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Abstract
Functional magnetic resonance imaging (fMRI) has become a leading tool in the evaluation of the
human brain function. In fMRI the activation induced blood oxygenation changes in the brain can be
detected with an inherent blood oxygen level dependent (BOLD) contrast. Even small blood oxygen
fluctuations in a resting brain can be depicted with the BOLD contrast.
This thesis focuses on characterizing spontaneous oxygenation fluctuations of the brain by using
BOLD fMRI. The effects of anesthetics on blood oxygen fluctuations were assessed in 38 children
and 12 adults. The spatial distribution, frequency, synchrony, and statistical independence of the
spontaneous oxygenation changes were analyzed. The role of imaging artifacts in the generation of
BOLD signal fluctuations was investigated. The study aimed to develop and compare methods of
detecting the nondeterministic oxygenation fluctuations of the brain.
VLF BOLD signal fluctuation in the brain cortex is induced by physiological oscillation instead
of imaging artifacts. This study shows for the first time how the power and synchrony of very low
frequency (VLF < 0.05 Hz) blood oxygen fluctuation significantly increases after sedation. In deeper
anesthesia, the VLF fluctuation overpowers other sources of blood oxygen variation as a sign of
reduced blood flow and altered hemodynamic control. Regional hemodynamic mechanisms induce
non-Gaussian features on the VLF blood oxygen fluctuation that can be depicted effectively with
independent component analysis. Combined use of frequency, time, and spatial domain analysis
guarantees a more complete picture of brain oxygenation fluctuations.
The results of this thesis have a dualistic impact on fMRI research. First of all, VLF fluctuation
alters the BOLD activation and connectivity results after sedation. Thus it has to be accounted for in
the fMRI of sedated subjects. Secondly, by using the methods developed in this thesis, VLF
fluctuation and other physiological BOLD signal sources can now be used in characterizing
physiological alterations and pathology of the brain.
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1 Introduction
Magnetic resonance imaging (MRI) has become a major tool for clinical imaging of the
nervous system. MRI enables most accurate anatomical imaging of the brain without the
use of ionizing radiation. The scientific community has acknowledged the importance of
MRI by giving the Nobel prize for physics in the year 2003 to two pioneers of MRI,
namely Paul Lauterbur and Sir Peter Mansfield. The first MRI image was back projected
gradient encoded maps of magnetic resonance echoes from two deuterium water
cylinders (Lauterbur 1973). Mansfield enhanced the temporal resolution of the images by
using fast reversal of gradients in the echo planar imaging (EPI) (1977). EPI, along with
other inventions, made clinical MR imaging feasible enabling the detection of hundreds
of images taken from any part of the body within minutes with ever increasing resolution.
The joined advances in both temporal and spatial resolution enable the addition of a
fourth dimension, time, into the MR imaging. Fast MR imaging techniques enable the
observer to monitor the temporal events of the brain. Functional magnetic resonance
imaging (fMRI) sequences that are sensitive to alterations in brain activity, metabolism
and blood flow can be used in characterizing and localizing the functional changes. An
inborn MRI contrast agent, deoxyhemoglobin, is reduced in activated cortical regions
where metabolism and blood flow are augmented. When the T2*-weighted MR images of
the brain are scanned repeatedly in time, the activation induced deoxyhemoglobin
reduction can be detected as MRI signal intensity enhancement. This technique was
invented by Seiji Ogawa and is called blood oxygen level dependent (BOLD)- contrast
(Ogawa & Lee 1990a, Ogawa et al. 1990b).
The BOLD contrasted signal can depict various brain activities like motion control,
sensory activity and higher functions like thoughts and memory. It has been estimated
that over 70 000 studies of fMRI have been carried out during the past decade. The fMRI
has had a considerable impact on our knowledge of spatiotemporal events during brain
activation. In clinical radiology fMRI has mainly been used in pre-surgical differentiation
of eloquent functional cortex from tumour tissue (Yetkin et al. 1995). fMRI also helps
scientists to explore unknown aspects of the brain functions. One such unknown territory
is the normal baseline activity of the brain.
During rest the brain does not stop the ongoing activity of neurons but rather forms the
baseline activity, the default mode (Raichle 2001, Greicius et al. 2003). The resting brain
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also produces a multitude of various oscillations that are detectable in BOLD fMRI and
other brain monitoring methods (Biswal et al. 1995a,b, Mitra et al. 1998, Laufs et al.
2003a, Greicius et al. 2003, Wise et al. 2004). These spontaneous brain oxygenation
fluctuations have been connected to carbon dioxide (CO2) fluctuations, vasomotor waves,
neurovascular coupling and inter-neuronal connected activity. However the mechanisms
and background physiology of the spontaneous BOLD signal fluctuations have remained
unknown.
This study explores the brain oxygenation changes in anesthetized children with
BOLD imaging. The study shows the effect of sedation on the oxygenation fluctuation
and synchrony on volunteers. The thesis analyzes the role of BOLD signal aliasing and
other imaging artefacts in the generation BOLD signal fluctuations. The study developed
and compared new approaches to assessing nondeterministic BOLD signal changes in the
awake and anesthetized brain. The discussion of the thesis focuses on looking into the
physiology behind BOLD fluctuations and signal connectivity. The discussion provides
insight to the effects of sedation on the BOLD signal and how the very low frequency
(VLF) fluctuation can be used in detecting altered physiology and pathology.

