (2 of 32, 6.25%) experienced late complications with radionecrosis. 
This is in the upper range of what has been reported previously. No 
complications were reported in the group of patients treated with WBRT and a 
stereotactic boost, probably owing to the low number of patients and a short 
survival. There was no long term survivor in the group of patients treated with 
WBRT, and hence no patient at risk for late neurocognitive sequele.  
 
 
 
Results Paper III 
 
Fifteen patients were treated with embolisation prior to HCSRT. The mean 
AVM volume in these patients before embolisation was 11.9 ± 2.1 cc (range, 1–
29 cc; median, 10.0 cc). The mean volume after endovascular treatment was 6.5 
± 2.0 cc (range, 0.5–28 cc; median, 3 cc). This difference showed to be 
significant, p < 0.005. If two large AVMs (29 and 20 cc), where the volume of 
the nidus did not change (but a significant reduction of vascular density was 
obtained), are omitted the mean volume reduction was from 10.0 ± 1.9 cc 
(range, 1–25 cc; median, 10.0 cc) to 3.6 ± 0.7 cc (range, 0.5–8 cc; median, 3.0 
cc).  
 
Embolisation-reduction in density 
 
The luminescence for all AVMs was greater after embolisation than before this 
treatment, indicating that all AVMs were less dense after embolisation (Table 
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13). The mean Index of luminescence was 1.77 (1.01–3.25). This difference in 
luminescence before and after embolisation proved to be significant (p < 0.005). 

Hypofractionated conformal stereotactic radiotherapy 
 
The mean AVM volume in 15 patients after endovascular embolisation and prior 
to treatment with HCSRT treatment was 6.5 ± 2.0 cc (range, 0.5–28 cc; median, 
3 cc). One patient with an AVM in combination with an arteriovenous dural 
fistula was treated with HCSRT and subsequently with surgical 
devascularisation and peroperative embolisation. The residual volume of this 
AVM was estimated to be 4.5 cc after this treatment.  Thirteen of 16 patients 
(81%) treated with a combination of embolisation and HCSRT had until January 
2004 shown complete obliteration of their AVMs 2–9 years (median, 4 years) 
after HCSRT.  Three patients with only partial obliteration of their AVMs were 
at the time of the study being followed up with cerebral angiographies at 2 year 
intervals. Two of these patients were awaiting angiographic follow-up 4 years 
after HCSRT, and one patient who was retreated with 10 Gy in a single dose 3.5 
years after the first treatment with HCSRT was awaiting angiographic follow 
up 2 years after the retreatment. 
 
Complications 
 
After embolisation three patients experienced complications resulting in clinical 
symptoms. Two of them experienced partial pareses (paresis of a hand, 
hemiparesis). The third patient had a hemisensory syndrome. In these three 
patients symptoms improved over time. Minor symptoms that did not 
significantly alter the patients’ lifestyle remained in all three patients. After 
HCSRT three of 16 patients (19%) with a mean AVM volume of 20.3 cc 
experienced symptomatic radionecrosis. MRI showed signs of necrosis and 
oedema. Two patients with parietal AVMs (12 and 29 cc) developed a transient 
spastic hemiparesis on the contralateral side, the third patient with a frontal 
AVM (20 cc) developed signs of a frontal lobe syndrome. All three patients 
responded to treatment with corticosteroids.  
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Table 13. AVM volume and luminescence in 15 patients treated with 
embolisation prior to HCSRT. 
 

 
Pat 
No 

AVM 
vol.a 

(cc) 

AVM 
vol.b 
(cc) 

Mean 
Luminescencea 

Mean 
Luminescenceb 

Luminescence 
Index 

Outcomec 

1 4 3 126.20 156.25 1.24 CO 
2 8 2 180.84 182.1 1.01 CO 
3 15 5 83.82 171.16 2.04 CO 
4 3 0.5 56.43 97.41 1.73 CO 
5 10 5 52.30 170.05 3.25 PO  
6 6 2 90.57 120.55 1.33 CO 
7 10 3 85.53 153.18 1.78 CO 
8 6 2 118.33 154.99 1.31 CO 
9 12 3 123.83 158.60 1.28 CO 

10 10 8 79.16 122.33 1.55 CO 
11 25 6 40.28 94.98 2.36 CO 
12 20 22 33.03 89.54 2.71 CO 
13 20 7 49.04 113.1 2.31 CO 
14 1 1 79.02 141.51 1.79 PO  
15 29 28 116.10 147.53 1.27 PO 

Mean 11.9 6.5*** 88.61 138.27*** 1.77  

 
p < 0.005 = *** 
 
a Before embolisation 
b After embolisation. 
 c CO= Completely obliterated, PO= Partially obliterated and still followed. 
 
