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Abstract
The goal of this study was to explore preoperative evaluation of patients with intracranial tumours
using magnetic resonance imaging (MRI) methods: oedema-attenuated inversion recovery
(EDAIR) sequence in low-field MRI, and diffusion-weighted imaging (DWI) and resting-state
functional MRI (fMRI) in high-field MRI. The aim was also to increase our knowledge about the
effects of brain surgery on eloquent brain cortices using new MRI techniques. The total number
of patients in these studies was 50 (24 women). 

Enhancement of the tumour in ten patients after intravenous administration of gadolinium-
based contrast agent in low-field MRI was examined with a new sequence, EDAIR, and compared
with more conventionally used partial saturation spin echo sequences. EDAIR may facilitate the
perception of small enhancing lesions and is valuable in low-field imaging, where T1-based
contrast is inferior to high-field imaging. 

DWI was performed on 25 patients in order to evaluate the potential of this imaging method to
assist in differential diagnosis of intracranial tumours. It was shown that apparent diffusion
coefficient values of the tumour and peritumoural oedema produced by DWI were different in
benign and malignant tumours. 

Resting-state blood oxygen level-dependent (BOLD) fMRI was performed on eight patients
and ten healthy volunteers to examine if functional sensorimotor areas in the brain could be
determined without any task-related activations. It was shown that intracranial tumours do not
appear to hamper visualization of the sensorimotor area in resting-state BOLD fMRI when
independent component analysis is performed, and this method may be used in preoperative
imaging when activation studies cannot be performed. 

Conventional BOLD fMRI with motor and auditory stimuli was used with seven patients as the
effect of brain surgery was studied. The results suggest that resection of a tumour with
preoperative oedema probably decreases pressure on the brain and makes the functional cortex
transiently more easily detectable in BOLD fMRI. 

In conclusion, the MRI imaging methods used in this study can give valuable additional
information about the tumour, specifically for preoperative imaging and planning for surgery. 

Keywords: BOLD, brain tumour, contrast enhancement, diffusion-weighted MRI,
fMRI, independent component analysis, oedema, postoperative, preoperative, resting-
state
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11C-MET 11C-methionine 
18F-FDG 18F-fluorodeoxyglucose 

3D Three-dimensional 

Ac Activation contralateral to the tumour 

ADC Apparent diffusion coefficient 

Ai Activation ipsilateral to the tumour 

ANOVA Analysis of variance 

BBB Blood-brain barrier 

BOLD Blood oxygen level-dependent 

CCA Cross-correlation analysis 

CNR Contrast-to-noise ratio 

CNS  Central nervous system 

COM Centre of mass 

CR Contrast ratio 

CSF Cerebrospinal fluid 

CT Computed tomography 

DTI Diffusion tensor imaging 

DWI Diffusion-weighted imaging 

EDAIR 600 EDAIR with inversion time of 600 milliseconds 

EDAIR 800 EDAIR with inversion time of 800 milliseconds 

EDAIR Oedema-attenuated inversion recovery 

EPI Echo-planar imaging 

FLAIR Fluid-attenuated inversion recovery 

fMRI Functional magnetic resonance imaging 

FOV Field of view 

FWHM Full width at half maximum 

GBCA Gadolinium-based contrast agent 

GLM General linear model 

HAI Hemispheric activation index 

IC Independent component 

ICA Independent component analysis 

ICrest Relevant resting-state-independent component 

ICtask Independent component from motor task 

IR Inversion recovery 

MEG Magnetoencephalography 
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MNI Montreal Neurological Institute 

MRI Magnetic resonance imaging 

MRS Magnetic resonance spectroscopy 

NAA N-acetyl aspartate 

NSF Nephrogenic systemic fibrosis 

PET Positron emission tomography 

PICA Probabilistic independent component analysis 

PPCA Probabilistic principal component analysis 

PWI Perfusion-weighted imaging 

rCBV Relative cerebral blood volume 

ROI Region of interest 

RSN Resting state network 

SD Standard deviation 

SMA Supplementary motor area 

SNR Signal-to-noise ratio 

STIR Short tau inversion recovery 

T Tesla 

T1 Longitudinal relaxation time 

T1w T1-weighted 

T2 Transversal relaxation time 

T2w T2-weighted 

TE Echo time 

TI Inversion time 

TR Repetition time 

US Ultrasonography 

WHO World Health Organization 

WM White matter 
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1 Introduction 

In Finland, tumours of the brain and central nervous system accounted for 2.8% 

of all primary cancers among men and 4.3% among women in 2006. The 

incidence was 11.0/100,000 for men and 13.8/100,000 for women. For 

comparison, the most common cancer in men – prostate cancer – accounted for 

33.8% of all primary cancers among men in 2006, with an incidence of 

97.4/100,000. The leading cancer in women – breast cancer – accounted for 31.4% 

of all primary cancers among women in 2006, with an incidence of 86.6/100,000. 

(Finnish-Cancer-Registry 2006.) Even though intracranial tumours are not 

common, they account for a disproportionate rate of morbidity and mortality. 

Median survival of patients with the most frequent primary malignant brain 

tumour, glioblastoma multiforme, is generally less than one year from the time of 

diagnosis (Stupp et al. 2005). 

Imaging plays a crucial role in the evaluation of intracranial tumours. 

Magnetic resonance imaging (MRI) assists the neurosurgeon in differential 

diagnosis and provides critical information about the tumour for preoperative 

planning. Routine MRI examination of patients with intracranial tumours includes 

long repetition time (TR)/long echo time (TE) T2-weighted (T2w), short TR/short 

TE T1-weighted (T1w), fluid-attenuated inversion recovery (FLAIR) and post-

contrast T1w sequences (Chawla 2008). 

MRI using 1.5-tesla (T) high-field imaging provides excellent soft tissue 

contrast and high spatial resolution. The images in 0.23-T low-field MRI are not 

equally satisfactory. Image contrast and contrast enhancement both depend on 

field strength (Elster 1997). Precontrast T1w images acquired by using 

conventional spin-echo techniques at low-field strengths often have poor image 

contrast (Hori et al. 2003). For a given dose of contrast, enhancement is less 

apparent at low field than high field (Elster 1997). A larger dose of contrast agent 

can be used to improve lesion contrast, but an alternative approach is to optimize 

contrast by adjusting the imaging parameters. 

In addition to anatomy-based MRI, more advanced MRI techniques like 

diffusion-weighted imaging (DWI) and blood oxygen level-dependent (BOLD) 

functional MRI (fMRI) are currently available as a part of the clinical imaging 

protocol. 

DWI is a method for detecting restricted water diffusion and can be applied in 

the characterization of brain tumours. It is an MRI technique where image 

contrast is determined by micromovements of water molecules (Le Bihan et al. 
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1986, Bammer 2003). In clinical practice, DWI is most often used for evaluation 

of a stroke (Lovblad et al. 1998, Gonzalez et al. 1999). Previous studies 

concerning ADC values from both a tumour and peritumoural oedema are 

controversial (Bode et al. 2006). 

FMRI using the BOLD technique is based on detecting changes in T2*-

weighted images during activation of functional brain areas (Kwong 1995). 

BOLD fMRI is applicable in preoperative mapping of eloquent brain cortices in 

patients with brain tumours (Mueller et al. 1996, Roux et al. 1997, Lee et al. 1999, 

Haberg et al. 2004). During a conventional BOLD fMRI session, a stimulus is 

administered to the subject in repeated on-off cycles. The stimulus is either 

passive, for example listening to a narrated text, or active, such as motor tasks. A 

finger-tapping paradigm is commonly used to localize the sensorimotor cortex 

(Bandettini et al. 1992). 

Resting-state fMRI requires less co-operation from the patient since it is 

performed without tasks. Functional connectivity in sensorimotor areas as well as 

other resting state networks (RSNs) has been observed in several studies with 

healthy subjects (Biswal et al. 1995, Lowe et al. 1998, Xiong et al. 1999, Cordes 

et al. 2000, De Luca et al. 2005), but resting-state fMRI has not been widely 

documented with brain tumour patients. 

The goal of this thesis was to explore preoperative evaluation of intracranial 

tumours with the oedema-attenuated inversion recovery (EDAIR) sequence in 

low-field MRI and with DWI in high-field MRI. The applicability of resting-state 

fMRI in revealing sensorimotor areas in patients with intracranial tumours was 

examined. The aim was also to increase our knowledge about the effects of brain 

surgery on eloquent brain cortices. 
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2 Review of the literature 

2.1 Brain anatomy and functional anatomy 

2.1.1 Anatomy of the brain 

The brain consists of right and left cerebral hemispheres, the cerebellum and the 

brain stem. In a lateral view of the brain, the four lobes – frontal, parietal, 

temporal and occipital – of each hemisphere are visible (Fig. 1). 

 

Fig. 1. Lateral view of the brain with the cerebral lobes (frontal, parietal, temporal and 

occipital) and primary functional cortices (motor, somatosensory, auditory and visual) 

visualized. 

Covering the brain are the meninges. The outer layer consists of the dura mater, 

which covers the inner surface of the skull and also forms the periosteum. The 

inner layer of the meninges is divided into the arachnoid and the pia mater, and is 

called the leptomeninx. The arachnoid membrane adheres closely to the inner 

surface of the dura mater and encloses the subarachnoid space, which contains the 

cerebrospinal fluid (CSF). The pia mater is the covering that carries the blood 

vessels. (Kahle 1986.) 
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The corpus callosum connects the two hemispheres. The surface of the 

cerebral hemispheres is folded and consists of fissures, or sulci, and convolutions, 

or gyri. If the brain is cut into slices, the cut surfaces show the grey and white 

matter. The grey matter lies at the outer margin and consists of collections of 

nerve cells that form the cerebral cortex. The white matter lies internally and 

consists of fibre tracts, the processes of the neurons covered by myelin sheaths. 

There are grey nuclear complexes deep in the hemispheres, which are collectively 

called the basal ganglia. (Kahle 1986.) 

2.1.2 Functional anatomy of the brain 

The brain has been shown to present topographical orientation with regards to 

different functional activations. Primary sensory information primarily activates 

parietal areas in somatosensory, temporal areas in auditory and occipital areas in 

visual activation. Between these areas are the association areas, which connect 

information from the sensory areas. Secondary and supplementary functional 

cortices reside in close proximity to the primary functional regions. They have a 

role in planning and fine-tuning the brain functions with respect to the sensory 

data available. (Kiviniemi 2004.) 

Brodmann divided the brain into 52 regions based on the different 

organization of neurons in different areas (Brodmann 1909). Even though the 

classification provided by Brodmann is a hundred years old, it is still applied to 

anatomic definitions (Kahle 1986).  

The primary cortices are situated in the following manner. The primary motor 

cortex lies in the posterior part of the frontal lobe, in the precentral gyrus 

(Brodmann area 4) (Fig. 1). The primary somatosensory cortex resides in the 

anterior part of the parietal lobe, in the postcentral gyrus (Brodmann areas 1 – 3). 

The primary auditory cortex is in the temporal lobe. It lies in the superior 

temporal gyrus and also dives into the lateral sulcus and the transverse temporal 

gyri (also called the Heschl’s gyri) (Brodmann areas 41 and 42). Finally, the 

primary visual cortex is the terminal site of optic radiation in the occipital lobe 

(Brodmann area 17). It lies on the medial surface of the occipital lobe and extends 

over onto the convexity only at the pole. (Kahle 1986.) 
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2.2 Intracranial tumours 

Intracranial brain neoplasms can be classified into primary brain neoplasms and 

metastatic tumours. They are either intra-axial or extra-axial. Intra-axial 

neoplasms are situated in the brain tissue, whereas extra-axial neoplasms are 

intracranial lesions that do not arise from the brain itself. Intracranial lesions are 

either supra- or infratentorial, depending on their position relative to the tentorium 

cerebelli. Infratentorial primary tumours are more frequent in the paediatric age 

group (Parizel 2003). 

Intracranial tumours are classified according to the World Health 

Organization (WHO) classification of tumours of the central nervous system 

(CNS) (Louis 2007). The WHO classification is based on the cellular origin of the 

tumours and describes seven different groups: tumours originating from neuro-

epithelial cells, cranial and spinal nerves, the meninges, lymphatic and 

haematopoietic tissue, germ cells and the sellar region, and tumours of metastatic 

origin (Louis 2007). This classification was revised in 2007 (Table 1). 

Table 1. Classification of tumours of the central nervous system according to the 

WHO (Louis 2007). 

Tumours of neuroepithelial tissue Astrocytic tumours, oligodendroglial tumours, oligoastrocytic 

tumours, ependymal tumours, choroid plexus tumours, other 

neuroepithelial tumours, neuronal and mixed neuronal-glial 

tumours, tumours of the pineal region, embryonal tumours 

Tumours of cranial and paraspinal nerves Schwannoma, neurofibroma, perineurioma, malignant 

peripheral nerve sheath tumour 

Tumours of the meninges Tumours of the meningothelial cells (meningiomas), 

mesenchymal tumours, primary melanocytic lesions, other 

neoplasms related to the meninges 

Lymphomas and haematopoietic 

neoplasms 

Malignant lymphomas, plasmacytoma 

Germ cell tumours Germinoma, embryonal carcinoma, yolk sac tumour, 

choriocarcinoma, teratoma, mixed germ cell tumour 

Tumours of the sellar region Craniopharyngioma, granular cell tumour, pituicytoma, spindle 

cell oncocytoma of the adenohypyphysis 

Metastatic tumours  

The WHO classification of tumours of the CNS includes a grading system that 

describes a malignancy scale across a wide variety of neoplasms. WHO grading 

of neoplasms consists of four levels, from grade I to grade IV.  
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Grade I lesions have low proliferative potential. Grade II neoplasms are 

generally infiltrative in nature, but have low-level proliferative activity. Some 

grade II tumours tend to progress to higher grades of malignancy. For example, 

low-grade diffuse astrocytomas can transform into anaplastic astrocytoma and 

glioblastoma. Grade III tumours are lesions with histological evidence of 

malignancy, including nuclear atypia and brisk mitotic activity. Grade IV tumours 

are cytologically malignant, mitotically active and necrosis-prone. (Louis et al. 
2007.) 

2.2.1 Intra-axial tumours in adults 

Primary brain tumours 

Gliomas – foremost astrocytomas – are the most common primary brain tumours 

in adults. They arise from the glial cells. There are three major groups of gliomas, 

which correspond to the three histologic subgroups of glial cells: astrocytoma, 

oligodendroglioma and ependymoma (Parizel 2003). In the WHO classification of 

tumours of the CNS, gliomas belong to tumours of neuroepithelial tissue (Louis 

2007). 

Low-grade astrocytomas may be either well circumscribed (WHO grade I) or 

diffusely infiltrating (WHO grade II). Most patients with low-grade astrocytomas 

are young adults in their 20s and 30s (Buckner et al. 2007). Low-grade 

astrocytomas have a better prognosis than their more aggressive counterparts, but 

they can evolve into a higher grade tumour over time (Parizel 2003). 