2 Review of the Literature
2.1 Anatomy of the brain cortex
2.1.1 Microscopic anatomy
The brain neocortex consists of grey and white matter layers covered with thin
leptomeninges. The arachnoidal and pial meninges are covered with cerebrospinal fluid
(CSF) produced by the choroid plexuses. Underneath the meninges, billions of
interconnected neurons are stacked in layers in grey matter. The grey matter consists of
six layers of differentiated neuronal populations and the grey matter is markedly different
from the underlying white matter. Grey matter areas of the brain are shown in one
example slice of a magnetic resonance (MR) image in Fig. 1B. The white matter (Fig.
1C) does not contain any cell nuclei, i.e. soma, only neuronal cell processes and their
supporting tissue, especially myelin sheaths of Schwann cells (Leeson et al. 1988).
The grey matter is densely populated with cell bodies, dendrite and axonal cell
processes, glial cells and blood vessels. Most of the neurons have multiple dendrites that
carry and collect neuronal messages towards the neurons. One axon can be detected that
further transmits the action potential to other cells. The axon delivers the message, i.e.
action potential from the neuron, and the dendrites collect and relay incoming neuronal
action potentials towards the cell nucleus.
The six layers of the grey matter have varied amounts of cells and multiple, mixed
functions (Guyton 1991, Kahle 1986, Leeson et al. 1988). The molecular layer (I) is
nearest to the meningeal surface and consists of parallel fibres of deep origin. The second
external layer (II) is populated by dense nerve cell bodies. The pyramidal cell layer (III)
has granulate and stellate cells. The fourth internal granulate layer (IV) has small
granulate cells and the fifth internal pyramidal layer (V) has large and medium sized
pyramidal cells. The sixth layer is multiform (VI) containing neurons of varying shape.
Layers I, IV, V and VI contain horizontal, intra-layer neuronal connections. Pyramidal
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cells can extend axons vertically through the cortex. Functional units are arranged in a
vertical direction with 300-500 µm diameters in the cortex (Kahle 1986).

Fig. 1. A) A gradient echo recalled EPI image. The CSF-fluid is seen as a white color and
brain tissue in shades of grey in an oblique axial EPI image. B) Grey matter of the brain
shown in red, and C) white matter of the brain shown in blue color. The primary functional
cortices detected with an fMRI activation study are color- encoded in green. D) The visual
cortex activity is detected from the most caudal slice, E) the auditory cortex in a middle slice,
and F) motor cortices and SMA shown in the top slice.

The vasculature within the cortex is dense, related to the powerful activity and
metabolism in that area. The arteries and veins enter the cortical grey matter from the
surface and the major conduits reside within the meninges on the surface. The blood
vessels enter the cortex from the surface and produce a dense matrix of connections
between the terminal arterioles and collecting veins (Duvernouy 1981). The walls of even
the thinnest vessels are always lined at least by endothelium, basement membrane and
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glial cells lined together with tight junctions between the cells (Fig. 2). This is called the
blood-brain-barrier, which is a tight layer between the blood and neuronal tissue passing
only small non-ionic molecules through (Guyton 1991, Kahle 1986).
The terminal arterioles are the last branches of the vasculature that can be controlled
by contraction of the myocytes within the blood vessel wall. The collecting venule inside
the brain cortex has the shape of a tree with a radius of 150 µm (Duvernouy 1981). This
is the area where the metabolic and hemodynamic changes related to neuronal activation
occur.