 
Discussion Paper III 
  
In this study we report reduction in size as well as density in AVMs treated with 
embolisation prior to treatment with HCSRT. Previous authors reporting results 
from embolisation of AVMs have focused mainly on the volume reduction of 
the AVMs [35, 55, 66, 145], maybe due to the difficult task of assessing the 
reduction in density. From our point of view it is clear that a substantial effect of 
embolisation is the reduction in density apart from the volume reduction. We 
have tried to assess this reduction in density in a more objective way by using 
modern computer software for image analysis, and to superpose AVMs before 
and after embolisation. Luminescence has been used as a measure of the 
vascular density of the AVM nidus. This is to our knowledge the first reported 
attempt to assess vascular density using this method. There may be some inter 
and intraindividual differences in the delineation of the AVM nidus, and 
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therefore differences in the figures of the luminescence. These possible 
differences have not been evaluated. One must also bear in mind that this is still 
merely a proposed, but not validated, method for the assessment of vascular 
density  
 
There are also other factors that may influence the measurements of 
luminescence and bias the analysis. Angiographies are dynamic investigations, 
and it is difficult to attain angiographic X-ray film for comparison in the exactly 
same arteriovenous phase pre and post embolisation. The embolisation may also 
change the flow through the nidus. In this study we have chosen to compare 
images pre and post embolisation with maximal filling of contrast in the nidus of 
the AVM. Contrast mediums with different concentration of Iodine may also 
have been used in the angiographies performed before and after embolisation, 
resulting in a false difference in luminescence. It is also possible that 
embolisation material visible on the angiography performed after the 
embolisation may obscure contrast enhancement from a residual AVM, resulting 
in a falsely higher luminescence. 
 
Concerning AVM volume there was a discrepancy between the estimated 
residual AVM volumes after embolisation calculated from measurements done 
on X-ray film according to the method described [127] and the volumes of the 
AVMs determined by our three-dimensional dose planning system (TMS. MDS 
Nordion) prior to HCSRT. In most cases the estimated volume was higher using 
the 3-D dose planning system. We have chosen to report volumes estimated as 
described above to be sure not to exaggerate AVM volumes despite the fact that 
volume estimation using a 3-D dose planning system may be a more accurate 
method. When determining AVM volume with a 3-D doseplanning system, from 
coordinates derived from a stereotactic angiography and a stereotactic CT scan 
with the Laitinen adapter applied, the volume can be correctly estimated even in 
an irregular shaped AVM. In the method reported above the volume is 
calculated using perpendicular diameters and assuming an ellipsoid shape of the 
AVM. The uncertainty of magnification factors in X-ray film may also 
contribute to an error in the volume estimation. 
 
Eighty one percent of the AVMs treated with a combination of embolisation and 
HCSRT showed obliteration 2–9 years after treatment. The mean AVM volume 
was 11.9 ± 2.1 cc before embolisation and 6.5 ± 2.0 cc prior to HCSRT. In one 
study, the use of SRS alone reported a 2 year obliteration rate of 85% in AVMs 
1–4 cc and 58% in AVMs 4–10 cc [78]. Using a combination of embolisation 
and LINAC radiosurgery, obliteration rates ranging from 12.5–78% has been 
reported. The different rates of obliteration depended on the size of the AVM 
before embolisation. An angiographic obliteration rate of 60% (mean follow-up 
time, 40 months) was reported in AVMs with a mean volume of 22 cc before 
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embolisation and a mean volume of 9 cc before radiosurgery [67]. Our rate of 
obliteration thus seems comparable with results reported by others.   
 
The result of AVM treatment is among other factors related to the size of the 
AVM, and most authors have reported that the obliteration rate is inversely 
correlated with the volume of the AVM or the maximum diameter of the nidus 
[74]. Considering radiobiology there is a potential for therapeutic gain with 
hypofractionated radiotherapy, allowing a higher dose of irradiation than 
possible with a single fraction [92]. This is clinically important when AVMs are 
large and / or located in eloquent areas. Thus, a combination of embolisation and 
HCSRT may be an alternative in the treatment of large AVMs. Even using the 
technique of HCSRT there is a limit in the size of the target that can be treated 
safely and effectively. Embolisation may reduce the size of the nidus, enabling 
further treatment with HCSRT. The optimal result after embolisation should be a 
reduction in the size of the nidus. Embolisation, however, may also split a nidus 
into several different parts or enhance the irregularity of the shape, making 
radiosurgical delineation of the target more difficult. This problem associated 
with embolisation has previously been recognised, and embolisation prior to 
radiosurgery has even been reported to be a negative predictor for patient 
outcome and AVM obliteration [73]. Even a reduction in the vascular density 
without reduction in the size of the nidus is an unfavourable outcome after 
embolisation as the target volume for radiotherapy is unchanged. The role of 
partial embolisation with reduction of vascular density is unclear. On the whole, 
the long term result after partial embolisation is not fully known. One study has 
previously reported a revascularisation rate of 11.8% in parts of the nidus 
previously embolised with cyanoacrylate (NBCA) [67]. In more than half of the 
affected patients, revascularisation was believed to be the result of embolisation 
of a feeding arterial vessel proximal to the nidus, resulting in revascularisation 
of the nidus through collateral vessels. Partial embolisation of cerebral AVMs 
has also been reported to induce progressive thrombosis and subsequent 
obliteration of the AVM nidus [146]. 
  