Patients with anaplastic astrocytomas (WHO grade III) are generally slightly 

older. The median age at diagnosis is around 45 years. Anaplastic astrocytomas 

can be distinguished from low-grade ones by the presence of mitosis. 

Glioblastoma multiforme (WHO grade IV) is the most common and most 

malignant of the primary brain tumours. It can occur in all age groups, but the 

average age at diagnosis is 55 years. 

Oligodendrogliomas, oligoastrocytomas (mixed gliomas) and ependymomas 

are not as common as astrocytomas. (Buckner et al. 2007.) Lymphomas, 

hemangioblastomas and gliomatosis cerebri are even less common intra-axial 

tumours (Chawla 2008). 



 21

Brain metastases 

Metastases to the brain are the most common brain tumours in adults. They are 

estimated to be as much as ten times more common than primary brain tumours 

(Buckner et al. 2007). Brain metastases occur in 10–40% of adults with cancer 

(Gavrilovic & Posner 2005, Buckner et al. 2007). The majority of brain 

metastases originate from one of three primary malignancies: lung cancer (40–

50%), breast cancer (15–25%) and melanoma (5–20%) (Eichler & Loeffler 2007). 

Among these, melanoma has the highest tendency to metastasize to the brain, 

with a 50% rate of brain involvement reported in patients dying of melanoma 

(Amer et al. 1978). The distribution of brain metastases generally parallels blood 

flow, with 80% occurring in the cerebral hemispheres, 15% in the cerebellum and 

5% in the brain stem (Delattre et al. 1988). 

2.2.2 Extra-axial tumours in adults 

Primary extra-axial tumours 

Meningiomas are the most common benign intracranial tumours. They arise from 

arachnoidal cells in the meninges, mostly along the sagittal sinus and over the 

cerebral convexity. Most of these tumours are differentiated and have low 

proliferative capacity with limited invasiveness. Approximately 90% of 

meningiomas are benign, 6% are atypical and 2–4% are malignant. (Del Sole et al. 
2001.) Females have a slightly higher incidence of meningiomas than males, and 

meningiomas are most common among women in the sixth and seventh decades 

of life (Buckner et al. 2007). 

Among less common extra-axial tumours are schwannomas, arachnoid cysts, 

and even more rare, epidermoid cysts and dermoid cysts (Chawla 2008). 

Leptomeningeal metastases 

Even though metastases of the meninges are not common, it should be noted that 

regions outside the brain itself can be affected by metastases. Involvement of the 

leptomeninges occurs in approximately 5% of patients with cancer. 

Leptomeningeal metastases are most commonly seen in melanoma and breast and 

lung cancer. The tumour reaches the leptomeninges by haematogenous spread or 

by direct extension from parenchymal tumour deposits. Tumour cells are then 
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disseminated throughout the neuroaxis via the flow of the CSF. (Buckner et al. 
2007.) 

2.2.3 Symptoms caused by intracranial tumours 

The presenting symptoms of an intracranial tumour are related to mass effect, 

parenchymal infiltration and tissue destruction. The most common symptom is a 

headache, which occurs in approximately 35% of patients. A new onset of 

headaches in a patient with no previous history of headaches is most characteristic. 

This is the case especially if the headaches are more severe in the morning and 

are associated with nausea, vomiting or focal neurologic deficits. In patients with 

a previous history of headaches, a change in the characteristics of the headaches 

or an increase in their frequency and/or intensity can also indicate the presence of 

an intracranial tumour. (Buckner et al. 2007.) 

Seizures occur in approximately 33% of patients with gliomas, especially in 

patients with low-grade tumours. However, seizures may be associated with any 

CNS tumour. Focal neurologic deficits are related to the location of the tumour. 

(Buckner et al. 2007.) 

Altered mental status may develop in 15–20% of patients with gliomas 

(Posner 1995) and cognitive impairment has been observed in 65% of patients 

with brain metastases, usually across multiple domains (Chang et al. 2007). 

2.2.4 Treatment options for intracranial tumours 

The management of intracranial tumours can be divided into supportive care and 

therapeutic strategies. Therapeutic approaches to intracranial tumours include 

surgery, radiation therapy and chemotherapy. 

Supportive care 

Supportive care for brain tumour patients includes management of cerebral 

oedema, seizures, gastrointestinal disturbances, venous thromboembolism, 

osteoporosis, cognitive dysfunction, infections and mood disturbances (Norden & 

Wen 2006, Wen et al. 2006). Thus, for example corticosteroids, anticonvulsant 

drugs and anticoagulant drugs are important ancillary agents for the treatment of 

brain tumour patients. 
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Surgery 

Surgery is the initial therapy for nearly all patients with brain tumours and can be 

curative for most benign tumours, including meningiomas. The goal of surgery is 

to remove as much of the tumour as possible while minimizing damage to healthy 

tissue.  

Because of the infiltrative nature of most gliomas, total extirpation of the 

tumour is frequently impossible. Infiltrative gliomas in and around functioning 

brain regions can be more aggressively removed if the surgery is performed while 

the patient is awake. This makes it possible for the surgeon to map brain cortical 

regions and limit potential injuries. Computer-guided surgery, stereotaxis, is 

another tool that assists the neurosurgeon in planning a safer trajectory for tumour 

access. Image-guided stereotaxis orients the tumour in three-dimensional (3D) 

space, and in intraoperative MRI even provides the neurosurgeon with real-time 

updated data on tumour volume and location. 

Biopsy of the tumour instead of resection is performed to patients with 

tumours in critical functional areas of the brain, where resection would cause an 

unacceptable neurological deficit. (Buckner et al. 2007.) 

Radiation therapy 

Radiotherapy can be curative for some patients and prolong survival for most. 

Radiation is often the primary treatment for patients with metastatic brain 

tumours and leptomeningeal metastases. Whole-brain or involved-field radiation 

is applied depending on the tumour. Involved-field radiation reduces the dose of 

radiation to normal brain tissue, as higher doses of radiation are delivered to the 

tumour than to surrounding normal structures. 

Stereotactic radiosurgery – for example gamma knife – is an extreme form of 

focal radiotherapy. It is effective for well-circumscribed lesions such as 

meningioma or limited brain metastases. Radiosurgery spares normal structures 

by precisely targeting the tumour with high doses of radiation with a rapid fall-off 

of radiation at the edges of the dose plan. The role of stereotactic radiosurgery for 

infiltrative malignant tumours remains under investigation. (Buckner et al. 2007.) 
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Chemotherapy 

Chemotherapy provides only modest benefit for many patients with brain tumours, 

but plays an important role in palliation and can have an adjuvant effect in 

combination with surgery and radiation therapy.  

Temozolomide penetrates the intact blood-brain barrier (BBB) and produces 

benefit in many patients with gliomas. Nitrosoureas also have modest antitumour 

activity, especially in patients with oligodendroglioma. High-dose methotrexate 

regimens are beneficiary for patients with CNS lymphomas. (Buckner et al. 2007.) 

Chemotherapy has traditionally played a limited role in the treatment of brain 

metastases. It has been used for patients who have failed other treatment 

modalities or for diseases known to be chemosensitive, such as lymphoma, non-

small cell lung cancer, germ-cell tumours and breast cancer (Eichler & Loeffler 

2007). 

Combination treatment comprised of radiotherapy and temozolomide, given 

concomitantly with and after radiotherapy, has improved the prognosis of patients 

with glioblastoma multiforme. Median survival of patients with glioblastoma 

multiforme has generally been less than one year from the time of diagnosis. Even 

in the most favourable cases, most patients have died within two years. (Stupp et 
al. 2005.) In a recent study, survival of patients treated with a combination of 

radiotherapy and temozolomide was 27.2% at two years and 9.8% at five years, 

versus 10.9% and 1.9% with radiotherapy alone (Stupp et al. 2009). 

2.3 Magnetic resonance imaging techniques in intracranial 
tumours 

2.3.1 Conventional MRI 

MRI of intracranial tumours should consist of a combination of at least two 

imaging planes and two different weightings. The axial plane is the plane of first 

choice for the supratentorial compartment, which should be accompanied by the 

coronal plane. In midline lesions, the sagittal plane must be used. (Parizel 2003.) 

The following sequences have been suggested for routine MRI examination of 

patients with intracranial tumours: long TR/long TE T2w, short TR/short TE T1w, 

FLAIR and post-contrast T1w (Chawla 2008). The FLAIR sequence is used to 

suppress the signal from the CSF to detect lesions in the brain. (De Coene et al. 
1992, Hajnal et al. 1992). 
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Most tumours have prolonged T1 (longitudinal) and T2 (transversal) 

relaxation times, and thus appear hyperintense to normal brain tissue on T2w 

images, but hypointense on T1w images (Sartor 1999). However, pathologic 

tissue does not always have significant differences in T1 or T2 relaxation times 

compared with surrounding normal tissue. If the signal difference between normal 

and pathologic tissue is minor, it can be increased by administering a contrast 

agent in cases with contrast-enhancing lesions. MRI contrast agents are indirect 

agents that are not visualized directly, but affect the relaxation times of the water 

protons in the nearby tissue. MRI contrast agents are usually categorized as T1 or 

T2 agents based on their primary effect of shortening the T1 or T2 relaxation 

times, respectively. (Brown 2003.) Gadopentetate dimeglumine is a gadolinium-

based contrast agent (GBCA) that is frequently used in brain tumour patients. It 

primarily affects the T1 relaxation time and its recommended dosage is 0.1 

mmol/kg. 

The origin of contrast enhancement is different for intra-axial and extra-axial 

tumours. Contrast enhancement of an intra-axial tumour generally indicates 

disruption of the BBB, as in high-grade gliomas. Metastatic tumours have 

typically leaky, non-CNS capillaries similar to their tissue of origin and, hence, 

exhibit intense enhancement (Chawla 2008). Extra-axial tumours, due to their 

location outside the brain, do not possess a BBB. When an extra-axial tumour 

enhances after intravenous injection of a contrast agent, it is because of its 

intrinsic tumour vascularity (Parizel 2003). 

Intra-axial primary tumours 

Gliomas – astrocytomas, oligodendrogliomas and ependymomas – are the most 

common primary brain tumours in adults. Astrocytomas can be divided into two 

major groups: circumscribed (localized or non-infiltrative) and fibrillary 

(infiltrative or diffuse) astrocytomas. 

Circumscribed astrocytomas are either WHO grade I (pilocytic astrocytoma) 

or benign (subependymal giant-cell astrocytoma and pleomorphic 

xanthoastrocytoma) tumours and their contrast enhancement is not related to the 

degree of malignancy. Pilocytic astrocytoma occurs in the paediatric age group. 

Subependymal giant-cell astrocytoma is found predominantly in children and 

young adults. It is a slow-growing tumour, is typically located at the foramen of 

Monro, can cause obstructive hydrocephalus and shows intense, heterogeneous 

contrast enhancement. Pleomorphic xanthoastrocytoma is a rare tumour occurring 
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predominantly in young adults. It is often located superficially in the cerebral 

hemispheres, with the temporal lobes most commonly affected. On MRI, 

pleomorphic xanthoastrocytoma presents as a partially cystic mass with an 

enhancing mural node. (Parizel 2003.) 

In WHO grade II, III and IV astrocytomas, contrast enhancement increases 

with the degree of malignancy. On MRI, low-grade astrocytoma (WHO grade II) 

can be seen as a homogeneous mass lesion involving grey and white matter. The 

lesion is usually hypo- or isointense in the T1w sequence and hyperintense in the 

T2w sequence. The tumour itself may cause a local mass effect, but peritumoural 

oedema is typically absent or slight. Even though low-grade astrocytomas appear 

clearly defined, especially in T2w images, it should be remembered that tumour 

tissue can be found outside the MRI visible border due to the infiltrative nature of 

these tumours. WHO grade II astrocytomas typically do not show contrast 

enhancement. (Parizel 2003.) 

High-grade astrocytomas are much more common than their low-grade 

counterparts. On MRI, anaplastic astrocytomas (WHO grade III) present a 

heterogeneous appearance on both T1w and T2w images. The tumour causes a 

marked mass effect and peritumoural, fingerlike projections of vasogenic oedema 

along white matter tracts are seen. The contrast enhancement is usually marked, 

but irregular. The most malignant neuroglial tumour, glioblastoma multiforme 

(WHO grade IV), is also the most common intra-axial supratentorial primary 

neoplasm. On MRI, it presents heterogeneous signal intensity, cystic areas, 

peritumoural oedema, an intratumoural signal void of vessels, extensive mass 

effect and intense, heterogeneous contrast enhancement. (Parizel 2003.) 

Oligodendrogliomas and ependymomas are less common than astrocytic 

gliomas. Oligodendrogliomas are the most benign of the gliomas and tend to 

occur in adults between the ages of 25 and 50 years. They are slow-growing, 

found predominantly in the frontal lobes, tend to infiltrate the cortex and 

calcifications occur in > 70% of cases. Ependymomas are slow-growing 

neoplasms in which two-thirds are found infratentorially and one-third 

supratentorially. Ependymomas are most commonly found in children. (Parizel 

2003.) 

Intracranial lymphoma may be primary or secondary. Lymphoma is usually 

located peripherally in the cerebral hemisphere or in the central grey matter. 

Lymphoma tends to be iso- to hypointense to normal brain on both T1w and T2w 

images, probably due to its dense cellularity and relatively decreased water 

content. Primary CNS lymphoma typically enhances intensely. (Parizel 2003.) 
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Extra-axial primary tumours 

Meningiomas are the most common benign intracranial tumours. Their 

predilection sites are: convexity, parasagittal, inner and outer ridge, anterior skull 

base, cavernous sinus and cerebellopontine angle. The signal intensity in 

meningiomas is mainly heterogeneous, and they are typically isointense with grey 

matter in all sequences. Identification of an anatomic brain-tumour interface – 

pial vascular structures, CSF clefts, dural margins – is pathognomonic for the 

extra-axial location. Meningiomas are almost always intensely enhancing; even 

the ones with calcifications tend to enhance. Dural enhancement adjacent to the 

tumour, the dural-tail sign, is seen with meningiomas, but it is not specific for 

them. (Parizel 2003.) 

Schwannomas are mostly located in the cerebellopontine angle. Other 

possible origins are the oculomotor, facial and trigeminal nerves. Schwannomas 

typically have a higher signal on T2w images, which helps to differentiate them 

from meningiomas. (Chawla 2008.) 

Intracranial metastases 

Overall, metastases are the most common intracranial tumours in adults. 

Metastases can be located in the brain parenchyma, skull, epidural space, 

meninges and subarachnoid space. In the brain, metastases frequently occur in the 

cortex or at the corticomedullary junction. On MRI, brain metastases are usually 

round and better circumscribed than primary tumours. Their signal intensity is 

variable, influenced by possible necrosis, cystic necrosis or intratumoural 

haemorrhage. Contrast enhancement can be homogeneous, nodular, 

inhomogeneous or ring-like. In small cortical lesions, oedema may be absent. 