Fig. 2. A schematic drawing of the capillary endothelium, glial cells (astrocyte, grey) and
neurons in the brain cortex. The interaction of these basic cell types guarantees the energy
supply during neuronal activity. The endothelium, basal membrane and the pedicles of the
astrocytes form the blood-brain barrier that isolates the neurons from the blood flow. It is
known that some of the glial cells undergo rhythmic spider-like movements in resting state
(Geiger, 1963)
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2.1.2 Macroscopic functional anatomy
The brain has been shown to present topographical orientation with regards to different
functional activations. Specific gyri and sulci are activated with specific stimuli, both
internal or external. In general, primary sensory information primarily activates occipital
areas in visual, parietal areas in somatosensory and temporal areas in auditory activation.
Between these areas reside the association areas connecting information from the sensory
areas. Secondary and supplementary functional cortices reside also in close approximity
to the primary functional regions guaranteeing the planning and fine-tuning of the brain
functions with respect to the sensory data available. More cognitive brain functions such
as memory, feelings and reasoning have specific, but rather complex, neuronal circuits,
and are not shown or dealt with in depth here.
Broadman divided the brain into 52 different regions and here some of the functional
regions are represented according to that division (Kahle 1986, Grey 1973). Visual
activity has been shown to activate occipital regions in striate cortex within calcarine
sulci at Broadman area 17. Visual areas can be divided into multiple regions V1-V5,
some of which are shown in Fig. 1. D. Most of the visual input reaches V1 just at the
most posterior parts of the brain. The visual cortex is aligned in retinotopic orientation;
the central vision input from the visual nerve and the lateral geniculate nucleus activates
larger areas than peripheral input. The visual data data also crosses the middle line; the
left visual field is projected to the right visual areas and vice versa (Kahle 1986).
Auditory activation can be depicted in the temporal regions in Fig. 1. E. The action
potentials from the cochlea propagate along the cochlear nerve, and cross over in three
places in the brain stem medial geniculate nucleus. The messages go along the auditory
radiation and end up in the primary auditory cortex (A1) at Heschls convolutions in the
lateral sulcus (Broadman 41, 42). A1 is surrounded by association areas and near by
reside Broca (Broadman 43, 44) and Wernices areas (Broadman 39) responsible of the
production and understanding of speech, respectively. A1 is arranged in tonotopical order
such that lower tones activate areas towards the lateral and higher parts towards the
medial parts of the A1 (Lazeyras et al. 2002). Louder noises are heard in the posterior
medial parts of the A1 and less loud sounds in the frontal-lateral parts of the A1 (Bilecen
et al. 2002).
The sensorimotor cortex lies on both sides behind the central sulcus in the parietal
lobe. The primary motor cortex (M1) guiding motor functions of the body resides in
precentral gyrus (Broadman area 4). The primary somatosensory cortex (S1) is situated
behind the sulcus in the postcentral gyrus (Broadman areas 1-3). The reason the
somatosensory and motor areas are often referred to as the sensorimotor cortex is that
stimulus of motor functions often activates also neurons in the somatosensory areas and
the functional distinction of the two may not be anatomically straightforward. The
sensorimotor activity can be depicted in the brain precentral gyrus of the parietal lobes in
Fig. 1. F. The secondary motor cortex is situated near the auditory areas in the temporal
lobe. The premotor cortex and the medial supplementary motor areas in front of the M1
(Broadman 6) participate in the control of the movements.
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2.2 Physiology of the brain cortex
2.2.1 Electrophysiology
The electrophysiological activity in the brain cortex is mediated by more or less
detectable electric potentials. The methods of detecting electrphysiological variables are
shortly reviewed in chapter 2.3.1. Some of these potentials are shown to be responsive to
external and internal excitation, some are just part of the ongoing inborn baseline activity
of the living brain. The major part of the electrophysiological activity consists of axonal
action potentials, synaptic activity and potential differences between different surface
structures (Niedermeyer 1997, Voipio et al. 2003). The axonal action potentials are
produced by serial openings of sodium/potassium channels triggered by voltage
dependent reactions to either intrinsic or extrinsic stimuli in the axons.
The messages between neurons are carried basically by 2 mechanisms; 1) chemical 2)
electrical synapses (Guyton 1991). The chemical synapses enable the transmission of a
neuronal message, i.e. action potential, via the release of neurotransmitters. There are
numerous neurotransmitter substances, which are released into a special intercellular cleft
called the synapse. The electric synapses conduct the electricity from one cell to the other
directly via specific gap-junctions in the cell membranes. Depending on the released
neurotransmitter or electric potential, the neuron receiving the interneuronal signal can be
either become excitated or inhibited in the process of carrying the action potential
message forward. The potentials that follow the synaptic cleft are either excitatory or
inhibitory postsynaptic potentials, i.e. EPSP or IPSP, respectively.
The action potentials of neurons and their networks are summed into a detectable
potential variations and rhythms. Normal spontaneous neuronal activity in the resting
brain is immensely variable and seemingly unpredictable (Bach 1998, Laufs et al.
2003a). Thousands of neuronal populations produce action potentials which oscillate
between 0 - 600 Hz in the intercortical and thalamocortical networks (George et al. 1995,
Niedermeyer 1997). In 1929 Berger divided the measured electroencephalogram (EEG)
activity of the brain cortex into two rhythms having different amplitudes and frequency
bands, i.e. alpha and beta (Niedermeyer et al. 1997, 1999a,b).
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Fig. 3. Electric brain rhythms detected with EEG in deepening anesthesia (leads O2 – F4).
Alpha rhythm of the awake status at the top turns into faster beta rhythm (below) after the
onset of anesthesia. Higher amplitude slow waves emerge in the background of the beta
activity (2nd up and middle). After reduction of beta activity, ever slowing waves increase on
the EEG. On the bottom row, the iso-electric silence is interrupted by sudden bursts of
activity in deep anesthesia; a state called burst-suppression is reached (courtesy of Docent
Ville Jäntti).
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The classical posterior alpha oscillation is the best know EEG phenomenon but its
generator is unknown, c.f. Fig. 3. (Niedermeyer 1999a, Steriade 1993a, Lopes da Silva et
al. 1997). In a relaxed awake state, after eye closing, a strong oscillation dominantly
detected in the occipital regions is referred to as alpha frequency of 10 Hz (8-12 Hz). The
alpha rhythm is highly correlated and connected within the same hemisphere. The alpha
rhythm is enhanced during passive rest and eye closure (Niedermeyer 1997, Feschenko et
al. 2001). The spontaneous activity detected with magnetoencephalography (MEG) is
also dominated by 8-13 Hz alpha rhythm (Hämäläinen et al. 1993). The generators of
MEG alpha rhythm seem to be numerous, even small populations of neurons can produce
them (Hari et al. 1997, Moosmann et al. 2003).
The faster beta activity (>14 Hz, Fig. 3.) is prominent in a resting state in the frontal
and central regions in 22 % of normal adults (Niedermeyer 1999a). The areas of fastest
beta activity reside in the frontal areas of the brain and coincide with the areas of highest
levels of blood flow, oxygen and glucose uptake (Niedermeyer 1999a). The origins of the
fast oscillations are poorly understood too (Steriade 1993a). The delta rhythm (0.1 – 4
Hz) is mostly present in a late stage of sleep. The generators of delta have been mapped
to single thalamic neurons and cortical structures in complex circuits having multiple
slow and very slow rhythms (Steriade 1993a). The delta is abolished by sleep spindles
and barbiturate anesthesia (Steriade 1993a). The theta rhythm between 4 and 8 Hz is
named after its presumed origin in thalamus. A normal awake adult brain rarely has theta
activity, but theta is very prominent in infancy and childhood, and during sleep
(Niedermeyer 1999b). Theta activity is lower at rest than in information processing
(Ramos et al.1993).
According to Niedermeyer (1999b) the maturation of electrophysiological events takes
30 years. The development has a different rhythm than the brain myelinization or other
body aging process. The maturation is not smooth but has “quantum leaps” at certain
periods. The neonate EEG activity is full of slow wave activity and sleep patterns with
runs of 10 – 14 Hz waves. At the infantile age (1-3 years) the posterior “alpha” frequency
emerges and has a slow (3-4 Hz) rhythm. (Niedermeyer 1999b). In preschool years, the
posterior rhythm reaches an alpha level of 8 Hz with intermitted slowing. The posterior
alpha rhythm develops gradually and reaches 10 Hz at around 10-15 years of age, c.f.
Fig. 4 (Niedermeyer 1997). After the age of 20 years, the electrophysiological patterns
still show maturation changes. The alpha rhythm tends to slow down in advanced age, but
a fast alpha rhythm may be maintained in healthy brains all the way to 90 years of age.
(Niedermeyer 1999b).
Brain activation alters the baseline rhythms; alpha rhythm power decreases and theta
power increases (Ramos et al. 1993, Hari et al. 1997). Sensory and higher level cognitive
activations desynchronize and attenuate the alpha rhythm (Niedermeyer 1997). The alpha
activity is mostly abolished by brain activation but not in all subjects (Hari et al. 1997,
Ciulla et al. 1999). Even imagined visual activity dampens the alpha rhythm in occipital
areas (Hari et al. 1997). In peri-rolandic areas the movement activation reduces both mu
and beta activity (Niedermeyer 1999a). The coherence of the beta rhythms increases
interhemispherically after opening the eyes (Jausovec & Jausovec 2000). The coherence,
i.e. signal similarity, of specific EEG frequency in different locations of the nervous
system alters after functional state of the brain changes (Koles & Flor-Henry 1987).
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Canton pioneered in detecting electrophysiological activation in the brain in 1877 in
the British Medical Journal: ” When any part of the grey matter is in a state of functional
activity, its electric current exhibits negative variation.”(Niedermeyer 1999a). Activated
neuronal populations react to distinct stimulations with event related potentials (ERP).
The ERP’s have such a low amplitude that they are difficult to distinguish even after the
activation attenuates the dominant alpha waves. Averaging of several hundreds of
activation-reaction cycles enables the detection of the event related potentials (Bach
1998).
The detected signals are typical peaks and valleys named after their temporal
relationship to the onset of the stimulus. The different temporal activations can be
mapped on the brain after solving the inverse problem of back-projecting the measured
potentials. The spatiotemporal dynamics of the neuronal response waveforms can be
revealed (Michel et al. 2001, Forss et al. 2000). A vast multitude of significant
neurophysiologic findings have been detected with electromagnetic source imaging
(EMSI) during the last two decades. The scope of this review does not include the various
activation studies to be referred to here.

