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Abstract
The purpose of the present study was to gain more insight into the blood oxygen level-dependent
(BOLD)-contrast functional MRI (fMRI) in the brain and its connection to EEG, both in global and
local scales of their temporal and spatial relations.

BOLD signal changes were studied during hyperventilation (HV) induced EEG reactivity of
intermittent rhythmic delta activity (IRDA). The BOLD signal in gray matter decreased 30% more in
subjects with IRDA (N = 4) than in controls (N = 4), during the first two minutes of HV. This
difference disappeared during IRDA in EEG. BOLD signal changes may provide additional
information about dynamic hemodynamic changes relative to HV induced EEG reactivity.

BOLD signal changes were investigated during sudden deepening of thiopental anesthesia into
EEG burst-suppression level in pigs (N = 5). Positive (6–8%) or negative (-3– -8%) group average
BOLD signal changes correlated to the thiopental bolus injection were seen. Positive and negative
responses covered 1.6% and 2.3% of the brain voxels, respectively. BOLD signal changes in brain
are associated with sudden deepening of thiopental anesthesia into EEG burst-suppression level, but
they are spatially inconsistent and scarce.

Somatosensory BOLD response was studied in brain before and after globally induced
methotrexate (MTX) exposition in pigs (N = 4). After the MTX exposure, reduced (from 2–4% to
0–1%) or negative (-2% to -3%) BOLD responses were detected. Somatosensory BOLD-contrast
response shows a slight difference in brain before and after globally induced MTX exposition.

An experimental epilepsy model for development of simultaneous EEG and BOLD-contrast fMRI
in the localization of epilepsy was developed and tested. Dynamic penicillin induced local epilepsy
was applied in deep isoflurane anesthesia in pigs (N = 6). Relatively high (10–20%) and localized
BOLD signal increase was found. The dynamic penicillin induced focal epilepsy model in deep
isoflurane anesthesia with simultaneous EEG and BOLD-contrast fMRI is feasible for the
development of these methods for localization of epileptic focus or foci.

In conclusion, with careful experimental design and analysis, BOLD-contrast fMRI with EEG
provides a potential tool for monitoring and localising functional changes in the brain.

Keywords: BOLD, burst-suppression, cerebrovascular reactivity, EEG, focal epilepsy,
functional magnetic resonance imaging, hyperventilation, intermittent rhythmic delta 
activity, isoflurane, methotrexate, penicillin, thiopental





When you meet a master swordsman, 
 show him your sword. 
When you meet a man who is not a poet, 
 do not show him your poem. 

-Rinzai 
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Abbreviations and definitions 

2D   two-dimensional 
activation study  sensory or cognitive stimuli induced fMRI study 
B0   main (static) magnetic field in MR imaging or spectroscopy 
∆B0   local magnetic field gradient, magnetic field inhomogeneities 
BBB   blood-brain-barrier 
BOLD    blood oxygen level-dependent 
BOLD activation  BOLD signal increase due to neural activity 
BOLD deactivation BOLD signal decrease 
BOLD response  BOLD signal change 
BOLD signal  voxel time series in BOLD-contrast fMRI  
bolus   one injection dose, e.g., thiopental bolus 
burst-suppression an EEG pattern, intermittent high amplitude activity among 

suppressed EEG 
CBF   cerebral blood flow 
CBV   cerebral blood volume 
cc   correlation coefficient (r) threshold 
CMRglu   cerebral metabolic rate of glucose 
CMRO2   cerebral metabolic rate of oxygen 
CNS   central nervous system 
CO2, pCO2  carbondioxide, partial pressure of carbondioxide 
COM analysis  center of mass analysis, a motion detection tool 
DC   direct current 
ECoG   electrocorticogram 
EEG    electroencephalogram 
EEG/fMRI  simultaneous EEG during fMRI 
EPI   echo-planar imaging 
ET%   end-tidal concentration 
evoked potentials  sensory or cognitive stimuli induced EEG potentials 
FFT   Fast Fourier Transform 
flip angle angle between B0 and net magnetisation after RF pulse 
fMRI   functional magnetic resonance imaging 



FOV   field of view, imaged area 
GABA   gamma-aminobuturic acid 
GABAA receptor   GABA subtype A receptor 
GE   General Electric 
GM   gray matter 
GRE   gradient echo 
HRF, hrf   hemodynamic response function 
hrf power  signal power convoluted with HRF 
hrf step   step function convoluted with HRF 
HV   hyperventilation 
IRDA   an EEG pattern, intermittent rhythmic delta activity 
k-space   acquired raw MR data represented in spatial frequency space  
MAC the minimum alveolar concentration, 1 MAC of volatile anes-

thetic required to eliminate movement in response to noxious 
stimulation in 50% of subjects 

MAP   mean arterial pressure 
MR   magnetic resonance 
MRI   magnetic resonance imaging 
MTX    methotrexate 
negative BOLD change BOLD signal intensity decrease compared to baseline 
NEX   number of excitations 
NO   nitric oxide 
O2, pO2   oxygen, partial oxygen pressure 
PET   positron emission tomography 
pETCO2   end-tidal partial pressure of CO2 
positive BOLD change BOLD signal intensity increase compared to baseline 
r   correlation coefficient 
R2*  transverse relaxation rate which includes the effect of mag-

netic field inhomogeneities 
RF, RF pulse  radio frequency, radio frequency excitation pulse 
ROI   region of interest 
SE   spin echo 
SNR   signal-to-noise ratio 
slice   imaging plane with certain thickness 
SPECT   single photon emission computed tomography 
spike   epileptoform spike in EEG signal 
T   Tesla, unit of magnetic flux density 
T1   longitudinal relaxation time 
T2   transverse relaxation time 
T2* transverse relaxation time which includes the effect of mag-

netic field inhomogeneities 
TE time of echo, echo time 
TR   time of repetition, repetition time 
voxel   a small volume unit, corresponding MR image pixel 
WM   white matter 
χ, ∆χ   magnetic susceptibility, susceptibility difference  
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1 Introduction 

First functional information from the human brain was measured by Hans Berger in the 
1920’s with electroencephalogram (EEG) (Berger 1969). The next step in functional 
brain imaging was taken with the development of radiopharmaceuticals in nuclear medi-
cine. Until today, nuclear medicine methods have the widest spectrum in functional imag-
ing: perfusion, volume, metabolism and transmitter receptors despite the disadvantages of 
invasiveness and ionising radiation. Later on, ultrasound, optical imaging, dynamic com-
puted tomography and magnetoelectroencephalography methods have been evolved in 
the field of functional imaging of the brain.  

One of the latest methods for functional brain imaging is functional MRI (fMRI). It 
covers all magnetic resonance imaging (MRI) methods visualizing function, i.e., blood 
oxygen level-dependent (BOLD)-contrast, perfusion and diffusion imaging. BOLD-
contrast fMRI is one of the fastest clinically applicable imaging techniques after the de-
velopment of ultrafast image acquisition. This allows serial imaging following changes as 
a function of time. Other advantages of BOLD-contrast fMRI are the superior spatial 
resolution compared to other functional methods, its non-invasive nature with endoge-
nous contrast and without ionizing radiation. 

The magnetic properties of hemoglobin were first applied for localization of functional 
brain areas in 1990 (Ogawa et al. 1990). The theory of BOLD-contrast has been refined 
since, consisting of changes in oxygen consumption, cerebral blood flow (CBF) and 
blood volume (CBV). Alterations in BOLD response may correspond to changes in flow-
metabolism coupling during local neuronal activation in the brain. Still, the exact mecha-
nism and the neural origin of BOLD signal changes remain under investigation.  

EEG and BOLD-contrast fMRI data can be integrated either sequentially in separate 
experiments with the same task or simultaneously. Simultaneous EEG and BOLD-
contrast fMRI (EEG/fMRI) was first introduced in 1993 (Ives et al. 1993). In this set-up, 
it is challenging that small brain potentials are recorded in a sensitive magnetic environ-
ment. The advantage is that millisecond time resolution of EEG is accompanied with 
BOLD-contrast fMRI, providing both spatial resolution in millimetres and a time course 
of hemodynamic response in seconds. Spontaneous or evoked EEG events can be identi-
fied and it is possible to further localize and analyze the hemodynamic response with 
BOLD-contrast fMRI. 
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The major motivation and application of EEG/fMRI is monitoring changes induced by 
spontaneous interictal epileptic activity in the brain (Salek-Haddadi et al. 2003a). The 
purpose is to locate the origin of epileptic seizures, “epileptogenic zone” or “epileptic 
focus”. Activated region(s) associated with epileptic interictal spikes can be found in 40 
to 60% of patients (Krakow et al. 1999a; Al-Asmi et al. 2003). It is unclear why distinc-
tive interictal spikes do not always induce BOLD signal changes. 

There is a need to obtain more understanding about the association between EEG       
activity and the BOLD signal changes, both in global and local scales of their temporal 
and spatial relations. The present study focused on BOLD-contrast fMRI in the brain with 
(I, II, IV) or without (III) simultaneous EEG, experimentally enhancing the degree of      
intervention in global or local level, with a tighter or looser connection to epilepsy. 



2 Review of the literature 

2.1  Functional MRI (fMRI) 

In its widest sense, fMRI includes all MRI methods visualizing function, i.e., perfusion, 
diffusion and BOLD imaging (Le Bihan 1995; Moonen & Bandettini 2000). fMRI may 
allow early detection of brain injury before clear anatomic abnormalities. Such defects 
may interfere with microcirculation, water homeostasis, and neuronal activation. Brain 
microcirculation is typically measured by T2

*-weighted bolus-tracking perfusion imaging 
with a paramagnetic contrast agent. However, the absolute values of mean transit time, 
regional CBV, and regional CBF can only be obtained if the arterial input function is      
determined (Villringer et al. 1988; Le Bihan 1995), which can be a demanding task. An 
easier but less accurate way is to calculate relative perfusion values between the different 
anatomic areas. Absolute perfusion values can be provided with a non-invasive magnetic 
resonance (MR) perfusion imaging, i.e., arterial spin labeling technique (Detre et al. 
1994). In MR diffusion imaging, the apparent diffusion coefficient is associated with      
extracellular water volume and energy metabolism (Conturo et al. 1995; Thornton et al. 
1998). Changes in flow-metabolism coupling, CBF, CBV, and CMRO2 are reflected in 
T2

*- or T2-weighted fMRI response in the brain when paramagnetic deoxyhemoglobin 
functions as an endogenous contrast agent (Thulborn et al. 1982; Wismer et al. 1988; 
Ogawa et al. 1990; Fisel et al. 1991; Davis et al. 1998; Hoge et al. 1999; Friston et al. 
2000). This is called BOLD-contrast and it is based on secondary effects of neuronal      
activity.  

2.1.1  Physiological basis of BOLD-contrast 

In the brain, a voxel may contain arteries, capillaries, veins, gray matter (GM), white 
matter (WM), interstitial fluid and cerebrospinal fluid. Blood volume in GM is 4% and in 
WM 2%, while the capillary bed consists of 2% volume in GM. In arteries, blood oxy-
genation is about 97%, in the capillary level decreases to 80–86%, and further to 60–72% 



 22

in venous blood. (Weisskoff 2000). BOLD signal changes can occur due to local or global 
factors of cerebral circulation and neuronal activity (Bandettini & Wong 1997; Levin et 
al. 2001).  

During local neuronal activation, glucose and oxygen metabolism increases and CBF 
increases, in combination with moderate increase in CBV. This “coupling” between func-
tional activity and increasing blood-supply in the brain was first suggested by Roy and 
Sherrington (1890). The increase in CBF is larger than the increase in the cerebral meta-
bolic rate of oxygen (CMRO2)(Fox & Raichle 1986). This mismatch decreases the oxy-
gen extraction fraction. Decrease in oxygen extraction increases oxygenation in the ve-
nous side but increase in CBV dilutes it. Thus, their effects are counteracting. However, 
the oxygenation change is dominating over the volume change during activation. This 
provides more oxygenated blood to flow downstream in circulation. The deoxyhemoglo-
bin concentration change is larger in venules than in capillaries, as the resting level oxy-
genation of 60% in venules can increase up to 72% while in capillaries, the respective 
change is from 80 to 86% (Weisskoff 2000).  

Local neuronal activation consists of several neuronal events (excitatory, inhibitory, 
action potentials, subthreshold depolarisations) which each contribute to the increase in 
metabolic need (Jueptner & Weiller 1995). However, presynaptic activity is more associ-
ated with an increase in the cerebral metabolic rate of glucose (CMRglu) than postsynaptic 
activity (Schwartz et al. 1979). Glucose consumption and CBF are more closely corre-
lated than oxygen metabolism and CBF suggesting non-oxidative glucose metabolism 
during neuronal activation (Fox & Raichle 1986; Magistretti & Pellerin 1996). Regula-
tion of CBF during local neuronal activity is not fully understood but these mechanisms 
include local metabolic and ionic factors originating from brain tissue and local innerva-
tion of cerebral vessels (Sokoloff 1996). In children and neonates, the vascular response 
to neuronal activity may be immature, as suggested by the findings of decreased BOLD 
signal during visual activation (Yamada et al. 1997; Martin et al. 1999). 

In global regulation of CBF, blood gases (oxygen, O2 and carbondioxide, CO2) play a 
major role. Increased partial pressure of CO2 (pCO2) in arterial blood, hypercapnia, in-
duce vasodilation and hypocapnia (decreased pCO2) leads to vasoconstriction in cerebral 
vessels. Respectively, reduced partial pressure of O2 (pO2) is vasodilatory and increased 
pO2 vasoconstrictive, but with a lesser extent than the effect of pCO2 changes. (Sokoloff 
1996). Hypercapnia does not change CMRO2, and it has been utilized in calibration of 
BOLD activation studies (Bandettini & Wong 1997; Davis et al. 1998; Hoge et al. 1999). 

With respect to global CBF, autoregulation of brain circulation refers to maintenance 
of relatively constant CBF during changing perfusion pressure, i.e., in “the autoregulative 
range” of 50 to 150 mmHg. Perfusion pressure is the effective sum of mean arterial pres-
sure (MAP), intracranial pressure and the venous blood pressure. The exact mechanism 
of autoregulation is unknown, but it is lost due to some anesthetics and grave hypercapnia 
(Harper 1966). Changes in MAP within the autoregulative range induce only small 
changes in BOLD signal, even at high field (Zaharchuk et al. 1999; Kalisch et al. 2001). 

Hematocrit, if it is low, can induce global CBF increase due to low oxygen carrying 
capacity (Rebel et al. 2003). Hematocrit is lower in the capillary level than in larger ves-
sels and it is dependent on gender. Reduction in baseline hematocrit may reduce the size 
of BOLD signal increase during activation (Levin et al. 2001), a corresponding transverse 
relaxation time (T2 and T2

*) change is visible also in vitro (Thulborn et al. 1982). 
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Blood-brain-barrier (BBB) is specific for brain vessel walls. Between endothelial 
cells, tight junctions prevent free entry of large molecular weight substances from blood 
to brain tissue (Paulson 2002). Due to this barrier, vasoactive agents may not penetrate 
into arteriolar smooth muscle from blood. The exchange of substances may be altered 
through BBB or because of the lack of BBB in certain pathologies, such as in tumor vas-
culature. This may have influence in BOLD imaging in the vicinity of tumors in the brain 
(Aubert & Costalat 2002). 

2.1.2  The biophysical basis of BOLD-contrast 

The major biophysical background of BOLD-contrast is an intravoxel dephasing of extra- 
and intravascular water proton spins due to local magnetic field gradients, ∆B0 , produced 
by deoxyhemoglobin-containing blood (Ogawa et al. 1993; Boxerman et al. 1995). The 
heme of hemoglobin contains ferrous iron. The hemoglobin in the oxygenated state (oxy-
hemoglobin) is diamagnetic due to complete shielding of the iron atom and with no un-
paired electrons. In the deoxygenated state, the hemoglobin molecule has unpaired elec-
trons and it is paramagnetic (Pauling & Coryell 1936). Other paramagnetic molecules, 
free oxygen (O2) or nitric oxide (NO), have such a minute concentration in blood that 
their effect on the MRI signal in tissue is negligible (Chen & Ogawa 2000).  

Magnetic susceptibility (χ) is defined as the measure of the extent to which the sub-
stance modifies the magnetic flux density of the magnetic field passing through it. Para-
magnetic deoxyhemoglobin increase χ of erythrocyte cytoplasm, and blood χ is different 
compared to the surrounding tissue χ. This susceptibility difference, ∆χ, induces ∆B0 and 
shortens the observable transverse relaxation time (Thulborn et al. 1982). The respective 
transverse relaxation rate which includes the effect of magnetic field inhomogeneities, 
1/T2* (or R2*), can be formulated as: 
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where T2 is the intrinsic transverse relaxation time and γ is the gyromagnetic ratio. ∆B0 
due to blood susceptibility decreases the BOLD signal intensity in the resting state (Chen 
& Ogawa 2000). How much the blood susceptibility induces ∆B0, depends also on the 
orientation of the vessel. The effect of orientation is nonlinear and largest for the vessels 
perpendicular to the main magnetic field B0 (e.g., Lai et al. 2000).  

The increased χ of deoxygenated erythrocyte cytoplasm affects on diffusing water pro-
tons in plasma and through the cell membrane. Water exchange across the capillary wall 
is slow compared to T2*. Thus, intravascular blood and extravascular tissue water affect 
the T2* effect differently (Chen & Ogawa 2000). The χ effect of blood extends beyond 
the vessel wall approximately one vessel diameter. 

During neuronal activation, local blood concentration of paramagnetic deoxyhemo-
globin decreases as the oxygenation increases. In consequence, ∆B0 decreases, less intra-
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voxel dephasing occurs and voxel signal intensity increases. These activation induced 
BOLD signal changes are 2-5% in 1.5 T magnetic field (e.g., Ogawa et al. 1998), but 
increase with a higher magnetic field. 

Both intravascular and extravascular contribution are present in BOLD signal change 
at 1.5 T (Boxerman et al. 1995; Zhong et al. 1998). The intravascular compartment is 
small (about 2–4%) in brain tissue but senses more closely the susceptibility effect of 
erythrocytes. The extravascular effect is dominating in 1.5 T, due to GM and cerebrospi-
nal fluid water (Ogawa et al. 1993; Boxerman et al. 1995; Zhong et al. 1998; Hoogenraad 
et al. 2001). The extravascular diffusion effect is negligible for vessels larger than 8 µm, 
i.e., venules and veins, which dominate BOLD effect (Ogawa et al. 1993; Weisskoff et al. 
1994). Downstream dilution of increased oxyhemoglobin occurs rapidly in veins, thus, 
BOLD changes locate neuronal activity with a several millimeter accuracy (Turner 2002). 

The inflow effect changes the detectable net magnetisation due to fast inflowing un-
saturated blood in arteries and large veins outside capillaries leading to BOLD signal 
increase (Frahm et al. 1994). This “brain or vein” problem becomes significant if the 
repetition time (TR) is short compared to longitudinal relaxation time T1 of blood. In cap-
illaries, the inflow contribution due to CBF increase is relatively small compared to T2

* 
related BOLD signal change (Chen & Ogawa 2000).  

Gradient echo (GRE) MR imaging is sensitive to susceptibility induced magnetic field 
inhomogeneities, producing T2

*-weighted images. GRE imaging is widely applied in 
BOLD-contrast fMRI studies, because an activation induced T2

*-weighted signal change 
is two- or three-times larger than with T2-weighted spin-echo (SE) imaging (Bandettini et 
al. 1994). SE signal changes have been thought to localize better in the capillary level 
than with GRE (Bandettini et al. 1994; Weisskoff et al. 1994). However, experimental 
evidence shows that draining veins also provide a major contribution to the total SE 
BOLD signal changes (Oja et al. 1999). 

2.1.3  Theoretical models of BOLD-contrast  

The first biophysical model of BOLD-contrast by Ogawa et al. (1993) ignored the con-
tribution from the small volume of blood water, i.e., the intravascular effect. Boxerman et 
al. (1995) also took into account the signal changes arising from intravascular capillary 
spins in addition to spins adjacent to capillaries (extravascular). Simulations suggest that 
R2

* depends almost linearly on the blood volume fraction (or CBV) and ∆χ between 
blood and tissue in small vessels (Ogawa et al. 1993). In comparison to equally oxygen-
ized capillaries, venules and larger veins, the latter vessels contribute greater changes in 
T2

* than capillaries, due to their size (Boxerman et al. 1995). 
Both intra- and extravascular contributions to BOLD-contrast have been taken into ac-

count in the Balloon model (Buxton et al. 1998; Friston et al. 2000), assuming no capil-
lary recruitment and BOLD signal primarily from small postcapillary venous vessels. 
This model was able to interpret the transient features of the experimental BOLD-contrast 
fMRI studies. 

The BOLD models by Davis et al. (1998) and Hoge et al. (1999) have alternate formu-
lations of the previous models with an emphasis on testable predictions of BOLD-CBF 
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interdependence in visual activation studies. These models were calibrated with hyper-
capnia-induced BOLD change (Bandettini & Wong 1997). Change in R2

*
dHb (the trans-

verse relaxation rate dependent on venous deoxyhemoglobin content, [dHb]v) can be for-
mulated as (Hoge et al. 1999): 
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where A is a constant proportional to field strength and sample, and β: 1≤ β ≤2, depend-
ing on average blood volume within tissue. The subscript 0 refers to the baseline value. 
Further, BOLD signal change is (Hoge et al. 1999): 
  

  
  

  
































−=

∆
−βαβ

02

2

0 0

1
CBF
CBF

CMRO
CMROM

BOLD
BOLD

,                                      (3) 

  
  
where M = TE . CBV0

.. [dHb]v0
ββ, TE is echo time. In Equation 3, α is a constant relating 

relative CBF change to relative CBV change (0.38) (Grubb et al. 1974). The maximum 
BOLD change (determined with parameter M) was calculated to be 8–22% during visual 
activation in 1.5 T (Davis et al. 1998; Hoge et al. 1999).  
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Most of these models, however, have been constructed to apply only to a certain 
stimulus-induced activation. It is questionable whether they apply during the resting state, 
other spontaneous neural activity or pathology. Also, the relation between CBV and CBF 
is based on experiments in the steady state (Grubb et al. 1974). 
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2.1.4  Fast imaging techniques 2.1.4  Fast imaging techniques 

In BOLD-contrast fMRI, a fast imaging technique is required in order to follow the        
dynamics of hemodynamic changes occurring in seconds. Several different imaging     
techniques have been applied in BOLD-contrast fMRI, such as burst imaging,          
turbo-FLASH, GRASS, FISP, GRASE and EPI sequences (Buxton 2002; Stehling et al. 
1991; Edelman et al. 1994). Echo-planar imaging, EPI, and specially a single-shot GRE-
EPI, has been the most common imaging technique in BOLD-contrast fMRI. The reason 
is that in seconds, instead of minutes, one set of two-dimensional (2D) image slices can 
be collected with EPI (Edelman et al. 1994). Fast imaging is possible due to fast collec-
tion of image formation data (“raw data”) in a spatial frequency space, k-space (e.g., 
Edelman et al. 1994; Buxton 2002).  
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train of gradient echoes can be created by the rapidly varying read-out gradient pulses, 
and either simultaneously phase encoding gradient constantly on (as originally proposed) 
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or with blipped phase encoding gradient pulses in order to collect k-space data with a 
“zig-zag” or back-and-forth trajectory (Fig. 1). In single-shot EPI, all the data for a single 
low resolution image are collected after a single excitation in about 100 ms (Stehling et 
al. 1991). In multi-shot EPI, to acquire a better spatial resolution than with the single-shot 
technique, multiple excitations per slice are required but also the time to collect a single 
image increases. Also, spiral and radial acquisition techniques of k-space or burst       
imaging have been developed (see Buxton 2002). Both GRE and SE sequence can be 
adopted with EPI data collection. GRE-EPI is faster than SE-EPI, but higher image      
quality and less distortion are gained with SE-EPI due to the decreased susceptibility ef-
fect.  

The major advantage of the EPI technique is the fast image acquisition since it allows 
serial imaging as a function of time. However, the limitations of this technique have also 
to be acknowledged, especially with GRE-EPI (Farzaneh et al. 1990; Buxton 2002).    
Susceptibility artefacts in tissue-air interfaces, N/2 ghosting artefact and image distortion 
due to general field inhomogeneity of B0 in the brain are the major image artefacts de-
pending on the EPI image location in the brain. Image distortion or voxel shift can be 
corrected if a phase map or field map can be acquired (e.g., Sepponen 1985). The            
inherent limitation of spatial resolution in EPI is T2 or T2

* in the brain (about 50–100 ms 
at 1.5 T), which limits the data acquisition period (Fig. 1). The imaging TE is typically 
40–60 ms for optimal BOLD sensitivity in GRE-EPI at 1.5 T (Moonen & Van Gelderen 
2000). 

Time resolution of GRE-EPI is typically 1,500 to 3,000 ms. With 1-s stimulus,             
hemodynamic response began to increase after a 1-s delay, with a time-to-peak of 4–6 s 
and lasts up to 10 s. This response waveform can be determined with TR 2,000 ms or 
less. With longer stimuli, time resolution is less critical, if the requirements of statistical     
analysis (data length) have been taken into account. 
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Fig. 1. Schematic presentation of single-shot GRE-EPI sequence with blipped phase encoding 
gradients. Applied radio frequency (RF) excitation pulse (with flip angle α) and acquired RF 
signal are presented in the same line. The dotted line presents the T2

*-signal decay in GRE-
EPI. Right corner: acquisition of k-space data. Effective echo time (eff TE) is the echo time 
when the middle line of k-space is acquired. 

 

2.1.5  Data processing 

BOLD signal increase during activation studies, or in hypo- or hypercapnia, is typically a 
few percent (2-5%) at 1.5 T (Ogawa et al. 1990, 1998; Posse et al. 1997a; Kastrup et al. 
1999). These signal changes are not detectable with visual review, but they can be           
revealed with different statistical signal analysis methods (Bandettini et al. 1993; Buxton 
2002). However, there are also certain concerns in statistical analyses, i.e., how to      
determine correct threshold, correct a priori model function, or other parameters in data 
driven analyses.  

Data processing is closely coupled to the experimental design, i.e., if a priori model 
function exists or not. It can vary from block or event-related design (“paradigms”) in 
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activation studies to some reference signal, for example, end-tidal partial pressure of CO2 
(pETCO2) or EEG simultaneous to BOLD-contrast fMRI. In data driven analyses, no 
model or reference function is present. Instead, mathematical methods based on the       
statistical properties of the spatiotemporal data are utilized to separate different groups of 
voxels (clusters, components) (Kiviniemi et al. 2004; Morgan et al. 2004). Also, other 
signal characteristics like frequency or variance of BOLD signal can be utilized here. 

Among the statistical methods with a model or reference function, Student t-test and 
cross-correlation analysis are the most common approaches. The reference function     
presents the ideal response for an activated voxel. In the block paradigm, it is the time 
sample points belonging to the “activation” state and “resting” state according to the tim-
ing of stimulus paradigm with hemodynamic delay. Student t-test is a standard statistical 
test with comparison of means, t-value calculated on a voxel-by-voxel basis as 
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wherex1 andx2 are mean values of the activation state and resting state signal           
intensities, respectively. Standard deviations of these groups are s1 and s2, and the number 
in a group are denoted as n1 and n2. The calculated t-value is compared to a threshold 
value and the voxels fulfilling the condition belong to the “activation map”. In Student    
t-test, Gaussian distribution of signal intensities is assumed. Either Bonferroni correction 
can be applied to multiple comparisons correction, or select a tight uncorrected threshold 
(Buxton 2002). 

In cross-correlation analysis, correlation coefficient r is calculated between each voxel 
signal intensity time course, fi (i=1...N), and the model function, mi, as (Bandettini et al. 
1993): 
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where µf and µm are the mean values of f and m. The model or reference function can be 
synthesized according to the stimulation paradigm or reference signal convoluted with 
the hemodynamic response function, HRF (e.g., Moosman et al. 2003). The degree to 
which the voxel signal intensity time course corresponds to the shape of the model func-
tion is expressed with r, varying between [-1, 1]. The activation map consists of the      
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voxels with r greater than a selected threshold value or different degrees of r are mapped 
with different color codes. Cross-correlation analysis is less prone to false positives than 
Student-t test.  

In event-related BOLD-contrast fMRI, short stimuli are presented with certain inter-
stimulus interval or randomly (Rosen et al. 1998). Further, HRF to stimulus is deter-
mined, based on a general linear model approach (Josephs & Henson 1999). 

2.2  Electroencephalogram (EEG)  

2.2.1  Physiological basis of EEG 

Neuronal activity consists of synaptic activity and action potentials. EEG signal changes 
are not a direct measure of a single cell activity in the brain, instead EEG reflects the dy-
namic behaviour in the population level of neuronal activity. Also, different contributions 
of glia cells and circulation to EEG and direct current (DC) potentials are under discus-
sion (Speckmann & Elger 1999; Voipio et al. 2003). 

Scalp EEG is thought to reflect mainly synchronous postsynaptic activity in pyramidal 
cells (Lopes da Silva & Van Rotterdam 1999; Nunez & Silberstein 2000; Nunez et al. 
2001). The pyramidal cells are aligned perpendicular to the local cortical surface, and 
they serve as the main cortical efferent cells (Berne & Levy 1993). Synaptic excitatory 
and inhibitory post-synaptic potentials (with a duration of ≈10–250 ms) produce extracel-
lular currents flowing across the cortex. Action potentials induce extracellular currents 
that are short (1–2 ms) and spatially narrow. Due to short duration, overlap of action po-
tentials corresponding to their synchronicity is too low to have contribution to scalp EEG 
signal (Lopes da Silva & Van Rotterdam 1999).  