However, usually the degree of peritumoural oedema is greater with metastatic 

lesions than with primary tumours. (Parizel 2003.) 

2.3.2 Inversion recovery sequences 

Inversion recovery (IR) sequences can provide a very strong contrast between 

tissues with different T1 relaxation times. This feature is utilized in the FLAIR 

sequence to suppress the signal from fluid, and in the short tau inversion recovery 

(STIR) sequence to nullify the signal from fat (Bydder et al. 1998). The FLAIR 

sequence is a part of routine MRI examination with brain tumour patients. In 
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clinical practice it is also applied, for example, in imaging patients with epilepsy 

(Urbach 2005, Woermann & Vollmar 2009). Among epilepsy patients, T1-

weighted IR images have been found to be particularly useful due to their high 

grey-to-white-matter contrast (Lefkopoulos et al. 2005). 

CSF has a long T1 relaxation time, while fat has a very short T1 relaxation 

time. In 1.5 T a TI of approximately 1900 ms will suppress the signal from the 

CSF, and a TI of about 150 ms will nullify the signal from fat (Nitz 2003). In a 

previous study, TIs from 800 to 1200 ms were observed to suppress the signal 

from brain oedema in 1.5 T (Lee et al. 2000). This observation was later adapted 

to 0.23 T low-field MRI. TIs between 150 and 2200 ms were tested, and TIs from 

400 to 800 ms were found to attenuate brain oedema in most patients (Katisko et 
al. 2006). 

2.3.3 Functional MRI 

BOLD fMRI is a method for mapping eloquent brain areas without exogenous 

contrast agents. The BOLD fMRI technique allows visualization of changes in the 

balance of oxy- and deoxyhaemoglobin in the microvascular bed dynamically as a 

consequence of stimulation or task performance (Kwong et al. 1992, Kwong 

1995). BOLD fMRI is based on detecting changes in T2*-weighted images during 

activation of functional brain areas (Kwong 1995). T2* relaxation time takes into 

account dephasing due to T2 relaxation as well as local field inhomogeneities 

(Nitz 2003). 

During neuronal activation, blood flow to the activated area increases and 

local blood concentration of paramagnetic deoxyhaemoglobin decreases as 

oxygenation increases. As a result, the signal intensity in the activated area 

increases and BOLD signal changes of 2–5% in the 1.5 T magnetic field are 

encountered (Ogawa et al. 1998). These changes cannot be observed if only 

activation is imaged; baseline rest periods are required for comparison. An on/off 

block-type paradigm is typically used. For example, motor stimulus can consist of 

15-second epochs of the task, like finger-tapping, with 15-second epochs of rest 

between tasks (Mueller et al. 1996). 

For over a decade, BOLD fMRI has been used for noninvasive preoperative 

mapping of the functional cortices in patients with brain tumours (Yousry et al. 
1995, Atlas et al. 1996, Mueller et al. 1996, Yetkin et al. 1997, Dymarkowski et 
al. 1998, Achten et al. 1999, Chen et al. 2006, Sunaert 2006). Several studies 

have indicated that fMRI detection of the functional cortex correlates closely with 
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the results of direct cortical stimulation (Jack et al. 1994, Yousry et al. 1995, 

Roux et al. 1999, Hirsch et al. 2000, Lurito et al. 2000, Xie et al. 2008). 

Studies on the effect of brain tumours on BOLD activation have been 

published (Holodny et al. 1999, Holodny et al. 2000, Schreiber et al. 2000), but 

literature concerning postoperative BOLD fMRI is limited (Murata et al. 2004). 

2.3.4 Resting-state fMRI 

Resting-state fMRI is performed without tasks or external stimuli, thus requiring 

less co-operation from the patient. It is based on detecting low-frequency (< 0.1 

Hz) fluctuations in the temporal BOLD signal in the resting brain (Biswal et al. 
1995, Cordes et al. 2001). Resting-state fMRI studies have demonstrated 

synchronous fluctuations in functionally related regions of the brain (Biswal et al. 
1995, Lowe et al. 1998). The term functional connectivity is frequently used 

when discussing these synchronous fluctuations (Fox & Raichle 2007). 

Functional connectivity in sensorimotor areas as well as other RSNs have 

been observed in several studies with healthy subjects (Biswal et al. 1995, Lowe 

et al. 1998, Xiong et al. 1999, Cordes et al. 2000, De Luca et al. 2005), but 

resting-state fMRI has not been widely documented with brain tumour patients. 

Resting-state fMRI data can be analyzed with diverse methods. Cross-

correlation analysis (CCA) is a technique in which a seed voxel or cluster is 

determined on the basis of brain anatomy or additional functional activation 

studies (Xiong et al. 1999, Quigley et al. 2001). Neuronal activations are then 

detected in a univariate manner by evaluating the correlation between the time 

course of each voxel and the seed area (Xiong et al. 1999, Ma et al. 2007). 

Another method for analyzing resting-state fMRI data is a data-driven 

multivariate technique called independent component analysis (ICA) (McKeown 

et al. 1998). ICA does not require hypothesis-driven reference functions or 

predefined seeds. Several studies have shown that ICA is able to detect functional 

connectivity in sensorimotor brain regions in healthy subjects (Kiviniemi et al. 
2003, van de Ven et al. 2004, Beckmann et al. 2005, Damoiseaux et al. 2006, De 

Luca et al. 2006), but no prior studies using this method with brain tumour 

patients have been published. 
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2.3.5 Diffusion-weighted imaging 

DWI is an echo-planar imaging (EPI)-based technique that measures the random 

motion of water molecules (diffusion) in biological tissues during the application 

of strong magnetic field gradients. The sensitivity of diffusion is expressed by the 

b-value of the sequence (in s/mm2). The higher the b-value, the more heavily the 

signal reflects areas of restricted diffusion. (Parizel 2003.) 

Based on DW images, an apparent diffusion coefficient (ADC) map with a 

numerical ADC value (in mm2/s) at every image pixel can be calculated, allowing 

quantification of the diffusion characteristics in a given tissue. The ADC value 

increases in areas of increased water diffusion and decreases in areas of restricted 

diffusion (Price 2007). In clinical practice, DWI is most often used for evaluation 

of a stroke (Lovblad et al. 1998, Gonzalez et al. 1999). Stroke causes cytotoxic 

oedema, which appears bright in a DW image and hypointense in an ADC map 

due to restricted diffusion (Parizel 2003). 

Obvious differences in tumoural ADC values from high- and low-grade 

gliomas have been reported on many occasions (Kono et al. 2001, Stadnik et al. 
2001, Yang et al. 2002, Bulakbasi et al. 2003, Sadeghi et al. 2003), although 

conflicting results also exist (Lam et al. 2002). ADC values have been found 

useful in grading tumours but not necessarily in differentiating between tumour 

types within the same grade (Bulakbasi et al. 2003, Bulakbasi et al. 2004, 

Yamasaki et al. 2005). The results from peritumoural ADC values in general are 

heterogeneous when correlated with tumour type and grade (Kono et al. 2001, 

Bulakbasi et al. 2003, Provenzale et al. 2004, Guzman et al. 2008). Overall, 

studies concerning ADC values from most tumours and the peritumoural oedema 

surrounding them are controversial (Bode et al. 2006). 

Lymphomas, due to their cellularity, typically have low ADC values. Another 

condition with restricted diffusion is a brain abscess. Brain tumours, other than 

the aforementioned lymphoma, more often have facilitated diffusion, which 

usually helps to differentiate them from abscesses. However, there is a lack of 

universally accepted threshold ADC values (Al-Okaili et al. 2006). 

2.3.6 Diffusion tensor imaging 

Diffusion tensor imaging (DTI) differs from DWI by its sensitivity to anisotropic 

or directionally dependent diffusion of water molecules. The architecture of the 

axons and their myelin sheaths facilitates the diffusion of the water molecules 
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preferentially along their main direction. DTI requires collection of diffusion data 

in at least six non-collinear directions. Anisotropic diffusion is characterized by a 

tensor, which describes the mobility of the water molecules in each direction and 

the correlation between them. (Chawla 2008.) 

The three orthogonal principal directions of diffusion, the eigenvectors, can 

be calculated from the diffusion tensor of each MRI voxel. The primary 

eigenvector indicates the direction, and the associated eigenvalue, the magnitude 

of greatest water diffusion. In highly collimated neuronal bundles with minimal 

fiber crossing, such as corpus callosum, water diffusion is anisotropic, with the 

eigenvector oriented parallel to the axons. (Berger & Hadjipanayis 2007.) 

DTI data can be used to perform tractography within the white matter. DTI-

based tractography requires definition of a seed region of interest (ROI), located 

in the path of the investigated fibre network system, to start the fibre tracking 

process (Mori & van Zijl 2002). A large number of fibre bundles have been 

identified using this method in healthy subjects (Wakana et al. 2004). In patients 

with intracranial tumours, DTI tractography can visualize fibre bundles that are 

either close to or influenced by the tumour, which gives valuable information for 

preoperative planning (Witwer et al. 2002, Yu et al. 2005). 

2.3.7 Perfusion-weighted imaging 

There are two basic approaches to measuring tissue perfusion in perfusion-

weighted imaging (PWI): using either an endogenous or an exogenous contrast 

agent. In arterial spin labelling, hydrogen protons are labelled outside the head, 

and the flow of the endogenous contrast agent through the brain is followed. More 

widely used in clinical practice is the method using exogenous contrast agents 

like intravenous GBCA. 

GBCA acts as a T2* contrast agent during its first pass through the cerebral 

vasculature. It causes a transient decrease in signal intensity, proportional to the 

concentration in a given region. This method is called dynamic susceptibility 

contrast imaging. (Parizel 2003.) 

Microvascular proliferation is one of the most important histopathological 

criteria when determining the malignancy of gliomas. Using PWI, relative 

cerebral blood volume (rCBV), which represents tumour angiogenesis, can be 

determined. A strong positive correlation between tumour rCBV and astrocytoma 

grading has been demonstrated. (Lemort et al. 2007.) In general, tumour rCBV 

tends to increase with neoplasm grade (Al-Okaili et al. 2006). 
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2.3.8 Magnetic resonance spectroscopy 

Magnetic resonance spectroscopy (MRS) is used to measure the levels of 

different metabolites in body tissue. The most prominent resonances that are seen 

from normal human brain on in vivo proton MRS include N-acetyl aspartate 

(NAA), choline, creatine, myo-inositol, lactate, lipids, glutamine and glutamate, 

and amino acids (Gujar et al. 2005). 

The typical MRS features of primary intra-axial neoplasms are elevated peaks 

of lipid, lactate, choline and myo-inositol, and reduced NAA. The metabolites 

that produce the NAA signal are predominantly found in neurons. Reduction in 

the NAA signal results from reduced or absent production of these metabolites 

because normal neurons have been destroyed or displaced by the neoplastic 

process. The increase in choline levels is thought to represent cellular 

proliferation. The choline/NAA ratio is usually elevated in neoplastic processes, 

but there are no unequivocal cut-off metabolite signal ratios that could distinguish 

neoplastic from nonneoplastic conditions. (Al-Okaili et al. 2006.) 

2.4 Other imaging modalities in intracranial tumours 

2.4.1 Computed tomography 

The use of ionizing radiation and image acquisition only in the axial plane limit 

the applicability of computed tomography (CT) in the evaluation of intracranial 

tumours. Furthermore, discrimination of tumour boundaries from normal tissue or 

vasogenic oedema, as well as evaluation of tissue heterogeneity and tumour 

grading, are often not adequately reflected on CT (Chawla 2008). Even though 

MRI offers several advantages compared with CT, CT is still routinely used for 

brain imaging.  

In intracranial tumours, CT is used to detect calcifications in 

oligodendrogliomas, meningiomas or craniopharyngiomas (Chawla 2008). The 

ability of CT to depict bone structures is also valuable in defining bone 

destruction or sclerosis associated with metastatic tumours, pituitary adenomas, 

meningiomas or adjacent carcinomas from the sinuses or pharynx.  

Further information can be derived from the use of CT contrast agents, since 

most tumours show contrast enhancement. Abnormal accumulation of contrast is 

primarily caused by leakage of contrast into the tumour interstitium due to 

absence of a BBB within the tumour neovascularity. (Del Sole et al. 2001.) 
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Even though CT is superior to MRI for detecting calcification, skull lesions 

and hyperacute haemorrhage, more specific evaluation of an intracranial tumour 

requires MRI. 

2.4.2 Intraoperative ultrasonography 

Ultrasonography (US) can be used intraoperatively as a real-time monitoring 

device (Berger & Hadjipanayis 2007). It can play a useful role in facilitating 

surgery or guiding biopsies in the brain.  

Most brain tumours, both primary and metastatic, are hyperechoic relative to 

the surrounding normal brain tissue or oedematous brain tissue. Tumours such as 

meningiomas, glioblastomas and metastases can be expected to be easily 

identified and distinguished from the surrounding brain tissue. Tumours like 

cystic astrocytomas may contain hypoechoic fluid-filled regions within their 

borders. 

Some tumours can be problematic in US. For example, low-grade 

astrocytomas can be relatively isoechoic to the surrounding brain tissue with 

infiltrative and indistinct margins, which makes them difficult to identify. 

Additionally, while acute brain oedema lowers the echogeneity of brain tissue, 

chronic peritumoural oedema may substantially increase it, making tumours even 

less conspicuous and tumour margins indistinct. (Kane & Kruskal 2007.) 

Contrast-enhanced US may solve some of the problems mentioned above. 

Intraoperative contrast-enhanced US has been found useful in evaluating the 

location, defining the border and observing the vascularity of the brain tumours 

(He et al. 2008). 

2.4.3 Magnetoencephalography 

Magnetoencephalography (MEG) is a method for functional brain mapping. MEG 

requires extremely sensitive sensors made superconductive by liquid helium, and 

data acquisition in purpose-built shielded rooms to eliminate ambient magnetic 

fields. In MEG, the tiny magnetic fields associated with intracranial neuronal 

activity are detected in a noninvasive manner. Functional maps can be created by 

superimposing the source locations of the evoked fields and spontaneous rhythms 

on the subject’s MRI scans of the brain. In neurosurgery, MEG can be used for 

preoperative mapping of eloquent cortices and for localizing of epileptiform 

activity. (Makela et al. 2006.) 
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2.4.4 Positron emission tomography 

Positron emission tomography (PET) is a nuclear medicine imaging technique 

that provides concentrations of trace amounts of compounds labelled with 

positron-emitting isotopes introduced into the body either by intravenous 

administration or inhalation (Phelps & Mazziotta 1985). PET techniques have a 

high sensitivity, such that very low levels of specific tracer accumulation can be 

detected, but they have a limited spatial resolution (Phelps 2000). PET has two 

applications for patients with intracranial tumours. It can be used for preoperative 

mapping of functional brain areas and for evaluation of the tumour itself. 