2.2.2 Metabolism
The whole brain alone utilizes 20 - 25 % of body oxygen metabolism even though the
brain weights only 2 % of the whole body (Sokoloff 1996a, Magistretti & Pellerin 2000).
The baseline metabolic activity is equivalent to 20 W power output per minute for a 1.4
kg brain (Sokolof 1996a). The major, if not even exclusive source of brain energy is
glucose (Sokolof 1996a, Magistretti & Pellerin 2000).
In rest the normal awake consumption of oxygen is 156 µmol / 100 g / min, for the
whole brain (Sokoloff 1996a). Glucose consumption should stoichiometrically be 26
µmol/ 100g/ min, but instead 31 µmol/ 100g/ min rate has been measured (Sokoloff
1996a, Gjedde et al. 2002a). The excess glucose is used in metabolism of nucleotides,
lipids, gamma-amino butyric acid (GABA) and proteins (Sokoloff 1996a, Jueptner &
Weiller 1995). CO2 is produced the almost the same amount as O2 is consumed, leading
to a respiratory quotient 0.97. The brain extracts 36-50 % of the arterial oxygen and 10 %
of the glucose during normal rest (Villringer & Dirnagl 1995, van Zilj et al. 1998, Kavec
et al. 2004). The absolute regional brain metabolism is not stable but rather varies
considerably between different brain areas (Maziotta et al. 1981). The primary visual area
(Broadman area 17) is the most active metabolism during rest, followed by frontal,
temporal, occipital and parietal regions in varying order, depending on the referred study
(Maziotta et al. 1981).
In the brain, most of the energy of glucose is captured to adenosine triphosphate (ATP)
via oxidative phosphorylation of glucose (Paemeleire 2002). The oxidative pathway is
regulated by postsynaptic uptake of glutamate by neurons (Magistretti & Pellerin 2000).
Astrocytes metabolize glucose into lactate, which is metabolized via oxidative
phosphorylation in neurons (Villringer & Dirnagl 1995, Magistretti & Pellerin 2000). The
astrocytes produce four times more lactate and consume three-quarters less oxygen than
neurons (Gjedde et al. 2002a). The glycogen storage in astrocytes is minimal in