  
Complications 

Hemorrhages or ischemia are the major complications associated with 
embolisation. The rate of mortality and permanent morbidity has in several 
studies been reported to range from 1−3.7% and 3.8–14%, respectively [147]. In 
one study, however, the overall incidence of complications following 
embolisation was reported to be as high as 40%.  In the same study the incidence 
of complications labeled as severe was reported to be 6.7% [62]. Another study 
performed by the same author showed that the rate of complications decreased 
over time when comparing two different treatment groups [148]. It was 
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proposed by the authors that the improvement in treatment results in part could 
be attributed to technical development and enhanced operator skills. In our study 
the rate of complications following embolisation (3 of 16 patients, 19%) was 
higher than what is usually reported. One must however consider that this study 
comprise of a small group of patient that has been treated over an extended 
period of time (1988–2001). 
 
Delayed radiation-induced complications have been reported by all authors 
performing radiosurgery to treat AVMs. Symptomatic radiation necrosis after 
radiosurgery has been reported to occur in 3-6% [80]. The rate of symptomatic 
radionecrosis reported in this study is substantially higher (3 of 16 patients, 
19%) and occurred in patients with large AVMs (12, 20, 29 cc, mean 20.3 cc). 
This may indicate that our present treatment model with 30–35 Gy given in 5 
fractions is in the upper dose range for treating volumes of 0.5–20 ml and 
especially then the larger AVMs in our series. The patients reported in this 
study, however, constitute a subgroup of patients treated with HCSRT. The 
entire group of patients have, as reported in study I, experienced symptomatic 
radionecrosis in 3.4% of the cases, which is in the range of rates reported in 
other series.  In this study the overall rate of complications associated with both 
embolisation and HCSRT was 38%. 
 
 
 
Results Paper IV 
 
The deviations in the X, Y and Z axis are shown in Table 14 and Fig. 23. The 
mean deviation in the X axis was 0.4 mm, (range, -2.1 – 2.1 mm; median, 0.7 
mm) and in the Y axis -0.3 mm (range, -1.4 – 0.7 mm; median, -0.2 mm). The 
mean deviation in the Z axis was -0.6 mm (range, -1.4 – 1.4 mm; median, 0.0 
mm) (Table 15). 
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Table 14. Deviation in the X, Y and Z axis. 
 

Patients Dev X 
(mm) 

Dev Y 
(mm) 

Dev Z 
(mm) 

1 -0,4 -0,4 -0,4 
 0,7 0,7 0,7 

2 0,7 0 0 

3 1,4 0-1,4
 1,4 0 1,4 

 0 0,7 -1,4 
4 0,4 -1,4 -0,7 
 2,1 -0,7 0,7 

5 -2,1 -0,7 0,7 
 0 -0,7 -0,7 

6 1,4 -1,4 -0,7 
 1,8 -0,7 -1,4 

7 -2,1 -0,7 1,4 
 1,1 -1,4 -0,7 

8 0,7 0,7 0 
 0,7 0 0,7 

9 0,7 0,7 0 
 0 0,7 0 

10 0 0 0 
 0 0 -0,7 

 
 
 
 

Table 15. Descriptive statistics, deviation in X, Y and Z. 

Axis N Min Max Median Mean Std 

X 20 -2,1 2,1 0,7 0,4 1,1 
Y 20 -1,4 0,7 -0,2 -0,3 0,8 
Z 20 -1,4 1,4 0 -0,6 0,8 
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Figure 23. Three dimensional graph showing deviations in the X, Y and Z axis. 

Discussion Paper IV 

There seems to be a high degree of reproducibility of the isocenter after 
repetitive positioning of the Fixster frame for treatment sessions with HCSRT. 
The largest deviation was observed in the X axis with a maximum deviation of 
2.1 mm at one occasion. The high accuracy and precision of SRS as an 
alternative to HCSRT has previously been documented [149]. Even simulation 
of a multistage treatment in a phantom using SRS shows a high accuracy with a 
maximum error of 1 mm after sequential placement of the Leksell stereotactic 
head frame [150].  