The first studies of preoperative mapping in tumours were PET studies of 

sensorimotor, language and visual areas (Vinas et al. 1997). Functional mapping 

with PET assists in estimating the location of the functional areas in relation to a 

tumour and can decrease surgical risks (Krings et al. 2002, Meyer et al. 2003). 

The role of PET in the evaluation of brain tumours has primarily been 

investigated in patients with gliomas. Depending on the radiotracer (substance 

containing the isotope), various molecular processes can be visualized by PET, 

most of them related to increased cell proliferation within gliomas. In 18F-

fluorodeoxyglucose (FDG) PET, the rate of glucose uptake is depicted and the 

metabolic differences between normal brain tissue, low-grade and high-grade 

gliomas and radionecrosis can be detected. The relatively high background levels 

of cortical glucose consumption interfere with the use of 18F-FDG in brain tumour 

diagnostics. (Jacobs et al. 2005.) 
11C-methionine (MET) is the most widely administered amino acid used for 

brain tumour evaluation. It relies on the increased amino acid uptake in brain 

tumour cells. 11C-MET has been shown to be a more specific tracer for tumour 

detection and tumoural delineation, since normal brain presents only low uptake. 

(Berger & Hadjipanayis 2007.) The short half-life of 11C (20 min) restricts the use 

of 11C-MET as well as its uptake in acutely ischemic and inflammatory brain 

tissue (Jacobs 1995). 
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3 Purpose of the study 

The purpose of the present study was: 

1. To explore whether EDAIR sequences could be used to improve tumour 

contrast in contrast-enhanced 0.23-T low-field MRI. 

2. To perform preoperative DWI on patients with intracranial tumours and 

examine if ADC values measured from the tumour and peritumoural oedema 

can be associated with the histology of the tumour. 

3. To investigate if the sensorimotor area in patients with intracranial tumours 

can be localized from resting-state fMRI data with ICA. 

4. To study the effect of brain tumour resection on BOLD fMRI of the auditory 

and motor cortices. 
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4 Materials and methods 

4.1 Study population 

The present study was performed in Oulu University Hospital during 2001–2009. 

The total number of patients included in this research was 50 (24 women). The 

mean age of the patients was 50.2 years, range 17–81 years. Additionally, ten 

healthy volunteers (four women) were included in study III for reference. The 

mean age of the volunteers was 29.9 years, range 24–48 years. Studies I-IV were 

all prospective. 

The patients in studies I, III and IV were admitted to the hospital for brain 

tumour surgery. Preoperative imaging according to the protocol in each study was 

performed. In study IV the protocol included two postoperative fMRIs: five days 

and on average three months after the operation. Patients with no metallic fixation 

material in the cranium after surgery were recruited for study IV. 

The patients in study II underwent MRI due to clinical suspicion of a brain 

tumour based on symptoms and/or a previous CT scan, and most of them later 

underwent brain surgery. All of the patients were new cases with no prior brain 

surgery. Three patients in study II with metastatic brain tumours were not 

operated on, but the pathological diagnosis of the primary lesion was confirmed. 

In all, 47 patients were operated on, and the diagnosis of cerebral lesions was 

confirmed histologically. Patient information and the tumour types in the studies 

are presented in Table 2. More detailed information about the tumours of each 

patient is presented in the original articles (I-IV). 

All the subjects of these studies gave their informed consent to the protocol 

and the studies were approved by the hospital’s Research Ethics Committee. 

Table 2. Description of the patients and tumours in studies I-IV. 

Study N 

(male/female) 

Age, years 

mean (range) 

Metastases High-grade 

gliomas1 

Low-grade 

gliomas2 

Meningiomas Other 

conditions 

I 10 (5/5) 51.5 (17–71) 1 5 3 1 - 

II 25 (14/11) 54.4 (23–81) 4 9 6 5 1a 

III 8 (4/4) 38.6 (18–56) - 1 2 3 2b 

IV 7 (3/4) 46.4 (17–66) - 3 4 - - 
1 WHO grade III and IV gliomas, 2 WHO grade I and II gliomas 
a abscess, b two cavernomas 
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4.2 Methods 

4.2.1 MRI sequences 

EDAIR in 0.23-T low-field MRI (I) 

In study I, patients with brain tumours were examined preoperatively by using the 

following contrast-enhanced sequences: T1w, EDAIR with an inversion time (TI) 

of 600 milliseconds (ms) (EDAIR 600) and EDAIR with TI 800 ms (EDAIR 800). 

MRI with EDAIR 600 was not performed on one patient and EDAIR 800 was not 

performed on another patient. 

MRI was performed in a horizontally open, resistive, low-field, 0.23-T 

scanner (Proview; Philips Medical Systems MR Technologies Finland Inc, Vantaa, 

Finland). The T1w sequence was a FE3D (fast spin-echo field echo three-

dimensional) (TR, 25 ms; TE, 10 ms) with a slice thickness of 5, 4 or 3 mm after 

intravenous application of a contrast medium (15 ml; Magnevist®; Schering, 

Berlin, Germany).  

EDAIR 600 was performed in the axial image plane with the following 

parameters: TI, 600 ms; TR, 6164 ms (the software of the imager automatically 

fine-tunes TR); TE, 80 ms; field of view (FOV), 26 × 26 cm; matrix size, 256 × 

256; echo train length, 8; section thickness, 5 mm; and section gap, 1 mm. 

EDAIR 800 was performed in the axial image plane with the following 

parameters: TI, 800 ms; TR, 6034 ms (the software of the imager automatically 

fine-tunes TR); TE, 80 ms; FOV, 26 × 26 cm; matrix size, 256 × 256; echo train 

length, 8; section thickness, 5 mm; and section gap, 1 mm.  

The standard dose of contrast medium was used for each patient. This 

resulted in a concentration of ~0.1 mmol/kg in a patient weighing 70 kg. 

Diffusion-weighted imaging (II) 

The preoperative MRI examinations in study II were performed on a 1.5-T 

clinical MR imaging unit (Signa TwinSpeed, General Electric Medical Systems, 

Milwaukee, Wis, USA) using a standard head coil. After a scout view MRI, the 

examination protocol consisted of a T1w sequence, a T2w sequence, DWI and a 

contrast-enhanced T1w sequence. The contrast-enhanced T1w sequences were 

obtained after intravenous administration of 0.1 mmol/kg of body weight of 
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gadopentetate dimeglumine (Magnevist®, Bayer Schering Pharma, Berlin, 

Germany). 

The T1w spin echo sequences were performed in the transverse plane with 

the following parameters: TR ms/TE ms, 540/9; FOV, 22 x 22 cm; matrix size, 

256 x 256; section thickness, 5.0 mm; and section gap, 0.5 mm. The T2w fast spin 

echo sequence was performed in the transverse plane with the following 

parameters: TR ms/TE ms, 4700/96; FOV, 22 x 16 cm; matrix size, 512 x 320; 

section thickness, 5.0 mm; and section gap, 0.5 mm.  

Transverse DWI was performed using a diffusion-weighted single-shot spin 

echo echo-planar imaging sequence (DW-EPI) with the following parameters: TR 

ms/TE ms, 7000/92.6; diffusion gradient encoding in three (x, y, z) orthogonal 

directions; b values of 0, 400, 800 and 1200 s/mm2; FOV, 24 x 24 cm; matrix size, 

128 x 128; section thickness, 5.0 mm; and section gap, 0.0 mm.  

Resting-state fMRI (III) 

In study III, the preoperative imaging was performed using a 1.5 T General 

Electric Signa HDX equipped with an 8-channel head coil employing parallel 

imaging with an acceleration factor of 2.0. Hearing was protected with ear plugs 

and motion was minimized with soft pads fitted over the ears. A T1w 3D FSPGR 

(fast spoiled gradient echo) sequence image was taken for co-registration of data 

to Montreal Neurological Institute (MNI) standard space coordinates. The T1w 

imaging was performed using a TR of 12.4 ms and TE of 5.2 ms with 1-mm 

oblique axial slices. FOV was 24.0 cm x 24.0 cm with a 256 x 256 matrix, with a 

flip angle of 20 degrees. 

The functional scanning was performed using a TR 1800 ms and TE 40 ms 

with whole brain coverage using 28 slices with a 0.4-mm gap between slices and 

4-mm oblique axial slices. FOV was 25.6 cm x 25.6 cm with a 64 x 64 matrix, 

with a flip angle of 90 degrees. The resting-state scan consisted of 253 functional 

volumes. The first three images were excluded due to T1 equilibrium effects. The 

resting-state scanning started the protocol and lasted 7 min 36 sec. The subjects 

were asked to lay still in a relaxed way and look at a cross on a screen during the 

scanning. 

For motor stimulus each patient and control performed an intermittent finger-

tapping task according to a standard on/off block-type paradigm. The motor 

stimulus was imaged in two consecutive scannings, first left-hand and then right-

hand. The paradigm consisted of 15-second epochs of the task with 15-second 



40 

epochs of rest between tasks. The subject was instructed to tap each finger 

successively against the thumb when cued (Mueller et al. 1996). The cuing was 

implemented by showing the word “begin” on a screen to tell the subject to start 

performing the task in a self-paced manner and “end” to stop the task at the 

beginning of the rest period. The subjects were observed to make sure they 

performed the paradigm accurately. The motor fMRI scanning consisted of 89 

functional volumes, from which the first four images were excluded due to T1 

equilibrium effects. Each scanning session lasted 2 min 41 sec. 

Functional MRI (IV) 

The protocol in study IV included a preoperative fMRI (one day before the 

operation) and two postoperative fMRIs (five days and on average three months 

after the operation). FMRI was performed using a 1.5 T GE Signa Echo Speed 

scanner (GE Medical Systems, Waukesha, USA) with a birdcage head coil 

(Medical Advances, Milwaukee, USA). A T1w sagittal localizer initiated each 

imaging. Two activation scans (motor and auditory) were obtained. The motor 

cortex was localized using acoustically cued self-paced bilateral opening and 

closing of the fingers. The patients were observed to make sure that they 

performed the paradigm accurately. The auditory cortex was localized by passive 

listening to native language reading. Both motor and auditory paradigms 

consisted of 15-second epochs of the task with 15-second epochs of rest between 

tasks. The T2* images were scanned with gradient-recalled EPI. Six 8-mm-thick 

oblique axial slices covering the motor area and six 8-mm-thick oblique axial 

slices covering the auditory area were imaged. The imaging parameters were TR 

1500 ms, TE 60 ms, flip angle 90° and matrix 128 x 128 for 82 consecutive 

activation scans.  

4.2.2 Image analysis, data processing and statistical methods (I-IV) 

Study I 

The images in study I were assessed both quantitatively and qualitatively. 

For quantitative evaluation, signal intensities were measured using ROI 

analysis of the tumour, oedema, background (= normal-appearing white matter 

(WM)) and image noise. The mean tumour signal intensity was measured within 
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the enhancing area of the tumour. The signal intensity of the oedema was 

measured from the oedematous area between the tumour and normal-appearing 

WM. The background signal intensity was measured in the normal-appearing 

WM adjacent to the tumour. The standard deviation (SD) of the noise was 

measured in the phase-encoding direction in regions outside the head. From the 

ROI data, the tumour-to-oedema contrast ratio (CR), tumour-to-oedema contrast-

to-noise ratio (CNR), tumour-to-background CR and tumour-to-background CNR 

were calculated. The tumour-to-oedema CR was calculated as the difference 

between the signals of the tumour and oedema, divided by the oedema signal. The 

tumour-to-oedema CNR was calculated by dividing the difference between the 

tumour and oedema signals by the SD of image noise. Similar calculations were 

performed for tumour-to-background CR and tumour-to-background CNR. 

To calculate tumour volume, measurements were performed on the axial slice 

in which the tumour appeared largest. The anteroposterior (A) and lateral (from 

the left margin to the right) (B) diameters were measured. The craniocaudal (C) 

diameter of the tumour was assessed by counting the number of slices in which 

the tumour was visible, taking into account slice thickness and interslice gaps. 

The three diameters were multiplied by each other and by 0.5, following an 

approximated formula for an ellipsoid used in clinical practice; A × B × C × 0.5 = 

tumour volume. 

The qualitative criteria were general image quality, image artefacts, tumour 

delineation and visibility of normal structures. The evaluation was performed 

independently by two MR-experienced neuroradiologists (A.K. and P.J.).  

To assess the diagnostic value of each sequence, the observers were asked to 

subjectively assess the following four criteria on a five-point scale (definition of 

the different scores in parentheses): 1. General image quality (1 = undiagnostic; 2 

= poor; 3 = moderate; 4 = good; 5 = excellent); 2. Image artefacts (1 = 

undiagnostic images; 2 = lots of artefacts compromising image evaluation; 3 = 

some artefacts compromising but not disabling image evaluation; 4 = only few 

artefacts; 5 = no artefacts); 3. Tumour delineation (1 = no delineation; 2 = poor; 3 

= moderate; 4 = good; 5 = excellent delineation); 4. Visibility of normal structures 

(1 = undiagnostic; 2 = poor; 3 = moderate; 4 = good; 5 = excellent). With each 

patient and each sequence, the average score calculated from the assessments of 

the two readers was used as the final score, and the total average was calculated 

from the above-mentioned final scores. 

The observers were also asked to subjectively assess which of the sequences 

was optimal when evaluating the visibility of tumour contrast enhancement 
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against the surrounding structures. A sequence scored two points when the 

observer rated it as the best, one point when the observer rated it as the second 

best and zero points when the observer assessed it as the worst. In the case of one 

patient, MRI with EDAIR 800 was not performed. In the case of another patient, 

MRI with EDAIR 600 was not performed. In these two cases, neither of the 

imaged sequences obtained zero points, and they were assessed as the best and the 

second best. The points given by both observers concerning each sequence were 

summed up. 

Study II 

In study II, all the DWI data were transferred to a computer workstation 

(Advantage Windows 4.0: GE Healthcare, Milwaukee, Wisc., USA) for 

determination of the ADC using a four-point regression method at the employed b 

values. The ADCs were derived from an ADC map constructed at the workstation 

mentioned above with Functool software. 

The diffusion measurement was performed in one slice through the centre of 

the tumour. The ADC was measured by manually placing ROIs in normal 

appearing WM contralateral to the tumour, CSF, the solid region of the tumour, 

the cystic area of the tumour and the peritumoural oedema, guided by T2w and 

contrast-enhanced T1w images. The ROIs representing peritumoural oedema 

were placed in peritumoural areas with homogeneous T2-signal changes. In 

nonenhancing tumours, the perilesional oedema was considered negative if there 

was no oedema, but also if the presence of oedema was impossible to determine 

based on conventional imaging. 

The ROI in each area was drawn by a radiologist (S.-M.K.) as large as 

possible using a single circular or oval ROI on the workstation while avoiding 

contamination from adjacent different tissues. The ROIs of 12 of the patients were 

drawn by two radiologists (S.-M.K. and M.B.) in separate sessions for statistical 

analysis. 