27
comparison to the extensive energy consumption of neurons, even though the astrocytes
outnumber the neurons by 10 to 1 (Magistretti & Pellerin 2000). Constant flux of
metabolites is thus needed.
Temporal changes according to age of the different patterns are presented in the
schematic Fig. 4. After birth, the overall brain metabolism is about 30 % lower than that
of the young adults (Chugani 1998). Thereafter a huge surge in metabolism emerges; with
a normal 5-year old the brain may use up to 50 % of the body’s total metabolism
equivalent to 1.5 to 2 times the rate of metabolism compared to adults (Sokoloff 1996a,
Chugani 1998). CMRO2 reaches its highest values at the age of 6-7 years and peaks till
10 years of age, the age span at which the alpha rhythm reaches adult frequency (Chugani
& Phelps 1986, Chugani 1998, Niedermeyer 1997, Takahashi et al. 1999). After 8 years
the visual cortex and frontal association areas present stronger metabolism than in adults
(Takahashi et al. 1999).
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Fig. 4. A representative estimation of the changes taking place in the brain during
maturation. At the top, the frequency of the most dominant EEG rhythm in the resting brain
is presented according to Niedermeyer (1999b). In the middle global CMRO2 – level during
the early decades of life (Sokoloff 1996b, Chugani 1998, Newberg & Alavi 2003). At the
bottom, a representative plot of cerebral blood flow changes estimated from the works of
Takahashi et al. 1997, Sokoloff 1996a, Chugani 1998, and Newberg & Alavi (2003).