Owing to pyramidal cell orientation, human neocortical current sources can be ideal-
ized as dipole sheets between the superficial cortex (inhibitory synapses) and the deep 
layer (excitatory synapses) (Nunez et al. 2001). The active current sources are positive 
and negative due to local inhibitory and excitatory synapses; also passive return mem-
brane currents are required for current conservation. Scalp potentials are generated by the 
spatial summation of these dipole moments arising mainly from upper regions of the cor-
tex (Nunez et al. 2001). Both excitation in apical dendrites or inhibition near the somas 
can produce a negative shift in scalp EEG (Lopes da Silva & Van Rotterdam 1999). Re-
sistivity of the skull has a major effect on the spatial low-pass filtering of EEG potentials 
between cortex and scalp, altering with the thickness and bone structure. 

A synchronously active cortical area of over 6 cm2 is required to obtain an identified 
epileptic spike in scalp EEG (Cooper et al. 1965; Ebersole 1997). An amount of 1–10% 
of synchronously active pyramidal cells is needed in this area. Synchronous synaptic in-
put is dominated by thalamocortical connections, but also corticocortical connections 
(95–98% from axons) have their impact. 
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2.2.2  Basic EEG recording methodology 

Depending on the location of electrodes, small potential fluctuations around 10–100 µV 
can be recorded on the scalp with EEG, or (500–1500 µV) on the surface of the cortex 
with electrocorticogram (ECoG) (Niedermeyer 1999). Also, the measurements with dif-
ferent invasive depth electrodes can be justified in certain serious brain disorders, like 
epilepsy. Thus, measurement of EEG consists of both a temporal and spatial aspect: sig-
nal variation as a function of time with a certain bandwidth and amplitude as well as the 
spatial distribution of potentials, i.e., from the different electrode locations. In the scalp 
EEG, international standard locations, the 10/20 system, determines consistent placement 
of 21–75 electrodes over the scalp (Reilly 1999).  

EEG is mostly recorded as an alternate current signal with a bandwidth from 0.16–0.6 
Hz up to 30–70 Hz with a sampling frequency of 256–1,000 Hz in digital EEG measure-
ment. Most of the EEG signal energy is located under 30 Hz and, depending on the brain 
state, separate frequency bands, “rhythms”, are dominating. Alpha (8–12 Hz), beta (13–
30 Hz), theta (4–7 Hz) and delta (0.5–4 Hz) rhythms are distinguishable in scalp EEG 
with an inverse amplitude relation to increasing frequency (Niedermeyer 1999). Gamma 
is over a 30 Hz frequency with low energy and it is mostly investigated in an event-
related or evoked response manner (Bertrand & Tallon-Baudry 2000). Also, other EEG 
frequencies can represent this kind of reactive changes to certain stimuli like alpha to eye 
opening. This can be utilized in studying e.g. cognitive and memory functions (Klimesch 
1999) and brain dysfunctions related to these, like dementia (Partanen et al. 1997).  

Recording of DC-EEG is demanding due to the artefacts, choice of reference and re-
quirement of a DC amplifier and invasive electrode attachment (Voipio et al. 2003). 
However, DC-EEG may provide a more complete picture of the underlying changes in 
brain function, e.g., during blood O2 and CO2 changes (Speckmann & Elger 1999) or 
epileptic seizures (Vanhatalo et al. 2003). DC shifts and very slow oscillations are also 
associated with burst-suppression EEG during anesthesia (Jäntti & Yli-Hankala 2000).  

EEG measurement is performed with a differential amplifier, and the choice of ground 
and reference electrode locations affect the obtained signal. For ideal common mode re-
jection ratio, i.e., rejection of common interfering signals, the impedance of measurement 
electrodes should be equal. (Kamp & Lopes da Silva 1999) 

Routine EEG measurement consists of recording the ”background EEG activity” in a 
resting, lying subject, and different EEG reactivity tests (eys open, eyes closed) and 
provocations (photic stimulation, hyperventilation (HV)). Evoked potentials and event-
related potentials are collected with EEG using repeated evoking stimuli and signal aver-
aging to cancel out the background EEG. Visual, somatosensory, auditory (brainstem) and 
motor evoked potentials are used to assess the integrity of a sensory pathway but also 
different events related to cognition are in wide use. 
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2.2.3  Signal analysis in quantitative EEG 

Digital EEG can be analysed with different data post-processing methods in a temporal, 
spatial and frequency domain to provide quantitative measures of EEG instead of identi-
fying different waveforms, rhythms and reactivity from the time domain EEG. Data proc-
essing include spectral analysis, fractal dimension, automatic detection of epileptic spikes 
and seizures, interpolation for topographic display of EEG and source localization (Blum 
1998; Pereda et al. 1999).  

Quantitative analyses based on power spectrum measurements such as different bands, 
time varying spectra, spectral edge, coherence and syncronicity are under investigation in 
order to develop useful clinical and research applications (Lopes da Silva 1999). Typi-
cally, first a 1 to 4 -s period of EEG is selected for analysis by visual judgement or with 
certain criteria. To convert time domain data into frequency domain, linear transforma-
tions like Fourier or wavelet transformations are applied. Fourier transformation is based 
on the assumption that a time domain signal is constructed of a basis set of sine waves 
with different frequency, phase and magnitude. In wavelet transformation, time limited 
brief transients (i.e., wavelets) form the basis set instead of sine waves. Assumption of a 
sine wave basis cannot be fulfilled in EEG, if waveform complexes are present in data. 
However, if – instead of a certain frequency or frequency band – the total energy (or vari-
ance) of the signal is informative, Fourier analysis is a useful means for post-processing 
(Blum 1998).  

In the most common Fourier transform algorithm, Fast Fourier Transform (FFT), the 
frequency resolution is limited with a sampling frequency to number of samples -ratio. 
Thus, for 0.25 Hz resolution, 4 s of data is required. This can limit the fine scale temporal 
resolution of frequency content changes. The problem can be resolved with wavelet 
analysis as it encodes both frequency and time information. (Lopes da Silva 1999) 

Stationarity of the signal is a presumption for Fourier analysis that can be a limitation 
in biosignals. Signal stationarity means that statistical properties (average, variance) are 
stable during the selected period. This can also limit the length of the FFT analysis win-
dow (i.e., length of EEG period). However, if the background or noise in EEG can be 
assumed to maintain stationarity, changes in time-varying power spectral content can 
reflect useful information.  

2.3  Combined EEG and BOLD-contrast fMRI 

There are two ways to gather combined EEG and BOLD-contrast fMRI information: 
separate experiments with the same task (Puce et al. 1995; Grimm et al. 1998) and 
EEG/fMRI (Ives et al. 1993; Warach et al. 1996). Localization of epileptic focus or foci 
in brain, based on the ictal or interictal activity in EEG, is the major application of 
EEG/fMRI (Salek-Haddadi et al. 2003a). Also, other EEG related applications have been 
evolved concerning alpha rythm, sleep and evoked potentials. 

EEG/fMRI is a technically demanding set-up. EEG is measured in a “hostile” mag-
netic environment with alternating magnetic fields. BOLD-contrast fMRI with GRE-EPI 
acquisition is prone to decreased signal-to-noise ratio (SNR) due to EEG recording 
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equipment. The main motivation to obtain EEG and BOLD signal simultaneously is that 
identifiable EEG events can be associated with a localized BOLD signal increase or de-
crease, i.e., hemodynamic response, in the brain. The time resolution of EEG and the spa-
tial resolution of BOLD-contrast fMRI are complementary. This becomes significant 
when fast neuronal events are followed as a function of time with the aim to localize their 
source or origin in the brain. 

2.3.1  Relation between EEG and BOLD-contrast fMRI 

It is problematic to incorporate neurophysiological and hemodynamic data, which may 
include completely different sources and time properties (Horwitz & Poeppel 2002). Ad-
dressing the fundamental differences in the origin of the EEG and BOLD signals, a theo-
retical approach combining the EEG and BOLD-contrast fMRI has been proposed by 
Nunez & Silberstein (2000). They emphasise that parallel changes in the scalp potential 
difference and metabolic demand (reflected by EEG and BOLD-contrast fMRI, respec-
tively) may not be induced, thus, accompanying minor and large changes can result in 
these factors. For comparison, details of EEG and BOLD-contrast fMRI co-measurement 
are collected into Table 1.  

Table 1. Simultaneous EEG and BOLD-contrast fMRI signals – Comparison. 

 Scalp EEG BOLD-contrast fMRI 

Origin Synchronized (post-) 
synaptic activity in 
population level 

Secondary changes to neuronal (pre-)synaptic 
activity: CMRO2 and CBF change 

Time dynamics 1–30 Hz < 1 Hz 
Delay to neuronal event Immediate 2–4 s  
Measured parameter Voltage difference (µV) Voxel signal intensity relative to baseline (%) 
Advantages 1–4 ms temporal resolution 1–3 mm in plane, 5–8 mm depth spatial 

resolution 
Limitations Spatial resolution 1–5 cm Temporal resolution 100 ms – seconds 
 Radial sources (gyri) 

Surface of the brain 
Venous side dominance, distorted areas of brain 

Artifacts Interference Susceptibility differences 
 Movement Movement 
 Gradients SNR decrease due to EEG 
 Ballistocardiogram  

CBF = cerebral blood flow, CMRO2 = cerebral metabolic rate of oxygen, SNR = signal-to-noise ratio. 

Most of the data correlating EEG with BOLD-contrast fMRI have been related to inter-
ictal epileptic events; lately, also other EEG patterns have gained interest (Table 2). Re-
cent reports from evoked and event related potentials in EEG and ECoG compared to 
BOLD signal changes support the view that summated EEG potentials may not be the 
best correlate between neuronal activity and BOLD activation (Foucher et al. 2003; Huet-
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tel et al. 2004). However, event-related gamma oscillations were found to match with the 
BOLD signal changes (Huettel et al. 2004). This finding is in accordance with earlier 
work with anesthetized monkeys (Logothetis et al. 2001), showing a positive correlation 
between visual BOLD signal change and local field potentials in the gamma frequency 
range (40–130 Hz). Alpha activity alterations in EEG has been reported to correlate with 
BOLD signal changes in different brain areas, mainly in the parieto-occipital cortex 
(Goldman et al. 2002; Laufs et al. 2003; Moosmann et al. 2003). Most of the different 
epileptic events induce BOLD signal increase or in some cases, not detectable BOLD 
activation at all (e.g., Al-Asmi et al. 2003). During absence seizure, BOLD signal 
changes in cortex are apparent with a parallel (mostly) increased signal in the thalamus 
(Salek-Haddadi et al. 2003b). Comprehensive studies are needed in the future, however, 
to clarify the relation between neuronal activity, EEG and BOLD signal changes.  

Table 2. Examples of correlation between EEG patterns and BOLD signal changes. 

EEG BOLD-contrast fMRI Reference 
Alfa Decrease in occipital, superior temporal, inferior 

frontal, and cingulate cortex, increase in 
thalamus and insula 

Goldman et al. 2002 

 Decrease in parietal and frontal cortex Laufs et al. 2003 
 Increase in occipital cortex Moosmann et al. 2003 
LFP in gamma range Increase in visual cortex Logothetis et al. 2001 
Single epileptic spikes Increase Lemieux et al. 2001;  

Benar et al. 2002 
Generalized S&W Increase in thalamus / decrease in cortex Salek-Haddadi et al. 2003b 
 Increase and decrease in cortex,increase in 

thalamus 
Aghakhani et al. 2004 

 Local increase, temporo-parietally Baudewig et al. 2001 
 Decrease in posterior cingulate Archer et al. 2003a 
S&W = polyspike or 3 Hz spike-and-wave (slow wave), LFP= local field potentials. 

2.3.2  EEG recording in MR imaging environment 

Since the first EEG equipment compatible with an MR imaging environment (Ives et al. 
1993), three main concerns have been addressed in the design of the EEG measurement 
system for simultaneous MRI: the safety of the subjects, the image quality and the EEG 
signal quality (Lemieux et al. 1997; Krakow et al. 2000a; Krakow et al. 2000b; Schomer 
et al. 2000; Lazeyras et al. 2001; Benar et al. 2003).  

MR imaging may induce significant currents in EEG electrodes and wires caused by 
B0, fast switching magnetic gradient fields or radio-frequency (RF) pulsed fields. These 
currents may lead to local heating. Minimization of the safety hazards in this respect in-
cludes minimizing conductive loops, prevention of crossing wires and implementation of 
current-limiting safety resistors (Krakow et al. 2000a). The main source of induced cur-
rents is RF field (Lemieux et al. 1997; Krakow et al. 2000a). During the imaging se-
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quences with the maximum allowed RF energy absorption, the skin temperature increase 
with EEG electrodes can be up to 6.1 °C at 1.5 T without the subject’s sensation of tem-
perature changes or discomfort (Lazeyras et al. 2001).  

The quality of MR images can be deteriorated owing to EEG electrodes and RF inter-
action with the wires. In fMRI, EPI sequence is sensitive to susceptibility artefacts which 
can be induced by EEG electrodes, but the local signal dropouts are minor and limited to 
subcutaneous fat with gold or gold-coated silver electrodes (Krakow et al. 2000a; Lazey-
ras et al. 2001). Another source of imaging artefacts is probably electromagnetic noise 
due to the EEG digitizing circuit (Krakow et al. 2000a), preventable with appropriate 
shielding and RF filtering. EPI image SNR has been reported to be decreased approxi-
mately 25.6% with EEG measurement; signal intensity variation in EPI series was small 
but activation area in BOLD-contrast fMRI with EEG was decreased compared to BOLD 
activation without EEG (Lazeyras et al. 2001). 

The quality of EEG is compromised in EEG/fMRI experiments. There is a decrease in 
SNR, imaging artefact and ballistocardiogram artefact. Comfortable and firm head fixa-
tion with immobilization of electrode wires has been found to be one of the major deter-
minants of the basic EEG quality (Benar et al. 2003). Also, the ballistocardiogram arte-
fact has been reported to decrease by head immobilization with a vacuum cushion 
(Anami et al. 2003). The imaging artefact due to fast gradient switching during MR scan 
seriously deteriorates the EEG signal. Filtering, independent component analysis, averag-
ing and substraction, and sequence design have been developed to tackle these problems 
(Allen et al. 1998; Felblinger et al. 1999; Allen et al. 2000; Sijbersa et al. 2000; 
Bonmassar et al. 2002; Anami et al. 2003; Benar et al. 2003). Further evolvements both 
in signal processing and in the EEG measurement system compatible with the MR envi-
ronment may provide advances in EEG signal quality (Salek-Haddadi et al. 2003a).  

EEG/fMRI can be performed in two ways: either with EEG triggered BOLD-contrast 
fMRI or with continuous EEG/fMRI. In EEG triggered BOLD-contrast fMRI, a single 
volume of images is scanned 2–4 s after an epileptiform discharge (ON state) or after at 
least 10 s of background EEG activity (“rest” or OFF state). This is repeated during the 
imaging session to gather 20–50 post-discharge images (Krakow et al. 1999a). In con-
tinuous EEG/fMRI, imaging is performed in a continuous or semi-continuous manner 
during simultaneous EEG recording. The longest continuous scan time can be up to 35 
min (Salek-Haddadi et al. 2003b). This is feasible if frequent epileptic spiking or dis-
charges are present in EEG during the experiment.  

2.3.3  EEG/fMRI in epilepsy 

The first demonstration of EEG during EPI (Ives et al. 1993) indicated the technological 
challenges of the technique. Its first application to epilepsy showed the focal BOLD sig-
nal increases in EPI images, when imaging was manually triggered after subclinical EEG 
discharges (ictal and inter-ictal) visible in EEG (Warach et al. 1996). This study also 
stated the problem in the comparison of a fast spreading seizure with slowly developing 
hemodynamic response, leading to non-conlusive results concerning the primary focus. 
However, the first BOLD-contrast fMRI experiments of subclinical ictal activity, without 
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EEG, showed the potential for localization of the seizure focus in focal epilepsy (Jackson 
et al. 1994; Detre et al. 1995). Surgical resection confirmed that more precise localization 
was obtained preoperatively with BOLD-contrast fMRI than with subdural ECoG in a 
case study (Detre et al. 1995). Similarly, in a patient with medically intractable frontal 
lobe epilepsy, Seeck et al. (1998) found accordant results between EEG-triggered BOLD-
contrast fMRI acquisition, EEG source localization and subdural ECoG. The reliability 
and reproducibility of EEG-triggered BOLD-contrast fMRI was assessed in a case study 
with four repetitions by Symms et al. (1999). They reported a consistent and reproducible 
BOLD signal activation (with clustering condition) of left temporal lobe, in accordance 
with the origin of ECoG spikes. 

2.3.3.1  Interictal spiking 

The first experimental series of EEG-triggered BOLD-contrast fMRI comparing different 
analysis methods (between the ON and OFF states) was undertaken with twelve subjects 
having temporal lobe epilepsy (Patel et al. 1999). In this series, the discharge site identi-
fied with EEG was the same with BOLD-contrast fMRI using subtraction method in 8%, 
with cross-correlation in 17%, and with “individual spike analysis” in 90% of subjects, 
respectively. In individual spike analysis, weighted intensity was calculated voxel-by-
voxel as “the active voxel” intensity multiplied with the resting state baseline intensity 
divided with variance. Krakow et al. (1999a) found reproducible (in two or more experi-
ments) activation after interictal spikes or spike-waves in six of ten subjects, concordant 
with scalp EEG focus localization. In this study, because of the subjects with no activa-
tion or with no reproducible activation, concern was presented about the sensitivity of 
EEG/fMRI to discern all activated regions, and the anatomical extent of “the spiking cor-
tex”, requiring developments in SNR and the thresholding of statistical tests used to cre-
ate activation maps. Also, microstructural and functional abnormalities can differ as de-
tected in comparison of MR diffusion, chemical shift imaging and EEG/fMRI results 
(Krakow et al. 1999b), and the relation of these abnormalities to the epileptogenic zone 
need to be determined. However, EEG-triggered BOLD-contrast fMRI located area in 
accordance with focal abnormalities in structure and metabolism during focal status epi-
lepticus (Lazeyras et al. 2000a). 

Particular inspection of the activation by each individual spike suggests that 35% of 
interictal spikes (with ≈ 100 ms duration and ≈ 160 µV amplitude) induce local hemody-
namic changes detectable as BOLD activation (Krakow et al. 2001). However, it is un-
clear why in some subjects with frequent interictal activity, no BOLD activation is seen 
(Al-Asmi et al. 2003). Despite the fact that amplitude of spikes in EEG have been shown 
to correlate with total activated volume in BOLD-contrast fMRI (Jäger et al. 2002), it 
may not correlate with the amplitude of the BOLD signal (Benar et al. 2002). However, 
in subjects with lower interictal spike amplitudes, EEG-triggered BOLD-contrast fMRI 
may not find any activation areas (Krakow et al. 1999a, 2001). Other hindrances for the 
correct localization with EEG/fMRI can be motion artifacts, lack of interictal activity (or 
too high interictal activity) or epileptogenic area close to air cavities (Lazeyras et al. 
2000b; Jäger et al. 2002).  
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Lazeyras et al. (2000b) determined the epileptogenic focus with a comprehensive se-
lection of noninvasive and invasive methods. When the results of BOLD-contrast fMRI 
triggered by interictal discharges were compared to other methods, the activated region 
co-localized the focus in seven of eleven subjects. Selection of patients with extratempo-
ral lobe epilepsy and frequent interictal activity was emphasized. In a study of Lemieux 
et al. (2001b), results of EEG source localization and EEG-triggered BOLD-contrast 
fMRI were in good agreement (on average 1.6 cm apart) in five subjects of six, with 
plausible superficial sources of epileptic activity. 

Jäger et al. (2002) found exceptionally high BOLD activations in 1.5 T, i.e., 10–30% 
signal intensity increase in five of six experiments (in five subjects). Other studies report 
relative signal intensity increases to be approximately 1% for a single interictal spike 
induced activation in 1.5 T (Lemieux et al. 2001b; Benar et al. 2002). With continuous 
EEG/fMRI (35 min scan), Salek-Haddadi et al. (2003b) reported bilateral thalamic signal 
increase of 3%, in addition to cortical signal decrease, maximum in frontal area up to 6–
8%, during spontaneous 3 Hz generalized spike-and-wave discharges (absence epilepsy) 
in 1.5 T.  

Continuous EEG/fMRI (4 times 6 min scans) was first introduced by Baudewig et al. 
(2001). It has been reported to be more sensitive than spike-triggered BOLD-contrast 
fMRI (Al-Asmi et al. 2003), finding activations with less spikes. Continuous BOLD-
contrast fMRI imaging with 2,000–3,000 ms TR with simultaneous EEG has also allowed 
event-related analysis, i.e., HRF determination for epileptic spikes (Lemieux et al. 2001a; 
Benar et al. 2002; Diehl et al. 2003; Kang et al. 2003). Both spike induced BOLD activa-
tions consistent with the expected “canonical” HRF (Lemieux et al. 2001a; Diehl et al. 
2003) and differences between them (Benar et al. 2002) have been found. Especially, 
individual variances in the spike induced hemodynamic response support the utilization 
of subject-specific HRF for event-related BOLD-contrast fMRI analysis of interictal ac-
tivity (Benar et al. 2002; Kang et al. 2003). A statistically higher or similar response, lar-
ger extent of BOLD activation area and even new consistent areas compared to standard 
HRF analysis were found with subject-specific analysis (Kang et al. 2003). However, 
determining the subject-specific HRF for epileptic spikes requires either isolated spikes 
(Benar et al. 2002) or several assumptions about linear and identical hemodynamic re-
sponses between spikes of different duration and size (Kang et al. 2003). When slow 
waves associated with epilepsy are also included in event-related BOLD-contrast fMRI 
analysis, a larger and stronger activation area has been demonstrated to be found than in 
analysis with spikes only (Diehl et al. 2003). 

2.3.3.2  Generalized spike-and-wave 

Also the origin of generalized spike-and-wave or polyspike-and-wave discharges has 
been attempted to be localized with EEG/fMRI in generalized epilepsy (Baudewig et al. 
2001) and in absence epilepsy (Salek-Haddadi et al. 2003b). Thalamic activation and 
cortical deactivation of BOLD signal were apparent in an absence epilepsy patient 
(Salek-Haddadi et al. 2003b). In five patients, BOLD signal decreased in posterior cingu-
late during spike-and-wave discharges (Archer et al. 2003a). In the study of Aghakhani et 
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al. (2004) of 15 patients with idiopathic generalized epilepsy (absence and tonic-clonic 
seizures) provided more extensive evidence that both BOLD signal decreases and in-
creases exist bilaterally in cortex, and in 80% of patients, also thalamic BOLD response 
was found. Similar results have been found in an experimental model of absence epilepsy 
(Tenney et al. 2003). 

Without concomitant EEG, continuous BOLD-contrast fMRI (6 min 48 s) has been 
applied recently in epilepsy with temporal clustering analysis by Morgan et al. (2004). 
They found signal increase peaks in BOLD data, presumed to originate from interictal 
activity or subclinical discharges, and reported an average signal increase of 4–7% (in 1.5 
T). Their results suggests that epileptic activity in deep regions of the brain, not observed 
in scalp EEG, can be detected and localized with resting state BOLD-contrast fMRI and 
advanced post-processing methods. However, the origin of BOLD signal peaks was not 
clear in this study and it needs to be verified. A similar case study with a brain tumor re-
lated epileptic focus demonstrated ictal BOLD signal increase of 7–8% in 1.5 T (Kubota 
et al. 2000). 

2.3.3.3  Evoked epilepsy 

A few different forms of evoked epilepsy have been investigated with EEG/fMRI 
(Chiappa et al. 1999; Krakow et al. 2000c; Iannetti et al. 2002; Archer et al. 2003b). In 
photosensitive epilepsy, abnormal interictal metabolism and increased vascular reactivity 
may be present, detected as a slight increase in resting state lactate levels in the occipital 
cortex and a larger visual (a flash stimulation) activated area compared to controls 
(Chiappa et al. 1999). Parallel to visual activation, some regions of decreased BOLD 
signal were found. Also post-stimulus undershoot in the occipital cortex and the posterior 
cingulate gyrus were related to photosensitive epilepsy (Chiappa et al. 1999). In this 
study, evoked spike-wave activity did not induce clear BOLD response, but it may have 
confounded with visual activation response.  

Iannetti et al. (2002) applied BOLD-contrast fMRI with EEG and Krakow et al. 
(2000c) without EEG in the case of fixation-off sensitivity, i.e., epileptoform discharges 
induced during elimination of central vision and fixation. With the paradigm pattern al-
ternating periods “eyes open – eyes closed”, the “eyes closed” condition evoked continu-
ous spike-wave activity in EEG and unilateral or bilateral parieto-occipital activation in 
BOLD-contrast fMRI data, distinctive to visual activation in “eyes open” condition. In 
one patient with simultaneous cognitive impairment during epileptoform activity in EEG, 
also frontocentral BOLD activation was detected (Krakow et al. 2000c). These demon-
strations of evoked epileptoform activity during BOLD-contrast fMRI overcame the 
problem of unpredictability in studying spontaneously occurring epileptic waveforms and 
discharges during BOLD-contrast fMRI. Also an attempt to localize ”silent reading” 
evoked epileptic spikes have been taken in 3 T (Archer et al. 2003b). Spike related acti-
vation was found in the left precentral gyrus, and bilaterally in the central sulcus and glo-
bus pallidus in one patient. 
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2.3.4  EEG/fMRI during alpha rhythm and sleep  

EEG/fMRI has also been applied to the fluctuation of alpha rhythm (8–12 Hz) in EEG 
and sleep state-associated changes in brain hemodynamics. Goldman et al. (2002) pre-
sented the first results of occipital EEG alpha power (convolved with HRF) cross-
correlated with BOLD signal changes in 3 T. In their study, increased alpha activity was 
connected with increased BOLD signal in the thalamus and insula, but with decreased 
BOLD signal in multiple regions of the occipital, superior temporal, inferior frontal, and 
anterior cingulate cortex. These results suggest the role for the EEG alpha rhythm as “an 
index of cortical inactivity that may be generated in part by the thalamus” (Goldman et 
al. 2002). Similarly, Laufs et al. (2003) also found a strong negative correlation of HRF-
convolved EEG alpha power with parietal and frontal cortical voxel time series. How-
ever, positive correlation (signal increase) was not systematically present in their results. 
With EEG/fMRI or EEG/near infrared spectroscopy, spontaneous alpha activity has been 
found to have maximum correlation with deoxyhemoglobin concentration in occipital 
area at a time delay of 8.4 s (Moosman et al. 2003). Also prominent deactivation in oc-
cipital areas and activations in the thalamus were associated with alpha activity. The rela-
tionship of other EEG rhythms, except event-related gamma rhythm (Logothetis et al. 
2001; Foucher et al. 2003), with BOLD signal changes has not yet been reported. 

In the BOLD-contrast fMRI studies during sleep, EEG has been utilized for classifica-
tion of sleep states. The first attempts were performed for monitoring functional changes 
in brain due to rapid eye movement sleep (Lovblad et al. 1999). Further studies have 
been focused on auditory or visual stimuli during non-rapid eye movement sleep states 
(Czisch et al. 2002), slow wave sleep (Born et al. 2002) or both rapid eye movement and 
non-rapid eye movement sleep states (Portas et al. 2000).  

2.3.5  EEG/fMRI and evoked potentials  

In cognitive neuroscience, evoked potentials and event-related potentials in EEG are a 
tool to understand neuronal processing related to cognition, e.g., memory, learning and 
recognition of patterns or novel events. Application of EEG/fMRI may reveal the areas 
involved in these EEG patterns and “sequencing of the activation of the various partici-
pating regions” (Schomer et al. 2000). However, differences between EEG and BOLD 
signal may set limitations in this respect (Nunez & Silberstein 2000; Horwitz & Poeppel 
2002).  

Bonmassar et al. (1999) were the first to record visual evoked potentials (VEPs) dur-
ing BOLD-contrast fMRI examination in 3 T. They developed a magneto-compatible 64-
channel EEG electrode cap allowing EEG isopotential plot construction. BOLD activa-
tion in primary and secondary visual cortices was in good spatial accordance with isopo-
tential plots at the VEP maximum (around 100 ms after stimulus). With this approach, 
Bonmassar et al. (2001) presented how combined BOLD-contrast fMRI and EEG source 
localization provided the “spatiotemporal movie” following visual stimulation induced 
changes in cortical activity with millisecond resolution. The VEP components (N75 and 
P100) were associated with simultaneous “peaks” in BOLD activation. Another VEP 
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EEG/fMRI study in 3 T by Kruggel et al. (2000) obtained simultaneous VEP and BOLD 
activation in the visual cortex, but they also stated the problems of their experiment: the 
small number of EEG electrodes (nine), artifacts in EEG in the MR environment and a 
blocked design instead of single-trial design to obtain a sufficient quality of VEPs. 

Phase-locked evoked responses and non-phase locked event-related responses have 
been reported to differ between EEG and BOLD-contrast fMRI with visual stimuli 
(Foucher et al. 2003). They found that increase in the intensity of event-related gamma 
oscillations (32–38 Hz) apparently co-occurs with increase in BOLD signal, while 
evoked potentials (P300) had an inverse relationship to BOLD activation. However, their 
TR was 4,000 ms, making the event-related BOLD-contrast fMRI analysis less convinc-
ing. Liebenthal et al. (2003) have presented the first results obtained with EEG/fMRI 
about passive auditory processing of infrequent deviant tones within a sequence of stan-
dard tones. The respective event-related potential in EEG is called mismatch negativity. 
They repeated one BOLD-contrast fMRI acquisition period every 10.5 s to avoid the 
scanner noise evoked response. Activated voxels were found in a cross-correlation analy-
sis with EEG response amplitude average, with location consistent with earlier studies.  