There has been an increased interest in HCSRT for the treatment of brain 
metastases and AVMs as an alternative to SRS [88, 119, 120]. Treatment with 
HCSRT may allow the delivery of a higher total dose than possible with SRS. 
There might be concern that fractionation with a non-invasive relocatable 
stereotactic frame and patient positioning for treatment may compromise the 
precision of the treatment. In our treatment we use a stereotactic frame that has 
been described in previous publications. The deviations in the three dimensions 
(X, Y and Z) are not solely a measurement of the precision and reproducibility 
of the stereotactic frame itself, but also include the set up alignment for repeated 
treatment sessions. Thus we have measured the maximum deviation of the 
isocenter during successive simulated treatment sessions. We believe that this is 
a more accurate way to evaluate the precision of the treatment than to only 
evaluate the reproducibility of the stereotactic frame. 
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The two most commonly used relocatable non invasive stereotactic frames used 
for fractionated radiotherapy are the Laitinen stereoadapter (LS) and the Gill-
Thomas-Cosman frame (GTC). The reproducibility of the LS in patient studies 
has proved to be less than 1 mm [122, 151, 152]. The GTC frame has in two 
recent studies shown an reproducibility with an mean error of 1.7 and 1.8 mm 
[153, 154]. The reproducibility and accuracy of the Fixster frame in a clinical 
treatment situation has not been described earlier. The maximum deviations 
after successive mountings of the Fixster frame, including patient positioning 
before treatment, seem to be in the range of what has been reported for the other 
relocatable non-invasive frames used for fractionated radiotherapy. Even in the 
case of a maximum error the targets should be covered by the margin added to 
generate the planning target volume. In our setting a 2 mm margin is added to 
the nidus for the AVMS, and 3 mm for brain metastases. There is of course a 
risk that the positioning of the patient will be more carefully done during an 
investigational assessment than during routine treatment. However, using a non-
invasive stereotactic system one has always to be aware of this issue, and at all 
occasions be meticulous when positioning the patient. 
 
 
Results Paper V 

The results of the absorbed dose measurements in the isocenter point of the three 
different AVMs, using the LIC, are presented in Table 16. The measurements 
are presented both as real measured dose and dose compensated for daily output 
variation. The regular QA measurements showed that the LINAC output was 
1.9% high when the LIC measurement of the large target was performed and 
0.1% low when the LIC measurements of the irregular and small target were 
performed. The measured doses were 1.4%, 0.2% and 0.1% higher then the 
calculated target dose in the isocenter for the large, irregular and small target, 
respectively, when compensated for LINAC output variation. The calculated 
dose was based on the relative dose contribution, output factor and actual 
monitor units delivered for each beam. All of the calculated results for the total 
target dose were within the 2% uncertainty of the LIC measurement. 
 
The uncertainty of the LIC calibration is based on error estimation for the 
calibration method used, from TRS 398 [130], and the statistical result from the 
LIC calibration measurements. TRS 398 states that the total relative standard 
uncertainty for absorbed dose in the reference point using a SSDL calibrated 
reference chamber is 1.5%. According to TRS 398 the cross calibration 
procedure increases the uncertainty by another 0.2%. To verify the cross 
calibration procedure the measurements for the LIC were repeated 3 times. The 
statistical uncertainty, 1 standard deviation (1 SD), of the calibration 
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measurements was 0.1%, which is well within the stated uncertainty of 0.2%. 
This leads to a total LIC calibration factor uncertainty of 1.7% (1.5% + 0.2%). 
The uncertainty of the measurements of the absorbed dose in the isocenter due 
to LIC positioning within the phantom, phantom positioning and measurement 
equipment was estimated to 1%. The statistical uncertainty of the measurements 
was calculated to check the stability of the measurement equipment and the 
LINACs dose monitor. The standard deviation (1 SD) for the measurements of 
the absorbed dose in the isocenter for the three targets was 0.05% based on three 
consecutive measurements of each of the 15 beams in total used to irradiate the 
three targets. This result indicates a high stability of the measurement equipment 
and the LINACs dose monitor. The resulting combined calibration factor and 
measurement uncertainty for the absorbed dose measurements using the LIC 

amounts to 2% ((1.72 + 12)
½ 

). 
 
 
 

Table 16. Comparison of calculated and LIC measured dose to isocenter for the 
three targets. 

 
Large AVM 22.2 cc. 
 
 

Beam Gantry 
angle / table 

angle 

Relative 
monitor unit 

weight 

Dose 
difference  

 
(%) 

Corrected† 
dose difference 

(%) 

1 180º / 0º 1 3.5 1.6 
2 135º / 0º 1 2.9 1.0 
3 47º / 0º 1 3.6 1.6 
4 270º / 0º 1 4.0 2.1 

5* 260º / 280º 2 2.7 0.8 
Total   3.3 1.4 
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Irregular AVM 6.2 cc. 
 

Beam Gantry 
angle / table 

angle 

Relative 
monitor unit 

weight 

Dose 
difference  

 
(%) 

Corrected† 
dose difference 

(%) 

1 230º / 0º 1 0.8 0.9 
2 270º / 0º 1 1.2 1.3 
3 360º / 0º 1 1.3 1.4 
4 135º / 0º 1 1.0 1.1 

5* 75º / 75º 2 -0.7 -0.6 
6* 285º / 290º 1 -2.6 -2.5 

Total   0.0 0.2 
 
 
Small AVM 1.7 cc. 
 