In general, the activity induces workload on the energy metabolism in the brain cortex. It
was long presumed that the increased energy metabolism during activation in the brain is
provided by enhancing both oxygen and glucose uptake and metabolism in similar
proportions (Barinaga 1997). Fox and Raichle made an impact by showing that oxygen
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uptake does not significantly increase (5 %) from the resting awake level as does the
glucose uptake (29 %) during activity (Fox & Raichle 1986, Fox et al. 1988). It seems
that a) the oxygen metabolism is near maximal level under resting state b) the brain
seems to use anaerobic glycolysis for metabolism during initial phases of activity. Instead
of efficient oxidative phosphorylation of glucose the anaerobic pathway is activated
during localized activations (Paemeleire 2002). The revolutionary discovery of Fox and
Raichle has given rise to oppinions both pro and contradictory. At least in an
anesthetized cat, visual cortex MR scpectroscopy showed no lactate accumulation during
visual stimulus (Kauppinen et al. 1997).
At the moment, it seems that both anaerobic and oxidative metabolism take place
during activity (Prichard et al. 1991, Mangia et al. 2003). The oxidative phosphorylation
of glucose occurs in areas presenting high efferent (forward projecting) activity and
anaerobic in more afferent (receiving) activity related areas (Gjedde et al. 2002a). The
oxygen metabolism does initially become uncoupled from blood flow in long
stimulations, but recouples after a few minutes. The slow changes in oxygen metabolism
gradually counterbalance the faster changes in glucose consumption (Magistretti &
Pellerin 2000, Frahm et al. 1996). During the first 2-3 minutes of activations 0.07 mM of
lactate per minute is being produced (Frahm et al. 1996). The lactate is later metabolized
to pyruvate in astrocytes and oxidated in neurons (Magistretti & Pellerin 2000, Frahm et
al. 1996). The lactate metabolism explains the hang over metabolism of oxygen after the
cessation of brain activation leading to a negative BOLD response (Lassen & Kanno
1997).
The oxygen extraction from the blood is enhanced slightly but the glucose extraction
does not significantly alter from the 10 % during functional load (Villringer & Dirnagl
1995). There are however several papers showing that the oxygen extraction is relatively
reduced during activation hyperremia (Raichle et al. 2001, Gusnard et al. 2001). During
functional activation, the blood and tissue oxygenation initially dips but
overcompensating blood flow enhancement overcomes the dip (Villringer & Dirnagl
1995, Barinaga 1997). Oxygen delivery to tissue seems to be diffusion gradient
dependent and enhanced blood flow increases this gradient during activity (Buxton &
Frank 1997). The metabolic rate of oxygen is directly related to the perfusion in the
activated brain regions (Hoge & Pike 2001). Glucose uptake from capillaries is
augmented by up-regulation of carrier glucose transporter proteins (GLUT) during
activation (Hoge & Pike 2001). Magistretti (2000) has shown that neurotransmitter
glutamate is a powerful modulator of glucose uptake providing a direct link between
glucose metabolism and synaptic activity.

2.2.3 Blood flow
In the 19th century, Monro and Kellie proposed that blood flow and volume must remain
stable within the incompressible cranial vault (Ursino 1991). In 1890, Roy and
Sherrington stated that blood flow is coupled to the demands of the neuronal activity
(Magistretti & Pellerin 2000, Villringer & Dirnagl 1995). Later Forbes and Fog
discovered in the 1930’s that blood vessels do dilate and constrict while adapting to blood
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pressure changes. In experimental settings the cerebral blood flow has been found to be
most reactive to respiratory gases O2 and CO2 by feedback mechanisms (Kuchinsky
2000, Sokoloff 1996b). Reduced O2-levels and enhanced CO2 -levels in brain tissue
enhance blood flow and vice versa, c.f. Fig. 5.

Fig. 5. The cerebral blood flow (CBF, ml/100g/min) with respect to the partial oxygen tension
(pO2) of arterial blood approximated from Gjedde (2002b) on the left. On the right CBF
versus carbon dioxide (pCO2) tension of arterial blood calculated from Guyton’s textbook of
physiology (1991). The partial gas tensions, i.e. pressure values are in mmHg.

Several metabolites and mechanisms have also been shown to induce cerebral blood flow
(CBF) alterations. A diagram of the issue according to Sokoloff (1996) shows that many
localized and systemic factors control the brain blood flow (Fig. 6). Even though many
factors are known to be involved in regulating the cerebral blood flow only a few things
about the exact mechanisms are known, and the overall picture is far from complete. In
general those control mechanisms are studied and known, which can be monitored
without too much endangering the integrity of the subject. Respiratory gases can be more
controllably altered and sympathetic ganglia in the neck more easily stimulated, than for
example parasympathetic ganglia or intracranial blood vessel nerves (Ursino 1991).