2.4  Cerebrovascular reactivity 

Vasoactive stress tests induce either vasoconstriction or vasodilatation. Vasodilatory ef-

 with these vasoac-
tiv

2.4.1  Hyperventilation 

HV induces respiratory alkalo nt vasoconstriction, and pos-
sibly also hypoxia, in the brain. HV leads to changes in blood oxygenation which can be 

fect can be provoked with hypercapnia (inhalation of 5–7% CO2), hypoxia, anoxia or 
acetazolamide (Kastrup et al. 2000). To induce vasoconstriction, hypocapnia (HV) or 
indomethacin can be applied. Hyper- and hypocapnia induced changes, i.e., CO2-
reactivity of brain circulation, are well-known phenomena. However, the mechanisms 
behind them are less clear, including extracellular pH as a major factor, in conjuction 
with prostaglandins, NO and neural regulation (Kastrup et al. 2000).  

Cerebrovascular reserve capacity or CBF regulation can be studied
e stress tests with functional imaging. In BOLD-contrast fMRI, either vasodilatation 

and vasoconstriction tests have been performed in order to study BOLD-contrast (Posse 
et al. 1997a; Kastrup et al. 1999; Kastrup et al. 2001; Kemna & Posse 2001; Posse et al. 
2001; Riecker et al. 2003), to calibrate activation BOLD-contrast (Bandettini & Wong 
1997; Davis et al. 1998; Hoge et al. 1999) or to assess cerebral microangiopathy (Hund-
Georgiadis et al. 2003). In EEG, hypercapnia does not induce clear changes except during 
general anesthesia (Kalkman et al. 1991). Hypocapnia induced by HV is a well-known 
provocation in petit mal (absence) epilepsy for 3 Hz spike-and-wave discharges in EEG.  

sis, hypocapnia and subseque

observed with BOLD-contrast fMRI (Posse et al. 1997a; Hsu et al. 1998; Weckesser et 
al. 1999; Kemna & Posse 2001; Posse et al. 2001; Naganawa et al. 2002; Hund-
Georgiadis et al. 2003).  
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HV induces changes in neuronal function, which can be seen in the EEG of young 
subjects: DC level changes, diffuse delta activity, arrhythmic delta and theta activity and, 
in 

2.4.2  Intermittent rhythmic delta activation 

The general defi , bilateral, high 
amplitude, repetitive EEG activity at frequencies of 2–3 Hz. Depending on localization, 

9), DC level shift (Voipio et al. 
20

2.5  Suppression of neuronal activity in brain 

Neuronal activi  brain damage, 
hypothermia or coma, for example. When measured with EEG, either a full suppression 

some subjects, intermittent rhythmic delta activity, IRDA, also called high amplitude 
rhythmic slowing (Takahashi 1993; Tomita-Gotoh & Hayashida 1996; Sharbrough 1999; 
Lum et al. 2002; Gullapalli & Fountain 2003). In children with petit mal epilepsy HV 
induces generalized spike-and-wave discharges at a rate of 3 Hz with simultaneous cogni-
tive impairment, i.e., an absence seizure. Also, high amplitude rhythmic slowing has been 
claimed to be related to simultaneous altered awareness (Lum et al. 2002). IRDA occur-
ring solely in HV is considered normal in the current literature (Sharbrough 1999; Fisch 
& So 2003). 

nition for IRDA is relatively sinusoidal or saw-toothed

IRDA can be frontal, temporal or occipital (respectively, called FIRDA, TIRDA or OI-
RDA in the literature). Pathologic IRDA can be observed with multiple etiologies, both 
with metabolic encephalopathies without structural pathology and in association with 
focal epilepsy or brain tumors. Occipital IRDA is closely related to epileptic oscillations, 
as it can gradually turn into 3 Hz spike-and-wave discharges, or can be the EEG pattern 
of nonconvulsive status epilepticus (Andermann & Robb 1972; Gullapalli & Fountain 
2003). Non-linear modeling suggest unbalanced excitation and inhibition in the brain as a 
cause for frontal IRDA (Stam & Pritchard 1999). Otherwise rhythmic oscillations can 
result from thalamocortical synchronization, also seen during sleep, possibly related to 
regulation of brain homeostasis (Steriade et al. 1993).  

There are several studies of HV induced hypocapnia effects on cerebral function in-
cluding the origin of EEG slowing (Hoshi et al. 199

03), changes in the BBB (Hannon et al. 1988), CMRO2 and lactate content (van Rijen 
et al. 1989; Posse et al. 1997b); and in vitro results of neuronal excitability increase 
(Tombaugh & Somjen 1996). However, knowledge about the basis of IRDA is scarce and 
obtained mainly from patients (Zurek et al. 1985; Normand et al. 1995; Lum et al. 2002; 
Watemberg et al. 2002; Di Gennaro et al. 2003; Gullapalli & Fountain 2003).  

ty of the brain can be suppressed in ischemic or traumatic

or burst-suppression pattern can be identified. The burst-suppression pattern in EEG con-
sists of intermittent high-amplitude bursts between low-amplitude, suppressed EEG. Most 
commonly, burst-suppression EEG is related to deeper levels of anesthesia with several 
anesthetics (e.g. thiopental, isoflurane). The duration of bursts and suppressions are influ-
enced by the level of anesthesia, the anesthetics used and interindividual variations as 
well as the grade of the possible brain damage (Pokela et al. 2003). During the deepening 
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of anesthesia level, changes in the neuronal function may differ in the pathological areas 
of the brain compared with the normal brain (Hufnagel et al. 1992; Wennberg et al. 
1997).  

2.5.1  Deep general anesthesia 

Deepening anesthesia pro d evoked potentials that 
can be used to monitor the depth of anesthesia (Liu et al. 1997; Sloan 1998). First, the 

2.5.2  Thiopental anesthesia and brain function 

Thiopental is a sthesia. Blood 
flow and metabolism decrease in the brain during induction of thiopental anesthesia in a 

wada et al. 1982). Similarly, CMRO2 and CBF began to increase 

duces well-known changes in EEG an

high frequencies of EEG increase in amplitude followed by the low frequencies. The fol-
lowing short periods of EEG flattening (i.e., suppressions) appear to develop from burst-
suppression to total suppression. As EEG changes from the continuous to burst-
suppression pattern, the activity of individual neurons decreases. The decrease is stronger 
in the cortex than in the thalamus (Steriade et al. 1994). Parallel with these changes, CBF 
and CMRO2 decrease (e.g., Kassell et al. 1980). It has to be kept in mind that each anes-
thetic has its own mechanism of action in the brain to induce anesthesia. The effects of 
halothane (Ogawa et al. 1990), isoflurane (Zhang et al. 2000), propofol (Lahti et al. 
1999), pentobarbital (Martin et al. 2000) and thiopental (Kiviniemi et al. 2000) on BOLD 
response have been studied during sensory activation or resting state. It is not known, 
how the T2

*-weighted BOLD signal changes during deepening anesthesia.  

n intravenous anesthetic agent, widely used for general ane

dose-dependent fashion until the EEG suppression level is reached. In experimental stud-
ies, CMRO2 and CBF have found to reduce approximately 30% in thiopental anesthesia 
without reaching the burst-suppression level in EEG (Stullken et al. 1977; Björkman et 
al. 1994). During light thiopental anesthesia in cats, local blood flow decreased 38% to 
53% in visual, auditory, and sensorimotor cortices where blood flow in the brain is high-
est when awake (Sokoloff 1996). In the thalamus, CBF reduction was approximately 31% 
in cats (Sokoloff 1996). A reduction of 40–50% also occurred in regional CMRglu in light 
thiopental anesthesia in rats (Sokoloff et al. 1977). Blood flow and metabolism change 
reached a plateau of approximately -50% in the burst-suppression state in thiopental anes-
thesia in dogs (Kassell et al. 1980). Michenfelder (1974) showed that reduction in 
CMRO2 does not further continue with additional doses of thiopental when the full EEG 
suppression was reached in dogs. In vitro study with rat brain slices has shown that 1) 
thiopental burst-suppression is intrinsic to the neocortex, 2) enhanced tonic gamma-
aminobuturic acid (GABA)-ergic inhibition suffices to produce a burst-suppression state 
and 3) excitatory input is required to provide bursts (Lukatch & MacIver 1996). 

Tolerance to thiopental develops in 24 h. To hold EEG burst-suppression as an anes-
thesia end-point, the thiobarbiturate concentration in blood had to be increased in severe 
head injury patients (Sa
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(Altenburg et al. 1969). It is thought that EEG reflects the level of thiopental anesthesia 
better than plasma concentrations prior to the development of metabolic tolerance.  

Due to a cardiovascular depressant effect of thiopental, MAP and cardiac output de-
crease slowly with continuous infusion of thiopental until the EEG burst-suppression 
level in dogs (Kassell et al. 1980). Thiopental mainly induces both cerebral vasoconstric-
tio

anesthesia, i.e., the burst-suppression 
lev

2.5.3  Isoflurane anesthesia and brain function 

Isoflurane is a volatile anesthesia agent for general anesthesia. It has been widely used for 
neuroanesthesi rane, CBF in-
creases slightly (20%) and CMRO2 decreases (-50%), i.e., CBF/CMRO2 ratio is increased 

 GABAA receptor antagonist 
on

en so-
ma

n and peripheral vasodilatation. However, in vitro, thiopental had also a vasodilatatory 
effect on cerebral arteries (Sanchez-Ferrer et al. 1985) and aortic ring preparations 
(Kitamura et al. 1996). The effect on vascular tone in isolated arteries may be due to the 
potentiating effect of thiopental on NO production in vascular smooth muscle cells 
(Kessler et al. 1997). Cerebral vasoconstriction may result from a suppressed neuronal 
function in thiopental anesthesia owing to intact neurovascular coupling despite the 
othewise vasodilating effect (Michenfelder 1988). 

The literature suggests a global, but uneven response in the brain to sudden deepening 
of thiopental anesthesia. Earlier studies of local CBF or CBV changes concern light or 
sedation level of thiopental anesthesia. In deep 

el, global changes of CBF or CBV have been investigated, but local changes need to 
be explored.  

a. In 1.0 minimum alveolar concentration (MAC) of isoflu

with deepening anesthesia with isoflurane. However, coupling between CMRO2 changes 
and CBF remains. (Drummond & Shapiro 1994). Cerebral autoregulation is close to nor-
mal in 1.0 MAC but not preserved in 1.5 MAC isoflurane anesthesia (Strebel et al. 1995). 
Hypercapnia induced CBF increase disappear after 2 MAC, as the global vasodilating 
effect of isoflurane is maximal (Drummond & Shapiro 1994). During deep isoflurane 
anesthesia, i.e. in EEG burst-suppression, bursts have been shown to be associated with 
increase in regional CBF (Golanov et al. 1994) or in the blood flow velocity of the mid-
dle cerebral artery (Kuroda et al. 1997). Isoflurane affects brain vasodilation heterogene-
ously as the effect on the cortex is small despite the fact that net cerebral vasodilation is 
dose-dependent (Drummond & Shapiro 1994). In the cortex, however, CMRglu can be 
reduced more than in the subcortex (Maekawa et al. 1986). 

Isoflurane is a GABA subtype A (GABAA) receptor agonist. It induces enhancement 
of GABAAergic inhibition and a blockade of thalamocortical information transfer in vivo 
(Detsch et al. 2002a). Local administration of bicuculline, a

 the thalamic level can reverse the isoflurane effect (Vahle-Hinz et al. 2001).  
It has been shown repeatedly that sensory stimuli can evoke bursts in EEG during 

deep isoflurane anesthesia (Yli-Hankala et al. 1993; Hartikainen et al. 1995; Hartikainen 
et al. 1996; Hartikainen & Rorarius 1999; Yli-Hankala et al. 1999). However, wh

tosensory stimulus was applied in rats during isoflurane anesthesia, no evoked bursts 
were seen (Detsch et al. 2002b). Hartikainen et al. (1995) used auditory clicks, visual 
flashlight via goggles or electric pulses constantly evoking bursts either after the begin-
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beginning or after the end of the stimulation episode. Duration of stimulus as well as 
quality may play role in this controversy. Noxious, long duration trains are likely to 
evoke bursts. During BOLD-contrast fMRI, scanner noise has to be controlled or masked 
to exclude the possibility of auditory evoked bursts due to imaging gradient noise 
(Novitski et al. 2001). 

Pain stimulus may not induce BOLD signal change during isoflurane anesthesia 
(Antognini et al. 1997). In experimental absence epilepsy, BOLD response was also di-
mished during deep isoflurane anesthesia in rats (Tenney et al. 2003). Similarly, isoflu-
ran

2.6  Global brain injury 

2.6.1  BOLD-cont obal brain injury 

BOLD-contrast fMRI has been applied to monitor acute oxygenation changes, or to as-
sess c ed to 
global cerebral pathophysiology (Dijkhuizen & Nicolay 2003). Either spontaneous 

e blocked epileptic activity produced by penicillin admistration via the cisterna magna 
in cats (Murao et al. 2000). However, epileptic spiking was not suppressed with isoflu-
rane in humans, when studied prior to burst-suppression EEG (Fiol et al. 1993). In a ca-
nine model, with visual stimulus, BOLD signal change was well detected with isoflurane 
anesthesia compared to other anesthetics (Willis et al. 2001). In humans, somatosensory 
evoked potentials are decreased during isoflurane anesthesia (Drummond & Shapiro 
1994). 

rast fMRI application in gl

erebrovascular reactivity, brain reorganisation and functional recovery relat

changes, functional changes during local sensory or cognitive stimuli, or global hypo- or 
hypercapnia have been studied. Experimental models of global brain disorders studied 
with BOLD-contrast fMRI include, e.g. global ischemia and reperfusion after cardiac 
arrest (Deslauriers et al. 1996; Mutch et al. 1997; Schmitz et al. 1998) and absence epi-
lepsy (Tenney et al. 2003). Either motor, visual or cognitive BOLD activation has been 
applied to monitor the time dependent evolution or cortical re-organisation in multiple 
sclerosis patients (Miller et al. 2003). With probable Alzheimer’s disease, mental 
arithmetic induced BOLD activation areas are reduced (Remy et al. 2004). Cerebral 
microangiopathy related changes to cerebrovascular reactivity has been demonstrated 
with BOLD-contrast fMRI (Hund-Georgiadis et al. 2003). Cerebrovascular endothelial 
dysfunction may play a significant role in dispaired flow-metabolism coupling in the 
brain. Deterioration of vascular endothelium has been associated with Alzheimer’s 
disease (Budinger 2003) and to the excess of homocysteine (Hassan et al. 2004) related 
also to the development of methotrexate (MTX) related neurotoxicity (Vezmar et al. 
2003).  
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2.6.2  Methotrexate-induced cerebral injury  

MTX is used in the treatment of malignancies and rheumatoid arthritis because of its anti-
cancer and anti-inflammatory properties. MTX has several effects on cerebral metabolism 
causing i) demyelination, ii) deterioration in vascular endothelium, iii) synthesis of exci-
tatory neurotransmitters, and iv) decrease in CMRglu. MTX may have serious neurologic 
(headaches, somnolence, confusion, seizures, paresis) and/or neuropsychologic (deficits 
of higher cognitive functions) side effects (Vezmar et al. 2003). MTX induces also dif-
fuse necrotising lesions, astrogliosis in WM and sometimes calcification. The mecha-
nisms of MTX-induced neurotoxicity are not fully understood. 

MTX is an antifolic agent inhibiting dihydrofolate reductase enzyme and it causes fo-
late deficiency (Bottiglieri et al. 1994). Folate and B12 deficiency is associated with an 
increase in plasma homocysteine levels and consequent reduction of ademetionine con-
centration in the central nervous system (CNS). Homocysteine is needed in the formation 
of ademetionine. Ademetionine participates in many transmethylation reactions needed in 
neurotransmitter metabolism and in the synthesis of phospholipids, membrane receptors 
and myelin in CNS (Weir et al. 1992). Lack of ademetionine may prohibit myelin forma-
tion and may decrease monoamine neurotransmitter synthesis. Homocysteine is metabo-
lised into sulphur-containing excitatory aminoacids (e.g. homocysteic acid, cysteine 
sulfinic acid, cysteic acid) which may activate N-methyl-D-aspartate receptors and in-
duce seizures and neuronal death (Quinn et al. 1997). Increase in plasma homocysteine 
may deteriorate the surface of vascular endothelium into a prothrombotic state (Quinn et 
al. 1997). In cerebral small vessel disease, markers of endothelial dysfunction and homo-
cysteine level in blood coincide (Hassan et al. 2004). Further, lowering homocysteine has 
improved the endothelium-dependent blood flow response in humans with coronary heart 
disease (Chambers et al. 2000). In epilepsy, increased homocysteine plasma levels have 
been associated with anticonvulsant therapy in children (Tumer et al. 2002). Homocys-
teine may also relate to epilepsy (Biancheri et al. 2002). 

2.6.3  Functional defects in brain after methotrexate 

MTX may sometimes induce WM changes in the anatomic MRI (Asato et al. 1992; 
Pääkkö et al. 1992; 2000). In a motor-evoked potential study of leukaemia patients, the 
number of MTX injections has been related with CNS lesions (Harila-Saari et al. 2001). 
MR spectroscopy has shown changes in brain metabolites without accompanying struc-
tural changes (Chu et al. 2003). 

MTX may induce small deficits in brain perfusion in several brain areas detected with 
single photon emission computed tomography (SPECT) and positron emission tomogra-
phy (PET) studies (Mizusawa et al. 1988; Harila-Saari et al. 1997). However, in MR per-
fusion, in comparison to SPECT, the small perfusion defects were not detectable using 
the relative MR perfusion values (Pääkkö et al. 2003). Earlier results of human brain per-
fusion in SPECT showed defects in the cortical areas and the basal ganglia (Harila-Saari 
et al. 1997; Osterlundh et al. 1997). Also, a brain perfusion study in rats with PET indi-
cated that CBF reduced in all brain regions after MTX infusion (Mizusawa et al. 1988).  
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In PET study, cerebral CMRglu is found to be reduced 20–40% in humans by MTX 
therapy (Komatsu et al. 1990). MTX may inhibit transport of glucose and decrease glu-
cose phosphorylation. In the rat brain, MTX can depress CMRglu 22–23% on average, in 
a dose-dependent way (Phillips et al. 1986). This was interpreted to reflect either direct 
reduction of CMRglu or diminution of energy requirements.  

BOLD-contrast fMRI studies concerning MTX-induced functional changes in the 
brain have not been found from the current literature. Changes in BOLD response during 
somatosensory stimulation are hypothesised to happen, if endothelium-dependent control 
of vascular reactivity in neuronal activation is deteriorated. 

2.7  Local brain injury 

2.7.1  BOLD-contrast fMRI application in local brain injury  

Different experimental models for local lesions in the brain have been studied with 
BOLD-contrast fMRI to assess hemodynamic changes inducing T2

* or T2 change. Ex-
perimental hemorrhage, focal ischemia (stroke models) and reperfusion, brain tumor, 
Parkinson’s disease and focal epilepsy models have been investigated in combination 
with either vascular or pharmacologic challenge or activation studies in BOLD-contrast 
fMRI (Dijkhuizen & Nicolay 2003). For example, brain tissue viability around an ex-
perimental stroke area can be detected as a reduction in T2–weighted BOLD signal in 
tissue with compromised flow, but substantial residual perfusion (Gröhn & Kauppinen 
2001; Kavec et al. 2001). Of the experimental models mentioned, the focal epilepsy 
model has clear EEG waveforms related to lesioning and detectable BOLD signal change 
(Opdam et al. 2002).  

2.7.2  Experimental focal epilepsy 

Experimental focal epilepsy can be induced either in an acute or chronic way. 
In several acute models, GABAA receptors are blocked with local application of a block-
ing agent (e.g., picrotoxin, bicuculline or penicillin G) and this prevents GABA-mediated 
inhibitory control of the main population of pyramidal neurons (Avanzini & Franceschetti 
2003; Jefferys 2003). As the inhibition is impaired, recurrent excitatory post-synaptic 
potentials and intrinsic bursting of a subpopulation of pyramidal cells (in the hippocam-
pus or in neocortical layer V) leads to excessive cell firing in interconnected cortical neu-
rons, and to highly synchronized activity of the neuronal population (Avanzini & France-
shetti, 2003; Jefferys 2003). Layer IV is most sensitive to penicillin epileptogenesis 
(Ebersole & Chatt 1984). 

In experimental focal epilepsy a priori knowledge exists where the true epileptogenic 
area is located. This enables characterization of the surrounding BOLD changes around 
the true primary focus region, comparison with EEG changes and further development of 
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BOLD-contrast fMRI localization techniques. A few previous studies utilized experimen-
tal epilepsy models with EEG/fMRI exist (Opdam et al. 2002; Van Camp et al. 2003). 
Dynamic induction of experimental epilepsy during BOLD-contrast fMRI could give 
further insight about the characteristic time sequence of BOLD-contrast fMRI changes in 
epilepsy. 

Epileptic brain regions sometimes remain active although the activity of the rest of the 
brain is suppressed with anesthetics to treat status epilepticus or during epilepsy surgery 
(Fiol et al. 1993; Jäntti et al. 1994; Igartua et al. 1999; Prasad et al. 2001). Deep anesthe-
sia may provide a means to limit confounding baseline activity in the brain, and also in-
hibit the spread of epileptic activity.  

2.7.3  Penicillin-induced functional changes in brain  

With pressure ejection via a microelectrode, penicillin distribution to reach “threshold 
volume”, enough to induce the first interictal spike, has been determined to surround an 
electrode with a radius of approximately 150 µm, covering an estimate of 600 to 800 neu-
rons (Lehmenkühler et al. 1991). As the spike amplitude reaches its maximum, the criti-
cal sphere does not grow significantly.  

Topical application, microinjection or iontophoresis of penicillin in the cortex is fol-
lowed with enhanced physiologic response to stimulus, an extracellular paroxysmal depo-
larisation shift and inhibition of tonically responding neurons. The increased number and 
frequency of, i.e., enhanced physiologic response to stimulus is the earliest sign during 
the first minutes of development of an epileptic focus, prior to the paroxysmal depolarisa-
tion shift which is coupled to interictal activity in ECoG. Response inhibition occurs in 
neurons surrounding the initial focus, creating an “inhibitory surround” as a projection to 
the neighbouring interictal activity. (Ebersole & Levine 1975). Initial excitatory events 
may involve cortical layers IV and V, projected to apical dendrites in layers II and III 
(Pockberger et al. 1984).  

Interictal spike is followed with immediate transient inhibition that terminates the 
massive paroxysmal burst of action potentials resulting the interictal spike (de Curtis & 
Avanzini 2001). Inhibition is shown to be partly GABA-mediated via both GABAA and 
GABA subtype B receptors in penicillin-induced foci (Witte 1994) and cause profound 
postsynaptic inhibitory potential of 1–2 s duration, as shown in a bicuculline-induced 
focus (de Curtis et al. 1999).  

With a sufficient penicillin dose, interictal spikes appear in ten seconds to minutes, in-
crease their frequency in several minutes, then develop short seizure-like “bursts” in 
around twenty minutes, up to ictal discharge, i.e., seizure activity in ECoG (Opdam et al. 
2002). With higher penicillin dose, severe seizure activity appears in ten minutes (Tenny 
et al. 1980). 

Glucose uptake can increase more than 200% in hypermetabolic primary focus with a 
20–30% increase in CBF (Witte et al. 1994; Brüehl et al. 1998). The consequences of 
higher level of metabolic activity have been shown to lead to a nonhypoxic lactacidosis in 
a primary seizure focus, but not in a secondary focus, despite the equal increase of 68% 
in CBF in both (Tenny et al. 1980). 



3 Aims of the study 

The aims of the present study were: 

1. To evaluate if BOLD signal changes will provide additional information in hyperventi-
lation induced EEG reactivity. (I) 

2. To investigate BOLD signal changes in the brain during sudden deepening of thiopen-
tal anesthesia into EEG burst-suppression level. (II) 

3. To study somatosensory BOLD response in globally induced methotrexate exposition 
in brain. (III) 

4. To develop and test an experimental epilepsy model with simultaneous EEG and 
BOLD-contrast fMRI for localization of the epileptic focus or foci. (IV) 

 



4 Subjects, materials and methods 

Table 3 summarises the subjects, materials and methods used in the present study (I – 
IV). The subjects in the study I were young healthy volunteers recruited from the medical 
students. Animals in the studies II–IV were pigs (female, 14–27 kg).  

Table 3. Summary of subjects, materials and methods. 

Intervention Measurement Data Analysis N Results from 
6 4 volunteers with IRDA (I) Hyperventilation of 3 

min 
EEG screening, 
EEG/fMRI 

EEG IRDA power, 
averages of ROI voxel 
time series  

6 4 matched control volunteers 

(II) Sudden deepening of 
thiopental anesthesia, 
repetitive thiopental 
boluses 

EEG prior to MRI, 
EEG/fMRI 

EEG total power, 
cross-correlation and 
averages of ROI voxel 
time series 

5 5 animals, 
5 boluses prior fMRI, 
9 boluses within fMRI  

6 
6 

1 pre-MTX animal 
2 post-MTX animals,  

(III) MTX-exposition, 
systemic induction 

BOLD-contrast 
fMRI, 
somatosensory 
electrical stimuli 

Somatosensory ROI, 
Student t-test 

   
4 

measurement repeated 
1 age-matched control animal 

13 6 animals, (IV) Penicillin injection 
locally in brain, deep 
isoflurane anesthesia 

EEG/fMRI Visual evaluation, 
EEG total power, 
cross-correlation 

 1 animal with hypo- and 
hypercapnia only 

N = number in series, IRDA = intermittent rhythmic delta activity, ROI = region of interest, 
MTX=methotrexate. 
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4.1  Hyperventilation (I) 

4.1.1  Subjects 

In order to obtain subjects for the IRDA and non-IRDA groups of the present study, a 
population consisting of 18 medical students, 21–31 years, (volunteering for the present 
study) was screened with EEG. First, six subjects were found to have rhythmic delta acti-
vation during 3 min HV, and control subjects were matched for them. These 12 subjects 
were scanned in BOLD-contrast fMRI. However, in post-processing it became clear that 
only four subjects (21–24 years, non-smoking, right handed, 3 women, 1 man) had clear, 
long duration bursts of IRDA with strong IRDA power change in frequency domain 
analysis. Since the subjects had no history of seizures and were older than the typical age 
of 3 Hz absence seizures, it is safe to assume that their IRDA was not a sign of absence 
seizure. The results from these four selected subjects and their matched controls (without 
IRDA) are reported in this paper. All subjects gave informed consent before the experi-
ments, and the experimental protocol was approved by the local Ethics Committee. 

4.1.2  Hyperventilation 

All selected subjects were non-smoking healthy volunteers, with no neurological symp-
toms (except tension neck headache in 1 case). Instructions for voluntary HV were given 
according to a standard clinical protocol in EEG studies, i.e., subjects were asked to in-
crease the rate and depth of their breathing keeping their body otherwise still. During the 
imaging session, decrease in pETCO2 was also monitored. HV induced reversible sensa-
tions were dizziness, feeling heavy, numbness, paresthesia in the limbs and face, light 
sensation, and contraction of hands (1 case). HV (3 min) was performed during 8 min 
BOLD-contrast fMRI in a 1.5 T scanner. EEG was recorded throughout the MRI session.  

Physiological parameters were collected with an anesthesia monitor (S/5 MRI 
Monitor, Datex-Ohmeda, Finland) using pulse oximeter (heart rate and blood oxygena-
tion) and pETCO2 measurement from a tube connection to a clear mask fastened tightly 
on the face, covering both nose and mouth. The pETCO2 – arterial CO2 pressure gradient 
has been demonstrated to be consistent (Dager et al. 1995). This is especially valid when 
the respiration is not superficial and there is no lung pathology, i.e., with young healthy 
non-smoking subjects. 

4.1.3  EEG 

The screening EEG recording session was performed in a non-magnetic environment 
with digital EEG equipment (Scan, SynAmps, NeuroScan, El Paso, TX). EEG ampli-
fier set-up parameters were bandwidth 0.05–200 Hz, gain 500, sampling frequency 1,000 
Hz, range 11 mV and accuracy 0.168 µV. EEG-electrodes and cables compatible with the 
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MRI environment (MagLink, NeuroScan, El Paso, TX) were used during imaging with 
the following amplifier set-up parameters: DC-recording, bandwidth 0–200 Hz, gain 150, 
sampling frequency 1,000 Hz, range 37 mV, accuracy 0.559 µV. Altogether 12 EEG-cup 
electrodes were attached according to the international 10/20 system (ground: Fpz and 
reference: FCz). EEG recording included one ECG derivation. EEG was recorded 
throughout the MRI session. During scanning, with paused acquisition (1 image set/1 s, 
acquisition delay 5,000 ms) EEG was readable during a 5 s pause. A display filter of 0–30 
Hz was applied before review. 

4.1.3.1  EEG analysis 

Four derivations were selected for analysis: Fp1-Cz, Fp2-Cz, Fz-O1 and Fz-O2. The 
derivation showing the largest change was included in the group average. IRDA occurs in 
a very limited frequency band or even in one frequency, within the used frequency resolu-
tion and these frequencies are individual. These individual frequencies or frequency 
bands (varied between 2.00–2.75 Hz) were determined from the high quality EEG data 
obtained during screening for each IRDA subject, and used in IRDA power analysis of 
EEG recorded during BOLD-contrast fMRI. Since individual IRDA frequencies in this 
group of subjects were between 2.00–2.75 Hz, this whole band was used for the control 
group data, to confirm and to give evidence that there really was no IRDA in the control 
group EEG. For comparison rhythmic delta power (integration of power spectrum calcu-
lated with FFT in Matlab 5.3, 4 s rectangular window, 4,000 data points) versus time was 
calculated in exactly the same manner from both the screening EEG signals and from the 
EEG signals during BOLD-contrast fMRI between one s imaging artifacts. The rhythmic 
delta power was normalized to a baseline average. The baseline was selected to be the 
first 1.5 min of 3 min HV, because artifacts induced by breathing and high heart rate are 
present but the IRDA emerges generally after 2 min of HV. 