For statistical analysis, images of 12 patients were evaluated by two 

radiologists in order to calculate the interclass correlation coefficient (Cronbach’s 

alpha). It was interpreted, following the interpretation of a kappa statistic, as 

follows: < 0.20 as slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 as 

substantial and > 0.80 as almost perfect agreement (Landis & Koch 1977). 
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The patients were divided into four groups: high-grade gliomas (WHO grade 

III and IV), metastases, low-grade gliomas (WHO grade II) and meningiomas. 

One patient with an abscess was treated as a separate entity. 

The ADC values of all four tumour groups were compared using univariate 

analysis of variance (ANOVA). Bonferroni post-hoc tests were used within 

ANOVA in order to specify which means differed in the solid region of the 

tumour and peritumoural oedema. A value of P < 0.05 was considered significant 

in all the analyses. SPSS 13.0.1 (SPSS Inc., Chicago, Illinois, USA) was used to 

conduct the analyses. 

Study III 

In study III, the location and size of the lesions were defined from standard MRI 

scans obtained before surgery. Lesion size was measured from a preoperative, 

contrast-enhanced axial T1w sequence or, if the lesion was not visible in the 

aforementioned sequence, from an axial T2w sequence, as the largest diameter of 

the lesion. Three of the patients had metallic craniotomy closure material due to 

previous operations, which caused some artefacts in the anatomical images of 

these patients. Additionally, ten healthy volunteers participated in this study.  

Unless otherwise mentioned, fMRI data processing of resting state, left-hand 

motor activation and right-hand motor activation data was carried out within the 

framework of the FSL4 software package (FMRIB's Software Library, 

www.fmrib.ox.ac.uk/fsl). Time series were realigned to correct for minor head 

motion (Jenkinson et al. 2002). An automated brain extraction tool was applied to 

remove the non-brain areas (Smith 2002) (f = 0.25 and f = 0.5 for anatomical and 

fMRI scans, respectively). Comparative ICA was performed using unsmoothed 

data and data with a Gaussian kernel of 5 and 8 mm full width at half maximum 

(FWHM). Smoothing with 8 mm was found to most robustly yield identifiable 

sensorimotor signal sources, probably due to an increased signal-to-noise ratio 

(SNR). Data with 5 mm smoothing less robustly provided sensorimotor signal 

sources, and unsmoothed data proved to be unable to detect the sensorimotor area 

in most of the subjects. Therefore, the data were spatially smoothed using a 

Gaussian kernel of 8 mm FWHM. Registration to high-resolution structural and 

MNI standard space images was carried out (Jenkinson et al. 2002). ICA was 

carried out using Probabilistic Independent Component Analysis (PICA) 

(Beckmann & Smith 2004) (threshold P = 0.5). The probabilistic principal 

component analysis (PPCA) option of estimating the number of ICs in each data 
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set was not used as it does not apply well to data smoothed with a kernel of 8 mm. 

In total, 60 independent components (IC) were calculated for all the data sets (van 

de Ven et al. 2008). 

The correct IC was selected from the 60 calculated ICs of motor activation 

data (left and right separately). The choice was based on finding the component 

with a time course maximally correlating with motor task timing (convoluted with 

hemodynamic response). A motor cortex mask was formed by merging best fit 

activation ICs from left- and right-hand motor task data using AFNI 3dmerge 

software (www.afni.nimh.nih.gov/afni) (z-score ≥5). The resulting map was then 

binarized to form a motor task template individually. 

To select the relevant resting-state IC (ICrest) from those calculated per 

individual, a semi-automatic template matching method was revised. For a given 

motor template, a spatial cross-correlation coefficient between each thresholded 

ICrest volume and the activation-based template was calculated using fslcc. The 

per-component correlation coefficients obtained this way were sorted in 

decreasing order, and five IC candidates with the highest correlation coefficient 

scores were presented to the researcher together with the corresponding volume 

slices. The researchers (S.-M.K. and V.K.) then visually confirmed the IC best 

representing the template, and focusing on low-frequency (< 0.1 Hz) signal 

fluctuations, for subsequent calculations. All 60 calculated resting-state ICs from 

each individual were visually evaluated to confirm that the template matching 

method was valid. 

The ICrest of the sensorimotor area of each case and control was selected with 

the method described above. In addition, differences in the spatial correlation 

between the activation template and the selected ICrest were analyzed between the 

groups. For visual inspection, individual ICs from motor task (ICtask) and ICrests 

were plotted separately. As a measure of functional connectivity, temporal 

correlation was assessed by calculating the mean correlation coefficient (MCC) of 

each voxel time course with all other voxels within the selected sensorimotor 

ICrest, similarly to previous studies (Kiviniemi et al. 2003). The number of 

activated voxels in the selected sensorimotor ICrest was also calculated for each 

individual. Means and SDs of spatial correlation, temporal correlation and voxel 

count were calculated for both groups and Student’s t-test was applied to define if 

there were statistically significant group differences in these variables. 

Activation and resting-state-based group images of the sensorimotor area 

were generated from the selected ICtasks and ICrests with AFNI 3dttest. For 

illustration purposes, a hypothesis-driven general linear model (GLM)-based 
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group analysis of both groups was performed to verify that the sensorimotor 

cortex is situated in the area located with sensorimotor ICtask. 

Study IV 

The location and size of the tumours in study IV were defined from standard MR 

images obtained preoperatively, as was the presence or absence of preoperative 

peritumoural oedema (no oedema, moderate oedema = less than 10 mm wide 

circle of peritumoural oedema and diffuse oedema = over 10 mm wide circle of 

peritumoural oedema). The locations of the tumours were assessed from standard 

MR images. Whether or not the tumour was in contact with the auditory and/or 

the motor cortex was also evaluated. Tumour size was measured from a 

preoperative contrast-enhanced T1w sequence as the largest diameter of the 

tumour. The extent of oedema was measured from a preoperative T2w sequence 

at the same level as the diameter of the tumour by recording the maximum 

diameter of oedematous tissue. The difference between the two aforementioned 

diameters defined whether the oedema was moderate or diffuse. The preoperative 

symptoms caused by the tumour were listed from patient reports. The 

preoperative symptoms and neurological status were assessed by a neurosurgeon 

the day before the operation. At 2–5 months (mean 3.1 months) after the 

operation, the patient’s neurological status was reassessed and clinical control 

MRI was performed to re-evaluate the tumour status. 

The images were analyzed with a software package (Fantom) developed at 

our institute (Kiviniemi et al. 2000). Prior to the localization of the functional 

cortex, translational rigid body motion was checked by a centre of mass (COM) 

analysis (Hajnal et al. 1994, Moser et al. 1996). The exclusion criterion was ≥1 

mm of translational motion. The functional cortex was localized from the 

activation scans with Student’s t-test (P < 0.00001) according to the 15-second 

on/off paradigm (Baudendistel et al. 1995). The fMRI was considered to be 

successful if the functional cortex could be localized and the COM analysis was 

acceptable. 

The activation maps from the six imaged slices were segmented to the right 

and left hemispheres (activation ipsilateral to the tumour, Ai; activation 

contralateral to the tumour, Ac). The activated volume (voxels) in the ipsilateral 

hemisphere was normalized relative to the contralateral hemisphere by calculating 

the hemispheric activation index (HAI) as HAI = Ai/Ac (Schreiber et al. 2000).  
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Due to the small number of observations, no statistical evaluation of changes 

in the auditory and motor HAIs was performed. 
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5 Results 

5.1 Enhancement of brain tumours in 0.23-T low-field MRI (I) 

Quantitative evaluation 

The calculated average values of the CRs and the CNRs of the quantitative 

analysis are presented in Table 3. The EDAIR 600 (CR = 5.24) and EDAIR 800 

(CR = 4.01) sequences had much better tumour-to-oedema CRs than T1w (CR = 

1.28), but T1w had better CNR than the EDAIR sequences. T1w had a lower 

tumour-to-background (background = normal-appearing WM) CR (0.46) than the 

EDAIR sequences (0.99 and 0.93), but better CNR.  

The tumour-to-background CRs of each patient and the tumour-to-oedema 

CRs of the seven patients with oedema are presented in figures in the original 

article (I). 

The volume of the tumour in T1w was comparable to those of EDAIR 600 

and EDAIR 800. The margins of the enhancing part of the tumour appeared the 

same in all of the sequences of each patient. 

Table 3. CRs and CNRs of tumour-to-oedema and tumour-to-background (normal-

appearing WM) with SDs. 

Sequence CR CNR 

Tumour-to-

oedema 

Tumour-to-

background 

Tumour-to- 

oedema 

Tumour-to-

background 

T1w 1.28 ± 0.77 (n = 7) 0.46 ± 0.29 (n = 10) 31.09 ± 18.76 (n = 7) 17.65 ± 13.38 (n = 10) 

EDAIR 600 5.24 ± 2.83 (n = 7) 0.99 ± 0.41 (n = 9) 19.00 ± 4.51 (n = 7) 11.20 ± 4.29 (n = 9) 

EDAIR 800 4.01 ± 2.14 (n = 6) 0.93 ± 0.31 (n = 9) 21.43 ± 5.65 (n = 6) 12.87 ± 4.21 (n = 9) 

Values expressed as average ± SD 

Qualitative evaluation 

Average values of qualitative evaluation are listed in Table 4. General image 

quality was found to be good with all the sequences. There were no artefacts in 

any of the sequences that would have interfered with image evaluation. The 

delineation of the tumour was assessed to be better with the EDAIR sequences 

than with the T1w sequence. The visibility of the normal structures in the T1w 

sequence was superior to those in the EDAIR sequences. 
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EDAIR 600 was assessed to be the best sequence for evaluating the visibility 

of tumour contrast enhancement against the surrounding structures. In seven out 

of ten patients, it was evaluated as the best sequence by both neuroradiologists. 

Overall, EDAIR 600 scored 31 points, while EDAIR 800 scored 18 points and 

T1w scored 11 points. 

Table 4. Qualitative evaluation 

Sequence General image 

quality 

Image artefacts Tumour delineation Visibility of normal 

structures 

T1w 4.2 ± 0.5 4.5 ± 0.4 3.8 ± 1.0 3.6 ± 0.8 

EDAIR 600 3.8 ± 0.4 4.7 ± 0.4 3.9 ± 0.4 1.1 ± 0.3 

EDAIR 800 3.9 ± 0.2 4.3 ± 0.7 3.9 ± 0.7 1.1 ± 0.3 

Values expressed as average ± SD 

5.2 DWI of brain tumours and peritumoural oedema (II) 

The interclass correlation coefficient was almost perfect for the solid region of the 

tumour (0.848), the peritumoural oedema (0.870) and the cystic area (0.992), and 

moderate for normal-appearing WM (0.526) and CSF (0.455). A summary of 

patient and tumour information with the ADC values is presented in a table in the 

original article (II). The ADC values (× 10-3 mm2/s) of normal-appearing WM 

ranged from 0.70 to 0.80 (range 0.10), of CSF from 2.34 to 3.39 (range 1.05) and 

of the cystic area from 1.92 to 2.96 (range 1.04). 

The ADC values of the solid region of the tumour ranged from 1.02 to 1.60 in 

high-grade gliomas, from 1.13 to 1.29 in metastases, from 1.37 to 2.03 in low-

grade gliomas and from 0.72 to 0.97 in meningiomas (ranges 0.58, 0.16, 0.66 and 

0.27, respectively). 

The ADC values of the peritumoural oedema ranged from 1.44 to 1.97 in 

high-grade gliomas, from 1.54 to 1.99 in metastases, from 1.31 to 1.69 in low-

grade tumours and from 1.26 to 1.55 in meningiomas (ranges 0.53, 0.45, 0.38 and 

0.29, respectively).  

ADC values of normal-appearing WM, CSF and cystic area 

There were no between-group differences in the ADC values of normal-appearing 

WM, CSF or the cystic area of the tumour (P = 0.182, P = 0.804 and P = 0.457, 

respectively). The mean ADC values (× 10-3 mm2/s) of normal-appearing WM 
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and CSF with all 24 patients with a tumour were 0.76 ± 0.03 and 3.03 ± 0.29, 

respectively. The group differences between the four tumour groups ranged from 

0.01 to 0.04 in normal-appearing WM, and from 0.04 to 0.17 in CSF. 

There were 13 patients with a cystic area in the tumour (five high-grade 

gliomas, four metastases, three low-grade gliomas and one meningioma). The 

mean ADC value of the cystic area was 2.61 ± 0.33 × 10-3 mm2/s, and the 

differences between the tumour groups ranged from 0.16 to 0.49. The ADC value 

from the centre of the abscess was much lower, 0.43 × 10-3 mm2/s, as expected. 

Table 5. Mean ADC values (× 10-3 mm2/s) of the solid region of the tumour and the 

peritumoural oedema between the groups. 

 Solid region of the tumour Peritumoural oedema 

N Mean (SD) P1 N Mean (SD) P1 

   < 0.001   0.060 

High-grade glioma 9 1.24 (0.16)  8 1.73 (0.21)  

Metastasis 4 1.19 (0.07)  3 1.82 (0.25)  

Low-grade glioma 6 1.63 (0.29)  3 1.50 (0.19)  

Meningioma 5 0.88 (0.11)  4 1.45 (0.13)  
1P values calculated using univariate analysis of variance (high-grade gliomas vs. metastases vs. low-

grade gliomas vs. meningiomas) 

ADC values of the solid region of the tumour 

The overall mean of the ADC values of the solid region of the tumour was 1.25 ± 

0.31 × 10-3 mm2/s. The mean ADC values between the groups in terms of the 

solid region of the tumour differed significantly (P < 0.001; ANOVA) (Table 5). 

According to Bonferroni post-hoc tests the significant differences in means 

occurred between other group comparisons but not between metastases and high-

grade gliomas nor between metastases and meningiomas (Table 6). However, no 

overlapping individual tumour ADC values between metastases and meningiomas 

were present, while the ADC values from metastases and high-grade gliomas 

were completely overlapping. 
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Table 6. Mean differences between the groups and the significances from the 

Bonferroni post-hoc tests. 

 Solid region of the tumour Peritumoural oedema 

Mean difference 

(SD) 

P1 Mean 

difference (SD) 

P1 

High-grade glioma     

Metastasis 0.04 (0.11) 1.000 0.10 (0.13) 1.000 

Low-grade glioma 0.39 (0.10) 0.004 0.23 (0.13) 0.675 

Meningioma 0.32 (0.12) 0.013 0.28 (0.12) 0.230 

Metastasis     

Low-grade glioma 0.44 (0.12) 0.009 0.32 (0.16) 0.387 

Meningioma 0.32 (0.12) 0.107 0.37 (0.15) 0.160 

Low-grade glioma     

Meningioma 0.75 (0.11) < 0.001 0.05 (0.15) 1.000 

ADC values of the peritumoural oedema 

The overall mean of the ADC values of the peritumoural oedema was 1.64 ± 0.23 

× 10-3 mm2/s. The mean ADC values between the groups in terms of the 

peritumoural oedema did not differ significantly (P = 0.060) (Table 5). According 

to Bonferroni post-hoc tests there were no significant differences in means 

between any group comparisons (Table 6). The mean ADC values of the 

peritumoural oedema did not differ significantly between groups, even though 

high-grade gliomas and metastases tended to have higher ADC values than the 

corresponding ADC values of low-grade gliomas and meningiomas (Table 5). The 

ADC value from the oedema surrounding the abscess was the highest, 2.07 × 10-3 

mm2/s. 