31

CBF
Blood pressure gradient

Cerebrovascular resistance
Physical factors

M EAN ARTERIAL PRESSURE

Cerebrovascular tone

MEAN VENOUS PRESSURE

M orphology of blood
vessels
Intracranial pressure

Cardiac output
Total peripheral
resistance
Central venous
pressure
Intracranial pressure
Gravity

Blood viscocity,
hematocrit
oncotic pressure
Neurogenic factors;
autonomic nervous system
blood vessel neurons

Chemical factors:
pCO 2 ,pO 2 , glucose, K,
Na, Ca, adenosine, NO,
glutam ate, transmitters,..

Fig. 6. CBF regulation according to Sokoloff. Two major contributors to the cerebral blood
flow; a) the cardiovascular system, providing pressure gradient for the transport of nutrients
to the tissue, and b) the regulating resistance vessels, securing steady flow rates to the
capillaries.

The factors in each category in Fig. 6. are in no way separate from each other, quite the
opposite (Ursino 1991). The regulation of the cerebral blood flow has to be considered as
a complex system, or even a fractal one (Eke et al. 2000). CBF regulation seems to be a
multifactor system; each modulator affects the whole system with its own magnitude and
changes occur based on the integration of various effects (Ursino 1991, Sokoloff 1996b).
The nervous system directly controlling the blood vessel diameter is mainly known from
the sympathetic vasoconstrictor and parasympatic vasodilator effects (Ursino 1991).
Other than that, the intracerebral nervous systems of blood vessels have remained
unknown and hard to measure and especially vasodilator innervation is far from being
completely understood (Ursino 1991). However, due to the fast reaction times (150-250
ms) of regional blood flow to stimulus, neurogenic control mechanisms are most likely
the initial controlling factor of blood flow (Jueptner & Weiller 1995). Chemical
substances that induce vasodilatation
(K, Ca, nitric oxide (NO), adenosine,
neurotransmitters, etc.) are numerous and each of them is known to cause regulatory
changes but also here a complete picture is not within sight. The regional flow is coupled
to (pre) synaptic activity via glucose metabolism and local chemical substances and
neurogenic factors are involved in controlling the CBF (Jueptner & Weiller 1995). The
blood flow velocity seems to be correlated primarily to metabolism, but also faster EEG
rhythms tend to correlate with higher rCBF-values (Paulson & Sharbrough 1974). Within
the limits of physiological blood pressure levels, CBF and EEG remain normal (Paulson
& Sharbrough 1974).
A mainstay of cerebral blood flow physiology has been the blood flow autoregulation.
Cerebral autoregulation keeps blood flow constant even though blood perfusion pressure
changes between 50 and 150 mmHg (Kuchinsky 1991, Sokoloff 1996b, Ursino 1991).
The flow autoregulation has been thought to be induced by counterregulatory vasomotion
of precapillary arteries and smaller arterioles during pressure changes. The main regulator
seems to be arterioles at 100-micrometer diameter but the significance of smaller vs.
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larger arteries varies between experiments (Ursino 1991). Pressure dependent
depolarisation in vessel wall myocytes is one mechanism thought to induce
autoregulation (Harder 1984).
The cerebral blood flow is 50-65 ml/100g/min, or 750 – 900 ml/min for the whole
brain, during rest (Sokoloff 1996b). The amount of blood flow varies considerably in
different areas; the grey matter flow may reach 60-90 ml/100g/min whereas white matter
has a CBF rate of between 20-30 ml/100g/min. The cerebral blood flow is enhanced
according to the maturational processes in various parts at different times during
childhood (Takahashi et al. 1999, Sokoloff 1996b). The developmental changes in
metabolism and blood flow rate are not simultaneous, however, and thus changes thereof
may be related to developmental issues other than electrophysiological activity
(Takahashi et al. 1999).
Under 1 year of age the visual cortex presents greater flow rates than in adults.
Between 1-3 years also other cortical regions and basal ganglia start to present a greater
flow than in adults. Frontal association areas show elevated flow levels between 3 – 8
years (Fig. 4.). The rCBF increases in all areas and reaches a peak at about 7 (3-8) years
(Newberg & Alavi 2003, Takahashi et al. 1999). Association areas present lower rCBF
than the primary sensory areas with the exception of the visual area, where no differences
exist. The flow rates become twice as high compared with those of adults at 8 years
(Takahashi et al. 1999). In contrast to metabolism and blood flow, the oxygen extraction
fraction (OEF) stays mainly at the adult level throughout childhood (Takahashi et al
1999). The associative cortices present the same OEF as that of the primary sensory areas
in all except the somatosensory cortex and frontal association areas in children less than 1
year. The oxygen extraction differs from adult levels only in thalamus and the brain stem
of 1-3 year olds, and in the parietal lobe of 3 to 8 year olds.
In the adult resting state the frontal cortex presents the largest CBF leading to the so
called hyperfrontality in CBF (Sokoloff 1996b). Cerebral blood flow is reduced towards
adult age. The decline of the CBF is exponential decay following already the first decade
and after 36 years the decay starts to settle down (Sokoloff 1996b, Newberg & Alavi
2003). The decline is most marked in the frontal lobes bilaterally (Newberg & Alavi
2003). Anterior cingulate gyrus, basal ganglia, left prefrontal and laterofrontal cortex, left
superotemporal and insular cortex seem to decline in most studies (Newberg & Alavi
2003).
Lassen and Ingvar initially noticed that visual activation increases blood flow in
occipital visual cortex and auditory stimulus in the temporal auditory cortex (Sokoloff
1996b). Motor activity induced blood flow in the precentral motor cortex and speech
induced flow in Broca’s speech area and the auditory cortex. Just opening of the eyes
induces a 25 % (from 40 to 50 ml/100g/min) enhancement in regional CBF (Ramsey et
al. 1993). Photic stimulation induces a 20 % flow enhancement in the posterior cerebral
artery measured with Doppler ultrasound and regionally the flow can be enhanced 50 %
after stimulus (Diehl et al 1998, Fox et al. 1988). A working memory task induces a flow
change of 23 ± 7 % whereas the primary motor cortex may induce 63 – 54 % flow
enhancement following a finger movement (McLaughlin et al. 2000).
The metabolic rate of glucose and oxygen is tightly coupled with blood flow; if
metabolism is high, the blood flow is also elevated (Paulson & Sharbrough 1974). Gjedde
pointed out that the enhancement of the flow is dependent on the type, magnitude and
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area of the activation (Gjedde et al. 2002a). In general the blood flow enhancement has
been thought to serve the support of either the glucose or oxygen supply (Heeger & Ress
2002) There are three major theories suggested to be the controlling factor of activation
hyperremia: i) the flow enhancement is triggered by astrocyte derived lactate
enhancement ii) diffusible neuronal spiking related to factors like NO and, iii) the blood
vessels themselves react to reduced oxygen tension (Heeger & Ress 2002).
The electrophysiological activity is coupled to cerebral blood flow via metabolism.
However, the EEG frequency or power may also correlate negatively with the rCBF. In
certain physiological conditions, regional blood flow is enhanced but EEG activity can
get slower (sleep) or present attenuated EEG frequency power (photic driving response in
alpha rhythm) (Paulson & Sharbrough 1974, Diehl et al. 1998). Inhibitory elements in
neuronal activity also require energy metabolism and thus rCBF may be enhanced during
inhibited electrophysiological activity.
The intensity of the activity is related to the magnitude of CBF elevation to a certain
level. The visual stimulus induced change in the rCBF is linearly related activation
intensity up to 8 Hz. Faster stimulation than 8 Hz resulted in reduced elevations in flow,
probably due to limitations in the neuronal firing rates (Fox & Raichle 1984). In the
motor cortex the flow enhancement follows the same intensity related pattern; the faster
one tries to tap one’s fingers the more the flow is enhanced (Sadato et al. 1996).