Each EEG was visually reviewed by an experienced clinical neurophysiologist to con-
firm the results of signal analysis. The EEG pattern of IRDA was readily detected also 
during BOLD-contrast fMRI because of its frequency, amplitude and typical abrupt onset 
and end. One control subject had an artifact on the rhythmic delta band in the EEG re-
corded during BOLD-contrast fMRI, and was rejected from the group average of IRDA 
power. Also, one IRDA subject has to be rejected from EEG analysis due to an unsuc-
cessful EEG recording during BOLD-contrast fMRI. Ballistocardiogram artifact correc-
tion was not performed. IRDA oscillations were clearly distinguishable compared to bal-
listocardiogram artifacts. Other artifacts were ventilation-induced delta frequency fluc-
tuation in EEG in a magnetic environment. However, when spectral power analysis was 
reduced to cover only IRDA frequencies, the change comparable to screening data was 
distinguishable around the last minute of the HV period. 
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4.1.4  BOLD-contrast fMRI 

The MRI was conducted with a General Electric (GE) Signa Infinity TwinSpeed (GE 
Medical Systems, Milwaukee, WI, USA) 1.5 T scanner with a birdcage head coil     
(Medical Advances, Milwaukee, WI, USA). Subjects were lying in the supine position 
and eyes closed during BOLD-contrast fMRI. The head of the subject was set tightly onto 
the headrest with foam pads and the subject was instructed to keep their head still. 
BOLD-contrast fMRI was undertaken with a single-shot GRE-EPI sequence (flip angle 
90°, matrix 128 × 128, field of view (FOV) 24 × 24 cm, slice thickness 5 mm, spacing 2 
mm, 1 number of excitations (NEX), six axial slices, ramp sampling). The rationale for 
choosing a 128 × 128 matrix was to obtain good spatial resolution for segmentation of the 
EPI scan. TR was 6,000 ms, i.e. 6 axial slices were obtained in 1,000 ms followed by an 
acquisition delay of 5,000 ms. To slightly increase the image SNR, the optimal TE 60 ms 
(N = 4) for BOLD-contrast studies had to be reduced to 40 ms (N = 4). However, the 
same TEs were used between matched pairs. Also, BOLD sensitivity dependence on TE 
has a fairly broad maximum, indicating that the choice of TE time is not critical around 
40–60 ms (Moonen & Van Gelderen 2000). One high resolution MRI (T2-weighted fast 
spin echo) was obtained in the same location as in the BOLD-contrast fMRI scan. Visual 
comparison between these high-resolution images and segmented EPI scan was            
performed to evaluate the accuracy of the segmentation. 

4.1.4.1  BOLD-contrast fMRI analysis 

Prior to further analysis, translational rigid body motion was checked by center of mass 
(COM) analysis (Moser et al. 1996). The criterion for acceptable head movement was 
less than 1 mm translational motion, which was exceeded in all subjects except one.     
Motion correction for these subjects was conducted (Woods et al. 1998). After motion 
correction, three subjects still had ≥ 1 mm translational motion in COM analysis. These 
three subjects were reviewed both with cine loop and further region of interest (ROI) 
analysis to evaluate if the residual movement was continuous or abrupt. If the movement      
exceeding 1 mm was a single, abrupt change, consisting one or two consecutive data 
points (“spike”) markedly deviating from the overall signal, not continuous, data was 
considered to be acceptable. Analysis software (Fantom) developed in-house was used for 
manual segmentation. First, intensity thresholds for global WM and GM were adjusted 
separately. To obtain WM and GM ROI, a line restricting the ROI voxels inside the brain 
was drawn manually with different thresholds on two axial EPI slices. Further, following 
brain anatomy, frontal, temporal and occipital GM ROIs were drawn with GM threshold, 
an example of an upper slice is shown in Fig. 3 in Results. Also the thalamic area was 
segmented as a ROI on one axial EPI slice Fig. 3 in Results. The two first images of each 
time-volume set were excluded due to signal saturation. The voxel time courses were 
detrended to exclude any linear drift. Average BOLD responses of the voxel time series 
of the segmented ROIs were calculated. Further, relative average BOLD responses were 
group averaged. Separate average values were determined from the ROI average re-
sponses 1) for the beginning of the HV period before IRDA and 2) for the end, after 
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IRDA onset until offset. In addition, time for recovery to baseline was determined from 
the end of the HV period until signal increase to baseline.  

4.2  Sudden deepening of thiopental anesthesia (II) 

4.2.1  Animals 

The experiments were conducted with a porcine model, i.e., five female piglets (2 to 3 
months, 20–25 kg). The animals were fasted 12 h prior to the induction of the anesthesia. 
Premedication consisted of i.m. midazolam (Dormicum, 1.2–1.7 mg/kg) and ketamine 
(Ketalar, 12.0–16.7 mg/kg). A venous cannula was inserted either into the ear or the 
forefoot of the pig to allow individual i.v. administration of thiopental (Pentothal, 2.5%). 
Muscular paralysis was maintained with repeated doses of pancuronium-bromide (ap-
proximately 4 mg/h). Ventilation (7–8 l/min, 18–20 rpm) was maintained with 100% 
oxygen after endotracheal intubation.  

An intra-arterial cannula for MAP measurement was inserted into the femoral artery in 
three pigs out of five. MAP recording (9500 Multigas Monitor, Magnetic Resonance 
Equipment Corp., Bay Shore, NY) was manually triggered, and there was an unknown 
time delay (2–5 s) after the triggering.  

In the end of the MRI experiment, the pigs were euthanized with an overdose of pen-
tobarbital (Mebunat). The protocol of these experiments had the approval of the local 
Research Animal Care and Use Committee. 

4.2.2  Thiopental anesthesia 

Anesthesia was maintained with small doses or infusion of the anesthetic during the EEG 
electrode attachment. When the EEG recording was established, moderately deep anes-
thesia with high amplitude mixed frequency EEG was maintained. Each pig had a control 
bolus (11.4–18.2 mg/kg) approximately 2–4 h before MRI. After the animal was trans-
ferred to the MRI unit and the continuous EEG had recovered, BOLD-contrast fMRI (4 
min) was performed with a single bolus of thiopental (11.4–17.1 mg/kg). The bolus was 
administered 1 min after the onset of imaging. When EEG became continuous again, 
BOLD-contrast fMRI and the bolus were repeated. The number of boluses varied: one 
pig had one bolus, one pig had three boluses (the second bolus was too close to the first 
one, and was not included in the analysis) and three pigs had two boluses during MRI. 
Thus, the total number of boluses was nine.  
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4.2.3  EEG 

The EEG-equipment (OptiLink, NeuroScan, El Paso, TX) used within the magnet has 
been described (Ives et al. 1993). The EEG data (bandwidth 0.5–70 Hz, sampling fre-
quency 256 Hz) were acquired with a PC with Scan acquisition software (NeuroScan, El 
Paso, TX). Altogether four EEG-cup electrodes were attached with plastic screws to the 
skull over the parietal and frontal areas of the cortex during local anesthesia (adrenaline 
and lidocaine, Xylocain adrenalin, 10 mg/ml + 5 µg/ml). The reference and ground elec-
trodes were attached to the most frontal area, around the frontal sinuses. 

Each pig had a control bolus EEG recording in a non-magnetic environment before the 
imaging session with the bolus injection. This allowed confirming the transition in the 
anesthesia level from continuous EEG into burst-suppression EEG with a given dose. 
Also, the duration of recovery of continuous EEG pattern was observed. Four recordings 
out of five were successful. Also, EEG was recorded throughout the MRI session. Due to 
artifacts or high noise level, the change into burst-suppression EEG was unclear inside 
the scanner bore. However, EEG was readable at the landmark position, and burst-
suppression was clear after the bolus (30–60 s after BOLD-contrast fMRI, i.e., 4.30–5 
min after the beginning of the injection).  

4.2.3.1  EEG analysis 

Total power (integration power spectrum calculated with FFT in Matlab, sequential 4 s 
window) versus time was calculated from EEG signals of 4 min of duration, which was 
also the duration of BOLD-contrast fMRI. The total power was normalized to a baseline 
as indicated in the illustrations. EEG during BOLD-contrast fMRI was analyzed between 
imaging artifacts (4 s window), respectively. 

4.2.4  BOLD-contrast fMRI 

The MRI was conducted with a GE Signa EchoSpeed (Milwaukee, WI, USA) 1.5 T scan-
ner with a flexible surface coil wrapped around the pig’s head; the animals were lying on 
their left or right side. The total imaging session lasted 1.5–2 h per animal. The 4 min 
BOLD-contrast fMRI was performed with a GRE singleshot EPI sequence (flip angle 
90°, TE 60 ms, TR 1,000 ms, acquisition delay 5,000 ms, slice thickness/spacing 5/2.5 
mm, FOV 15 × 15 cm, matrix 64 × 64, 1 NEX, 4 coronal slices). For one pig, the matrix 
was 128 × 128 with 3 axial slices. In addition, a NaCl phantom bottle was imaged twice 
with exactly the same coil and sequence settings as above. In order to measure the delay 
in bolus arriving in the brain, a separate imaging with a bolus injection (0.4 ml/kg, 5 
ml/s) of gadopentetate dimeglumine (Magnevist) was performed with SE-EPI sequence.  
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4.2.4.1  BOLD-contrast fMRI analysis 

Motion correction was not performed on the data before the analysis because of the small 
number of slices. Also, muscular paralysis was maintained, and that prevented the occur-
rence of movement artifacts. In order to confirm that there were no signal intensity 
changes due to motion, COM analysis was performed (Moser et al. 1996). Criteria for 
data rejection were that 1) the COM position changed as a function of time coincidentally 
with the signal intensity time course, or 2) the changes were ≥ 1.0 mm in COM time 
course observed to interfere with the T2

*-weighted signal with the used voxel size. The 
COM analysis showed, on average, (x, y, z -directions averaged) 0.2 mm movement with 
a maximum of 0.9 mm in one bolus, but the movement was not coincidental with the 
response waveforms. Thus, data were not excluded because of movement. ROIs were set 
by segmenting 1) the whole brain voxels (Brain), 2) neocortex voxels (Cortex), and 3) 
voxels in the thalamic region (Thalamus). Brain and Cortex ROIs had segments in the 
whole volume (four slices). The thalamus ROI consisted of segments in two slices. Cross-
correlation analysis was used in detecting the response related to the thiopental bolus 
injection with two different reference waveforms corresponding to the positive and nega-
tive square wave. The choice of reference waveforms is explained below. The two first 
images of each time-volume set were excluded due to signal saturation. The detrended 
voxel time courses from the ROIs were cross-correlated with the reference waveforms, 
with a r threshold (cc) of 0.5. The voxel time courses passing cc were included in the 
total ROI responding voxels of the whole group. Group averages of all the pigs were cal-
culated from the relative signal change time courses of the total ROI responding voxels. 
In addition, unthresholded group average signal intensity time courses were calculated for 
each ROI. Also, the phantom data were analyzed as above. First, a segment inside the 
bottle was selected. The segment was approximately the same size as the Brain ROIs. 
Then, the reference waveforms with two different details (different bolus durations, etc.) 
were tested with two similar phantom series. 

Two different potential BOLD responses were hypothesized to be associated with the 
bolus, and this determined the reference waveform selection. The positive or negative 
response can be limited by the duration of the bolus (approximated by square wave) re-
lated to neuronal activity change, and/or blood pressure and vascular changes. A 12-s 
delay was used in the analysis to correspond the delay from the beginning of the injection 
to bolus arrival in the brain. This delay was an approximation based on the measurements 
performed in the present study with bolus injections of gadopentetate dimeglumine.  

4.3  Methotrexate-exposition (III) 

4.3.1  Animals and experimental protocol 

Experiments were conducted with a pig model developed to study the neurological side 
effects of MTX therapy in pediatric patients. The BOLD imaging was carried out before 
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the MTX exposure (14–17 kg, N = 6, pre-MTX group), and 2, 9, or 16 days after (21–27 
kg, N = 4, post-MTX group) the last MTX dose. Also, a group of older pigs (22–27 kg, 
N = 4, controls) was imaged to obtain age-matched controls for the MTX group (Table 
1). One of the pigs in the MTX group did not survive the MTX doses. Another treated 
animal was excluded because of methotrexate related severe symptoms and it would not 
have survived the whole procedure of anesthesia and imaging protocol (1.5–2 h). The 
pigs were intubated to ensure breathing, they were lying on their left or right side, and 
they were sedated with intravenously administered propofol (Diprivan) during the imag-
ing session. The temperature of the animals was not monitored, but blankets were used to 
support body temperature. Heart rate and oxygen saturation were monitored with pulse 
oximeter. A specialized nurse from the local animal research laboratory was monitoring 
clinical condition of the animal throughout the imaging session. Propofol was selected as 
an anesthesia agent because it induces less cardiovascular and cerebral circulation 
changes than other possible agents. The premedication was first medetomidin (Domitor, 
200 µg/kg) and ketamine (Ketalar, 12 mg/kg) (controls N = 2; pre-MTX N = 1), then 
changed into midazolam (Dormicum, 1.2 mg/kg) and ketamine because of the lack of 
BOLD response with the former combination. In two cases, the stimulation electrode was 
detached unintentionally at the beginning of the stimulation during BOLD imaging. The 
protocol of this experiment had the approval of the local Research Animal Care and Use 
Committee.  

4.3.2  Methotrexate administration 

Juvenile pigs, 2–3 months old, received MTX intravenously, either twice 5 g/m2, at 14 
days interval, or five times 2 g/m2, every three to four days during one-month follow-up 
time. This was a pig model developed to study the neurological side effects of MTX ther-
apy in children. The MTX-related changes could be seen in the condition of the pigs as 
susceptibility to infections, weakness, and loss of appetite. 

4.3.3  BOLD-contrast fMRI 

MRI was performed with a GE (Milwaukee, WI, USA) Signa EchoSpeed 1.5 T scanner 
with a standard head coil. The animal’s head was set tightly onto the headrest with foam 
pads. Anatomic images were collected using the routine head protocol with T2 – and pro-
ton density –weighted sequence, i.e., 2D fast spin echo with flow compensation (flip an-
gle 90°, TE 15/105 ms, TR 3,500 ms, slice thickness/spacing 3/0.5 mm, FOV 20 × 15 cm, 
matrix 256 × 224, 2 NEX, 12–14 axial slices). Anatomical changes (signal changes, ex-
pansion) were not detected when the anatomical T2- and proton density -weighted images 
from all groups were analyzed by an experienced neuroradiologist. 

The series were taken with an interleaved GRE single-shot EPI sequence (flip angle 
90°, TE 60 ms, TR 3,000 ms, slice thickness/spacing 10/2 mm, FOV 23 × 23 cm, matrix 
64 × 64, 4 axial slices). The stimulation pattern (off/on/off: 60 s/30 s/60 s) was realized 
by somatosensory stimulation with electrical pulses (3 Hz, 10–15 mA, 0.3 ms) with a 
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needle electrode inserted under the skin near the left or the right forehoof. The stimula-
tion was tested to reach the motor activation, i.e., movement of the minor digits before 
the imaging. To diminish auditive activation due to gradient noise, modified hearing pro-
tection ear pads were used. In the post-MTX group, BOLD-contrast fMRI was repeated 
twice. 

4.3.3.1  BOLD-contrast fMRI analysis 

The amount of BOLD activation was examined by Student’s t-test calculated between the 
reference waveform and each voxel time course belonging to the selected ROI. The ROI 
was selected over the somatosensory cortex (I and II) from the BOLD images (Craner & 
Ray 1991a, b). Two different reference waveforms were used corresponding to positive 
and negative BOLD responses. The two first images of each time-volume set were re-
jected due to signal saturation. The voxel time courses from the ROI were tested against 
the reference waveforms, and if p < 0.01 was fulfilled, included in the mean signal re-
sponse of the ROI (per each pig). The somatosensory stimulation may have caused 
movement of the whole forelimb and, in consequence, the head of the pig. Motion correc-
tion was not performed on the data before the analysis because of the small number of 
slices. Instead, in order to eliminate the signal intensity changes due to stimulation-
related motion, COM analysis was performed (Moser et al. 1996). If the COM position 
changed as a function of time coincidentally with the activation paradigm, the data were 
rejected. In practice, changes ≥ 1.0 mm in the COM time course have been observed to 
interfere with the BOLD signal. 

4.4  Focal penicillin induced epilepsy (IV) 

4.4.1  The animal model and experimental procedure 

Thirteen female piglets (2 to 3 months, 20–33 kg) were studied altogether. First, pilot 
experiments with six animals were performed to adjust anesthesia, suitable catheter, peni-
cillin dose, filling, catheter fixation, dynamic versus non-dynamic epilepsy induction and 
application of EEG/MRI. The results reported in the present study include data from the 
last six animals (2 to 3 months, 20–24 kg) and from one animal with a hypo/hypercapnia 
experiment during BOLD-contrast fMRI. 

The pilot experiment with one pig showed that midazolam, used for general anesthesia 
as a treatment for status epilepticus in children (Igartua et al. 1999), was not sufficient for 
general anesthesia in piglets, even in massive doses. The level of anesthesia is well con-
trolled with a volatile anesthetic, especially when EEG burst-suppression pattern is the 
end-point (e.g., Mustola et al. 2003). In piglets, isoflurane induces a clear burst-
suppression EEG pattern. Isoflurane has been shown to be the optimal anesthetic in 
BOLD-contrast fMRI with dogs (Willis et al. 2001). Another previous BOLD-contrast 
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fMRI study reported diminished or scarce BOLD response during deep isoflurane anes-
thesia in rats (Tenney et al. 2003). To explore the BOLD signal change in deep isoflurane 
anesthesia, one experiment was undertaken with hypocapnia and hypercapnia tests, with-
out EEG. 

Animals were fasted 12 h prior to the induction of the anesthesia. Premedication con-
sisted of i.m. midazolam (Dormicum, 1.5 mg/kg) and ketamine (Ketalar, 15 mg/kg). A 
venous cannula was inserted into the ear of a pig. Intubation was facilitated with i.v. ad-
ministration of thiopental (Pentothal, 25 mg/ml). The animals were normoventilated (7–
8 l/min, 18 rpm) with 40% oxygen in air. Anesthesia was maintained with isoflurane at 
end-tidal concentrations (ET%) of 1.4–1.8%, the EEG burst-suppression pattern as an 
end-point. Muscular paralysis was obtained with repeated doses of pancuronium bromide 
(Pavulon, 4 mg/h). Relaxation was not induced before the preferred anesthesia level was 
obtained. Prior to the preparation required for catheter insertion, local anesthesia was 
applied (lidocaine and adrenaline, Xylocain adrenalin, 10 mg/ml + 5 µg/ml) together 
with fentanyl boluses 50 µg i.v.. Anesthesia throughout the study period was supervised 
by a senior anesthesiologist. 

An intra-arterial cannula for MAP measurement was inserted into the femoral artery of 
the pig, successful in three of six animals. Failures occurred due to the small and con-
tractible arteries of the pig. MAP, heart rate, end-tidal isoflurane and CO2 concentrations 
were monitored (S/5 Compact Anesthesia Monitor, Datex-Ohmeda, Helsinki, Finland) 
and recorded with 5 s time resolution during MRI. One-minute data from the beginning 
of the experiment (baseline) and from the end of the experiment were averaged. 

A plastic epidural catheter (Portex epidural minipack, 19-gauge) for penicillin injec-
tion was carefully prefilled to avoid air bubbles with 0.9% NaCl (tip) and benzylpenicil-
lin sodium (Geepenil) in 0.9% NaCl. It was inserted into the somatosensory cortex 
(Craner & Ray 1991) at a target depth of 5 mm below the dura mater, through a cranial 
hole on the left side anteriorly to the coronal suture. The catheter was fixed securely with 
tissue glue. In pilot studies, air arriving through the catheter raised serious problems in 
the image quality. However, only in one case (Pig F), air caused a major signal intensity 
drop at the injection site. This animal (Pig F) also had a post-mortem penicillin injection. 

To dynamically follow the development of epileptic activity, a bolus of penicillin 
(6,000 IU) was injected during EEG/fMRI. The injected volume was 0.11 ml due to the 
catheter volume. The baseline was 1 min (N = 3) or 3 min (N = 3).  

At the end of the MRI experiment, the pigs were euthanized with an overdose of pen-
tobarbital (Mebunat). The protocol of these experiments had the approval of the local 
Research Animal Care and Use Committee. 

4.4.2  EEG 

Digital EEG equipment, EEG-electrodes and cables compatible with the MRI environ-
ment (Scan, SynAmps, MagLink, NeuroScan, El Paso, TX) were used with the 
following amplifier set-up parameters: DC-recording, bandwidth 0–200 Hz, gain 150, 
sampling frequency 1,000 Hz, range 37 mV, accuracy 0.559 µV. Two EEG electrodes 
were attached with tissue glue onto the surface of the pig skull, over the right (contralat-
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eral to lesion) and the left (ipsilateral to lesion) side posteriorly to the coronal suture. The 
reference and ground electrodes were attached to the most frontal area, around the frontal 
sinuses. EEG was continuously recorded throughout the MRI session. In the acquisition 
using delayed BOLD-contrast fMRI (1 image set in 300 ms and acquisition delay 1,700 
ms) EEG was readable during a 1,700 ms delay. A display filter < 30 Hz was applied be-
fore review. 

4.4.2.1  EEG analysis 

The first epileptic spike (between acquisition artifacts) was determined for each animal 
ipsilaterally. For comparison total EEG power (integration of power spectrum calculated 
with FFT in Matlab 5.3, 1.5 s rectangular window, 1,500 data points, 0.7–30 Hz) versus 
time was calculated from the EEG signals during BOLD-contrast fMRI between imaging 
artifacts. If data in the analysis window deteriorated with an artifact inducing a high-
energy spike in total power, the average of neighboring time windows was used to esti-
mate power in that window. Ipsilateral EEG power was selected for further analysis. In 
one animal contralateral power was chosen due to artifacts in the ipsilateral signal (the 
first spike was determined ipsilaterally). EEG power, with 6-s hemodynamic delay, and 
EEG power convolved with HRF (Glover 1999) (parameters n1 = 8.0, t1 = 0.9 s, n2 = 
15.0, a2 = 0.35, t2 = 0.9 s), hrf power, were further applied in cross-correlation analysis 
of BOLD-contrast fMRI data. 

Each EEG was also visually reviewed by an experienced clinical neurophysiologist to 
confirm the results of signal analysis. The search for the first spike of the epileptic activ-
ity after penicillin injection was demanding and required careful attention, i.e., in discern-
ing distinct epileptiform spikes from burst-suppression. However, soon after epileptic 
spikes evolved further, they were readily detected because of their high amplitude and 
sharp waveform.  

4.4.3  BOLD-contrast fMRI 

The MRI was conducted with a GE Signa Infinity TwinSpeed (GE Medical Systems, 
Milwaukee, WI, USA) 1.5 T scanner with a flexible surface coil (GE Medical Systems, 
Milwaukee, WI, USA) around the pig’s head; the animals were lying feet first in the 
prone position. The imaging session lasted 2–3 h per animal.  

BOLD-contrast fMRI was undertaken with a single-shot GRE-EPI sequence (TE 40 
ms, flip angle 90°, matrix 128 × 128, FOV 18 × 18 cm, slice thickness 5 mm, spacing 5 
mm, 1 NEX, ramp sampling). Two coronal slices with 5mm spacing were obtained in 300 
ms followed by an acquisition delay of 1,700 ms, i.e. the total TR was 2,000 ms. One 
slice was set to the point of the penicillin catheter, which was localized with the help of 
inserted oil capsule markers. To overcome the technical limitation of the number of the 
slices (512) in one multiphase GRE-EPI scan, the BOLD-contrast fMRI scans were im-
mediately repeated without the prescan procedures, i.e. without any changes in transmit-
ter or receiver gain or the shimming. The one BOLD-contrast fMRI experiment consists 
of two 8 min 33 s parts, separated by about a 20-s technical delay. 
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High-resolution T2-weighted fast spin echo images (matrix 256 × 256, 4 NEX) were 
obtained from the same locations and with the same FOV as in the BOLD-contrast fMRI 
scans. Also high-resolution T1-weighted images were collected with a three-dimensional 
spoiled gradient echo (TE 5 ms, flip angle 30°, matrix 224 × 224, FOV 22 × 22 cm, slice 
thickness 1.8 mm). 

4.4.3.1  BOLD-contrast fMRI analysis 

Muscular paralysis was maintained through the imaging session, to prevent the occur-
rence of movement. Also, the coil used was closely wrapped around the head of the ani-
mal. However, all BOLD-contrast fMRI scans were reviewed with cine loop to confirm 
that data had not deteriorated because of movement.  

The analysis software (Fantom) developed in-house was used for manual segmenta-
tion and BOLD-contrast fMRI analysis (e.g., Kiviniemi et al. 2004). First, intensity 
thresholds for global WM and GM were adjusted separately. To obtain the WM and GM 
ROI, a line restricting the ROI voxels inside the brain was drawn manually with different 
thresholds on two axial EPI slices. This ROI analysis was applied to one pilot animal 
data, where the effect of hypercapnia and hypocapnia was examined to explore the 
BOLD signal change during isoflurane anesthesia. To estimate the linear drift and overall 
signal stability due to gradients in BOLD-contrast fMRI data, approximately 50 GM vox-
els (background GM ROI) were selected from the non-injection site slice, from the bilat-
eral areas not activated in cross-correlation analyses. Average BOLD responses of the 
voxel time series of the segmented ROIs were calculated. 

The two or three first images of each time-volume set were excluded due to signal 
saturation. To obtain the exact injection site location, artifacts occurring at the precise 
moment of injection were utilized to identify the injection site in the EPI images. High-
resolution images and EPI location were compared to confirm the injection site and 
catheter depth (Table 6 in Results). Either micro-bubbles of air (large, transient signal 
decrease) or injection of fluid (signal increase) as also shown in post-mortem BOLD-
contrast fMRI located the exact injection site in EPI images.  

Cross-correlation analysis was applied on the BOLD-contrast fMRI data with three 
model functions: step function convoluted with HRF (i.e., hrf step; see HRF parameters 
above), EEG power, or hrf power. Step function was constructed according to EEG power 
change or the appearing of spikes in the EEG after the penicillin injection. Cross-
correlation between model functions and each signal intensity time course was tested 
with cc values 0.3 to 0.7. Activation map averages (BOLD map average) were calculated 
from the hrf step (cc = 0.5, one case cc = 0.3), and baseline, 2 min after injection and the 
end of the experiment (average of 1 min window) were compared respectively to the rela-
tive EEG power at those time points. The voxel time courses were not detrended, as in 
the all six animals the background GM ROI did not show any trend (Fig. 7 in Results). 



5 Results 

The major findings of the present study are summarised in Table 4. Temporal BOLD re-
sponse refers to voxel time series analysis and spatial BOLD response to location. 

Table 4. Summary of the major findings of the present study. 

Intervention EEG signal change  Temporal BOLD response Spatial BOLD response  
(I)    

Hyperventilation 
(3min, dynamic) 

Onset of IRDA after 
2 min HV, slowing 
in controls  

Average of GM in IRDA group -
4.6%, in controls -3.6%, 30% 
difference disappeared during 
IRDA. 

Occipital and temporal 
difference largest, in 
thalamus no difference. 

(II)    
Variance increase after bolus in 
time average of whole brain, range 
+/-0.5%. 
Correlation to injection: 
negative, -4…-6% signal change, 

Sudden deepening 
of thiopental 
anesthesia 

From continuous to 
burst-suppression 
pattern 

positive, +6…+8% signal change. 

In thalamus more change, 
than in cortex, but 
inconsistent, scarce:  
 
negative 1.6% of brain, 
positive 2.3% of brain. 

(III)    
MTX-exposition, 
systemic induction 

- Somatosensory BOLD response: 
pre-MTX and control: +2...+4%, 
post-MTX: -2…+1%. 

Amount of somatosensory 
ROI: positive < 40% 
(negative < 5%) changed 
after MTX to positive < 20%, 
negative > 40%. 

(IV)    
Penicillin injection 
Locally in brain, 
Dynamic 

Burst-suppression, 
epileptic spikes  
49 s – 2 min 44 s 
after injection 

Map average signal change:  
at first spike 2.5–13.5%,  
saturation up to level of 9.4–
21.3%. 

Voxels located mostly in the 
vicinity of injection site. 

MTX=methotrexate, IRDA=intermittent rhythmic delta activity, ROI= region of interest, GM=gray matter. 
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B.  
BOLD  
Signal  
Intensity 

A.  
IRDA  
Power 

Fig. 2. HV during EEG and BOLD-contrast fMRI. Simultaneous changes in EEG power 
within IRDA bandwith during BOLD-contrast fMRI (A.) and BOLD signal intensity (B.) for 
WM (dotted line) and GM (solid line) as a function of time. HV (black bar). Group averages, 
IRDA group in black, controls in red. Period of IRDA (red bar). 

5.1  Hyperventilation (I) 

In one IRDA subject contraction of the hands deteriorated the pulse oximeter measure-
ment and misleading heart rate data was not included in the group averages. Otherwise, 
physiological signal recording was successful in all eight subjects. BOLD-contrast fMRI 
results are from four IRDA and four control subjects. EEG of two subjects (one IRDA, 
one control) had to be excluded due to a low quality signal or artifacts.  