5.3 Preoperative localization of the sensorimotor area using ICA of 
resting-state fMRI (III) 

The sensorimotor area was successfully identified with each individual from both 

right- and left-hand motor task ICA data. When the right-hand task was 

performed, predominantly the left side of the sensorimotor area was activated, 

and vice versa for the left-hand task (Fig. 2). 

The template generated from the relevant left- and right-hand ICtask enabled 

identification of the ICrest representing the sensorimotor area in each individual. 

The brain tumours did not hamper visualization of the sensorimotor areas in the 
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cases (Fig. 2). Template matching of ICrests to templates (combined ICtasks from 

left- and right-hand motor tasks) provided quantification of the resting-state-based 

sensorimotor area detection relative to the one based on stimulus fMRI. Spatial 

correlations of the sensorimotor ICrests to the templates and temporal correlation 

values as well as the numbers of activated voxels (4 × 4 × 4 mm; 64 mm3) in the 

selected sensorimotor ICrests were calculated for the cases and controls. The mean 

spatial correlation of the cases was 0.27 and of the controls, 0.33. The mean 

temporal correlation of the cases was 0.16 and of the controls, 0.18. The mean 

active voxel count of the sensorimotor ICrest in the cases was 3730 (~240 cm3) and 

4140 (~260 cm3) in the controls. There were no statistically significant differences 

between the groups in terms of any of the variables mentioned above (Table 7). 
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Fig. 2. Detected sensorimotor areas of the eight cases (2.3 < z < 5.0). The upper row 

represents ICA during a motor task (ICtask) (red, right-hand task; blue, left-hand task) 

and the lower rows represent ICA during the resting state (ICrest). The ICs are 

superimposed on each patient’s individual anatomic MR image. 
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Table 7. Mean spatial correlations of the sensorimotor ICrests to templates (based on 

ICtasks). Temporal correlation and mean voxel counts of the sensorimotor ICrests. No 

statistically significant differences between the groups appear. 

 Cases Controls P1 

N Mean (SD) N Mean (SD) 

Spatial correlation 8 0.27 (0.11) 10 0.33 (0.14) 0.293 

Temporal correlation 8 0.16 (0.12) 10 0.18 (0.08) 0.610 

Voxels (64 mm3) 8 3730 (1780) 10 4140 (1150) 0.559 
1P values are obtained from Student’s t-test 

In group images the sensorimotor cortex, located with the hypothesis-driven 

GLM, was situated in the same region as the sensorimotor area seen with ICtask 

(Fig. 3). In the finger-tapping task group ICA, the activated areas were similar in 

the sensorimotor area, supplementary motor area (SMA) and cerebellum in the 

cases and controls (Fig. 3). In the resting-state group ICA, both the cases and the 

controls presented sensorimotor areas similar to the motor task group ICAs and to 

each other, but there were differences in terms of the SMA and cerebellum 

activities. 

In the resting-state group ICA of the cases, the SMA was not visible (Fig. 3). 

In the controls the SMA was also not visible in the resting state, although there 

was some activation at the midline. That activation was localized more posterior 

than the SMA in the motor task group ICAs (Fig. 3). There were no active voxels 

in the cerebellum in the resting-state group ICA in either the controls or the cases 

(Fig. 3). 
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Fig. 3. Group images representing the sensorimotor areas superimposed on a 

standard brain image. GLM analysis (2.3 < z < 5.0), control group (A) and case group 

(B) (red, right-hand task; blue, left-hand task). ICA (2.0 < z < 4.0), ICtask control group 

(C), ICtask case group (D) (red-yellow, right-hand task; blue-light blue, left hand task), 

ICrest control group (E) and ICrest case group (F). 
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5.4 Effect of brain surgery on auditory and motor cortex activation 
(IV) 

The pre- and postoperative symptoms and neurological findings of the patients 

are presented in the original article (IV). The patients had fewer symptoms 2–5 

months after the operation than before it. Preoperative MRI showed three patients 

with diffuse oedema (patients 5–7), two patients with moderate oedema (patients 

1 and 2) and two patients with no oedema (patients 3 and 4) around the tumour 

(Table 8). 

Table 8. Tumour characteristics and findings in MRI. 

Patient Tumour histology Tumour 

diameter 

(cm) 

Tumour (or 

oedema) in 

contact with 

auditory cortex 

Tumour (or 

oedema) in 

contact with 

motor cortex 

Preoperative 

MRI, 

oedema 

Postoperative 

MRI, 

oedema 

1 Oligodenrdoglioma, 

WHO grade II 

4.2 Yes No Moderate Less, 

moderate 

2 Oligodendroglioma, 

WHO grade II 

4.0 Yes Yes (oedema) Moderate Less, 

moderate 

3 Oligoastrocytoma, 

WHO grade II 

5.8 Yes No None None 

4 Ganglioglioma, 

WHO grade I-II 

1.9 No No None None 

5 Glioblastoma multiforme, 

WHO grade IV 

5.1 Yes (oedema) Yes (oedema) Diffuse More, diffuse 

6 Glioblastoma multiforme, 

WHO grade IV 

4.2 Yes Yes (oedema) Diffuse Less, diffuse 

7 Anaplastic astrocytoma, 

WHO grade III 

2.0 Yes (oedema) Yes Diffuse Moderate 

The diameter of the tumour was 2.0–5.1 cm (mean 3.9 cm) in the patients with 

preoperative oedema (n = 5) and 1.9 and 5.8 cm in the patients with no 

preoperative oedema (n = 2). In the control MRI 2–5 months after the operation, 

some verified or suspected residual tumour growth was seen in MRI in all of the 

patients. The patients with no oedema surrounding the tumour preoperatively had 

no oedema in the control images, either, and the patients who had had oedema 

around the tumour preoperatively still had oedema 2–5 months later (Table 8). 

The auditory cortex was detected in the plane of the superior temporal gyrus. 

The motor task resulted in activation in both the pre- and post-central gyrus. The 
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SMA could also be detected in all cases. Thirty-eight data sets were collected 

when localizing the auditory cortex (19 data sets) and the motor cortex (19 data 

sets); no late postoperative fMRI was performed on patients 6 and 7. 

 Auditory HAI 

When localizing the auditory cortex, all of the 19 imaged data sets were 

successful in detecting auditory activation. The auditory cortex could be 

identified, and the result of COM analysis was within the reference limits. The 

preoperative, early postoperative and late postoperative auditory HAIs are 

presented in Figure 4. 

 

Fig. 4. Graph showing the HAI of auditory BOLD activation in patients 1 - 7. 

There was only one tumour that was not in contact with the auditory cortex 

(patient 4). This patient had a transient decrease in the HAI from the pre- to the 

late postoperative imaging (Fig. 4). In two patients the oedema extended to the 

auditory cortex (patients 5 and 7), and in four patients the tumour itself was in 

contact with the auditory cortex (patients 1, 2, 3 and 6). Only two of the patients 

demonstrated a transient decrease in the HAI, which is presented in Figure 4 
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(patients 3 and 4). These patients had in common the fact that there was no 

preoperative oedema around their tumours. The other patients were found to have 

a higher HAI value in the early postoperative fMRI than preoperatively (Fig. 4). 

The difference between the preoperative and early postoperative HAI values was 

most evident in patients 2, 5 and 7 (Fig. 4). One patient had an exceptionally high 

HAI value in the late postoperative fMRI (HAI = 2.40) (patient 1), but the late 

postoperative HAI in the other patients was closer to the preoperative HAI value 

(patients 2–5) (Fig. 4). 

Motor HAI 

The motor cortex was successfully localized in five patients. Two patients had 

motion artefacts in all data sets and were excluded (patients 5 and 6). The 

preoperative, early postoperative and late postoperative motor HAIs are presented 

in Figure 5.  

 

Fig. 5. Graph showing the HAI of motor BOLD activation in patients 1 - 4 and patient 7. 

There were three tumours that were not in contact with the motor cortex (patients 

1, 3 and 4). The HAI values were fairly close to 1 (0.66–1.28, mean 0.92) in all of 

the motor activations with these patients, and the change in the HAI from the 

preoperative to the late postoperative fMRI was small – and probably within the 
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normal range of variation (Fig. 5). In three patients the oedema extended to the 

motor cortex (patients 2, 5 and 6), and in one patient the tumour itself was in 

contact with the motor cortex (patient 7). However, patients 5 and 6 were 

excluded due to head motion, as mentioned above. In the one patient with oedema 

extending to the motor cortex, a considerable transient increase in the HAI was 

seen (patient 2): in the preoperative fMRI of this patient the HAI value was 1.10, 

while in the early postoperative fMRI it was 3.87 and in the late postoperative 

fMRI, 0.75 (Fig. 5). In the one patient with the tumour in contact with the motor 

cortex, the early postoperative HAI (0.67) was lower than the preoperative HAI 

(1.11), and the late postoperative fMRI was not obtained (patient 7) (Fig. 5). 
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6 Discussion 

Significant development in MRI techniques has occurred since the first nuclear 

magnetic resonance image of the human brain was obtained in the late 1970s 

(Maudsley 1999). Advanced MRI techniques, such as DWI and fMRI, have given 

a new insight for imaging of intracranial tumours. While conventional MRI 

represents the anatomical details of the brain, these advanced methods reflect the 

physiological and functional events that occur in the brain. 

The main objective of a brain tumour operation is to remove as much of the 

tumour as possible, with as little damage to functional brain areas as possible. The 

role of both conventional and advanced MRI techniques is essential in 

preoperative planning for brain tumour surgery. 

6.1 Preoperative imaging 

MRI of intracranial tumours in low-field MRI 

The most widely used clinical applications of IR sequences in routine diagnostic 

imaging are the FLAIR and STIR sequences (Bydder & Young 1985, Bydder et al. 
1998). They are used to nullify the CSF signal and to suppress the fat signal, 

respectively. In general, IR sequences are not used in contrast-enhanced MR 

imaging. Suppression in IR sequences is based on T1 values and relevant TIs, and 

therefore, by using inappropriate TIs, contrast enhancement may also be 

suppressed. It has been reported that, with contrast-enhanced FLAIR imaging, 

parts of tumour enhancement may disappear (Essig et al. 2000), but this was not 

the case with the EDAIR sequences we tested. In study I, we started by 

calculating appropriate T1 values and relevant TIs (Katisko et al. 2006). Thus, we 

were able to avoid suppression of contrast enhancement. 

In study I, a constant dose of 15 ml of GBCA gadopentetate dimeglumine 

(Magnevist®, Bayer Schering Pharma, Berlin, Germany) was used for each patient. 

This results in a concentration of ~0.1 mmol/kg in a patient weighing 70 kg. A 

double dose (0.2 mmol/kg) of GBCA has been recommended to be used in low-

field MRI in order to achieve sufficient lesion enhancement (Brekenfeld et al. 
2001, Knauth et al. 2001, Desai & Runge 2003). Since the MR images of study I 

were used for preoperative planning, and the diagnostic images had been obtained 

previously, we were able to use a lower dose of contrast medium. 
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The entire notion of suppressing oedema is complicated due to the 

heterogeneous nature of oedematous tissue. To specify the optimal TI for oedema 

suppression in each case, the T1 relaxation time of the oedema should be 

individually measured, which would have been excessively time-consuming for 

clinical practice in low-field MRI. Today, in high-field MRI, individual 

measurement of the oedema T1 relaxation time would be much easier to execute. 

Complete suppression of oedema was not the main objective in study I, but 

along with contrast enhancement, this contributed to the better tumour-to-oedema 

contrast ratios obtained with the EDAIR sequences compared with the T1w 

sequence (Table 3, Fig. 6). Even in patients who had no peritumoural oedema, the 

tumour-to-background contrast ratios were higher with the EDAIR sequences 

than with the T1w sequence. In qualitative evaluation, the visibility of the 

enhancing tumour against the surrounding structures was evaluated to be the best 

in EDAIR 600. In one case, the tumour was substantially better delineated and 

visible in the EDAIR 800 sequence than in the T1w sequence (Fig. 7). 

Improving contrast enhancement without increasing the dose of contrast 

agent is beneficial for at least two reasons. For one, using a single dose of GBCA 

instead of a double dose is cost-effective. Another point of view is the question of 

renal dysfunction. 

Over the past years the use of GBCAs has been found to be associated with a 

life-threatening side effect called nephrogenic systemic fibrosis (NSF). It is a skin 

disorder characterized by thickening of the skin, predominantly involving the 

limbs, but also the muscles, diaphragm and internal organs can be involved. 

Patients with kidney failure are at increased risk of developing NSF, and it has 

been suspected that the dose of the contrast agent may be an important issue. (ten 

Dam & Wetzels 2008.) In a recent study, NSF occurred only in patients who 

received more than the recommended dose of 0.1 mmol/kg of GBCA (Prince et al. 
2008). Some studies have suggested that a triple dose of GBCA (0.3 mmol/kg) 

would in some cases be significantly better than a single dose for demonstration 

of metastases (Yuh et al. 1995, Sze et al. 1998). If EDAIR sequences were 

applied to high-field MRI using an individually measured T1 relaxation time for 

each patient’s oedema, it might theoretically make small enhancing metastases 

more conspicuous with the recommended dose (0.1 mmol/kg) of GBCA. 
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Fig. 6. (a) T1w sequence, (b) EDAIR 600 and (c) EDAIR 800. A posterofrontal 

glioblastoma multiforme in the right brain hemisphere. The peritumoural oedema 

suppression is superior in EDAIR 600. Thus, tumour enhancement is most 

pronounced in EDAIR 600. 

The small number of patients presents a limitation in study I. It would also have 

been useful to compare the imaged sequences with a high-field T1w sequence. 

This was not possible, since all except one of the patients were referred to our 
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hospital from other hospitals. The diagnostic MRIs had been performed in the 

referring units, and the patients were scheduled directly for preoperative MRI in 

the low-field 0.23-T scanner. 

 

Fig. 7. (a) T1w sequence and (b) EDAIR 800. A WHO grade I ganglioglioma in the right 

temporal lobe (arrow). The tumour is substantially more visible in the EDAIR 800 

sequence than in the T1w. EDAIR 600 was not imaged for this patient. 

The EDAIR sequences cannot be suggested to replace the T1w sequence in low-

field MRI due to the poor visibility of normal structures (table 4). However, 

EDAIR sequences can improve tumour contrast in contrast-enhanced low-field 

0.23-T MRI both quantitatively and qualitatively. EDAIR 600 appears to be 

optimal in most cases. This IR sequence may facilitate the perception of small 

enhancing lesions, and could be applicable as an additional sequence in the 

imaging of metastases and other enhancing intracranial tumours or lesions in low-

field MRI. 