Beam Gantry 
angle / table 

angle 

Relative 
monitor unit 

weight 

Dose 
difference  

 
(%) 

Corrected† 
dose difference 

(%) 

1 247º / 0º 1 -0.3 -0.2 
2 10º / 0º 1 1.1 1.2 
3 125º / 0º 1 0.5 0.6 

4* 88º / 50º 2 -0.6 -0.5 
Total   0.0 0.1 

 
 
3D gel dosimetry 

 

For each of the three phantoms, the mean value of several unirradiated regions 
was used for background subtraction. The dose levels at the isocenter for the gel 
measurements were normalized to the results from LIC measurements for each 
target. The results from the normoxic polymer gel measurements compared to 
the dose matrix from the treatment planning system are presented in three 
different types of plots (Fig. 24–26). The one-dimensional line dose plots are 
along three orthogonal directions, X is the lateral direction, Y is the anterio-
posterior direction and Z is the cranio-caudal direction (Fig. 24). The line dose 
plots are through the isocenter for all three targets. From these plots it is evident 
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that the calculated and measured dose in the dose fall off regions outside the PTV 
agree well. This shows that the treatment planning system calculates the dose in 
the steep dose gradient regions near the PTV correctly. In the peripheral regions 
there is a slight difference between the two data sets. The discrepancy is most 
pronounced in regions were the line dose goes through the dose maximum of 
one of the treatment beams. 
 
The γ-plots, visualizing the difference between calculated and measured dose in 
two dimensions, are based on a selection of slices from the CT study that formed 
the basis for the treatment plans (Fig. 25). The set of slices, for each target, 
consists of one slice superior to the isocenter, one slice inferior to the isocenter 
and the slice through the isocenter. The distance from the isocenter slice to the 
superior and inferior slices is 1.0 or 1.5 cm depending on the target size. There 
are two γ-plots for each slice; one with the criteria 3% dose difference, 1 mm 
distance to agreement and one with 3% dose difference, 2 mm distance to 
agreement. Within the PTV 95.6% of the volume fulfils the 3% / 2 mm criterion 
for the large target, for the irregular and small target this number is 93.3% and 
99.9%, respectively. In the low dose regions of the beams and in regions outside 
the beams the agreement is good for all three targets. For each beam in all three 
targets there is a discrepancy between measured and calculated dose in the 
penumbra region and in the dose maximum region, near the phantom surface of 
each coplanar beam, the latter is also visualized in the line dose plots.  
 
The cumulative and differential DVHs are three-dimensional comparisons of the 
calculated and measured dose distribution in each PTV (Fig. 26). In the DVHs 
the calculated dose matrix corresponded well to the measured dose matrix for all 
three targets. The measured and calculated mean doses in the PTVs were 
101.0% ± 5.2% (1 SD) and 99.4% ± 3.0% (1 SD), respectively, for the large 
target, 102.2% ± 4.3% (1 SD) and 99.8% ± 3.5% (1 SD) for the irregular target 
and 99.3% ± 2.6% (1 SD) and 99.7% ± 2.4% (1 SD) for the small target. 
The calculated mean dose is within ± 1 SD of the measured mean dose for all 
three PTVs. 
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Figure 24. Line dose through the isocenter for the three investigated AVMs. The 
X axis shows the lateral, Y the anterio-posterior and Z the cranio-caudal 
direction.  The vertical lines in each plot mark the extension of the planning 
target volume (PTV). Zero is the isocenter position on each plot. (—TMS-
calculated, • measured). 
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Figure 25. γ-index in the three AVMs. From left to right: 1.5 cm superior to the 
isocenter, through the isocenter and 1.5 cm inferior to the isocenter. For the 
small AVM 1.0 cm superior and 1.0 cm inferior, respectively. The upper and 
lower plot for each AVM allows dose difference of 3%, distance to agreement 1 
mm for the upper plot and 2 mm for the lower plot. Target outline in black. 
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Figure 26. Cumulative and differential dose volume histogram. Measured mean 
doses for the large, irregular and small AVM: 101.0% ± 5.2% (1 SD), 102.2% ±
4.3% (1 SD) and 99.3% ± 2.6% (1 SD), respectively. Calculated mean doses: 
99.4% ± 3.0% (1 SD), 99.8% ± 3.5% (1 SD) and 99.7% ± 2.4% (1 SD), 
respectively.  (—TMS-calculated, • measured).
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Discussion Paper V 

Using LIC measurements and 3D gel dosimetry we have shown that our 
treatment planning system is accurate in predicting the absorbed dose and the 
dose distribution in small, large, and irregular targets. There has previously been 
concern regarding the dose distribution and the dose fall off using our technique 
of HCSRT whereas this has been well characterized in SRS [149, 150]. We have 
now verified the absorbed dose and the dose distribution in targets that can be 
considered to be large, small and irregular in shape. There was a high 
consistency between the dose distribution calculated by the treatment planning 
system and measurements from the LIC and 3D gel dosimetry both in the PTV 
and in dose fall off regions. Although this was not the subject of the study it is 
obvious that the dose fall off is not as steep as what has been reported in 
radiosurgery using the gammaknife [155]. However, in our clinical series of 
metastases and AVMs (Study I and II) the rate of complications was comparable 
to that in radiosurgery, although our targets in general were larger. Therefore the 
clinical importance of this difference may not be significant. 