Heart rate baseline range was 63–78/min in the IRDA group and 52–95/min in the 
controls. Heart rate (average from 1 to 3 min of HV) increased to the range 97–128/min 
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(IRDA) and 53–121/min (control) during HV. Heart rate increase varied between indi-
viduals (25–65/min IRDA, 1–47/min control). Average oxygen saturation remained 
within 1% during baseline and HV in both groups. Individual data on the degree of hypo-
capnia showed a tendency to be both slightly lighter and saturation clearly slower in the 
controls than in the IRDA group. 

HV induced rhythmic delta activation repeatedly in the IRDA group, during EEG 
screening and during the BOLD-contrast fMRI. Respectively, in the controls, HV induced 
only gradually increasing diffuse slowing and arrhythmic delta. IRDA EEG power 
change was detectable also during BOLD-contrast fMRI despite breathing induced arti-
facts and lower amplitude resolution compared to the screening EEG.  

Parallel changes due to HV in average rhythmic delta EEG power and BOLD signal 
intensities (WM and GM) are presented in Fig. 2. The main increase of rhythmic delta 
power in the IRDA group was during the last minute of HV, continuing approximately 
10–15 s after the end of HV (Fig. 2.A). After this, the EEG recovered to the baseline. 
BOLD signal intensity reduced after 30 s of HV. In GM the average BOLD signal inten-
sity reduced 4.6% in the IRDA group during the first 2 min of HV (Fig. 2.B). In the con-
trols, the reduction was 3.6% from the baseline.  

Thus, the IRDA group signal decrease was approximately 30% more compared to the 
controls. This difference between control and IRDA group disappeared during IRDA 
when the GM signal intensity of the IRDA group increased (Fig. 2. B). In the controls, 
the average GM signal intensity remained at a reduced level without detectable change, 
or reduced further, during the last minute of HV. In WM the intensity of the average 
BOLD signal was about 1.5% lower than the baseline during the period of HV in both 
groups (Fig. 2. B). However, there was a large variability in WM signal change. 

Further ROI analysis of the average BOLD signal intensity for frontal, temporal and 
occipital GM, and thalamic area, showed that the difference between the two groups was 
seen in all selected areas, but less clearly in the thalamic area (Fig. 3). Individual values 
had variability, but in both groups, average signal decrease was greater in frontal and oc-
cipital areas than in the temporal area (Fig. 3). The detected GM signal increase of the 
IRDA group at the end of HV (Fig. 2.B), was clear in three of four individual IRDA 
group signals in the frontal, temporal and occipital ROI areas. None of the individual 
signals in controls had this waveform. Also hemispheric differences were analyzed, but 
consistent asymmetry was not seen between the right and left regions of each ROI. 

Depending on the parameter, a different temporal behavior in recovery was evident. 
IRDA in EEG recovered in 10–15 s and the average GM BOLD signal intensity in 1.5–2 
min, while pETCO2 was still recovering after 3 min from the end of HV.  
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Fig. 3. ROI Analysis. For frontal (A.), temporal (B.) and occipital (C.) gray matter and tha-
lamic area (D.), the group averages of mean BOLD signal intensity changes of ROI during 
HV (black bar) are shown on the left side. IRDA group in black, controls in red. The corre-
sponding example of ROI area segmentation of EPI image (one slice shown), is shown on the 
right side.  
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5.2  Sudden deepening of thiopental anesthesia (II) 

MAP recordings were successful in two cases out of three; thus, the data are from four 
boluses. From the baseline (range: ≈ 80–90 mmHg), MAP reduced to ≈ 60–80 mmHg 
during the bolus. MAP recovered fully or partly (to ≈ 65–85 mmHg) after the bolus. Slow 
reduction followed the recovery (to ≈ 80–85 mmHg) in 2/4 boluses.  

EEG was successful in four recordings out of five during the control bolus and BOLD-
contrast fMRI. In one recording during BOLD-contrast fMRI, no change in the total 
power could be seen, but EEG at the landmark position showed a change into burst-
suppression level. EEG before the bolus injection was relatively high amplitude mixed 
frequency activity indicating moderately deep anesthesia. Average total EEG power de-
creased 50–80% approximately 20–30 s after the beginning of the bolus injection. Con-
tinuous EEG recovered in 30–80 min. EEG at the landmark position during MRI session 
showed burst-suppression state ≈ 4 min after the beginning of the bolus injection.  

In BOLD-contrast fMRI, the unthresholded group average signal intensity time 
courses showed changes related to bolus injection. Variance increased before and after the 
thiopental bolus injection in the whole brain ROI. The cortical ROI had no apparent 
change but in the thalamic ROI, a waveform with a positive spike of approximately 0.5% 
signal intensity change was seen. 

Cross-correlation analysis of BOLD-contrast fMRI data, with paradigm waveforms re-
lated to the bolus injection (negative or positive), gave responding voxels in all nine bo-
luses. The group averages of the total ROI responding voxels showed signal intensity 
changes up to 6–8% (Fig. 4). In the thalamic ROI, the negative response (-3–-4%) was 
less clear than the positive (6–8%). Whole brain and cortex showed both negative (-6–-
8%) and positive (6–8%) responses.  

Concerning the number and location of the responding voxels, the positive response 
was 1.6%, and the negative response 2.3% of the total brain ROI voxels (Table 5). The 
responding voxels were distributed more prominently in the thalamic ROI (0.2/4.4 ≈ 
4.5%) than in the cortical ROI (1/45.7 ≈ 2.2%) (Table 5). The positively responding vox-
els (1.3%) were slightly more evident than the negatively responding voxels (0.9%) in 
cortex. In thalamus, both positive and negative responses had the same amount of re-
sponding voxels. The responding voxels were distributed unevenly, although some local-
ization in the midline around the ventricles and deeper structures were seen. 

Table 5. Amount of responding voxels of total ROI voxels related to cross-correlation 
analysis. 

 Brain Cortex Thalamus 

Volume (%) 100 45.7 4.4 

Positive Response (%)  1.6 0.6 0.1 

Negative Response (%) 2.3 0.4 0.1 

No Response (%)  96.1 44.7 4.2 
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Fig. 4. BOLD signal intensity versus time related to the thiopental bolus injection. Cross-
correlation analysis between paradigm waveform [negative (left) or positive (right)] and the 
total ROI voxel time courses ( cc = 0.5 ). The group average responses are shown for the 
whole brain, the cortex and the thalamus. The bolus injection began 1 min after the onset of 
the BOLD-contrast fMRI image acquisition, and the approximate arrival delay to the brain 
was 12 s. The duration of the bolus was different for each pig, thus the black box indicating 
the bolus injection has a tail indicating the maximum duration. 
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5.3  Methotrexate-exposition (III) 

The BOLD responses from one control and one pre-MTX animal and from two animals 
of the post-MTX group were selected after COM analysis (max 0.8 mm during activa-
tion). Positive BOLD response (of ≈ 2–4%) was present in the control and the pre-MTX 
animals (Fig. 5). The post-MTX animals either did not show positive BOLD response, or 
showed reduced positive BOLD response of ≈ 1% (respectively, average 25/123 ROI 
voxels, ≈ 20%) (Fig. 5). Negative BOLD response was absent in the pre-MTX animal. In 
the control animal, no clear negative BOLD response was seen (transient spikes) during 
stimulation; on the contrary, a negative BOLD response of approximately -2% to -3% 
was found from the BOLD responses of the post-MTX animals; respectively, average 
57/126 (≈ 45%) ROI voxels (Fig. 5). The amount of voxels with no BOLD response was 
32/74 ROI voxels in the control and 66/109 ROI voxels of the pre-MTX animal. Respec-
tively, an average 51/126 ROI voxels with no BOLD response were found in the post-
MTX animals (Fig. 5). 

0 20 40 60 80 100

Control

Pre-MTX

Post-MTX

% of total ROI voxels

Positive response Negative response No response

Fig. 5. Amount of voxels (as percent of total ROI voxels) of BOLD response (positive, negative 
and no response) (p < 0.01) for the control and the pre-MTX animals, and for the post-MTX 
group. In the post-MTX group, imaging was repeated twice. The transient negative spikes in 
the control were thought to be artifactual corresponding the fraction of negative BOLD re-
sponse in the control animal in this figure.  
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Fig. 6. Positively responded voxels in Pigs A to F. Injection site slice (upper row) and 
neighboring slice (lower row). The threshold value of r used in cross-correlation 
analysis is noted with cc. Red spot corresponds the injection site, red cross is for re-
spective location in the neighboring slice. 

5.4  Focal penicillin induced epilepsy (IV) 

Burst-suppression level of isoflurane anesthesia was reached in all six animals (1.4–1.7 
ET%). Since the BOLD response in isoflurane in pigs is not known, hyper- and hypocap-
nia tests were applied (one animal) in deep isoflurane anesthesia (1.6–1.8 ET%). Respec-
tively, positive (3%) and negative (-2%) maximum signal changes in GM and WM were 
detected in maximum pETCO2 levels 7.1% (hypercapnia) and 3.0% (hypocapnia) com-
pared to baseline pETCO2 (4.3–4.5%).  

In all of the six pigs, the first distinctive epileptic spikes appeared in 49 s–2 min 44 s 
after the penicillin injection. At the same time, when the spike waveform developed fur-
ther, EEG bursts either seem to evolve more “epileptic” or they disappeared. Over several 
min, the amplitude of the spikes ipsilateral to the injection site increased until a level of 
200–1,200 µV and spiking remained stable or reduced slowly (in one animal). EEG total 
power detected the spike activity and amplitude change (Fig. 7.B,C). Also DC level 
changes occurred in a few cases (not shown).  

Average values of physiological parameters (MAP, heart rate, pETCO2) were calcu-
lated for the baseline (1 min in the beginning, preceding the injection) and during the last 
minute of scanning (i.e., 14 min–16 min after penicillin injection). MAP measurement 
was successful in three animals. In two animals, MAP decrease was approximately 6 to 9 
mmHg, but in one animal, MAP increase occurred (about 7 mmHg), compared to the 
baseline. Heart rate and pETCO2 were quite stable in all animals. 

Cross-correlation analysis of BOLD-contrast fMRI data with “hemodynamic” step 
function (hrf step), EEG total power (power) or hrf power model functions identified the 
positively or negatively correlating voxels near the injection site (in contact, around or 
midline) after the first penicillin injection. Few negatively correlated voxels were found, 
except in the one case of large, air-induced signal decrease. Correlation with power and 
hrf power did not indicate activation except with a very low cc (≤ 0.25) in three of six 
animals (Table 6). With hrf step, the positively correlated voxels were also spread into the 
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neighboring slice in five of six animals, mostly located closest to the injection site (Fig. 
6).  

An example of a BOLD map (hrf step) average and simultaneous EEG changes are 
shown in Fig. 7. The average BOLD signal increased steadily following the penicillin 
injection, and this BOLD response was present before any spikes in EEG signal were 
evident (Fig. 7, Table 6). When the first spike was identified in ipsilateral EEG, a 2.5–
13.5% increase in BOLD map average occurred. Spike activity developed further, while 
between 2 min 44 s–5 min 26 s the average BOLD signal increase reached 90% of the 
final saturation level of 9.4–21.3% positive signal changes (Fig. 7, Table 6). Background 
GM ROI averages did not show linear trends. 

Fig. 7. Signal changes in simultaneous EEG and BOLD-contrast fMRI after penicillin injec-
tion. A. Average signal changes of BOLD activation map and background GM ROI. B. Ipsi-
lateral EEG signal, imaging artifacts excluded, 1500 ms windows plotted and the respective 
EEG total power (C.). Dotted line represents the interrupted continuity (approximately 20 s 
pause between two scans). 
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Table 6. Quantitative EEG/fMRI results. 

Depth of Correlated voxels and location data  
for different model functions catheter 

Map (hrf step) mean average 
BOLD signal change (%) at  

Pig 

hrf step power hrf power (mm) 1st spike* Shoulder# Saturation 
A Threshold 0.3 < 0.25 < 0.25 5.5 10.1 18.0 20.0 

 Voxels (+3)(0) - -  1min 26s 4min 2s  
 Location Around - -     

B Threshold 0.5 0.4 0.4 5.4 13.5 19.1 21.3 
 Voxels (+10)(-1) (+13)(-4) (+9)(-2)  2min 44s 4min 28s  
 Location In Contact In Contact In Contact     

C Threshold 0.5 < 0.25 < 0.25 6.9 9.5 13.0 14.4 
 Voxels (+17)(-2) - -  1min 31s 2min 44s  
 Location Around - -     

D Threshold 0.5 < 0.25 0.25 6 6.6 14.4 16.0 
 Voxels (+47)(-6) - (+10)(0)  1min 28s 5min 16s  
 Location In Contact, - Midline     
  Midline       

E Threshold 0.5 0.35 0.35 7 2.4 10.8 12.0 
 Voxels (+34)(-3) (+5)(0) (+17)(-1)  54s 4min 24s  
 Location In Contact, Midline In Contact,     
  Midline  Midline     

F Threshold 0.5 0.5 0.5 5.2 2.5 8.5 9.4 
 Voxels (+118)(af) (+45)(af) (+46)(af) 49s 5min 26s  
 Location In Contact, In Con-

tact, 
In Contact,    

  Midline Midline Midline   
(+positive correlation)(-negative correlation), voxels with < 0.25 correlation threshold are not taken into 
account Threshold = Correlation coefficient threshold; hrf step, power and hrf power - see Methods * mean 
value of the period +/- 2-s (three BOLD signal points) at time after injection below Saturation = Mean value of 
the period 7 min–14 min after penicillin injection, as indicated in Fig. 7. # 90% value of saturation, af = 
artifact. 



6 Discussion 

6.1  EEG and BOLD-contrast fMRI in brain 

The relationship of the indirect hemodynamic BOLD signal to the more direct EEG sig-
nal is not unambiguous. More insight to this relationship may be derived from experi-
mental models or designs representing both a clearly defined EEG pattern and an observ-
able BOLD signal change. The present study was the first to investigate BOLD-contrast 
fMRI changes in four experimental settings: HV related reactivity, sudden deepening of 
thiopental anesthesia, global methotrexate exposition and focal penicillin induced epi-
lepsy in brain, with simultaneous EEG in three of four studies. The relevance of the pre-
sent study arises from connections to epilepsy and brain defects with altered cerebrovas-
cular reactivity, and to neurophysiology of deep anesthesia. 

The findings of the studies I, II and IV emphasize that it is important to apply continu-
ous BOLD imaging and gather data before, during and after the investigated EEG pattern. 
As important as what happens immediately after an identified EEG event can be the pro-
cesses in brain, which precede the events visible in the EEG. In the dynamic penicillin 
induced epilepsy model, initial BOLD signal change occurred prior to EEG manifesta-
tions of epileptic activity in the study IV. Also, difference between controls and IRDA 
group was found prior to rhythmic delta activity in EEG in the study I. Preceding vascu-
lar and metabolic changes related to epileptic seizures have been found with SPECT and 
with optical imaging (Baumgartner et al. 1998; Chen et al. 2000). 

Localization of identifiable EEG events is a captivating task. However, the relation be-
tween global or local EEG patterns and functional changes in the brain detectable with 
BOLD-contrast fMRI requires clarification. In the study II, sudden deepening of thiopen-
tal anesthesia did suppress neuronal activity. The suppression of continuous EEG into 
burst-suppression pattern confirmed this. However, the “global” change in EEG did not 
accompany with global BOLD signal change, even though there was clear BOLD signal 
change associated with thiopental administration. This indicates that activity in EEG can 
be “a tip of an iceberg” representation of underlying (patho)physiology, and the areas 
affected can be different than what could be obvious based solely on EEG. The recent 
study of absence epilepsy (Aghakhani et al. 2004) showed that EEG discharges with an-
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terior EEG localization were related to cortical BOLD signal changes globally in brain. 
This was also indicated in the study I, as HV induced global change in GM but IRDA was 
present frontally in EEG. However, localization of IRDA activity was not attempted, be-
cause the short length of IRDA period in EEG, and HV induced BOLD signal change as a 
confounder. In order to localize the rhythmic EEG activity, a sufficient amount of 
EEG/fMRI data can be rather long, as the studies of alpha rhythm demonstrate (Goldman 
et al. 2002; Laufs et al. 2003; Moosmann et al. 2003). Localization of epileptic activity in 
the study IV was reproducible and mirror focus activity was not apparent (Fig. 6), despite 
being visible as interictal spikes in contralateral EEG (data not shown). CBF is known to 
increase in the same extent in ipsi- and contralateral hemispheres to penicillin focus 
(Tenny et al. 1980). Either metabolism due to primary epileptic activity or deep isoflu-
rane anesthesia may limit the changes localized in a BOLD signal rather close to penicil-
lin injection site.  

The present study found preliminary clues towards that neurovascular coupling is al-
tered due to anesthetic or neurotoxic agents. In study II, thiopental related suppression of 
neuronal activity was not straighly coupled with decreased hemodynamics, as indicated 
with ROI analysis of BOLD signal changes. Thiopental augments NO synthesis in vascu-
lar smooth muscle cells and this may affect vascular responsiveness (Kessler et al. 1997). 
The study III suggests that methotrexate is inducing some alteration in neurovascular 
coupling, possibly due to homocysteine related deterioration of endothelium. Homocys-
teine may also induce epileptogenesis (Biancheri et al. 2002). Penicillin-induced epileptic 
activity in the study IV produced exaggerated hemodynamic response compared to 
physiological response in activation studies. Whether this is due to extremely active me-
tabolism in the penicillin focus or due to altered neurovascular coupling, remains to be 
elucidated. Deep isoflurane anesthesia is strongly vasodilatory, but neuronal activity as-
sociated CBF change, i.e., neurovascular coupling, is maintained until vessels are fully 
dilated (Drummond & Shapiro 1994). 

6.2  Hyperventilation (I) 

In the present study, differences in BOLD signal changes were studied between two 
groups of young healthy volunteers, with IRDA and controls with only diffuse arrhythmic 
slowing in EEG during HV. The principal finding was that average GM BOLD signal 
intensity in the IRDA group decreased approximately 30% more during the two first min 
of HV than in the control group. A second, tentative, finding was that this difference ap-
parently disappeared during IRDA, during the last minute of the HV period. Decrease in 
the BOLD signal followed 30 s after the beginning of HV while a strong increase in 
IRDA in EEG did not occur until the last minute of HV. The BOLD signal returned to the 
baseline much slower after HV than EEG changes. In general, HV resulted in reduction 
in white (about 1.5%) and GM (about 3.6–4.7%) average BOLD signal intensities in both 
groups, as expected in the light of previous BOLD-contrast fMRI studies of HV (Posse et 
al. 1997a; Naganawa et al. 2002). 

BOLD signal decrease reflects increase in deoxyhemoglobin content and decrease in 
blood flow locally (Ogawa 1990). HV decreases rCBF 40–60% by vasoconstriction. In 
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healthy persons, cerebral oxygen consumption does not change due to voluntary HV (van 
Rijen et al. 1989). Reduced rCBF and unaltered oxygen metabolism is resolved by oxy-
gen extraction increase. Increased oxygen extraction is likely to be behind BOLD signal 
decrease during HV (Posse et al. 1997a; Naganawa et al. 2002). BOLD signal increase 
during IRDA suggests that vasodilatation occurs and oxygen extraction is decreased for 
some reason following synchronization of the neuronal function. The present study sug-
gests that the BOLD signal change can reveal functional changes in the brain before, dur-
ing and following IRDA in EEG. This might also apply to epileptic spike-and-wave dis-
charges which may share the same neuronal mechanisms as IRDA (Gullapalli & Fountain 
2003). 

In the present study, HV induced average BOLD signal changes varied between about 
-1.5 to about -5.7%, being strongest in the frontal and occipital regions compared to the 
temporal region and WM. A clear difference was discernable between (-1.5%) and GM 
(around -3.6 to -4.7%) signal changes, consistent with a previous report of Posse et al. 
(1997a) in 1.5 T. Naganava et al. (2002) in 3 T found an approximately -4.3% average 
change in the frontal ROI area with GRE-EPI in 3 T. In accordance with these studies, the 
frontal region had the largest decrease in both groups compared to other regions. Surpris-
ingly, no clear difference was seen between the groups in thalamic area. The occipital 
cortex had the second largest decrease in the present study, in conformity with Posse et 
al. (1997a). In previous studies of HV induced hypocapnia, temporal ROI was not in-
cluded in the analysis (Posse et al. 1997a; Naganawa et al. 2002). Thus, the regional sus-
ceptibility of the temporal region during HV in BOLD-contrast fMRI has not been stud-
ied previously. In the vascular response to hypocapnia, no regional differences were seen 
in a recent study (Ito et al. 2002).  

Hemispheric differences were not apparent in the present study. This is in accordance 
with previous results from BOLD-contrast fMRI (Posse et al. 1997a) and spectroscopic 
imaging (Posse et al. 1997b) during HV. 

The direct relationship between an EEG rhythm and BOLD signal changes have been 
investigated recently in the study of Moosmann et al. (2003), comparing slowly fluctuat-
ing, spontaneous alpha rhythm and the BOLD signal. Their set-up consisted of subjects 
scanned during the resting state and eyes closed for 25–50 min; two data series were 
gathered with twice 750 data points. The correlation method used by Moosman et al. is 
not applicable to the present study. This is for of several reasons. In the present study, a 
BOLD-contrast fMRI scanning period was about 8 min (82 data points) with 3 min of 
HV, so that approximately the last minute of HV was parallel with IRDA. Thus, provoked 
IRDA lasts about 1 minute compared to spontaneous alpha, which can be easily followed 
for several tens of minutes or more. The second difference was that there was not only the 
EEG rhythm to be followed but also the HV-induced change. HV induces a remarkable 
signal decrease that may confound solely delta activity related changes. However, in ROI 
analysis, both indirect (preceding) and possibly also direct (simultaneous) change was 
seen relative to IRDA (Fig. 2). Signal intensity apparently increased during rhythmic 
delta activity (in three of four), during the last minute of HV. 

Here, the primary focus was HV. HV is used to provoke absence seizures and the re-
lated 3 Hz generalized spike-and-wave discharges. Thus, also indirect relationships are 
interesting – how the subjects having IRDA as “the response of normal CNS to the stress 
of an acutely changing pCO2” (Sharbrough 1999) and the controls differs before the 
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IRDA onset occurred. In future studies, the HV period might be lengthened some min-
utes, although it is not very comfortable for the subjects. Then longer period with IRDA, 
and shorter TR with MRI artifact correction might allow direct cross-correlation of 
rhythmic delta activity and BOLD signal changes following the strategy of Moosmann et 
al. (2003), or Laufs et al. (2003). The length of the voxel time series data is still rather 
limited in any case with the HV model. Alternatively, IRDA occurs also spontaneously in 
different pathologies. This could give the possibility for sufficient data length for 
EEG/fMRI experiment using direct power band cross-correlation for analysis. To start 
with, these first results consist of ROI analysis without any a priori model for the under-
lying changes. 

The BOLD signal changes most probably are a consequence of the level of HV and 
pETCO2 during the two first min of HV. It is interesting that this change appears to be 
stronger in the group having the IRDA reaction, evoked by HV. Both the deeper hypo-
capnia and the faster saturation of the pETCO2 value in IRDA group than in controls can 
play a role here. It is difficult to say how the preceding BOLD signal changes are con-
nected with the EEG change and the further studies are needed to clarify these relation-
ships. However, not all the individual ROI BOLD responses followed exactly a one-to-
one relationship with the individual pETCO2 responses in the present study. To be certain, 
the level of HV and pETCO2 should have been controlled by regulating breathing fre-
quency and depth to be same in both groups. Also, the dissociation between the recovery 
of pETCO2 and BOLD-contrast fMRI signals is interesting in the present study. It should 
be further investigated using a longer recovery period. 

In general, this is the first study to apply EEG/fMRI in the experimental setting of HV-
induced hypocapnia. The period of HV was 3 min in the present study, i.e., the standard 
length of HV in clinical EEG which is important because EEG related rhythmic changes 
usually evolve only after approximately 2 min of HV. In previous BOLD-contrast fMRI 
studies of HV, EEG has not been recorded and the heterogeneity of the EEG response to 
HV has not been detected. Thus, the obtained BOLD signal intensity differences between 
subjects due to different EEG responses have been ignored and averaged together. The 
results shown suggest that in further investigations of HV with BOLD-contrast fMRI, 
EEG recording is essential simultaneously, or at least, sequentially. 

The relevance of statistical analysis was not valid due to the small group size. This is a 
limitation when assessing the significance of the difference between the groups. How-
ever, a more extensive and tedious screening procedure would have been needed for dis-
tinction of more IRDA group volunteers. Prevalence of IRDA reaction in adolescence is 
22% (Petersen & Eeg-Olofsson 1971). In the present study, this held true for the screened 
population of young adults (21–31 years), which can be taken into account in planning 
future studies.  

In conclusion, the results of the present study suggest that average BOLD signal inten-
sity in GM decreases approximately 30% more in subjects with IRDA, than in controls, 
during the first two min of HV, and this difference may disappear in the presence of 
IRDA in EEG. However, differences in pETCO2 value changes may play a significant 
role here and they should be controlled in further studies. The presented results indicate 
that changes in BOLD signal intensity may reveal changes in brain function before, dur-
ing and following IRDA, a pattern that may be closely related to epileptic mechanisms. In 
future studies of BOLD signal changes related to epileptic seizures, more emphasis could 
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be given to changes preceding epileptic slow oscillations. This might lead to a better un-
derstanding of the mechanisms which lead to epileptic seizures. IRDA due to HV in 
healthy volunteers proved to be a useful model, which represents both a clearly defined 
EEG pattern and an observable BOLD signal change.  

6.3  Sudden deepening of thiopental anesthesia (II) 

In the present study, the positive and the negative BOLD responses were taken into ac-
count primarily as an approximation of likely responses to neurovascular changes, i.e., 
changes in the neuronal activity and blood pressure caused by the deepening of thiopental 
anesthesia. Positive or negative signal intensity changes related to the thiopental bolus 
injection were seen in the BOLD responses. These responses were not global in the 
healthy swine brain. This was surprising because strong metabolic and blood flow reduc-
tions are known to occur globally in the brain when anesthesia deepens into the burst-
suppression EEG level. Also, the thalamus had a greater number of responding voxels 
than the cortex, opposite to the original hypothesis. 

The EEG patterns caused by anesthetics depend on the concentration of the anesthetic 
as well as on the rate of change of an anesthetic concentration (Sloan 1998). As plasma 
concentration is increased, thiopental induces the change from continuous to burst-
suppression EEG (Bührer et al. 1992; Sloan 1998). Both control bolus EEG recordings 
and EEG recordings before and after the bolus injection during BOLD-contrast fMRI 
showed change from a continuous to a burst-suppression EEG and corresponding change 
in EEG power. There was a smaller reduction in the relative total power of EEG during 
BOLD-contrast fMRI compared to the control boluses, because the evolving burst-
suppression pattern was embedded in noise in most cases. Thus, the relative power analy-
sis solely serves as an indication of the change in EEG pattern during BOLD-contrast 
fMRI in the present study. The changed pattern was then confirmed at the landmark posi-
tion. The change to burst-suppression pattern in EEG is known to correlate with 50% 
reduction in CMRO2 and CBF (Pierce et al. 1962). However, in the present study, the 
baseline level was moderate anesthesia. Thus, metabolism was reduced already by anes-
thesia compared with the awake state. The effect of premedication was assumed to be 
negligible due to the delay of 2.5–4.5 h between the i.v. administration and thiopental 
boluses during BOLD-contrast fMRI. 

Neuronal activity reduces most in the cortex while it persists in the thalamus during 
the barbiturate-induced EEG burst-suppression (Steriade et al. 1994). Contradictory to 
this, localization of responding voxels was not marked in the cortical region in the pre-
sent study. The amount of responding voxels was small, and the voxels were more abun-
dant in the thalamic than in the cortical region. The group average of the unthresholded 
voxel time courses showed that the net effect of thiopental bolus on the swine brain was a 
small (0.5%) but clear positive change in the thalamic region, while variance changed in 
the global level. The group averages of the bolus correlated voxel time courses confirmed 
that the positive response (8%) was stronger than the negative response (-4%) in the 
thalamus. Otherwise, in the averaging of the unthresholded data, the negative and posi-
tive changes cancelled each other out.  
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The neuronal activity induced changes in the BOLD signal intensity are confounded 
with hemodynamic changes in MAP, CBF and CBV. Thiopental in high doses is a cardio-
vascular depressant (Prys-Roberts 1984). MAP and cardiac output decrease slowly with 
continuous slow infusion of thiopental in the burst-suppression level (Kassell et al. 1980). 
In general, thiopental causes cerebral vasoconstriction and peripheral vasodilatation. A 
thiopental bolus induced step-wise or square-wave-like changes in MAP. Recorded MAP 
values (≈ 90–60 mmHg) were within the autoregulation of cerebral flow. In the autoregu-
lative range, a slow decrease of MAP by hemorrhage does not have a major influence on 
the BOLD signal intensity, even with 50% reduction of MAP (Zaharchuk et al. 1990). 
Rapid changes in blood pressure have been shown to significantly correlate with small 
T2-weighted BOLD signal changes in 7 T (Kalisch et al. 2001). Thus, the positive and 
negative T2

*-weighted signal changes could be associated partly with the thiopental in-
duced changes in MAP, as well as with neuronal changes. However, T2

*-weighted BOLD 
contrast-to-noise ratio increases with increasing field strength almost linearly (Kruger et 
al. 2001), and the small BOLD signal changes detected in 7 T can be negligible in 1.5 T. 
The negative and positive square wave responses with significant signal intensity change 
of average 6–8% were seen in every bolus data in the present study. The net effect of 
thiopental bolus injection did not show clear decrease or increase in signal intensity, con-
trary to earlier MAP correlated T2-weighted BOLD-contrast fMRI data with -0.3% to 
-1.5% changes in group averaged time courses in 7 T (Kalisch et al. 2001). Also, the 
number of responding voxels was not more than 1.6–2.3% of the total brain ROI voxels. 
This was surprising because the change in MAP is assumed to be a global in the brain, 
although cerebrovascular reactivity may be heterogeneous, similar to effects of thiopen-
tal.  