DWI of intracranial tumours 

In study II, significant differences were found in the tumoural ADC values in the 

solid region of the tumour between the following tumour groups: high-grade 

gliomas, metastases, low-grade gliomas and meningiomas. Low-grade gliomas 
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presented with the highest ADC values and meningiomas the lowest, leaving 

high-grade gliomas and metastases in between. In this small sample there was a 

trend of high-grade gliomas and metastases having higher peritumoural oedema 

ADC values than did low-grade gliomas and meningiomas, albeit the difference 

was not statistically significant. 

From the technical point of view, there are several difficulties and facts to 

consider in DWI (Le Bihan et al. 2006), all of which probably influence the 

heterogeneity of the published results. One of the greatest technical problems is to 

overcome the effects of macroscopic motion while retaining sensitivity to the 

microscopic motion of the water molecules. Macroscopic motions like pulsatile 

brain motions and bulk head motion occur, while the observed molecular motion 

is in the order of a few micrometers. The golden standard for clinical diffusion 

MRI is a DW single-shot EPI sequence (Bammer 2003, Le Bihan et al. 2006), 

which is challenging for the scanner hardware, and very sensitive to artefacts like 

image blurring, geometric distortion and susceptibility artefacts (Le Bihan et al. 
2006). 

In study II, the ADC values (× 10-3 mm2/s) in low-grade gliomas were 

between 1.3 and 2.1. In high-grade gliomas and metastases all the tumour ADC 

values except for one were between 1.0 and 1.3 (with one patient the ADC value 

was 1.6, Fig. 8). All of the meningiomas had ADC values under 1.0. A review of 

literature reveals that defining universally applicable cut-off values for differential 

diagnosis of brain tumours is probably impossible. Since the ADC values (× 10-3 

mm2/s) of normal structures, such as normal-appearing WM, can vary between 

0.40 and 0.86 from study to study (Bode et al. 2006), it is logical to assume that 

the variability of tumour or peritumoural oedema ADC values depends heavily on 

the MRI equipment and techniques available (Le Bihan et al. 2006). 

An inverse correlation between the ADC value and tumour cellularity has 

been found by several investigators (Gupta et al. 1999, Sugahara et al. 1999, 

Gupta et al. 2000, Guo et al. 2002), but not all (Sadeghi et al. 2008). A well-

known example in daily practice is lymphoma, which as a very cellular tumour 

can appear dark in an ADC map due to restricted diffusion, thus aiding correct 

diagnosis (Guo et al. 2002). Though cell density may have a role in the formation 

of the ADC value in brain tumours, some other factors, such as oedema, necrosis 

and extracellular matrix components like hyaluronan, have also been thought to 

explain the phenomenon (Kono et al. 2001, Lam et al. 2002, Sadeghi et al. 2003, 

Provenzale et al. 2006). 
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Fig. 8. A patient with a glioblastoma multiforme in the left temporal lobe with large 

cystic areas and thin enhancing margins in the periphery and between the cysts in A) 

T2-weighted and B) contrast-enhanced (gadolinium) T1-weighted MR images. C) Mean 

ADC map and D) T2-weighted b 0 image show different regions of interest (ROIs). The 

cystic or necrotic centre of the tumour appears bright in the ADC map, indicating 

increased diffusion. 

In previous studies, lower tumoural ADC values have been linked to high-grade 

gliomas, whereas higher ADC values have been linked to low-grade gliomas 

(Sugahara et al. 1999, Kono et al. 2001, Stadnik et al. 2001, Yang et al. 2002, 

Bulakbasi et al. 2003, Sadeghi et al. 2003, Fan et al. 2006, Guzman et al. 2008). 

However, considerable overlap of ADC values among high- and low-grade 
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gliomas (Kono et al. 2001) and even an absence of differences in the ADC values 

of the components of high- and low-grade gliomas have been noted (Lam et al. 
2002). In our study with DWI (II), significant differences between high-grade 

gliomas and metastases compared with low-grade gliomas were encountered (Fig. 

9). Low-grade gliomas had significantly higher tumoural ADC values than did 

high-grade gliomas, which is in concordance with numerous previous studies. 

Fig. 9. Significant between-group differences in tumoural mean ADC values (× 10-3 

mm2/s) are seen, while the between-group mean ADC values of the peritumoural 

oedema are more overlapping. 

Some previous studies have suggested that high-grade gliomas and metastases 

could be differentiated from each other by using DWI (Krabbe et al. 1997, 

Chiang et al. 2004), while others have not been able to discriminate high-grade 

gliomas from metastases with DWI (Yamasaki et al. 2005). In our material, no 

significant differences between metastases and high-grade gliomas were observed, 

which is in concordance with the results by Yamasaki et al. The ADC values in 

meningiomas in study II were the lowest, which was also the case in the study of 
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these four tumour types conducted by Yamasaki et al. (Yamasaki et al. 2005). 

Even though the tumoural ADC values of meningiomas clearly appeared lower 

when compared with metastases (Fig. 9), the difference was not statistically 

significant. This might be due to bias from the small sample size. 

Excluding high-grade gliomas versus metastases, where the results were 

completely overlapping, only one patient had an overlapping result of tumour 

ADC values in this material. This patient had a glioblastoma multiforme with 

large cystic areas and only thin enhancing margins of solid tumour in the 

periphery and between the cysts (Fig. 8). It is possible that, despite the attempts to 

carefully place the ROI in only the solid margin of the tumour, some necrosis may 

have existed within the area of the ROI. When the solid part of the tumour is very 

narrow, measurements can be challenging. It has been suggested that some of the 

conflicting findings concerning ADC values in gliomas may indeed be due to 

areas of necrosis in the analysis of tumour ADC, as necrotic areas may lead to 

falsely elevated ADC values, especially in high-grade gliomas (Provenzale et al. 
2006). 

While significant between-group differences in the tumoural ADC values in 

study II were encountered, the situation with peritumoural oedema was different. 

Within gliomas, some studies have found higher ADC values in the peritumoural 

oedema of high-grade gliomas than in low-grade gliomas (Kono et al. 2001, 

Guzman et al. 2008), while others suggest the opposite (Bulakbasi et al. 2003, 

Bulakbasi et al. 2004, Fan et al. 2006). Guzman et al. found peritumoural oedema 

ADC values in high-grade gliomas and metastases to be significantly higher than 

in low-grade gliomas. (Guzman et al. 2008). 

The higher ADC values in the peritumoural oedema of high-grade gliomas 

and metastases indicate higher water content due to vasogenic oedema, probably 

secondary to a more aggressive histological reaction (Guzman et al. 2008). In our 

results there was an overlap in the peritumoural oedema ADC values between all 

of the groups, but the general trend might suggest higher ADC values in high-

grade gliomas and metastases compared with low-grade gliomas and 

meningiomas (Fig. 9). It should be noted, however, that the relatively small 

number of patients in each group, and specifically those with peritumoural 

oedema, represents a limitation in study II. Similarly to our results, a lack of 

significant difference in peritumoural oedema ADC values between gliomas and 

meningiomas or metastases has been reported before (Oh et al. 2005). 
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Fig. 10. A patient with an abscess in the right temporal lobe. A) T2-weighted and B) T1-

weighted contrast-enhanced (gadolinium) MR images show a cystic lesion with a thick 

hypointense wall in the T2-weighted image and ring enhancement. C) Mean ADC map 

and D) T2-weighted b 0 image show different regions of interest (ROIs). The abscess 

differs strikingly from a high-grade brain tumour (see Fig. 8), since the pyogenic 

centre appears dark in the ADC map and bright in the T2-weighted b 0 image due to 

restricted diffusion. The perilesional oedema appears bright in the ADC map, 

indicating increased diffusion. 
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The ADC values of the peritumoural oedema of metastasis have been reported to 

be higher (Krabbe et al. 1997, Bulakbasi et al. 2003, Bulakbasi et al. 2004, 

Chiang et al. 2004), but also lower (Kono et al. 2001, Guzman et al. 2008), when 

compared with high-grade gliomas. In our sample the mean peritumoural ADC 

value was 1.73 within high-grade gliomas and 1.82 within metastases, and no 

significant differences between these conditions were found (Tables 5 & 6). 

One could assume that vasogenic oedema without tumour infiltration around 

meningiomas would result in increased peritumoural ADC values when compared 

with gliomas. However, controversy also exists on this issue. Some have found 

the ADC values of the peritumoural oedema of meningiomas to be slightly higher 

compared with high-grade tumours (high-grade gliomas and/or metastasis), but 

with no significant differences (Provenzale et al. 2004, van Westen et al. 2006). 

In study II, the mean ADC value of the peritumoural oedema of meningiomas was 

the lowest, about the same as that of the low-grade gliomas. 

Previous studies have proven DWI to be useful in differentiating between 

brain abscesses and cystic brain tumours (Guzman et al. 2002, Lai et al. 2002, 

Mishra et al. 2004, Reddy et al. 2006, Muccio et al. 2008). A pyogenic abscess 

contains pus that restricts the diffusion of water molecules and leads to low ADC 

values (Muccio et al. 2008). The necrotic or cystic centre of a tumour usually 

produces an increase in ADC values, resulting in a high-signal lesion in the ADC 

map. As expected, the brain abscess in our study (Fig. 10) had considerably lower 

ADC values in the centre of the lesion than did the tumour cases, which is in 

concordance with the previous studies. Interestingly, the perilesional 

(peritumoural) oedema ADC value around the abscess was higher than in any 

tumour case in study II. The rapidly progressing inflammatory nature of a brain 

abscess may explain the high perilesional (peritumoural) oedema ADC values in 

this case. 

Overall, meningiomas presented with the lowest ADC values of the tumour 

and peritumoural oedema in study II. High-grade gliomas and metastases could 

not be differentiated from each other. However, it was possible to distinguish low-

grade gliomas from high-grade gliomas, metastases and meningiomas using the 

ADC values. Peritumoural ADC values did not reach significant difference 

between groups, however, there was a general trend towards higher ADC values 

in high-grade gliomas and metastases in this small sample. Thus, in high-grade 

gliomas and metastases, lower ADC values in the tumour might be associated 

with higher ADC values in the peritumoural oedema. 



 69

The results of study II suggest that the ADC values of a tumour can be of 

assistance when evaluating the nature of intracranial tumours. DWI lacks 

specificity and proper ADC cut-off values in order to function as a solid 

diagnostic tool in evaluating brain tumours. It is unlikely that DWI by itself 

would become an absolutely reliable method in differential diagnosis of brain 

tumours. Extensive differential diagnostics can often be made based on purely 

conventional MRI. However, as an adjunct to conventional imaging, DWI can in 

some cases give valuable additional information about the tumour. 

Localization of the sensorimotor area from resting-state fMRI 

Study III shows that sensorimotor areas in patients with intracranial tumours can 

be localized from resting-state fMRI data with ICA in the same way as in healthy 

controls. The sensorimotor area was chosen because, as it needs active 

participation and interaction from the subject, it is particularly vulnerable to 

subject-related deficiencies such as paralysis or lack of attention. 

Functional connectivity in brain tumour patients has not been widely 

documented. Quigley et al. used CCA of resting-state fMRI in patients with focal 

cerebral lesions (Quigley et al. 2001). They concluded that functional 

connectivity remains intact in these patients. Bartolomei et al. used MEG to 

explore how brain tumours alter functional connectivity (Bartolomei et al. 2006). 

They suggested that brain tumours induce a loss of functional connectivity that 

affects multiple brain regions. Their results proposed that this loss of connectivity 

was not confined merely to the regions close to the tumour, but was widely 

encountered in remote areas – even in the contralateral hemisphere. (Bartolomei 

et al. 2006.) The results of study III show no significant differences between the 

controls and the cases, and the sensorimotor ICrest appears to be unaffected by the 

intracranial tumours, supporting the results of Quigley et al. 
The results in the CCA method depend on a predefined seed region based on 

functional activation studies or brain anatomy. CCA results are strongly affected 

by the location of the seed, and may produce different detections with different 

seeds (Ma et al. 2007). ICA requires no prior knowledge of the spatial or temporal 

patterns of brain response, but it has some other drawbacks. The results depend 

on the number of components one asks the algorithm to produce, and the user 

must determine which components look like neuro-anatomical systems and which 

components reflect noise (Fox & Raichle 2007). This choice is often made purely 
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by visual inspection. In study III, the template matching method assisted in 

choosing the relevant IC and also produced additional information about the data. 

Determining the optimal number of ICs is a complicated issue. Ma et al. 
concluded in their research that the results of ICA are influenced by the number of 

ICs if this number is too small (Ma et al. 2007). The critical amount of ICs in 

their material was nine. It has also been suggested that, to avoid losing relevant 

information, the data should not be compressed too much. As many as 270 ICs 

have been calculated in a previous study (Nakada et al. 2000). In study III, to 

avoid the risk of losing important information while keeping computation time 

within reasonable limits, 60 ICs were calculated per data set. This is the same 

number of components that was used in a study by van de Ven et al. (van de Ven 

et al. 2008). 

ICA maps from motor task fMRI data have been demonstrated to resemble 

the ones produced with conventional hypothesis-driven methods (Quigley et al. 
2002). In study III, the ICtask presented activity in the sensorimotor area, the SMA 

and the cerebellum. During resting-state fMRI the SMA and cerebellum showed 

no activity in the selected ICs that visualized the sensorimotor area. This explains 

to some extent the relatively low spatial correlations of both the cases and the 

controls (mean 0.27 and 0.33, respectively). The main goal of spatial correlation 

was to identify the sensorimotor ICrests. Excluding the cerebellum from the motor 

template would probably have increased the spatial correlations. Achieving a high 

spatial correlation was not, however, the main objective in study III, and 

identification of the sensorimotor ICrests was not prevented by the cerebellum in 

the motor template. 

Analysis of group resting-state fMRI using ICA can be applied to localize 

resting state networks when there are no abnormalities in the brain anatomy 

(Beckmann et al. 2005, Damoiseaux et al. 2006, De Luca et al. 2006). When the 

subject has an intracranial tumour, it is obvious that group analysis offers little 

information concerning an individual patient. For exploratory reasons, however, 

we performed group analyses of both the cases and the controls in study III. The 

groups turned out to have fairly similarly activated areas during both motor tasks 

and rest (Fig. 3). The patients were also evaluated individually. 

The sensorimotor areas were visualized in the individual ICrests of each case 

and control. The maps were not exact replications of the ICtasks, but the 

independent signal sources originating from the sensorimotor areas could be 

recognized (Fig. 2). The most pronounced difference was the lack of SMA and 

cerebellar activation in the sensorimotor ICrests of both the cases and the controls. 
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Two of the cases showed less SMA activity than the others during the motor task, 

and that activity was not located in the slices presented in Fig. 2 (cases 3 and 7). 