Dose measurements in small fields for treating small targets involve a number of 
difficulties. The sensitive volume of the detector must be small enough 
compared to the field size to reduce dose volume averaging effects. The photon 
energy spectrum is also different for small fields due to a smaller fraction of 
scattered photons at depth compared to larger fields. One of the problems with 
most standard detectors for measuring absorbed dose, such as gas filled ion 
chambers, is that they have a relatively large sensitive volume that leads to poor 
spatial resolution. Small volume gas filled ion chambers can partly solve this 
problem but generates a low output per absorbed dose which in turn leads to 
larger measurement uncertainties. Diodes, which are small volume standard 
detectors with a high output, generally show energy and directional dependence 
[156-158]. The LIC was chosen as the tool for measuring absorbed dose because 
of its small effective volume, and therefore good geometrical resolution, energy 
independence and good sensitivity [159-161]. 
 
The main advantage with polymer gel dosimetry is that the measurement result 
is a true three-dimensional representation of the dose distribution in the 
phantom. The gel is furthermore nearly water equivalent, which makes dose 
calculation based on water filled phantoms valid and measured dose 
distributions energy independent. The sensitivity of the gel and its dose linearity 
are other characteristics that make the gel method suitable for verification of 
treatment plans. The disadvantages such as the somewhat elaborate mixing 
process of the gel and the relatively time consuming evaluation process are well 
compensated by the advantages. 
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The line dose plots shows good agreement between measured and calculated 
dose for dose fall off and dose within the target area. The dose differences that 
can be seen in regions outside the target areas are mainly in the dose maximum 
regions for beams parallel or near parallel to the line dose. This phenomenon can 
also be seen in the γ-plots where the γ-index is higher than unity for the regions 
close to dose maximum for each beam. The γ-value within the PTV is below 
unity for more than 93% of the volume elements, with the 3% / 2 mm criterion, 
for all three targets. Since the volume elements within the PTV that do not fulfil 
the criterion are scattered throughout the volume for each target, it indicates that 
measurement noise is the main reason for the discrepancy. The conclusion is 
that the treatment planning system can correctly estimate the dose to the PTV. In 
the dose fall of region outside the PTV the calculated and measured dose agrees 
well apart from a few areas where the penumbra regions of two or more fields 
overlap. 
 
The result from the comparison of calculated and measured DVHs show an 
almost perfect agreement for the small target. There is a small discrepancy for 
the large and irregular target that can also be visualised by looking at the line 
dose plots. The gel measurements for the large and irregular targets also proved 
to be slightly noisier than for the small target, and the isocenter points are 
located where the gel shows a relatively low value. This lead to slightly higher 
mean values for the relative dose distribution from the measurements compared 
to the calculations. The noise in the measurements together with normalization 
at a point where the measured dose is relatively low leads to a less steep 
measured cumulative dose volume histogram with a higher dose maximum.  
It is also important to realize that the treatment plans used were optimized for 
the patient anatomy and the location of the target in the patient, not to the target 
location in- or structure of the phantom. This explains the somewhat 
inhomogeneous dose distribution in some parts of the target volumes. 
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6. CONCLUSIONS 

Using our technique of HCSRT the obliteration rate of AVMs seems 
comparable with that of SRS. In our series (study I), the AVM volumes exceed 
the volumes reported in most series using SRS. The overall obliteration rate was 
83% and the mean volume in the obliterated AVMs was 11.5 cc. The rate of side 
effects was also comparable with SRS with 3.4% of the patients experiencing 
symptomatic radionecrosis. Since the obliteration process of the AVMs in our 
series continued beyond two years it is important to follow the patients for an 
extended period of time.  HCSRT may be an important option for treatment of 
AVMs that are large, located in eloquent areas, and thus not accessible to other 
forms of treatment. 
 
In study III we report results from a combined treatment with embolisation and 
HCSRT. Embolisation alone rarely achieves the goal of total obliteration but 
may be used to reduce the volume of an AVM to ensure a safe and effective 
treatment with radiotherapy. In this study we report the volume reduction of 
AVMs following embolisation, and the rate of obliteration after HCSRT. We 
also propose a new method (measurements of luminescence), to evaluate the 
reduction in vascular density following embolisation. In our minds it is clear that 
embolisation often not only reduces the size of the AVM nidus, but also the 
vascular density. The implication of a reduction in vascular density is, however, 
still unclear. The mean AVM volume in 15 patients was reduced from 11.9 ± 2.1 
cc (range 1–29 cc; median, 10.0 cc) to 6.5 ± 2.0 cc (range, 0.5-28 cc; median, 3 
cc) following embolisation. The luminescence for all AVMs was higher after 
than before embolisation, indicating that all AVMs were less dense after this 
treatment. Thirteen of 16 patients (81%) treated with embolisation and HCSRT 
showed obliteration of their AVMs 2–9 years (median, 4 years) after HCSRT.  
The rate of complications following a combined treatment with embolisation 
and HCSRT was 38%. This is in the upper range of what has previously been 
reported. 