Thiopental decreases brain blood flow and metabolism in a dose-dependent fashion 
until the EEG suppression level. Approximately 30% reduction is found in CMRO2 and 
CBF after the onset of anesthesia without reaching burst-suppression EEG (Stullken et al. 
1977). In light thiopental anesthesia, local CBF reductions are more prominent (-38 to 
-53%) in the regions where CBF is highest in awake state (i.e., in visual, auditory and 
sensorimotor cortices) in cats (Sokoloff 1996). Further, CBF reduction in the thalamus is 
about 31%. However, regional CMRglu in light thiopental anesthesia reduces 40–50%, 
both in the sensory cortices and in the thalamus in rats (Sokoloff et al. 1977). Decrease in 
CMRO2 and CBF reached a plateau (approximately -50%) at the burst-suppression state 
in thiopental anesthesia (Kassel et al. 1980). During suppression EEG, Pierce et al. 
(1962) showed 50% decrease in CBF, and 55% decrease in CMRO2 with thiopental in 
human studies.  

T2
*-weighted signal changes are related mainly to deoxyhemoglobin content, i.e., to 

cerebral blood oxygenation, and CBV. During the induction of thiopental anesthesia, 
cerebral blood oxygenation has been shown to increase 8% in the human brain (tem-
poroparietal measurement) using near infrared spectroscopy (Lovell et al. 1999). In their 
study, blood pressure was not changed by thiopental and EEG was not recorded. The re-
sults shown represented a 6–8% increase, but also -3–-8% decrease, in the averaged 
voxel intensity time courses correlated with deepening anesthesia from the moderate to 
deep (burst-suppression) level. 

There is evidence of linear dependence between the hematocrit level and BOLD acti-
vation in human males but not in females (Levin et al. 2001). The baseline blood hema-
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tocrit in pigs is 25–30% (Anttila et al. 2000). This is 5–10% less than in human adults. 
Changes in the hematocrit level are not likely to be caused by anesthesia if extensive 
losses of fluid and hemodilution are avoided using saline infusion. Thus, hematocrit is an 
unlikely contributor to the observed changes in the BOLD response. 

The amount of responding voxels (1.6–2.3% of brain voxels) was smaller than ex-
pected. However, changes in the deoxyhemoglobin content and CBV may cancel each 
other out during deepening anesthesia. Models of BOLD response illustrate how the sign 
and size of the BOLD response depend on the size of the changes in brain metabolism 
and hemodynamics (e.g., Hoge et al. 1999). Moreover, the localization of responding 
voxels was not very constant. A certain repetitive tendency was found, as responding 
voxels were more often located in deeper structures and in the midline around the ventri-
cles than in other regions. The resolution of the T2

*-weighted images, however, does not 
allow for a profound interpretation of regional response in the brain. For the ROI analysis 
used, the resolution was sufficient, as very fine structures were not under investigation.  

In the present study, the level of a potent vasoactive agent, CO2, was not measured. 
Since minute ventilation and respiration rate were maintained constant it is assumed that 
the CO2 level stayed close to constant as well. In general, the choice of paradigm wave-
forms in BOLD-contrast fMRI analysis needs a priori knowledge of the changes in the 
brain. Therefore, the response waveforms were selected according to the assumed effects 
of thiopental, as discussed earlier. Also, the detrending applied excluded the correlation 
of the data with stepwise changes. Arbitrary behavior mimicking the actual response es-
timated with the phantom study gave 0.5% amplitudes, which were much lower than the 
amplitude in BOLD responses. The image quality in the case of pigs with a very small 
brain may not be optimal in the clinical scanner used. However, the flexible coil with 
FOV of 15 cm and matrix 64 × 64 gave a voxel size of 2.3 × 2.3 × 5.0 mm and the brain 
ROI covered over thousand voxels. Results of the present study need further confirmation 
with a high-field animal scanner. In spite of the limitations, these preliminary results pro-
vide a new insight into the BOLD response during the sudden deepening of anesthesia. 

In conclusion, the present study is the first to show that significant signal intensity 
changes occur in the BOLD response during the sudden deepening of thiopental anesthe-
sia. However, these responses are neither anatomically constant, for example, showing 
difference between deep and cortical regions, nor global in the healthy swine brain. Fur-
ther research is needed to investigate whether this method could be clinically used in de-
lineating abnormally functioning regions of the brain, for example, epileptic foci or tumor 
tissue.  

6.4  Methotrexate-exposition (III) 

The present study is the first one in which BOLD-contrast fMRI was performed to evalu-
ate the MTX-exposed swine brain. Somatosensory stimulation induced positive BOLD 
response is suggested to change into attenuated positive or negative BOLD response after 
the MTX exposure.  

MTX-associated damage of endothelium or synthesis of vasoactive neurotransmitters 
may alter the tone of the brain blood vessels. This may cause decrease in brain perfusion. 
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Flow-metabolism coupling, i.e., local increase in blood flow to meet the demand of glu-
cose and oxidative metabolism during neural activation, was also expected to be dis-
turbed after the MTX exposure. The control of cerebrovascular resistance may not work 
properly due to MTX-related endothelium deterioration, or the synthesis of vasoactive 
neurotransmitters (Quinn et al. 1997). Defects in flow-metabolism coupling during acti-
vation were indicated by the BOLD-contrast MRI in the present study. The results sug-
gest that there may be these kinds of defect: positive BOLD response, seen in the control 
and the pre-MTX animals, decreased after the MTX exposure. Respectively, negative 
BOLD response was stronger. (Transient negative BOLD response in one control was not 
continuous during activation, and its size was over 6%. This negative response was con-
sidered to be an artifact. Its origin may be head rotation during stimulation that could not 
be seen in COM analysis.) Also the fraction of no BOLD response may be physiologi-
cally important; in the present study it appears to be different between the control and the 
pre-MTX animals. However, the fraction of negative BOLD response is considered arti-
factual in the control animal and this distorts the results. The fraction of no BOLD re-
sponse might be reduced after MTX treatment while the fraction of negative BOLD re-
sponse is increased.  

Differences in the magnitude of positive BOLD response (and fraction of no BOLD 
response) between the control and the pre-MTX animals may be also due to age. How-
ever, BOLD response changes related to the maturation of the brain are associated more 
with negative BOLD response turning to positive during development. This subject is not 
fully explored. During visual stimulation, negative BOLD response has been observed in 
the infant brain, possibly connected to immature vascular response (Martin et al. 1999). 
In the present study, the BOLD response changed after MTX treatment, and hence may 
not be associated with developmental immaturation. However, electrical stimulation in-
duced motion may also be possible, and the results of the present study need validation. 
Also, time courses are noisy due to averaging over a rather small number of voxels. 

Another factor decreasing BOLD response to stimulation could be changes in hema-
tocrit, hemoglobin and serum iron values of blood inducing BOLD baseline change. A 
6% decrease in hematocrit with hemodilution has been reported to decrease amount of 
activated voxels 8% and activation BOLD signal changes 31% in men, but the relation-
ship was not clearly demonstrated in women with hematocrit from 35 to 46% (Levin et 
al. 2001). MTX may decrease serum iron and it may also decrease hematocrit about 5% 
(in women) possibly due to the inhibitory effect of MTX to erythropoiesis (Schalhorn et 
al. 1986; Shamseddine et al. 1998). In female pigs of almost same age as in the present 
study, the baseline blood hematocrit has been reported to be 25–30% (Anttila et al. 2000). 
It is not known how sensitive percentual BOLD response is in this range, but relaxation 
rate 1/T2 in 4.28 T decreases linearly with deoxygenated (10–20%) blood in the range 20 
to 40% of hematocrit (Thulborn et al. 1982). In the beginning of the present study, the 
blood samples were analysed from a few animals but no significant changes after MTX 
exposition was detected (results not shown) in hematocrit. However, this should be taken 
account in future studies as a possible factor behind BOLD changes. 

A major limitation in the present study was the small group size, making statistical 
analysis difficult. Practical reasons, i.e., the tedious procedure in the animal model of 
MTX exposure, limited the collection of the data. Moreover, the amount of adequate data 
was further reduced because of the low SNR or unsuccessful imaging. In addition, 
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movement artifacts diminished the group size. The MRI scanner used in the present study 
is designed for human studies. The image quality in the case of pig with a very small 
brain was therefore reduced. In view of these limitations, the results are considered pre-
liminary, and they need further confirmation. 

In conclusion, the present results suggest that MTX-related changes in the brain may 
be detected as changes in flow-metabolism coupling as reduced or negative BOLD re-
sponse for somatosensory stimulation in the BOLD-contrast MRI. Further studies are 
needed to explore time dependent changes in the brain due to MTX exposure, and to ap-
ply MR spectroscopy to quantify the changes in cerebral metabolism. 

6.5  Focal penicillin induced epilepsy (IV) 

An experimental focal epilepsy model was developed and tested in the present study. The 
model was successful in combining dynamic induction of epileptic activity, EEG/fMRI, 
and deep isoflurane anesthesia. This is to my knowledge the first successful experiment 
with high time resolution monitoring of evolving epileptic activity with EEG/fMRI. 

The present study showed that development of penicillin induced focal epileptic activ-
ity was associated with local BOLD signal increase in the swine brain, even in deep iso-
flurane anesthesia. The most exciting result was that initial continuous BOLD increase 
was clear prior to the appearance of spike activity in scalp EEG.  

The epileptic lesion was obtained by penicillin injection via a carefully administered 
catheter in the present study. This was a simplified and straightforward version of the 
chronic insertion of a more sophisticated transcranial port for penicillin instillation (Op-
dam et al. 2002). It is practical to manage an acute model, which requires one 5–6h ses-
sion for the single experiment. Localized administration allows development of “focus” 
due to epileptogenic properties of penicillin. 

With the selected penicillin dose, epileptic activity did not develop into seizures during 
the BOLD-contrast fMRI monitored period of 14–16 min. Compared to the baseline, in-
terictal spikes appeared while the bursts of burst-suppression pattern either disappeared 
or deformed into a more “spiky” appearance, i.e., apparently more “epileptic” patterns. 
Penicillin G is a known GABAA receptor antagonist, impairing the function of GABA-
mediated inhibitory neurotransmission (Avanzini and Franceschetti 2003). Respectively, 
isoflurane (a GABAA receptor agonist) induces enhancement of GABAAergic inhibition 
and a blockade of thalamocortical information transfer in vivo (Detsch et al. 2002a). This 
opposing effect of isoflurane to penicillin did not cancel epileptogenic spike activity in 
the present study. This is in line with the finding that, on the thalamic level, suppressive 
effects of isoflurane can be reversed by the local administration of a GABAA receptor 
antagonist (Vahle-Hinz et al. 2001). However, when global administration of penicillin 
via the cisterna magna in cats was performed, induced repetitive epileptic spikes in cats 
were fully suppressed with 1.6% isoflurane (Murao et al. 2000). Isoflurane anesthesia 
may limit the spread of epileptic activity and so enable the localization of the primary 
epileptogenic zone better than in the awake condition. In humans, isoflurane at anesthesia 
levels before the burst-suppression pattern, does not suppress epileptic spikes (Fiol et al. 
1993). 
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In BOLD-contrast fMRI, isoflurane is assumed to decrease the available BOLD signal 
increase range due to increase in CBF and decrease in oxygen metabolism, i.e., local 
brain tissue oxygenation is increased (Hoffman & Edelman 2000). In the present study, 
one experiment showed that hyper- and hypocapnia responses were reduced, but detect-
able, which is according to the literature. Isoflurane has been found to be a useful anes-
thetic in canine visual BOLD-contrast fMRI (Willis et al. 2001), but rejected in the rat 
absence epilepsy model BOLD-contrast fMRI due to the modest BOLD response in the 
brain (Tenney et al. 2003).  

Cross-correlation with different model functions showed that the “hemodynamic step 
function” produced the most consistent results (Table 6). Activated voxels were spread 
into the vicinity of the injection site, and the corresponding ones are in the neighbouring 
slice, at 10 mm distance from the slice set over the injection site (Fig. 6). With a longer 
baseline, more activating voxels were found, as expected. Stricter threshold limited the 
activated voxels close to the injection site.  

In the present study, few or no activated voxels were seen in the thalamus or other 
common epilepsy related sites (hippocampus, amygdala), compared to previous studies 
(Brüehl et al. 1998; Opdam et al. 2002). Isoflurane anesthesia might be one factor in the 
present study blocking thalamocortical connections, which may play a role in hypome-
tabolism related to interictal epilepsy (Bruehl et al. 1998). Isoflurane decreases the global 
CMRglu in the brain and the first assumption was that epileptogenic activity may induce 
signal decrease due to increased deoxyhemoglobin content (if glucose and oxygen me-
tabolism are coupled). Signal decreases were also found with the cross-correlation analy-
sis, but only in relatively few voxels, except in the cases of air-induced susceptibility re-
lated signal decreases. 

Average BOLD signal increase of the voxels adjacent to the penicillin injection site 
was high, approximately 10–20%, with an initial ramp phase and signal saturation which 
exceeds the usual BOLD response in activation studies of 2–5% in 1.5 T (Ogawa et al. 
1998). Signal change because of movement was avoided in the present study, due to deep 
anesthesia and muscle relaxant. Nor can pETCO2 changes explain this high change as 
they were much less than in the shown hypercapnia experiment. One suspicion lies on the 
BOLD change due to MAP changes of 6–10 mmHg (Table 1). However, in 7 T with 
much greater BOLD sensitivity, approximately only 0.2–0.4% BOLD signal changes 
were detected, corresponding to approximately 7–12 mmHg average change in MAP in 
1.1% (0.8 MAC) isoflurane anesthetized rats (Kalisch et al. 2001).  

In the human visual cortex, the theoretical maximum of BOLD signal increase is 8%–
22% in 1.5 T (Davis et al. 1998; Hoge et al. 1999). A single interictal spike induced acti-
vation has been reported to be approximately 1% (Lemieux et al. 2001; Bénar et al. 
2002). However, when spatial smoothing of image data was not used, rather high signal 
intensity changes (mean 15 ± 9%, range 3–31%) also in human data have been found in 
spike triggered BOLD-contrast fMRI (Jäger et al. 2002; Lemieux et al. 2003) and in the 
resting state BOLD-contrast fMRI of epileptic patients at 1.5 T (Morgan et al. 2004).  

It is plausible that strong penicillin-induced epileptic activity is behind the observed 
average signal intensity increases in BOLD-contrast fMRI. Moreover, the amount of vox-
els contributes due to the effect of averaging. Epileptic activity may induce very strong 
localized changes in brain metabolism. Penicillin-induced epileptic activity can induce a 
more than 200% increase in glucose uptake in the centre of hypermetabolic primary focus 
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in light anesthesia, with a concomitant moderate increase in CBF (around 20–30%) 
(Witte et al. 1994; Bruehl et al. 1998). This hypermetabolic centre is surrounded by a 
hypometabolic area, without CBF changes (Bruehl et al. 1998). However, a 60–80% 
CBV decrease, presumed to relate epileptic activity, was found with intravenous applica-
tion of another epileptogenic agent, bicuculline (Mueggler et al. 2001).  

Time dependent changes preceding any distinguishable spiking activity in EEG were 
interesting, despite the fact that the original cross-correlation analysis was supposed to 
detect the OFF-ON pattern parallel to the appearance of EEG spike activity (ON state). 
Map mean average of voxels, which positively correlated to the model function, showed 
a 2.5–13.5% average BOLD signal increase at the time first spikes became evident in the 
simultaneous EEG signal (Table 6). Preictal CBF increase at the time of 11–12 min prior 
to EEG seizure onset has been demonstrated with SPECT (Baumgartner et al. 1998). Also 
in penicillin-induced epilepsy, changes in CBF or metabolism prior to epileptic activity 
were not found from the current literature. The present study indicates that clear changes 
in local brain function and metabolism occur previous to detectable scalp EEG spiking. 
However, spiking may occur which is not visible in scalp EEG (Cooper et al. 1965). Yet, 
a continuous increase began immediately following the penicillin injection (Fig. 7).  

The injection site in the present study was approximately in 5–9 mm depth from the 
dura. It is difficult to say if the catheter was already entering the subcortical region. In 
development of the set-up, air microbubbles entering within the injection were causing an 
area with signal drop-out. However, with very cautious filling of the catheter, this risk 
was minimized.  

After penicillin injection, spiking was continuous, up to every 1 to 2 s. Some other 
epileptogenic agents may induce more intermittent epileptic activity, which can be sepa-
rated in time on the hemodynamic level more easily than continuous high frequency spik-
ing. Only two EEG electrodes were applied in the present study, which is considered to 
be minimal but sufficient to follow epileptic spike activity in this kind of experimental 
set-up. The electroencephalographic data could be refined by using depth electrodes or 
subdural strips (Opdam et al. 2002).  

Imaging artifacts in the EEG signal were not corrected, underestimating the absolute 
spike frequency and spike power, but in this case comparison was made to the baseline 
with zero spike activity. In this kind of on/off situation, this approach is sufficient. In fur-
ther studies following continuous spike activity, imaging artifact correction will be re-
quired. Ballistocardiogram artifact correction was not performed since the epileptic 
spikes were clearly distinguishable.  

The experimental model applied with simple, acute and straightforward methodology 
contains the potential to provide more insight for the localization of epileptic focus with 
BOLD-contrast fMRI. Further adjustments of this model could include other epilepto-
genic agents or different dosage, other target areas with less susceptibility artefacts, more 
sophisticated catheter and antiepileptogenic drugs, longer follow-up or monitoring pe-
riod. In the future, studies using proconvulsant anesthetics such as enflurane or sevoflu-
rane with this model might also shed light on the mechanisms of development of focal 
and generalized seizures during anesthesia (Yli-Hankala et al. 1999; Vakkuri et al. 2001).  

In conclusion, the experimental dynamic and focal epilepsy in deep isoflurane anes-
thesia is feasible to study focal epilepsy with BOLD-contrast fMRI. Development of fo-
cal epileptic activity can be detected as BOLD signal change, even preceding the spike 
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activity in scalp EEG. This experimental model contains the potential for development 
and testing different localization methods and revealing the characteristic time sequence 
of epileptic activity with BOLD-contrast fMRI during deep anesthesia. 

6.6  Future prospects 

EEG/fMRI can be considered as an advanced but demanding technique in functional 
brain imaging. It combines good time resolution of neurophysiological measurements 
with EEG and good spatial resolution of BOLD-contrast fMRI. Its applicability and addi-
tional value for clinical decision-making will certainly grow in future. Further improve-
ments and innovations in biosensor development, measurement techniques and signal 
processing on- and off-line will increase SNR in both modalities. Through the future re-
search and development, EEG/fMRI has to face the usability requirements of clinical 
environment. In the clinical routine, time and efforts to tackle the tediousness of the pre-
sent EEG/fMRI set-up is a limiting factor. 

Anesthetic action in the brain may shed a new light on epilepsy mechanisms or local-
ization of epileptogenic areas. In that respect, EEG/fMRI in the studies II and IV was able 
to yield new contribution to present literature about hemodynamic changes in brain func-
tion during general anesthesia. Since scalp EEG and BOLD-contrast fMRI are both non-
invasive methods, without ionizing radiation, comprehensive future studies are possible 
in humans. However, the MR environment sets technical and practical hinges, which 
have to be resolved during planning and testing of a research set-up.  

The study III also suggested that neurovascular coupling might be sensitive to agents 
deteriorating the endothelium and this might be interesting to study with accompanying 
DC-EEG, presumed to be sensitive to changes in BBB conductivity (Voipio et al. 2003). 
Endothelium deterioration or defects in cerebrovascular reactivity controlled by endothe-
lium are associated to, e.g., Azheimer’s disease or epilepsy. Future investigations of cere-
brovascular control and fluctuations of this control may show new advances for diagnos-
tics and drug-development for serious brain diseases. 

The concept of epilepsy is not simple and this far, classifications and knowledge are 
based distinctively on the accumulated EEG research: “...scalp EEG remains the principal 
tool in the diagnosis and classification of epilepsy syndromes” (Salek-Haddadi et al. 
2003a). BOLD-contrast fMRI can be one technique widening insight into the mecha-
nisms behind epilepsy. The studies I and IV suggested that epileptoform or resembling 
activity in EEG may have preceding events on the hemodynamic level. However, the 
changes in BOLD signal are intermingled and interpretation requires careful considera-
tion and comparison with reference data from physiological alterations. Still, BOLD-
contrast fMRI shows a promising premise to study the characteristic time sequence of 
epileptic events and it can provide useful information both from the spatial and temporal 
point of view.  



7 Conclusions 

Recalling the stated purpose, the following conclusions can be drawn from the results of 
the present study: 

1. BOLD signal changes may provide additional information about dynamic hemody-
namic changes relative to hyperventilation induced EEG reactivity. 

2. BOLD signal changes in the brain are associated with sudden deepening of thiopental 
anesthesia into EEG burst-suppression level, but they are spatially inconsistent and 
scarce. 

3. Somatosensory BOLD response shows a slight difference in the brain before and after 
globally induced methotrexate exposition. 

4. The dynamic penicillin induced focal epilepsy model in deep isoflurane anesthesia 
with simultaneous EEG and BOLD-contrast fMRI is feasible for development of these 
methods for the localization of epileptic focus or foci. 

 



 References  

Aghakhani Y, Bagshaw AP, Benar CG, Hawco C, Andermann F, Dubeau F & Gotman J (2004) 
fMRI activation during spike and wave discharges in idiopathic generalized epilepsy. Brain 
127(Pt 5):1127-44. 

Al-Asmi A, Benar CG, Gross DW, Khani YA, Andermann F, Pike B, Dubeau F & Gotman J 
(2003) fMRI activation in continuous and spike-triggered EEG-fMRI studies of epileptic spikes. 
Epilepsia 44(10):1328-39. 

Allen PJ, Josephs O & Turner R (2000) A method for removing imaging artifact from continuous 
EEG recorded during functional MRI. Neuroimage 12(2):230-9. 

Allen PJ, Polizzi G, Krakow K, Fish DR & Lemieux L (1998) Identification of EEG events in the 
MR scanner: the problem of pulse artifact and a method for its subtraction. Neuroimage 
8(3):229-39. 

Altenburg BM, Michenfelder JD & Theye RA (1969) Acute tolerance to thiopental in canine cere-
bral oxygen consumption studies. Anesthesiology 31(5):443-57. 

Anami K, Mori T, Tanaka F, Kawagoe Y, Okamoto J, Yarita M, Ohnishi T, Yumoto M, Matsuda H 
& Saitoh O (2003) Stepping stone sampling for retrieving artifact-free electroencephalogram 
during functional magnetic resonance imaging. Neuroimage 19(2 Pt 1):281-95. 

Andermann F & Robb JP (1972) Absence status. A reappraisal following review of thirty-eight 
patients. Epilepsia 13(1):177-87. 

Antognini JF, Buonocore MH, Disbrow EA & Carstens E (1997) Isoflurane anesthesia blunts cere-
bral responses to noxious and innocuous stimuli: a fMRI study. Life Sci 61(24):PL 349-54. 

Anttila V, Rimpiläinen J, Pokela M, Kiviluoma K, Mäkiranta M, Jäntti V, Vainionpää V, Hirvonen 
J & Juvonen T (2000) Lamotrigine improves cerebral outcome after hypothermic circulatory ar-
rest: a study in a chronic porcine model. J Thorac Cardiovasc Surg 120(2):247-55. 

Archer JS, Abbott DF, Waites AB & Jackson GD (2003a) fMRI "deactivation" of the posterior 
cingulate during generalized spike and wave. Neuroimage 20(4):1915-22. 

Archer JS, Briellmann RS, Syngeniotis A, Abbott DF & Jackson GD (2003b) Spike-triggered fMRI 
in reading epilepsy: involvement of left frontal cortex working memory area. Neurology 
60(3):415-21. 

Asato R, Akiyama Y, Ito M, Kubota M, Okumura R, Miki Y, Konishi J & Mikawa H (1992) Nu-
clear magnetic resonance abnormalities of the cerebral white matter in children with acute lym-
phoblastic leukemia and malignant lymphoma during and after central nervous system prophy-
lactic treatment with intrathecal methotrexate. Cancer 70(7):1997-2004. 

Aubert A & Costalat R (2002) A model of the coupling between brain electrical activity, metabo-
lism, and hemodynamics: application to the interpretation of functional neuroimaging. Neuroi-
mage 17(3):1162-81. 

Avanzini G & Franceschetti S (2003) Cellular biology of epileptogenesis. Lancet Neurol 2(1):33-
42. 



 84
Bandettini PA, Jesmanowicz A, Wong EC & Hyde JS (1993) Processing strategies for time-course 

data sets in functional MRI of the human brain. Magn Reson Med 30(2):161-73. 
Bandettini PA & Wong EC (1997) A hypercapnia-based normalization method for improved spatial 

localization of human brain activation with fMRI. NMR Biomed 10(4-5):197-203. 
Bandettini PA, Wong EC, Jesmanowicz A, Hinks RS & Hyde JS (1994) Spin-echo and gradient-

echo EPI of human brain activation using BOLD contrast: a comparative study at 1.5 T. NMR 
Biomed 7(1-2):12-20. 

Baudewig J, Bittermann HJ, Paulus W & Frahm J (2001) Simultaneous EEG and functional MRI of 
epileptic activity: a case report. Clin Neurophysiol 112(7):1196-200. 

Baumgartner C, Serles W, Leutmezer F, Pataraia E, Aull S, Czech T, Pietrzyk U, Relic A & Po-
dreka I (1998) Preictal SPECT in temporal lobe epilepsy: regional cerebral blood flow is in-
creased prior to electroencephalography-seizure onset. J Nucl Med 39(6):978-82. 

Benar C, Aghakhani Y, Wang Y, Izenberg A, Al-Asmi A, Dubeau F & Gotman J (2003) Quality of 
EEG in simultaneous EEG-fMRI for epilepsy. Clin Neurophysiol 114(3):569-80. 

Benar CG, Gross DW, Wang Y, Petre V, Pike B, Dubeau F & Gotman J (2002) The BOLD re-
sponse to interictal epileptiform discharges. Neuroimage 17(3):1182-92. 

Berger H (1969) On the electroencephalogram of man. Electroencephalogr Clin Neurophysiol: 
Suppl 28:37+. 

Berne RM & Levy MN (1993) Physiology. St. Louis, Missouri, Mosby-Year Book, Inc. p. 263. 
Bertrand O & Tallon-Baudry C (2000) Oscillatory gamma activity in humans: a possible role for 

object representation. Int J Psychophysiol 38(3):211-23. 
Biancheri R, Cerone R, Rossi A, Schiaffino MC, Caruso U, Minniti G, Perrone MV, Tortori-Donati 

P & Veneselli E (2002) Early-onset cobalamin C/D deficiency: epilepsy and electroencephalo-
graphic features. Epilepsia 43(6):616-22. 

Björkman S, Nilsson F, Akeson J, Messeter K & Rosen I (1994) The effect of thiopental on cere-
bral blood flow, and its relation to plasma concentration, during simulated induction of anaes-
thesia in a porcine model. Acta Anaesthesiol Scand 38(5):473-8. 

Blum DE (1998) Computer-based electroencephalography: technical basics, basis for new applica-
tions, and potential pitfalls. Electroencephalogr Clin Neurophysiol 106(2):118-26. 

Bonmassar G, Anami K, Ives J & Belliveau JW (1999) Visual evoked potential (VEP) measured by 
simultaneous 64-channel EEG and 3T fMRI. Neuroreport 10(9):1893-7. 

Bonmassar G, Purdon PL, Jaaskelainen IP, Chiappa K, Solo V, Brown EN & Belliveau JW (2002) 
Motion and ballistocardiogram artifact removal for interleaved recording of EEG and EPs dur-
ing MRI. Neuroimage 16(4):1127-41. 

Bonmassar G, Schwartz DP, Liu AK, Kwong KK, Dale AM & Belliveau JW (2001) Spatiotempo-
ral brain imaging of visual-evoked activity using interleaved EEG and fMRI recordings. Neuro-
image 13(6 Pt 1):1035-43. 

Born AP, Law I, Lund TE, Rostrup E, Hanson LG, Wildschiodtz G, Lou HC & Paulson OB (2002) 
Cortical deactivation induced by visual stimulation in human slow-wave sleep. Neuroimage 
17(3):1325-35. 

Bottiglieri T, Hyland K & Reynolds EH (1994) The clinical potential of ademetionine (S-
adenosylmethionine) in neurological disorders. Drugs 48(2):137-52. 

Boxerman JL, Bandettini PA, Kwong KK, Baker JR, Davis TL, Rosen BR & Weisskoff RM (1995) 
The intravascular contribution to fMRI signal change: Monte Carlo modeling and diffusion-
weighted studies in vivo. Magn Reson Med 34(1):4-10. 

Brüehl C, Hagemann G & Witte OW (1998) Uncoupling of blood flow and metabolism in focal 
epilepsy. Epilepsia 39(12):1235-42. 

Budinger TF (2003) Progenitor endothelial cell involvement in Alzheimer's disease. Neurol Res 
25(6):617-24. 