In the controls there was some activity at the midline, but it was clearly more 

posterior than the SMA in ICtasks (Fig. 3). Biswal et al. found similar activation in 

the same location in their early work on resting-state fMRI (Biswal et al. 1995). 

They suggested that midline activation to be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure (Biswal et al. 1995). 

It appears that signal fluctuations in sensorimotor areas in the resting brain 

are different from those in the SMA and cerebellum. The explanation for this 

phenomenon is probably physiological. In resting state experiments there are no 

externally triggered motor actions. The SMA is known to be involved in motor 

preparation and the cerebellum is regarded as a regulator of motor co-ordination 

and timing of movements (Ivry et al. 1988, Shima & Tanji 1998). Thus, it is to be 

expected that the SMA and cerebellum should be differentially activated or 

functionally connected during rest compared with a motor task. As a result of 

these physiological features, ICA can pick out the sensorimotor area as an IC 

separate from the SMA and cerebellum. 

Currently, RSNs cannot be used alone to detect eloquent brain areas in 

tumour patients. Robust identification of the networks requires individual 

information about changes in task-related activation of the cortices with regard to 

the tumour. Also, the splitting of the functional sources into several components 

introduces a problem in the detection of eloquent cortical RSN sources. 

There was only one high-grade glioma in this material (patient 3). 

Interestingly, he was the one with the most apparent asymmetry in the 

sensorimotor ICrest (Fig. 2). There is only minor activation ipsilateral to the 

tumour, which raises the question of whether it is the tumour that affects 

functional connectivity in this patient. The symmetry of the ICtask in this patient 

suggests that the tumour does not disrupt the function of the grey matter in the 

sensorimotor cortex (Fig. 2). It is possible that the tumour infiltrates white matter 

and reduces functional connectivity ipsilateral to the tumour. 

The small number and heterogeneity of the patients are limitations of study 

III. In addition, there are no cases with motor deficits, because the motor task was 

required for reference. However, no data-driven detection of RSNs in patients 

with intracranial tumours has, to our knowledge, been published previously. This 

emphasizes the value of our findings. Studies with larger patient materials and 

high-grade gliomas, possibly with motor deficits, are required to further explore 

the effects of the infiltrative nature of gliomas on functional connectivity. 
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In conclusion, the results of study III show that it is possible to localize the 

sensorimotor area from resting-state BOLD fMRI data with ICA in patients with 

intracranial tumours. The effect of high-grade gliomas on functional connectivity 

may be more extensive than in benign lesions. The data-driven detection of RSNs 

in presurgical fMRI can be used as a complementary method to task imaging, 

specifically when motor dysfunction is present. 

6.2 Postoperative imaging 

In study IV, the BOLD response was systematically followed up after surgery. It 

has been previously reported that BOLD activation decreases on the side of the 

brain tumour compared with the contralateral side (Holodny et al. 1999, Holodny 

et al. 2000, Schreiber et al. 2000). Holodny et al. observed the aforesaid decrease 

in both non-glial and glial tumours, and the most obvious decrease was seen in 

glioblastomas (Holodny et al. 2000). In their study, Schreiber et al. found reduced 

BOLD activation near gliomas, but unaffected activation near non-glial tumours 

(Schreiber et al. 2000). 

Holodny et al. suggested that a loss of autoregulation in the tumour 

vasculature or compression of the venous vessels by the tumour could explain the 

results of decreased BOLD activation on the side of the brain tumour compared 

with the contralateral side, but they did not find a correlation between oedema or 

tumour size and the decrease in BOLD activation (Holodny et al. 2000). 

Schreiber et al. did not support the idea of compression of the venous vessels 

being the reason for decreased BOLD activation (Schreiber et al. 2000). They 

hypothesized that the invasive nature of gliomas, with their capacity to elaborate 

neurotransmitters, might account for the reduction in BOLD contrast 

enhancement that they observed adjacent to these lesions (Schreiber et al. 2000). 

Our study of gliomas does not support the previous results of Holodny et al. 
and Schreiber et al. concerning the decrease in BOLD activation on the side of 

the glioma. In preoperative fMRI, the average HAI in study IV was 1.01 in 

auditory activation among the patients with the tumour or the oedema extending 

to the auditory cortex (patients 1–3 and 5–7). In preoperative fMRI, the average 

HAI was 1.11 in motor activation among the patients with the tumour or the 

oedema extending to the motor cortex (patients 2 and 5–7, but only 2 and 7 

successful). 

The variability of the HAI can be high even within a healthy participant 

(Schreiber et al. 2000). Schreiber et al. found up to 23% variability in repeated 
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examinations of the sensorimotor cortex in healthy individuals (Schreiber et al. 
2000), which should be taken into consideration when interpreting the results of 

study IV. Hugdahl et al. found activations in the auditory cortices to be 

symmetrical during passive listening (Hugdahl et al. 2003), but some variability 

is expected to occur also in the auditory HAI between repeated examinations. 

Prior craniotomy, due to metallic fixation material in the bone lamboe, has 

been documented to decrease BOLD activation and to cause EPI signal voids 

ipsilateral to the tumour (Haberg et al. 2004, Kim et al. 2005). With all of the 

patients in study IV, the bone lamboe was sutured to the scull using a drill, thread 

and needle to avoid possible artifacts caused by metallic fixation systems. 

The primary hypothesis for study IV was that BOLD activation may decrease 

on the side of the tumour in early postoperative fMRI compared with preoperative 

fMRI, and that it may then return to the baseline level as the trauma caused by the 

operation diminishes. This development was only seen in auditory activation in 

two patients (patients 3 and 4) (Fig. 4). 

Both of these patients had a tumour in the temporal lobe with no preoperative 

oedema. One of the tumours was in contact with the auditory cortex (patient 3), 

but the other one was in the anterior part of the temporal lobe and not in contact 

with the auditory cortex (patient 4). Neither of the patients had hearing defects at 

any time of the study. It remains unclear why these patients had a transient 

decrease in the auditory HAI. One explanation might be that mechanical 

intervention during brain surgery could cause oedema around the resection area, 

resulting in decreased BOLD activation on the side of the operation and a 

decreased HAI. Though one of the patients had a tumour not in contact with the 

auditory cortex, the operation had been performed via a temporal approach 

involving mechanical intervention in the area of the auditory cortex. Though 

preoperative oedema has not been found to influence the HAI (Holodny et al. 
2000), postoperative oedema within days after the operation appears to have a 

different effect. 

One might argue that the early postoperative fMRI should have been 

performed even earlier than it was in study IV. It has been recommended that 

early postoperative conventional MRI should be performed no later than three 

days after the operation (Jacobs et al. 2005, Rao 2008) and even imaging within 

24 hours has been suggested (Vidiri et al. 2006). During the first three 

postoperative days, thin linear contrast enhancement can usually be accepted as a 

benign phenomenon at a surgical site (Ekinci et al. 2003). Later than three days 

after the operation, residual tumour and postoperative changes cannot be 



74 

differentiated from each other, since both can cause thick linear and nodular 

contrast enhancement (Ekinci et al. 2003). Due to postoperative changes, it might 

indeed have been more favourable to perform the early postoperative fMRI to all 

of the patients within three days – or even 24 hours – postoperatively. However, 

for logistical reasons this was not possible. It is also likely that at least some of 

the patients would not have been alert and co-operative enough for fMRI so soon 

after a major operation. 

One previous case report describes a transient decrease in motor cortex 

BOLD activation after removal of a low-grade glioma. The authors of that report 

hypothesized that a postoperative ischemic condition might have caused the 

changes in the BOLD signal with that patient (Murata et al. 2004). 

In motor activation, the changes in the HAI were generally smaller from the 

preoperative to the late postoperative fMRI than in auditory activation, and no 

evident decrease in the HAI was observed in the early postoperative fMRI. There 

were difficulties in obtaining acceptable motor activation fMRI images from 

patients in whom the motor cortex was preoperatively affected by the oedema 

surrounding the tumour. The motor activation data sets of the two patients with 

glioblastoma multiformes had to be excluded due to motion artefacts in the 

activation maps (patients 5 and 6). In three of the patients the motor cortex was 

not affected (patients 1, 3 and 4), and the small changes in the motor HAI value 

can be regarded as normal variation. 

Instead of a hypothesized decrease in the HAI value from pre- to early 

postoperative BOLD activation, an increase was found in many patients. When a 

patient had a tumour surrounded by oedema, and the tumour and/or oedema was 

in contact with the auditory cortex, the preoperative HAI value was lower than the 

early postoperative HAI (patients 1, 2, 5–7). In motor activation, one patient was 

found to have a result like that (patient 2, Fig. 11). The patients with this finding 

had one feature in common: they all had oedema formation around the tumour. 

It appears that when the tumour is resected, the pressure on the brain and 

specifically on the affected auditory and motor cortices decreases, and the 

functional cortex can be identified by BOLD fMRI. It could be that a normal 

preserved cortex would become more visible in fMRI as a result of decreased 

oedema. Among the present patients, two successful motor BOLD activation 

series (patients 2 and 7) were present, but only one of them presented the kind of 

pattern described above. Patient 7 could have been expected to have an increase 

in both auditory and motor activation from the pre- to the early postoperative 

fMRI, similarly to patient 2. What was seen, however, was an increase in the 
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auditory HAI (Fig. 4), but a slight decrease in the motor HAI (Fig. 5). This 

difference may be due to the diameter of the tumour. The other patients with 

oedema had larger tumours (4.0–5.1 cm) than patient 7 (2 cm). Patient 7 had a 

WHO grade III anaplastic astrocytoma with diffuse oedema, the tumour was in 

contact with the motor cortex and the oedema extended to the auditory cortex. It 

is possible that the resection of a 2-cm tumour located in contact with the motor 

cortex did not decrease the pressure enough to enhance motor BOLD activation, 

but was sufficient for relief in the more distant auditory cortex. It must also be 

noted that the early postoperative fMRI of patient 7 was performed only two days 

after the operation, while the other patients were imaged five days after the 

operation. 

The results of study IV suggest that resection of a glioma surrounded by 

oedema and in contact with the auditory cortex causes a transient increase in the 

BOLD response of the auditory cortex ipsilateral to the tumour. Similar features 

can be seen concerning motor activation when the oedema affects the motor 

cortex. It appears that when the tumour is resected, the pressure on the brain, 

specifically on the affected auditory and/or motor cortex, decreases and the 

functional cortex becomes more easily detectable in BOLD fMRI. 

 



76 

Fig. 11. FMRI scans showing motor BOLD activation in Patient 2. Preoperative fMRI (A), 

early postoperative fMRI (B) and late postoperative fMRI (C) scans. The activation 

maps are superimposed on echo-planar images. This patient had WHO grade II 

oligodendroglioma in the left frontoparietal area with moderate preoperative oedema. 

A transient increase was detected in the HAI value after resection of the tumour mass. 

In the early postoperative fMRI (B), an increase in BOLD activation posterior and 

adjacent to the tumour compared with the contralateral side is obvious. The white 

areas represent BOLD activation. 

A 

B 

C 
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6.3 Future prospects  

The studies in this thesis have been conducted with 0.23-T and 1.5-T MRI devices. 

Even though 3-T MRI equipment is increasingly available, for many facilities it is 

not yet present, but represents the future. The greater SNR achieved by 3-T 

magnets is beneficial for conventional MRI, but especially useful in advanced 

MRI techniques, such as DWI and BOLD fMRI. It has been stated that BOLD 

fMRI is the modality that benefits most from these high-field strengths. In 

addition to the greater SNR, there is also the fact that 3-T magnets provide 

stronger magnetic susceptibility effects, which results in higher signal and spatial 

resolution in BOLD fMRI. (Scarabino et al. 2007.) 

Further studies with EDAIR-like sequences in high-field MRI should be 

implemented. If NSF essentially proves to be dose-dependent, imaging methods 

that would highlight minor contrast enhancement would be most welcome. It 

might even be reasonable to experiment with lower doses than recommended, 

such as 0.05 mmol/kg, and compare the enhancement to images obtained after a 

standard dose of GBCA. 

As presented previously, DWI studies in patients with intracranial tumours 

are controversial. The potential malignancy of the tumour itself can be assessed to 

some extent, but evaluation of the oedema is more complicated. DWI lacks 

specificity and proper ADC cut-off values to function as a solid diagnostic tool in 

evaluating brain tumours. It is likely that DWI by itself will not become an 

absolutely reliable method in differential diagnosis of brain tumours. 

The role of resting-state fMRI will presumably increase in the future, as 

analysis methods develop. There are already new automated computer learning 

algorithms for identifying relevant RSNs directly from BOLD data (De Martino 

et al. 2007, Tohka et al. 2008). These algorithms overcome both of the problems 

of component number and identification, since they automatically detect the 

needed RSNs based on their spatial, temporal and statistical features. It remains to 

be seen how these methods will perform in the presence of tumour-induced 

spatial and temporal feature changes. 

As for conventional BOLD fMRI, a new method for obtaining maps of 

connectivity has been introduced. The stimuli or tasks in BOLD fMRI 

traditionally have been specialized to evoke activations in specific brain cortices. 

For example, an on/off paradigm of passive listening to native language reading 

has been used to localize the auditory cortex, and a flashing chessboard to localize 

the visual cortex. In a new approach, the stimulus consists of natural viewing 
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conditions, like watching a movie on an on/off paradigm, and analyzing the data 

using ICA. (Bartels & Zeki 2005.) This method will likely become increasingly 

adapted in the visualization of functional connectivity. 
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7 Summary and conclusions 

1. EDAIR sequences appear to improve tumour contrast in contrast-enhanced 

low-field 0.23-T MRI, both quantitatively and qualitatively. EDAIR 600 

appears to be optimal in most cases. This IR sequence could be applicable as 

an additional sequence in the imaging of metastases and other enhancing 

intracranial tumours in low-field MRI. It may facilitate the perception of 

small enhancing lesions. 

2. The ADC values of a tumour and peritumoural oedema can be of assistance 

when evaluating the potential malignancy of the tumour, even though the 

ADC values cannot be associated with the specific histology of the tumour. 

DWI lacks specificity and proper cut-off values to function as a solid 

diagnostic tool in evaluating intracranial tumours. However, as an adjunct to 

conventional imaging, DWI can in some cases give valuable additional 

information about the tumour. 

3. It is possible to localize the sensorimotor area from resting-state BOLD fMRI 

with ICA in patients with intracranial tumours. An intracranial tumour does 

not appear to hamper visualization of the sensorimotor areas, but the effect of 

high-grade gliomas on functional connectivity may be more extensive than in 

benign lesions. The data-driven detection of RSNs in presurgical fMRI can be 

used as a complementary method to task imaging, specifically when motor 

dysfunction is present. 

4. Tumour resection has an effect on BOLD fMRI of both motor and auditory 

cortices. It seems that when a tumour with preoperative oedema is resected, 

the pressure on the brain, specifically on the affected auditory and/or motor 

cortex, decreases and the functional cortex becomes more easily detectable in 

BOLD fMRI. 
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