HCSRT may also be an important option, and in certain cases offer advantages 
over SRS, in the treatment of brain metastases. Treatment with HCSRT takes 
only a few days more than SRS and results equivalent to SRS have previously 
been reported. From a biological point of view dose fractionation over a short 
time may be an advantage in the treatment of at least some malignant tumours. 
In addition, HCSRT may be more appropriate in treating lesions with a large 
volume, allowing a higher total dose to be administered without increasing the 
risk for complications. The significance of omitting WBRT is still debated. 
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In our series (study II) we have retrospectively reviewed patients treated with 
HCSRT or WBRT in combination with a stereotactic boost. Radiological 
follow-up (mean 3.7 months after treatment) showed local control rates of 84% 
in the HCSRT group and 100% in the WBRT group. The observed difference in 
the proportion of patients in the two groups that showed local control after 
treatment was not significant. The median survival times in the HCSRT as well 
as the WBRT group was 5.0 months and 87% of all the patients died of 
extracranial disease. Twenty-five percent of the patients in the HCSRT group, 
and none of the patients in the WBRT group, developed new brain metastases 
distant from the irradiated area. The risk of leaving micrometastases untreated 
when omitting WBRT has previously been recognised. Keeping in mind the 
small number of patients treated with WBRT and a stereotactic boost in our 
series, it seemed that treatment with HCSRT alone carried a higher risk for 
development of new brain metastases distant from the irradiated area. Acute and 
late complications in our series of patients treated with HCSRT seem to be in the 
range of what has previously been reported for HCSRT and SRS. 

Hypofractionationed radiotherapy necessitates the use of a relocatable 
stereotactic frame that has to be applied on several occasions. The stereotactic 
frame needs to have a high degree of reproducibility, and patient positioning is 
crucial to achieve a high accuracy of the treatment. In study IV we have, by 
radiological means, evaluated the reproducibility of the isocenter in consecutive 
treatment sessions using the Fixster frame. The mean deviation in the X axis was 
0.4 mm, (range, -2.1 – 2.1 mm; median, 0.7 mm) and in the Y axis -0.3 mm 
(range, -1.4 – 0.7 mm; median, -0.2 mm). The mean deviation in the Z axis was 
-0.6 mm (range, -1.4 – 1.4 mm; median, 0.0 mm). Thus there is a high degree of 
reproducibility of the isocenter during successive treatment sessions with 
HCSRT using the Fixster frame for stereotactic targeting. 

In study V we have investigated the reliability of treatment plans in the terms of 
dose distribution and absorbed dose for HCSRT. Treatment plans for three 
different clinical intracerebral targets, (AVMs), were transferred to a CT study 
of a spherical water filled phantom simulating the human head and recalculated 
for the phantom geometry using a standard treatment planning system. The 
calculated absorbed dose, relative 3D dose distribution and dose conformity 
were investigated using gel dosimetry normalized to liquid ionization chamber 
(LIC) measurements. The calculated absorbed dose to the dose reference point 
was found to be within 2% of the measured dose for all three targets. The 
calculated dose distribution was found to be within 3% and 2 mm of the 
measured dose for more than 93% of all points in the target volume for all three 
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targets. The results show that the investigated standard treatment planning 
system can correctly predict the absorbed dose and dose distribution in 
arbitrarily shaped intracerebral targets.   
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7. SAMMANFATTNING PÅ SVENSKA 

Vår teknik med HCSRT uppvisar en obliterationsfrekvens av AVM som 
förefaller jämförbar med SRS. I vår serie av patienter (studie I) så var AVM 
volymerna större än vad som rapporterats i de flesta studier som använt sig av 
SRS. Den totala obliterationsfrekvensen var 83 % och medelvolymen hos de 
AVM som oblitererats var 11.5 ml. Frekvensen av biverkningar var också 
jämförbar SRS, med 3.4% av våra patienter som uppvisade symtomatisk 
radionekros. Eftersom obliterationsprocessen i vår serie fortsatte efter 2 år så är 
det viktigt att följa dessa patienter under en längre tidsperiod. HCSRT kan vara 
ett viktigt alternativ för behandling av AVM som är stora, belägna i känsliga 
områden, och därför inte tillgängliga för annan behandling. 

I studie III rapporterar vi resultat av en kombinerad behandling med 
embolisering och HCSRT. Enbart embolisering uppnår endast sällan målet med 
total obliterering, men kan reducera volymen av ett AVM för att möjliggöra en 
säker och effektiv behandling med radioterapi. I denna studie rapporterar vi 
volymreduktionen av AVM efter embolisering samt obliterationsfrekvens efter 
HCSRT. Vi föreslår även en ny metod (mätningar av luminescens) för att 
utvärdera reduktion i vaskulär densitet efter embolisering. För oss står det klart 
att embolisering ofta inte bara reducerar storleken på nidus hos ett AVM utan 
även den vaskulära densiteten. Följderna av en sådan reduktion i vaskulär 
densitet är fortfarande oklar. Medelvolymen av AVM hos 15 patienter 
reducerades från 11.9 ± 2.1 ml (intervall. 1–29 ml; median, 10.0 ml) till 6.5 ±
2.0 ml (intervall, 0.5-28 ml; median, 3ml) ml efter embolisering. Luminescensen 
för alla AVM var högre efter jämfört med före embolisering, vilket indikerar att 
alla AVM hade en lägre densitet efter denna behandling. Tretton av 16 patienter 
(81%) som behandlades med embolisering och HCSRT uppvisade obliterering 
av sina AVM 2–9 år (median, 4 år) efter HCSRT. Frekvensen av biverkningar 
efter en kombinerad behandling med embolisering och HCSRT var 38%. Detta 
är i den övre delen av intervallet av vad som tidigare har rapporterats. 