Bührer M, Maitre PO, Hung OR, Ebling WF, Shafer SL & Stanski DR (1992) Thiopental pharma-
codynamics. I. Defining the pseudo-steady-state serum concentration-EEG effect relationship. 
Anesthesiology 77(2):226-36. 

Buxton RB (2002) Introduction to Functional Magnetic Resonance Imaging - Principles & Tech-
niques. Cambridge, Cambridge University Press. 



 85
Buxton RB, Wong EC & Frank LR (1998) Dynamics of blood flow and oxygenation changes dur-

ing brain activation: the balloon model. Magn Reson Med 39(6):855-64. 
Chambers JC, Obeid OA, Refsum H, Ueland P, Hackett D, Hooper J, Turner RM, Thompson SG & 

Kooner JS (2000) Plasma homocysteine concentrations and risk of coronary heart disease in UK 
Indian Asian and European men. Lancet 355(9203):523-7. 

Chen JW, O'Farrell AM & Toga AW (2000) Optical intrinsic signal imaging in a rodent seizure 
model. Neurology 55(2):312-5. 

Chen W & Ogawa S (2000) Principles of BOLD functional MRI. Functional MRI. C. T. W. 
Moonen and P. A. Bandettini. Berlin Heidelberg, Springer-Verlag:103. 

Chiappa KH, Hill RA, Huang-Hellinger F & Jenkins BG (1999) Photosensitive epilepsy studied by 
functional magnetic resonance imaging and magnetic resonance spectroscopy. Epilepsia 40 
Suppl 4:3-7. 

Chu WC, Chik KW, Chan YL, Yeung DK, Roebuck DJ, Howard RG, Li CK & Metreweli C (2003) 
White matter and cerebral metabolite changes in children undergoing treatment for acute lym-
phoblastic leukemia: longitudinal study with MR imaging and 1H MR spectroscopy. Radiology 
229(3):659-69. 

Conturo TE, McKinstry RC, Aronovitz JA & Neil JJ (1995) Diffusion MRI: precision, accuracy 
and flow effects. NMR Biomed 8(7-8):307-32. 

Cooper R, Winter AL, Crow HJ & Walter WG (1965) Comparison of Subcortical, Cortical and 
Scalp Activity Using Chronically Indwelling Electrodes in Man. Electroencephalogr Clin Neu-
rophysiol 18:217-28. 

Craner SL & Ray RH (1991a) Somatosensory cortex of the neonatal pig: I. Topographic organiza-
tion of the primary somatosensory cortex (SI). J Comp Neurol 306(1):24-38. 

Craner SL & Ray RH (1991b) Somatosensory cortex of the neonatal pig: II. Topographic organiza-
tion of the secondary somatosensory cortex (SII). J Comp Neurol 306(1):39-48. 

Czisch M, Wetter TC, Kaufmann C, Pollmacher T, Holsboer F & Auer DP (2002) Altered process-
ing of acoustic stimuli during sleep: reduced auditory activation and visual deactivation detected 
by a combined fMRI/EEG study. Neuroimage 16(1):251-8. 

Dager SR, Strauss WL, Marro KI, Richards TL, Metzger GD & Artru AA (1995) Proton magnetic 
resonance spectroscopy investigation of hyperventilation in subjects with panic disorder and 
comparison subjects. Am J Psychiatry 152(5):666-72. 

Davis TL, Kwong KK, Weisskoff RM & Rosen BR (1998) Calibrated functional MRI: mapping the 
dynamics of oxidative metabolism. Proc Natl Acad Sci U S A 95(4):1834-9. 

de Curtis M & Avanzini G (2001) Interictal spikes in focal epileptogenesis. Prog Neurobiol 
63(5):541-67. 

de Curtis M, Radici C & Forti M (1999) Cellular mechanisms underlying spontaneous interictal 
spikes in an acute model of focal cortical epileptogenesis. Neuroscience 88(1):107-17. 

Deslauriers R, Saunders JK & McIntyre MC (1996) Magnetic resonance studies of the effects of 
cardiovascular surgery on brain metabolism and function. J Cardiothorac Vasc Anesth 
10(1):127-37; quiz 137-8. 

Detre JA, Sirven JI, Alsop DC, O'Connor MJ & French JA (1995) Localization of subclinical ictal 
activity by functional magnetic resonance imaging: correlation with invasive monitoring. Ann 
Neurol 38(4):618-24. 

Detre JA, Zhang W, Roberts DA, Silva AC, Williams DS, Grandis DJ, Koretsky AP & Leigh JS 
(1994) Tissue specific perfusion imaging using arterial spin labeling. NMR Biomed 7(1-2):75-
82. 

Detsch O, Kochs E, Siemers M, Bromm B & Vahle-Hinz C (2002a) Differential effects of isoflu-
rane on excitatory and inhibitory synaptic inputs to thalamic neurones in vivo. Br J Anaesth 
89(2):294-300. 

Detsch O, Kochs E, Siemers M, Bromm B & Vahle-Hinz C (2002b) Increased responsiveness of 
cortical neurons in contrast to thalamic neurons during isoflurane-induced EEG bursts in rats. 
Neurosci Lett 317(1):9-12. 



 86
Di Gennaro G, Quarato PP, Onorati P, Colazza GB, Mari F, Grammaldo LG, Ciccarelli O, Mel-

dolesi NG, Sebastiano F, Manfredi M & Esposito V (2003) Localizing significance of temporal 
intermittent rhythmic delta activity (TIRDA) in drug-resistant focal epilepsy. Clin Neurophysiol 
114(1):70-8. 

Diehl B, Salek-Haddadi A, Fish DR & Lemieux L (2003) Mapping of spikes, slow waves, and 
motor tasks in a patient with malformation of cortical development using simultaneous EEG and 
fMRI. Magn Reson Imaging 21(10):1167-73. 

Dijkhuizen RM & Nicolay K (2003) Magnetic resonance imaging in experimental models of brain 
disorders. J Cereb Blood Flow Metab 23(12):1383-402. 

Drummond JC & Shapiro HM (1994) Cerebral physiology. Anesthesia. R. D. Miller. New York, 
Churchill Livingstone Inc.:689-729. 

Ebersole JS (1997) Defining epileptogenic foci:past, present, future. J Clin Neurophysiol 
14(6):470-83. 

Ebersole JS & Chatt AB (1984) Laminar interactions during neocortical epileptogenesis. Brain Res 
298(2):253-71. 

Ebersole JS & Levine RA (1975) Abnormal neuronal responses during evolution of a penicillin 
epileptic focus in cat visual cortex. J Neurophysiol 38(2):250-6. 

Edelman RR, Wielopolski P & Schmitt F (1994) Echo-planar MR imaging. Radiology 192(3):600-
12. 

Farzaneh F, Riederer SJ & Pelc NJ (1990) Analysis of T2 limitations and off-resonance effects on 
spatial resolution and artifacts in echo-planar imaging. Magn Reson Med 14(1):123-39. 

Felblinger J, Slotboom J, Kreis R, Jung B & Boesch C (1999) Restoration of electrophysiological 
signals distorted by inductive effects of magnetic field gradients during MR sequences. Magn 
Reson Med 41(4):715-21. 

Fiol ME, Boening JA, Cruz-Rodriguez R & Maxwell R (1993) Effect of isoflurane (Forane) on 
intraoperative electrocorticogram. Epilepsia 34(5):897-900. 

Fisch BJ & So EL (2003) Activation methods - normal response to hyperventilation. Current Prac-
tice of Clinical Electroencephalography. J. S. Ebersole and T. A. Pedley. Philadelphia, Lippin-
cott Williams & Wilkins: p. 248. 

Fisel CR, Ackerman JL, Buxton RB, Garrido L, Belliveau JW, Rosen BR & Brady TJ (1991) MR 
contrast due to microscopically heterogeneous magnetic susceptibility: numerical simulations 
and applications to cerebral physiology. Magn Reson Med 17(2): 336-47. 

Foucher JR, Otzenberger H & Gounot D (2003) The BOLD response and the gamma oscillations 
respond differently than evoked potentials: an interleaved EEG-fMRI study. BMC Neurosci 
4(1): 22. 

Fox PT & Raichle ME (1986) Focal physiological uncoupling of cerebral blood flow and oxidative 
metabolism during somatosensory stimulation in human subjects. Proc Natl Acad Sci U S A 
83(4): 1140-4. 

Frahm J, Merboldt KD, Hanicke W, Kleinschmidt A & Boecker H (1994) Brain or vein--
oxygenation or flow? On signal physiology in functional MRI of human brain activation. NMR 
Biomed 7(1-2): 45-53. 

Friston KJ, Mechelli A, Turner R & Price CJ (2000) Nonlinear responses in fMRI: the Balloon 
model, Volterra kernels, and other hemodynamics. Neuroimage 12(4): 466-77. 

Glover GH (1999) Deconvolution of impulse response in event-related BOLD fMRI. Neuroimage 
9(4): 416-29. 

Golanov EV, Yamamoto S & Reis DJ (1994) Spontaneous waves of cerebral blood flow associated 
with a pattern of electrocortical activity. Am J Physiol 266(1 Pt 2): R204-14. 

Goldman RI, Stern JM, Engel J, Jr. & Cohen MS (2002) Simultaneous EEG and fMRI of the alpha 
rhythm. Neuroreport 13(18): 2487-92. 

Grimm C, Schreiber A, Kristeva-Feige R, Mergner T, Hennig J & Lucking CH (1998) A compari-
son between electric source localisation and fMRI during somatosensory stimulation. Electroen-
cephalogr Clin Neurophysiol 106(1): 22-9. 

Gröhn OH & Kauppinen RA (2001) Assessment of brain tissue viability in acute ischemic stroke 
by BOLD MRI. NMR Biomed 14(7-8): 432-40. 



 87
Grubb RL, Jr., Raichle ME, Eichling JO & Ter-Pogossian MM (1974) The effects of changes in 

PaCO2 on cerebral blood volume, blood flow, and vascular mean transit time. Stroke 5(5): 630-
9. 

Gullapalli D & Fountain NB (2003) Clinical correlation of occipital intermittent rhythmic delta 
activity. J Clin Neurophysiol 20(1): 35-41. 

Hannon J, Ketler J, Artru AA & Aronstam R (1988) Blood-brain-barrier permeability during hypo-
capnea in halothane anesthetized monkeys. Ann. N. Y. Acad. Sci. 529: 172-174. 

Harila-Saari AH, Ahonen AK, Vainionpää LK, Pääkkö EL, Pyhtinen J, Himanen AS, Torniainen 
PJ & Lanning BM (1997) Brain perfusion after treatment of childhood acute lymphoblastic leu-
kemia. J Nucl Med 38(1): 82-8. 

Harila-Saari AH, Huuskonen UE, Tolonen U, Vainionpää LK & Lanning BM (2001) Motor nerv-
ous pathway function is impaired after treatment of childhood acute lymphoblastic leukemia: a 
study with motor evoked potentials. Med Pediatr Oncol 36(3): 345-51. 

Harper AM (1966) Autoregulation of cerebral blood flow: influence of the arterial blood pressure 
on the blood flow through the cerebral cortex. J Neurol Neurosurg Psychiatry 29(5): 398-403. 

Hartikainen K, Rorarius M, Mäkelä K, Peräkylä J, Varila E & Jäntti V (1995) Visually evoked 
bursts during isoflurane anaesthesia. Br J Anaesth 74(6): 681-5. 

Hartikainen K & Rorarius MG (1999) Cortical responses to auditory stimuli during isoflurane burst 
suppression anaesthesia. Anaesthesia 54(3): 210-4. 

Hartikainen KM, Rorarius M & Jäntti V (1996) Monitoring the integrity of somatosensory path-
ways with evoked electroencephalographic bursts. Anesth Analg 83(2): 354-8. 

Hassan A, Hunt BJ, O'Sullivan M, Bell R, D'Souza R, Jeffery S, Bamford JM & Markus HS (2004) 
Homocysteine is a risk factor for cerebral small vessel disease, acting via endothelial dysfunc-
tion. Brain 127(Pt 1): 212-9. 

Hoffman WE & Edelman G (2000) Enhancement of brain tissue oxygenation during high dose 
isoflurane anesthesia in the dog. J Neurosurg Anesthesiol 12(2): 95-8. 

Hoge RD, Atkinson J, Gill B, Crelier GR, Marrett S & Pike GB (1999) Investigation of BOLD 
signal dependence on cerebral blood flow and oxygen consumption: the deoxyhemoglobin dilu-
tion model. Magn Reson Med 42(5): 849-63. 

Hoogenraad FG, Pouwels PJ, Hofman MB, Reichenbach JR, Sprenger M & Haacke EM (2001) 
Quantitative differentiation between BOLD models in fMRI. Magn Reson Med 45(2): 233-46. 

Horwitz B & Poeppel D (2002) How can EEG/MEG and fMRI/PET data be combined? Hum Brain 
Mapp 17(1): 1-3. 

Hoshi Y, Okuhara H, Nakane S, Hayakawa K, Kobayashi N & Kajii N (1999) Re-evaluation of the 
hypoxia theory as the mechanism of hyperventilation-induced EEG slowing. Pediatr Neurol 
21(3): 638-43. 

Hsu EW, Hedlund LW & MacFall JR (1998) Functional MRI of the rat somatosensory cortex: ef-
fects of hyperventilation. Magn Reson Med 40(3): 421-6. 

Huettel SA, McKeown MJ, Song AW, Hart S, Spencer DD, Allison T & McCarthy G (2004) Link-
ing hemodynamic and electrophysiological measures of brain activity: evidence from functional 
MRI and intracranial field potentials. Cereb Cortex 14(2): 165-73. 

Hufnagel A, Burr W, Elger CE, Nadstawek J & Hefner G (1992) Localization of the epileptic focus 
during methohexital-induced anesthesia. Epilepsia 33(2): 271-84. 

Hund-Georgiadis M, Zysset S, Naganawa S, Norris DG & Von Cramon DY (2003) Determination 
of cerebrovascular reactivity by means of FMRI signal changes in cerebral microangiopathy: a 
correlation with morphological abnormalities. Cerebrovasc Dis 16(2): 158-65. 

Iannetti GD, Di Bonaventura C, Pantano P, Giallonardo AT, Romanelli PL, Bozzao L, Manfredi M 
& Ricci GB (2002) fMRI/EEG in paroxysmal activity elicited by elimination of central vision 
and fixation. Neurology 58(6): 976-9. 

Igartua J, Silver P, Maytal J & Sagy M (1999) Midazolam coma for refractory status epilepticus in 
children. Crit Care Med 27(9): 1982-5. 

Ito H, Kanno I, Ibaraki M & Hatazawa J (2002) Effect of aging on cerebral vascular response to 
Paco2 changes in humans as measured by positron emission tomography. J Cereb Blood Flow 
Metab 22(8): 997-1003. 



 88
Ives JR, Warach S, Schmitt F, Edelman RR & Schomer DL (1993) Monitoring the patient's EEG 

during echo planar MRI. Electroencephalogr Clin Neurophysiol 87(6): 417-20. 
Jackson GD, Connelly A, Cross JH, Gordon I & Gadian DG (1994) Functional magnetic resonance 

imaging of focal seizures. Neurology 44(5): 850-6. 
Jäger L, Werhahn KJ, Hoffmann A, Berthold S, Scholz V, Weber J, Noachtar S & Reiser M (2002) 

Focal epileptiform activity in the brain: detection with spike-related functional MR imaging--
preliminary results. Radiology 223(3): 860-9. 

Jäntti V, Eriksson K, Hartikainen K & Baer GA (1994) Epileptic EEG discharges during burst sup-
pression. Neuropediatrics 25(5): 271-3. 

Jäntti V & Yli-Hankala A (2000) Neurophysiology of anaesthesia. Suppl Clin Neurophysiol 53: 84-
8. 

Jefferys JG (2003) Models and mechanisms of experimental epilepsies. Epilepsia 44 Suppl 12: 44-
50. 

Josephs O & Henson RN (1999) Event-related functional magnetic resonance imaging: modelling, 
inference and optimization. Philos Trans R Soc Lond B Biol Sci 354(1387): 1215-28. 

Jueptner M & Weiller C (1995) Review: does measurement of regional cerebral blood flow reflect 
synaptic activity? Implications for PET and fMRI. Neuroimage 2(2): 148-56. 

Kalisch R, Elbel GK, Gossl C, Czisch M & Auer DP (2001) Blood pressure changes induced by 
arterial blood withdrawal influence bold signal in anesthesized rats at 7 Tesla: implications for 
pharmacologic mri. Neuroimage 14(4): 891-8. 

Kalkman CJ, Boezeman EH, Ribberink AA, Oosting J, Deen L & Bovill JG (1991) Influence of 
changes in arterial carbon dioxide tension on the electroencephalogram and posterior tibial 
nerve somatosensory cortical evoked potentials during alfentanil/nitrous oxide anesthesia. Anes-
thesiology 75(1): 68-74. 

Kamp A & Lopes da Silva F (1999) Technological basis of EEG recording. Electroencephalogra-
phy: Basic Principles, Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes 
da Silva. Baltimore, Lippincott, Williams & Wilkins. Fourth Ed.: 110-121. 

Kang JK, Benar C, Al-Asmi A, Khani YA, Pike GB, Dubeau F & Gotman J (2003) Using patient-
specific hemodynamic response functions in combined EEG-fMRI studies in epilepsy. Neuroi-
mage 20(2): 1162-70. 

Kassell NF, Hitchon PW, Gerk MK, Sokoll MD & Hill TR (1980) Alterations in cerebral blood 
flow, oxygen metabolism, and electrical activity produced by high dose sodium thiopental. Neu-
rosurgery 7(6): 598-603. 

Kastrup A, Kruger G, Glover GH, Neumann-Haefelin T & Moseley ME (1999) Regional variabil-
ity of cerebral blood oxygenation response to hypercapnia. Neuroimage 10(6): 675-81. 

Kastrup A, Kruger G, Neumann-Haefelin T & Moseley ME (2001) Assessment of cerebrovascular 
reactivity with functional magnetic resonance imaging: comparison of CO(2) and breath hold-
ing. Magn Reson Imaging 19(1): 13-20. 

Kastrup A, Li TQ & Moseley ME (2000) Functional MRI and hypercapnia. Functional MRI. C. T. 
W. Moonen and P. A. Bandettini. Berlin Heidelberg, Springer-Verlag: 433-434. 

Kavec M, Gröhn OH, Kettunen MI, Silvennoinen MJ, Penttonen M & Kauppinen RA (2001) Use 
of spin echo T(2) BOLD in assessment of cerebral misery perfusion at 1.5 T. Magma 12(1): 32-
9. 

Kemna LJ & Posse S (2001) Effect of respiratory CO(2) changes on the temporal dynamics of the 
hemodynamic response in functional MR imaging. Neuroimage 14(3): 642-9. 

Kessler P, Kronemann N, Hecker M, Busse R & Schini-Kerth VB (1997) Effects of barbiturates on 
the expression of the inducible nitric oxide synthase in vascular smooth muscle. J Cardiovasc 
Pharmacol 30(6): 802-10. 

Kitamura R, Kakuyama M, Nakamura K, Miyawaki I & Mori K (1996) Thiobarbiturates suppress 
depolarization-induced contraction of vascular smooth muscle without suppression of calcium 
influx. Br J Anaesth 77(4): 503-7. 

Kiviniemi V, Jauhiainen J, Tervonen O, Pääkkö E, Oikarinen J, Vainionpää V, Rantala H & Biswal 
B (2000) Slow vasomotor fluctuation in fMRI of anesthetized child brain. Magn Reson Med 
44(3): 373-8. 



 89
Kiviniemi V, Kantola JH, Jauhiainen J & Tervonen O (2004) Comparison of methods for detecting 

nondeterministic BOLD fluctuation in fMRI. Magn Reson Imaging 22(2): 197-203. 
Klimesch W (1999) EEG alpha and theta oscillations reflect cognitive and memory performance: a 

review and analysis. Brain Res Brain Res Rev 29(2-3): 169-95. 
Komatsu K, Takada G, Uemura K, Shishido F & Kanno I (1990) Decrease in cerebral metabolic 

rate of glucose after high-dose methotrexate in childhood acute lymphocytic leukemia. Pediatr 
Neurol 6(5): 303-6. 

Krakow K, Allen PJ, Lemieux L, Symms MR & Fish DR (2000a) Methodology: EEG-correlated 
fMRI. Adv Neurol 83: 187-201. 

Krakow K, Allen PJ, Symms MR, Lemieux L, Josephs O & Fish DR (2000b) EEG recording dur-
ing fMRI experiments: image quality. Hum Brain Mapp 10(1): 10-5. 

Krakow K, Baxendale SA, Maguire EA, Krishnamoorthy ES, Lemieux L, Scott CA & Smith SJ 
(2000c) Fixation-off sensitivity as a model of continuous epileptiform discharges: electroen-
cephalographic, neuropsychological and functional MRI findings. Epilepsy Res 42(1): 1-6. 

Krakow K, Messina D, Lemieux L, Duncan JS & Fish DR (2001) Functional MRI activation of 
individual interictal epileptiform spikes. Neuroimage 13(3): 502-5. 

Krakow K, Wieshmann UC, Woermann FG, Symms MR, McLean MA, Lemieux L, Allen PJ, 
Barker GJ, Fish DR & Duncan JS (1999b) Multimodal MR imaging: functional, diffusion ten-
sor, and chemical shift imaging in a patient with localization-related epilepsy. Epilepsia 40(10): 
1459-62. 

Krakow K, Woermann FG, Symms MR, Allen PJ, Lemieux L, Barker GJ, Duncan JS & Fish DR 
(1999a) EEG-triggered functional MRI of interictal epileptiform activity in patients with partial 
seizures. Brain 122 ( Pt 9): 1679-88. 

Kruger G, Kastrup A & Glover GH (2001) Neuroimaging at 1.5 T and 3.0 T: comparison of oxy-
genation-sensitive magnetic resonance imaging. Magn Reson Med 45(4): 595-604. 

Kruggel F, Wiggins CJ, Herrmann CS & von Cramon DY (2000) Recording of the event-related 
potentials during functional MRI at 3.0 Tesla field strength. Magn Reson Med 44(2): 277-82. 

Kubota F, Kikuchi S, Ito M, Shibata N, Akata T, Takahashi A, Sasaki T, Oya N & Aoki J (2000) 
Ictal brain hemodynamics in the epileptic focus caused by a brain tumor using functional mag-
netic resonance imaging (fMRI). Seizure 9(8): 585-9. 

Kuroda Y, Murakami M, Tsuruta J, Murakawa T & Sakabe T (1997) Blood flow velocity of middle 
cerebral artery during prolonged anesthesia with halothane, isoflurane, and sevoflurane in hu-
mans. Anesthesiology 87(3): 527-32. 

Lahti KM, Ferris CF, Li F, Sotak CH & King JA (1999) Comparison of evoked cortical activity in 
conscious and propofol-anesthetized rats using functional MRI. Magn Reson Med 41(2): 412-6. 

Lai S, Glover GH & Haacke EM (2000) Spatial selectivity of BOLD contrast: effects in and around 
draining veins. Functional MRI. C. T. W. Moonen and P. A. Bandettini. Berlin Heidelberg, 
Springer-Verlag: 221-231. 

Laufs H, Kleinschmidt A, Beyerle A, Eger E, Salek-Haddadi A, Preibisch C & Krakow K (2003) 
EEG-correlated fMRI of human alpha activity. Neuroimage 19(4): 1463-76. 

Lazeyras F, Blanke O, Perrig S, Zimine I, Golay X, Delavelle J, Michel CM, de Tribolet N, Ville-
mure JG & Seeck M (2000b) EEG-triggered functional MRI in patients with pharmacoresistant 
epilepsy. J Magn Reson Imaging 12(1): 177-85. 

Lazeyras F, Blanke O, Zimine I, Delavelle J, Perrig SH & Seeck M (2000a) MRI, (1)H-MRS, and 
functional MRI during and after prolonged nonconvulsive seizure activity. Neurology 55(11): 
1677-82. 

Lazeyras F, Zimine I, Blanke O, Perrig SH & Seeck M (2001) Functional MRI with simultaneous 
EEG recording: feasibility and application to motor and visual activation. J Magn Reson Imag-
ing 13(6): 943-8. 

Le Bihan D (1995) Diffusion and perfusion magnetic resonance imaging: applications to functional 
MRI. New York, Raven Press. 

Lehmenkühler A, Nicholson C & Speckmann EJ (1991) Threshold extracellular concentration dis-
tribution of penicillin for generation of epileptic focus measured by diffusion analysis. Brain 
Res 561(2): 292-8. 



 90
Lemieux L, Allen PJ, Franconi F, Symms MR & Fish DR (1997) Recording of EEG during fMRI 

experiments: patient safety. Magn Reson Med 38(6): 943-52. 
Lemieux L, Krakow K & Fish DR (2001) Comparison of spike-triggered functional MRI BOLD 

activation and EEG dipole model localization. Neuroimage 14(5): 1097-104. 
Lemieux L, Salek-Haddadi A & Krakow K (2003) The nature of MR signal changes. Radiology 

226(3): 922-3; author reply 923-5. 
Levin JM, Frederick Bde B, Ross MH, Fox JF, von Rosenberg HL, Kaufman MJ, Lange N, Men-

delson JH, Cohen BM & Renshaw PF (2001) Influence of baseline hematocrit and hemodilution 
on BOLD fMRI activation. Magn Reson Imaging 19(8): 1055-62. 

Liebenthal E, Ellingson ML, Spanaki MV, Prieto TE, Ropella KM & Binder JR (2003) Simultane-
ous ERP and fMRI of the auditory cortex in a passive oddball paradigm. Neuroimage 19(4): 
1395-404. 

Liu J, Singh H & White PF (1997) Electroencephalographic bispectral index correlates with intra-
operative recall and depth of propofol-induced sedation. Anesth Analg 84(1): 185-9. 

Logothetis NK, Pauls J, Augath M, Trinath T & Oeltermann A (2001) Neurophysiological investi-
gation of the basis of the fMRI signal. Nature 412(6843): 150-7. 

Lopes da Silva F (1999) EEG analysis: theory and practice. Electroencephalography: Basic Princi-
ples, Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes da Silva. Balti-
more, Lippincott, Williams & Wilkins. Fourth Ed.: 1135-1163. 

Lopes da Silva F & Van Rotterdam A (1999) Biophysical aspects of EEG and magnetoencephalo-
gram generation. Electroencephalography: Basic Principles, Clinical Applications, and Related 
Fields. E. Niedermeyer and F. Lopes da Silva. Baltimore, Lippincott, Williams & Wilkins. 
Fourth Ed.: 93-109. 

Lovblad KO, Thomas R, Jakob PM, Scammell T, Bassetti C, Griswold M, Ives J, Matheson J, 
Edelman RR & Warach S (1999) Silent functional magnetic resonance imaging demonstrates 
focal activation in rapid eye movement sleep. Neurology 53(9): 2193-5. 

Lovell AT, Owen-Reece H, Elwell CE, Smith M & Goldstone JC (1999) Continuous measurement 
of cerebral oxygenation by near infrared spectroscopy during induction of anesthesia. Anesth 
Analg 88(3): 554-8. 

Lukatch HS & MacIver MB (1996) Synaptic mechanisms of thiopental-induced alterations in syn-
chronized cortical activity. Anesthesiology 84(6): 1425-34. 

Lum LM, Connolly MB, Farrell K & Wong PK (2002) Hyperventilation-induced high-amplitude 
rhythmic slowing with altered awareness: a video-EEG comparison with absence seizures. Epi-
lepsia 43(11): 1372-8. 

Maekawa T, Tommasino C, Shapiro HM, Keifer-Goodman J & Kohlenberger RW (1986) Local 
cerebral blood flow and glucose utilization during isoflurane anesthesia in the rat. Anesthesiol-
ogy 65(2): 144-51. 

Magistretti PJ & Pellerin L (1996) Cellular mechanisms of brain energy metabolism. Relevance to 
functional brain imaging and to neurodegenerative disorders. Ann N Y Acad Sci 777: 380-7. 

Mansfield P (1977) Multi-planar image formation using NMR spin-echoes. J Phys C 10: L55-L58. 
Martin E, Joeri P, Loenneker T, Ekatodramis D, Vitacco D, Hennig J & Marcar VL (1999) Visual 

processing in infants and children studied using functional MRI. Pediatr Res 46(2): 135-40. 
Martin E, Thiel T, Joeri P, Loenneker T, Ekatodramis D, Huisman T, Hennig J & Marcar VL 

(2000) Effect of pentobarbital on visual processing in man. Hum Brain Mapp 10(3): 132-9. 
Michenfelder JD (1974) The interdependency of cerebral functional and metabolic effects follow-

ing massive doses of thiopental in the dog. Anesthesiology 41(3): 231-6. 
Michenfelder JD (1988) Anesthesia and the brain. Churchill Livingstone Inc. 
Miller DH, Thompson AJ & Filippi M (2003) Magnetic resonance studies of abnormalities in the 

normal appearing white matter and grey matter in multiple sclerosis. J Neurol 250(12): 1407-19. 
Mizusawa S, Kondoh Y, Murakami M, Nakamichi H, Sasaki H, Komatsu K, Takahashi A, Kudoh 

Y, Watanabe K, Ono Y & et al. (1988) Effect of methotrexate on local cerebral blood flow in 
conscious rats. Jpn J Pharmacol 48(4): 499-501. 

Moonen CTW & Bandettini PA (2000) Functional MRI. Berlin Heidelberg, Springer-Verlag. 



 91
Moonen CTW & Van Gelderen P (2000) Optimal efficiency of 3D and 2D BOLD gradient echo 

fMRI methods. Functional MRI. C. T. W. Moonen and P. A. Bandettini. Berlin Heidelberg, 
Springer-Verlag: 161-171. 

Moosmann M, Ritter P, Krastel I, Brink A, Thees S, Blankenburg F, Taskin B, Obrig H & Vill-
ringer A (2003) Correlates of alpha rhythm in functional magnetic resonance imaging and near 
infrared spectroscopy. Neuroimage 20(1): 145-58. 

Morgan VL, Price RR, Arain A, Modur P & Abou-Khalil B (2004) Resting functional MRI with 
temporal clustering analysis for localization of epileptic activity without EEG. Neuroimage 
21(1): 473-81. 

Moser E, Teichtmeister C & Diemling M (1996) Reproducibility and postprocessing of gradient-
echo functional MRI to improve localization of brain activity in the human visual cortex. Magn 
Reson Imaging 14(6): 567-79. 

Mueggler T, Baumann D, Rausch M & Rudin M (2001) Bicuculline-induced brain activation in 
mice detected by functional magnetic resonance imaging. Magn Reson Med 46(2): 292-8. 

Murao K, Shingu K, Tsushima K, Takahira K, Ikeda S, Matsumoto H, Nakao S & Asai T (2000) 
The anticonvulsant effects of volatile anesthetics on penicillin-induced status epilepticus in cats. 
Anesth Analg 90(1): 142-7. 

Mustola ST, Baer GA, Toivonen JK, Salomäki A, Scheinin M, Huhtala H, Laippala P & Jäntti V 
(2003) Electroencephalographic burst suppression versus loss of reflexes anesthesia with propo-
fol or thiopental: differences of variance in the catecholamine and cardiovascular response to 
tracheal intubation. Anesth Analg 97(4): 1040-5. 

Mutch WA, Ryner LN, Kozlowski P, Scarth G, Warrian RK, Lefevre GR, Wong TG, Thiessen DB, 
Girling LG, Doiron L, McCudden C & Saunders JK (1997) Cerebral hypoxia during cardiopul-
monary bypass: a magnetic resonance imaging study. Ann Thorac Surg 64(3): 695-701. 

Naganawa S, Norris DG, Zysset S & Mildner T (2002) Regional differences of fMR signal changes 
induced by hyperventilation: comparison between SE-EPI and GE-EPI at 3-T. J Magn Reson 
Imaging 15(1): 23-30. 

Niedermeyer E (1999) Normal EEG of the waking adult. Electroencephalography: Basic Principles, 
Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes da Silva. Baltimore, 
Lippincott, Williams & Wilkins. Fourth Ed.: 149-174. 

Normand MM, Wszolek ZK & Klass DW (1995) Temporal intermittent rhythmic delta activity in 
electroencephalograms. J Clin Neurophysiol 12(3): 280-4. 

Novitski N, Alho K, Korzyukov O, Carlson S, Martinkauppi S, Escera C, Rinne T, Aronen HJ & 
Naatanen R (2001) Effects of acoustic gradient noise from functional magnetic resonance imag-
ing on auditory processing as reflected by event-related brain potentials. Neuroimage 14(1 Pt 1): 
244-51. 

Nunez PL & Silberstein RB (2000) On the relationship of synaptic activity to macroscopic meas-
urements: does co-registration of EEG with fMRI make sense? Brain Topogr 13(2): 79-96. 

Nunez PL, Wingeier BM & Silberstein RB (2001) Spatial-temporal structures of human alpha 
rhythms: theory, microcurrent sources, multiscale measurements, and global binding of local 
networks. Hum Brain Mapp 13(3): 125-64. 

Ogawa S, Lee TM, Kay AR & Tank DW (1990) Brain magnetic resonance imaging with contrast 
dependent on blood oxygenation. Proc Natl Acad Sci U S A 87(24): 9868-72. 

Ogawa S, Menon RS, Kim SG & Ugurbil K (1998) On the characteristics of functional magnetic 
resonance imaging of the brain. Annu Rev Biophys Biomol Struct 27: 447-74. 

Ogawa S, Menon RS, Tank DW, Kim SG, Merkle H, Ellermann JM & Ugurbil K (1993) Func-
tional brain mapping by blood oxygenation level-dependent contrast magnetic resonance imag-
ing. A comparison of signal characteristics with a biophysical model. Biophys J 64(3): 803-12. 

Oja JM, Gillen J, Kauppinen RA, Kraut M & van Zijl PC (1999) Venous blood effects in spin-echo 
fMRI of human brain. Magn Reson Med 42(4): 617-26. 

Opdam HI, Federico P, Jackson GD, Buchanan J, Abbott DF, Fabinyi GC, Syngeniotis A, Vos-
mansky M, Archer JS, Wellard RM & Bellomo R (2002) A sheep model for the study of focal 
epilepsy with concurrent intracranial EEG and functional MRI. Epilepsia 43(8): 779-87. 



 92
Osterlundh G, Bjure J, Lannering B, Kjellmer I, Uvebrant P & Marky I (1997) Studies of cerebral 

blood flow in children with acute lymphoblastic leukemia: case reports of six children treated 
with methotrexate examined by single photon emission computed tomography. J Pediatr Hema-
tol Oncol 19(1): 28-34. 

Pääkkö E, Harila-Saari A, Vainionpää L, Himanen S, Pyhtinen J & Lanning M (2000) White matter 
changes on MRI during treatment in children with acute lymphoblastic leukemia: correlation 
with neuropsychological findings. Med Pediatr Oncol 35(5): 456-61. 

Pääkkö E, Lehtinen S, Harila-Saari A, Ahonen A, Jauhiainen J, Torniainen P, Pyhtinen J & 
Lanning M (2003) Perfusion MRI and SPECT of brain after treatment for childhood acute lym-
phoblastic leukemia. Med Pediatr Oncol 40(2): 88-92. 

Pääkkö E, Vainionpää L, Lanning M, Laitinen J & Pyhtinen J (1992) White matter changes in chil-
dren treated for acute lymphoblastic leukemia. Cancer 70(11): 2728-33. 

Partanen J, Soininen H, Helkala EL, Könönen M, Kilpeläinen R & Riekkinen P (1997) Relation-
ship between EEG reactivity and neuropsychological tests in vascular dementia. J Neural 
Transm 104(8-9): 905-12. 

Patel MR, Blum A, Pearlman JD, Yousuf N, Ives JR, Saeteng S, Schomer DL & Edelman RR 
(1999) Echo-planar functional MR imaging of epilepsy with concurrent EEG monitoring. AJNR 
Am J Neuroradiol 20(10): 1916-9. 

Pauling L & Coryell (1936) The magnetic properties and structure of hemoglobin, oxyhemoglobin 
and carbonmonoxyhemoglobin. Proc. Natl. Acad. Sci. USA 22: 210-216. 

Paulson OB (2002) Blood-brain barrier, brain metabolism and cerebral blood flow. Eur Neuropsy-
chopharmacol 12(6): 495-501. 

Pereda E, Gamundi A, Nicolau MC, Rial R & Gonzalez J (1999) Interhemispheric differences in 
awake and sleep human EEG: a comparison between non-linear and spectral measures. Neurosci 
Lett 263(1): 37-40. 

Petersen I & Eeg-Olofsson O (1971) The development of the electroencephalogram in normal chil-
dren from the age of 1 through 15 years. Non-paroxysmal activity. Neuropadiatrie 2(3): 247-
304. 

Phillips PC, Thaler HT, Berger CA, Fleisher M, Wellner D, Allen JC & Rottenberg DA (1986) 
Acute high-dose methotrexate neurotoxicity in the rat. Ann Neurol 20(5): 583-9. 

Pierce EC, Jr., Lambertsen CJ, Deutsch S, Chase PE, Linde HW, Dripps RD & Price HL (1962) 
Cerebral circulation and metabolism during thiopental anesthesia and hyper-ventilation in man. 
J Clin Invest 41: 1664-71. 

Pockberger H, Rappelsberger P & Petsche H (1984) Penicillin-induced epileptic phenomena in the 
rabbit's neocortex I. The development of interictal spikes after epicortical application of penicil-
lin. Brain Res 309(2): 247-60. 

Pokela M, Jäntti V, Lepola P, Romsi P, Rimpiläinen J, Kiviluoma K, Salomäki T, Vainionpää V, 
Biancari F, Hirvonen J, Kaakinen T & Juvonen T (2003) EEG burst recovery is predictive of 
brain injury after experimental hypothermic circulatory arrest. Scand Cardiovasc J 37(3): 154-7. 

Portas CM, Krakow K, Allen P, Josephs O, Armony JL & Frith CD (2000) Auditory processing 
across the sleep-wake cycle: simultaneous EEG and fMRI monitoring in humans. Neuron 28(3): 
991-9. 

Posse S, Dager SR, Richards TL, Yuan C, Ogg R, Artru AA, Muller-Gartner HW & Hayes C 
(1997) In vivo measurement of regional brain metabolic response to hyperventilation using 
magnetic resonance: proton echo planar spectroscopic imaging (PEPSI). Magn Reson Med 
37(6): 858-65. 

Posse S, Kemna LJ, Elghahwagi B, Wiese S & Kiselev VG (2001) Effect of graded hypo- and hy-
percapnia on fMRI contrast in visual cortex: quantification of T(*)(2) changes by multiecho 
EPI. Magn Reson Med 46(2): 264-71. 

Posse S, Olthoff U, Weckesser M, Jancke L, Muller-Gartner HW & Dager SR (1997) Regional 
dynamic signal changes during controlled hyperventilation assessed with blood oxygen level-
dependent functional MR imaging. AJNR Am J Neuroradiol 18(9): 1763-70. 

Prasad A, Worrall BB, Bertram EH & Bleck TP (2001) Propofol and midazolam in the treatment of 
refractory status epilepticus. Epilepsia 42(3): 380-6. 



 93
Prys-Roberts C (1984) Cardiovascular and ventilatory effects of intravenous anesthetics. Clin An-

aesth 2: 203-21. 
Puce A, Constable RT, Luby ML, McCarthy G, Nobre AC, Spencer DD, Gore JC & Allison T 

(1995) Functional magnetic resonance imaging of sensory and motor cortex: comparison with 
electrophysiological localization. J Neurosurg 83(2): 262-70. 

Quinn CT, Griener JC, Bottiglieri T, Hyland K, Farrow A & Kamen BA (1997) Elevation of homo-
cysteine and excitatory amino acid neurotransmitters in the CSF of children who receive meth-
otrexate for the treatment of cancer. J Clin Oncol 15(8): 2800-6. 

Rebel A, Ulatowski JA, Kwansa H, Bucci E & Koehler RC (2003) Cerebrovascular response to 
decreased hematocrit: effect of cell-free hemoglobin, plasma viscosity, and CO2. Am J Physiol 
Heart Circ Physiol 285(4): H1600-8. 

Reilly EL (1999) EEG recording and operation of the apparatus. Electroencephalography: Basic 
Principles, Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes da Silva. 
Baltimore, Lippincott, Williams & Wilkins. Fourth Ed.: 122-142. 

Remy F, Mirrashed F, Campbell B & Richter W (2004) Mental calculation impairment in Alz-
heimer's disease: a functional magnetic resonance imaging study. Neurosci Lett 358(1): 25-8. 

Riecker A, Grodd W, Klose U, Schulz JB, Groschel K, Erb M, Ackermann H & Kastrup A (2003) 
Relation between regional functional MRI activation and vascular reactivity to carbon dioxide 
during normal aging. J Cereb Blood Flow Metab 23(5): 565-73. 

Rosen BR, Buckner RL & Dale AM (1998) Event-related functional MRI: past, present, and future. 
Proc Natl Acad Sci U S A 95(3): 773-80. 

Roy CS & Sherrington CS (1890) On the regulation of the blood supply of the brain. J Physiol 11: 
85-108. 

Salek-Haddadi A, Friston KJ, Lemieux L & Fish DR (2003a) Studying spontaneous EEG activity 
with fMRI. Brain Res Brain Res Rev 43(1): 110-33. 

Salek-Haddadi A, Lemieux L, Merschhemke M, Friston KJ, Duncan JS & Fish DR (2003b) Func-
tional magnetic resonance imaging of human absence seizures. Ann Neurol 53(5): 663-7. 

Sanchez-Ferrer CF, Marin J, Salaices M, Rico ML & Munoz-Blanco JL (1985) Interference of 
pentobarbital and thiopental with the vascular contraction and noradrenaline release in human 
cerebral arteries. Gen Pharmacol 16(5): 469-73. 

Sawada Y, Sugimoto H, Kobayashi H, Ohashi N, Yoshioka T & Sugimoto T (1982) Acute toler-
ance to high-dose barbiturate treatment in patients with severe head injuries. Anesthesiology 
56(1): 53-4. 

Schalhorn A, Wilmanns W & Koczorek GE (1986) The influence of high-dose methotrexate ther-
apy on serum iron. Klin Wochenschr 64(10): 475-80. 

Schmitz B, Bock C, Hoehn-Berlage M, Kerskens CM, Bottiger BW & Hossmann KA (1998) Re-
covery of the rodent brain after cardiac arrest: a functional MRI study. Magn Reson Med 39(5): 
783-8. 

Schomer DL, Bonmassar G, Lazeyras F, Seeck M, Blum A, Anami K, Schwartz D, Belliveau JW 
& Ives J (2000) EEG-Linked functional magnetic resonance imaging in epilepsy and cognitive 
neurophysiology. J Clin Neurophysiol 17(1): 43-58. 

Schwartz WJ, Smith CB, Davidsen L, Savaki H, Sokoloff L, Mata M, Fink DJ & Gainer H (1979) 
Metabolic mapping of functional activity in the hypothalamo-neurohypophysial system of the 
rat. Science 205(4407): 723-5. 

Seeck M, Lazeyras F, Michel CM, Blanke O, Gericke CA, Ives J, Delavelle J, Golay X, Haenggeli 
CA, de Tribolet N & Landis T (1998) Non-invasive epileptic focus localization using EEG-
triggered functional MRI and electromagnetic tomography. Electroencephalogr Clin Neuro-
physiol 106(6): 508-12. 

Sepponen RE (1985) A method for imaging of chemical shift or magnetic field distributions. Magn 
Reson Imaging 3(2): 163-7. 

Shamseddine A, Medawar W, Seoud M, Ibrahim K, Habbal Z, Kahwaji S & Khalil A (1998) The 
relationship between serum levels of erythropoietin (EPO) and insulin-like growth factor-1 
(ILGF-1) and hematocrit (HCT) in breast cancer patients receiving non-nephrotoxic chemother-
apy. Eur J Gynaecol Oncol 19(6): 591-3. 



 94
Sharbrough FW (1999) Nonspecific abnormal EEG patterns. Electroencephalography: Basic Prin-

ciples, Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes Da Silva. Balti-
more, Williams & Wilkins: 215-219. 

Sijbersa J, Van Audekerke J, Verhoye M, Van der Linden A & Van Dyck D (2000) Reduction of 
ECG and gradient related artifacts in simultaneously recorded human EEG/MRI data. Magn 
Reson Imaging 18(7): 881-6. 

Sloan TB (1998) Anesthetic effects on electrophysiologic recordings. J Clin Neurophysiol 15(3): 
217-26. 

Sokoloff L (1996) Circulation in the central nervous system. Comprehensive Human Physiology. 
R. Greger and U. Windhors. Berlin, Springer-Verlag. Vol.1: 568. 

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS, Pettigrew KD, Sakurada O & 
Shinohara M (1977) The [14C]deoxyglucose method for the measurement of local cerebral glu-
cose utilization: theory, procedure, and normal values in the conscious and anesthetized albino 
rat. J Neurochem 28(5): 897-916. 

Speckmann E-J & Elger CE (1999) Introduction to the neurophysiological basis of the EEG and 
DC potentials. Electroencephalography: Basic Principles, Clinical Applications, and Related 
Fields. E. Niedermeyer and F. Lopes da Silva. Baltimore, Lippincott, Williams & Wilkins. 
Fourth Ed.: 15-27. 

Stam CJ & Pritchard WS (1999) Dynamics underlying rhythmic and non-rhythmic variants of ab-
normal, waking delta activity. Int J Psychophysiol 34(1): 5-20. 

Stehling MK, Turner R & Mansfield P (1991) Echo-planar imaging: magnetic resonance imaging 
in a fraction of a second. Science 254(5028): 43-50. 

Steriade M, Amzica F & Contreras D (1994) Cortical and thalamic cellular correlates of electroen-
cephalographic burst-suppression. Electroencephalogr Clin Neurophysiol 90(1): 1-16. 

Steriade M, McCormick DA & Sejnowski TJ (1993) Thalamocortical oscillations in the sleeping 
and aroused brain. Science 262(5134): 679-85. 

Strebel S, Lam AM, Matta B, Mayberg TS, Aaslid R & Newell DW (1995) Dynamic and static 
cerebral autoregulation during isoflurane, desflurane, and propofol anesthesia. Anesthesiology 
83(1): 66-76. 

Stullken EH, Jr., Milde JH, Michenfelder JD & Tinker JH (1977) The nonlinear responses of cere-
bral metabolism to low concentrations of halothane, enflurane, isoflurane, and thiopental. Anes-
thesiology 46(1): 28-34. 

Symms MR, Allen PJ, Woermann FG, Polizzi G, Krakow K, Barker GJ, Fish DR & Duncan JS 
(1999) Reproducible localization of interictal epileptiform discharges using EEG-triggered 
fMRI. Phys Med Biol 44(7): N161-8. 

Takahashi T (1993) Activation methods - hyperventilation. Electroencephalography: Basic Princi-
ples, Clinical Applications, and Related Fields. E. Niedermeyer and F. Lopes Da Silva. Balti-
more, Williams & Wilkins. Third ed.: 241-242. 

Tenney JR, Duong TQ, King JA, Ludwig R & Ferris CF (2003) Corticothalamic modulation during 
absence seizures in rats: a functional MRI assessment. Epilepsia 44(9): 1133-40. 

Tenny RT, Sharbrough FW, Anderson RE & Sundt TM, Jr. (1980) Correlation of intracellular re-
dox states and pH with blood flow in primary and secondary seizure foci. Ann Neurol 8(6): 564-
73. 

Thornton JS, Ordidge RJ, Penrice J, Cady EB, Amess PN, Punwani S, Clemence M & Wyatt JS 
(1998) Temporal and anatomical variations of brain water apparent diffusion coefficient in peri-
natal cerebral hypoxic-ischemic injury: relationships to cerebral energy metabolism. Magn 
Reson Med 39(6): 920-7. 

Thulborn KR, Waterton JC, Matthews PM & Radda GK (1982) Oxygenation dependence of the 
transverse relaxation time of water protons in whole blood at high field. Biochim Biophys Acta 
714(2): 265-70. 

Tombaugh GC & Somjen GG (1996) Effects of extracellular pH on voltage-gated Na+, K+ and 
Ca2+ currents in isolated rat CA1 neurons. J Physiol 493 ( Pt 3): 719-32. 

Tomita-Gotoh S & Hayashida Y (1996) Scalp-recorded direct current potential shifts induced by 
hypocapnia and hypercapnia in humans. Electroencephalogr Clin Neurophysiol 99(1): 90-7. 



 95
Tumer L, Serdaroglu A, Hasanoglu A, Biberoglu G & Aksoy E (2002) Plasma homocysteine and 

lipoprotein (a) levels as risk factors for atherosclerotic vascular disease in epileptic children tak-
ing anticonvulsants. Acta Paediatr 91(9): 923-6. 

Turner R (2002) How much cortex can a vein drain? Downstream dilution of activation-related 
cerebral blood oxygenation changes. Neuroimage 16(4): 1062-7. 

Vahle-Hinz C, Detsch O, Siemers M, Kochs E & Bromm B (2001) Local GABA(A) receptor 
blockade reverses isoflurane's suppressive effects on thalamic neurons in vivo. Anesth Analg 
92(6): 1578-84. 

Vakkuri A, Yli-Hankala A, Särkelä M, Lindgren L, Mennander S, Korttila K, Saarnivaara L & 
Jäntti V (2001) Sevoflurane mask induction of anaesthesia is associated with epileptiform EEG 
in children. Acta Anaesthesiol Scand 45(7): 805-11. 

Van Camp N, D'Hooge R, Verhoye M, Peeters RR, De Deyn PP & Van der Linden A (2003) Si-
multaneous electroencephalographic recording and functional magnetic resonance imaging dur-
ing pentylenetetrazol-induced seizures in rat. Neuroimage 19(3): 627-36. 

van Rijen PC, Luyten PR, van der Sprenkel JW, Kraaier V, van Huffelen AC, Tulleken CA & den 
Hollander JA (1989) 1H and 31P NMR measurement of cerebral lactate, high-energy phosphate 
levels, and pH in humans during voluntary hyperventilation: associated EEG, capnographic, and 
Doppler findings. Magn Reson Med 10(2): 182-93. 

Vanhatalo S, Holmes MD, Tallgren P, Voipio J, Kaila K & Miller JW (2003) Very slow EEG re-
sponses lateralize temporal lobe seizures: an evaluation of non-invasive DC-EEG. Neurology 
60(7): 1098-104. 

Vezmar S, Becker A, Bode U & Jaehde U (2003) Biochemical and clinical aspects of methotrexate 
neurotoxicity. Chemotherapy 49(1-2): 92-104. 

Villringer A, Rosen BR, Belliveau JW, Ackerman JL, Lauffer RB, Buxton RB, Chao YS, Wedeen 
VJ & Brady TJ (1988) Dynamic imaging with lanthanide chelates in normal brain: contrast due 
to magnetic susceptibility effects. Magn Reson Med 6(2): 164-74. 

Voipio J, Tallgren P, Heinonen E, Vanhatalo S & Kaila K (2003) Millivolt-scale DC shifts in the 
human scalp EEG: evidence for a nonneuronal generator. J Neurophysiol 89(4): 2208-14. 

Warach S, Ives JR, Schlaug G, Patel MR, Darby DG, Thangaraj V, Edelman RR & Schomer DL 
(1996) EEG-triggered echo-planar functional MRI in epilepsy. Neurology 47(1): 89-93. 

Watemberg N, Alehan F, Dabby R, Lerman-Sagie T, Pavot P & Towne A (2002) Clinical and ra-
diologic correlates of frontal intermittent rhythmic delta activity. J Clin Neurophysiol 19(6): 
535-9. 

Weckesser M, Posse S, Olthoff U, Kemna L, Dager S & Muller-Gartner HW (1999) Functional 
imaging of the visual cortex with bold-contrast MRI: hyperventilation decreases signal re-
sponse. Magn Reson Med 41(1): 213-6. 

Weir DG, Molloy AM, Keating JN, Young PB, Kennedy S, Kennedy DG & Scott JM (1992) Cor-
relation of the ratio of S-adenosyl-L-methionine to S-adenosyl-L-homocysteine in the brain and 
cerebrospinal fluid of the pig: implications for the determination of this methylation ratio in 
human brain. Clin Sci (Lond) 82(1): 93-7. 

Weisskoff RM (2000) Basic theoretical models of BOLD signal change. Functional MRI. C. T. W. 
Moonen and P. A. Bandettini. Berlin Heidelberg, Springer-Verlag: 115-123. 

Weisskoff RM, Zuo CS, Boxerman JL & Rosen BR (1994) Microscopic susceptibility variation 
and transverse relaxation: theory and experiment. Magn Reson Med 31(6): 601-10. 

Wennberg RA, Quesney LF & Villemure JG (1997) Epileptiform and non-epileptiform paroxysmal 
activity from isolated cortex after functional hemispherectomy. Electroencephalogr Clin Neuro-
physiol 102(5): 437-42. 

Willis CK, Quinn RP, McDonell WM, Gati J, Parent J & Nicolle D (2001) Functional MRI as a 
tool to assess vision in dogs: the optimal anesthetic. Vet Ophthalmol 4(4): 243-53. 

Wismer GL, Buxton RB, Rosen BR, Fisel CR, Oot RF, Brady TJ & Davis KR (1988) Susceptibility 
induced MR line broadening: applications to brain iron mapping. J Comput Assist Tomogr 
12(2): 259-65. 

Witte OW (1994) Afterpotentials of penicillin-induced epileptiform neuronal discharges in the 
motor cortex of the rat in vivo. Epilepsy Res 18(1): 43-55. 



 96
Witte OW, Bruehl C, Schlaug G, Tuxhorn I, Lahl R, Villagran R & Seitz RJ (1994) Dynamic 

changes of focal hypometabolism in relation to epileptic activity. J Neurol Sci 124(2): 188-97. 
Woods RP, Grafton ST, Holmes CJ, Cherry SR & Mazziotta JC (1998) Automated image registra-

tion: I. General methods and intrasubject, intramodality validation. J Comput Assist Tomogr 
22(1): 139-52. 

Yamada H, Sadato N, Konishi Y, Kimura K, Tanaka M, Yonekura Y & Ishii Y (1997) A rapid 
brain metabolic change in infants detected by fMRI. Neuroreport 8(17): 3775-8. 

Yli-Hankala A, Jäntti V, Pyykkö I & Lindgren L (1993) Vibration stimulus induced EEG bursts in 
isoflurane anaesthesia. Electroencephalogr Clin Neurophysiol 87(4): 215-20. 

Yli-Hankala A, Vakkuri A, Särkelä M, Lindgren L, Korttila K & Jäntti V (1999) Epileptiform elec-
troencephalogram during mask induction of anesthesia with sevoflurane. Anesthesiology 91(6): 
1596-603. 

Zaharchuk G, Mandeville JB, Bogdanov AA, Jr., Weissleder R, Rosen BR & Marota JJ (1999) 
Cerebrovascular dynamics of autoregulation and hypoperfusion. An MRI study of CBF and 
changes in total and microvascular cerebral blood volume during hemorrhagic hypotension. 
Stroke 30(10): 2197-204; discussion 2204-5. 

Zhang Z, Andersen AH, Avison MJ, Gerhardt GA & Gash DM (2000) Functional MRI of apomor-
phine activation of the basal ganglia in awake rhesus monkeys. Brain Res 852(2): 290-6. 

Zhong J, Kennan RP, Fulbright RK & Gore JC (1998) Quantification of intravascular and extravas-
cular contributions to BOLD effects induced by alteration in oxygenation or intravascular con-
trast agents. Magn Reson Med 40(4): 526-36. 

Zurek R, Schiemann Delgado J, Froescher W & Niedermeyer E (1985) Frontal intermittent rhyth-
mical delta activity and anterior bradyrhythmia. Clin Electroencephalogr 16(1): 1-10. 


	Abstract
	Acknowledgements
	Abbreviations and definitions
	List of original publications
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Functional MRI (fMRI)
	2.1 Physiological basis of BOLD-contrast
	2.2 The biophysical basis of BOLD-contrast
	2.3Theoretical models of BOLD-contrast
	2.4 Fast imaging techniques
	2.5 Data processing

	2.2 Electroencephalogram (EEG)
	2.2.1 Physiological basis of EEG
	2.2.2 Basic EEG recording methodology
	2.2.3 Signal analysis in quantitative EEG

	2.3 Combined EEG and BOLD-contrast fMRI
	2.3.1 Relation between EEG and BOLD-contrast fMRI
	2.3.2 EEG recording in MR imaging environment
	2.3.3 EEG/fMRI in epilepsy
	2.3.3.1 Interictal spiking
	2.3.3.2 Generalized spike-and-wave
	2.3.3.3 Evoked epilepsy

	2.3.4 EEG/fMRI during alpha rhythm and sleep
	2.3.5 EEG/fMRI and evoked potentials

	2.4 Cerebrovascular reactivity
	2.4.1 Hyperventilation
	2.4.2 Intermittent rhythmic delta activation

	2.5 Suppression of neuronal activity in brain
	2.5.1 Deep general anesthesia
	2.5.2 Thiopental anesthesia and brain function
	2.5.3 Isoflurane anesthesia and brain function

	2.6 Global brain injury
	2.6.1 BOLD-contrast fMRI application in global brain injury
	2.6.2 Methotrexate-induced cerebral injury
	2.6.3 Functional defects in brain after methotrexate

	2.7 Local brain injury
	2.7.1 BOLD-contrast fMRI application in local brain injury
	2.7.2 Experimental focal epilepsy
	2.7.3 Penicillin-induced functional changes in brain


	3 Aims of the study
	4 Subjects, materials and methods
	4.1 Hyperventilation (I)
	4.1.1 Subjects
	4.1.2 Hyperventilation
	4.1.3 EEG
	4.1.3.1 EEG analysis

	4.1.4 BOLD-contrast fMRI
	4.1.4.1 BOLD-contrast fMRI analysis


	4.2 Sudden deepening of thiopental anesthesia (II)
	4.2.1 Animals
	4.2.2 Thiopental anesthesia
	4.2.3 EEG
	4.2.3.1 EEG analysis

	4.2.4 BOLD-contrast fMRI
	4.2.4.1 BOLD-contrast fMRI analysis


	4.3 Methotrexate-exposition (III)
	4.3.1 Animals and experimental protocol
	4.3.2 Methotrexate administration
	4.3.3 BOLD-contrast fMRI
	4.3.3.1 BOLD-contrast fMRI analysis


	4.4 Focal penicillin induced epilepsy (IV)
	4.4.1 The animal model and experimental procedure
	4.4.2 EEG
	4.4.2.1 EEG analysis

	4.4.3 BOLD-contrast fMRI
	4.4.3.1 BOLD-contrast fMRI analysis



	5 Results
	5.1 Hyperventilation (I)
	5.2 Sudden deepening of thiopental anesthesia (II)
	5.3 Methotrexate-exposition (III)
	5.4 Focal penicillin induced epilepsy (IV)

	6 Discussion
	6.1EEG and BOLD-contrast fMRI in brain
	6.2 Hyperventilation (I)
	6.3 Sudden deepening of thiopental anesthesia (II)
	6.4 Methotrexate-exposition (III)
	6.5 Focal penicillin induced epilepsy (IV)
	6.6 Future prospects

	7 Conclusions
	References