HCSRT kan också vara ett viktigt alternativ, och i vissa fall erbjuda fördelar 
gentemot SRS vid behandling av hjärnmetastaser. Behandling med HCSRT tar 
bara ett par dagar mer i anspråk än SRS och resultat ekvivalenta med SRS har 
tidigare rapporterats. Från en biologisk synpunkt kan dosfraktionering över en 
kort tid vara en fördel i behandlingen av vissa maligna tumörer. HCSRT kan 
även vara en mera lämplig behandling för att behandla lesioner med en stor 
volym eftersom denna behandling medger en högre totaldos utan att öka risken 
för komplikationer. Betydelsen av att utelämna WBRT debatteras fortfarande. I 
vår serie av patienter (studie II) har vi retrospektivt granskat patienter 
behandlade med HCSRT och WBRT i kombination med en stereotaktisk 
boosterdos. Radiologisk uppföljning (medeltal, 3.7 månader efter behandling) 
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visade lokal kontroll hos 84% av patienterna i HCSRT gruppen och 100% av 
patienterna i WBRT gruppen. Den observerade skillnaden i proportionen 
patienter i bägge grupperna som uppvisade lokal kontroll var inte signifikant. 
Medianöverlevnaden i HCSRT gruppen samt WBRT gruppen var 5.0 månader 
och 87% av alla patienter dog av extrakraniell sjukdom. Tjugofem procent av 
patienterna i HCSRT gruppen och inga patienter i WBRT gruppen utvecklade 
nya hjärnmetastaser utanför det tidigare bestrålade området. Risken att lämna 
mikrometastaser obehandlade när man utelämnar behandling med WBRT är 
känt sedan tidigare. Med det faktum i åtanke att endast ett litet antal patienter 
behandlats med WBRT i kombination med en stereotaktisk boost verkar det som 
att behandling med HCSRT medför en ökad risk för utvecklande av nya 
hjärnmetastaser utanför det tidigare bestrålade området. Akuta och sena 
komplikationer i vår serie av patienter som behandlats med HCSRT verkar vara 
jämförbara med vad som tidigare rapporterats för HCSRT och SRS. 

Hypofraktionerad radioterapi nödvändiggör användandet av en avtagbar 
stereotaktisk ram som kan sättas av och på vid flera tillfällen. Den stereotaktiska 
ramen måste ha en hög grad av reproducibilitet, och patientens positionering är 
avgörande för en hög grad av noggrannhet vid behandlingen. I studie IV så har 
vi radiologiskt utvärderat reproducibiliteten av isocenter vid konsekutiva 
behandlingssessioner med den stereotaktiska ramen Fixster. Medelavvikelsen i 
X axeln var 0.4 mm, (intervall, -2.1 – 2.1 mm; median, 0.7 mm) och i Y axeln -
0.3 mm (intervall, -1.4 – 0.7 mm; median, -0.2 mm). Medelavvikelsen i Z axeln 
var -0.6 mm (intervall, -1.4 – 1.4 mm; median, 0.0 mm). Sålunda finns det en 
hög grad av reproducibilitet av isocenter vid flera på varandra följande 
behandlingssessioner av HCSRT med Fixsterramen. 

I studie V så har vi undersökt pålitligheten av behandlingsplaner med tanke på 
dosdistribution och absorberad dos för HCSRT. Behandlingsplaner för tre olika 
kliniska intracerebrala mål (AVM) överfördes till en CT studie av en sfärisk 
vattenfylld fantom som simulerade ett människohuvud. Behandlingsplanerna 
rekalkylerades för fantomens geometri med användande av ett 
dosplaneringssystem. Den kalkylerade absorberade dosen och den relativa 
tredimensionella dosdistributionen undersöktes med användande av geldosimetri 
som normaliserades till mätningar från en vätskejonkammare. Den kalkylerade 
absorberade dosen i dosreferenspunkten visade en avvikelse mindre än 2% 
jämfört med den uppmätta dosen för alla tre mål. Avvikelsen för den 
kalkylerade dosen var inom 3% och 2 mm av den uppmätta dosen för 93% av 
alla punkter inom målvolymen för de tre målen. Dessa resultat visar att det 
undersökta dosplaneringssystemet kan beräkna absorberad dos och 
dosdistribution i arbiträrt formade intracerebrala mål på ett korrekt sätt. 
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