2.3 Methods of localizing brain activity
The bony cranial vault makes accessibility, detection and localization of brain functions
difficult. In the past, knowledge of brain function was obtained from direct measurements
from the surface of the brain after the removal of bone and meninges. The first
observations were done visually during invasive procedures such as surgery.
Neurosurgeons, including Roy and Sherrington, saw the overwhelming enhancement of
cortical blood flow during brain activity (Villringer & Dirnagl 1995, Magistretti &
Pellerin 2000).
Later on invasive measurements were correlated to non-invasive measurement data.
Non-invasiveness became more important, which is understandable since the invasive
procedures and the required pharmacological interventions cause changes in the normal
brain function. The development of laboratory measurements made it possible to compare
arterial and venous differences in chemical substances like oxygen (O2), CO2, glucose,
etc.
The detection of electrophysiological events through the skull and skin had a
remarkable impact on the understanding of functional states and diseases. The emergence
of isotopic medicine made it possible to monitor and later on also localize functional
changes in the brain metabolism. Computed tomography, followed by magnetic
resonance imaging, have made probably the most significant impact during the past
decade on our understanding of the brain function.
In the following, there is a short but by no means exhaustive description of a few of
the most widely used non-invasive methods of detecting brain function.
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2.3.1 Electroencephalography and magnetoencephalography
The electrophysiological activity of the neurons can be both localized and quantified
from the brain surface with magnetoelectrography (MEG) and or electroencephalography
(EEG) (George et al. 1995, Hari 2001). Both MEG and EEG enable the detection of
continuous baseline electromagnetic activity as well as source localization of activation
related evoked potentials (George et al. 1995, Hämäläinen 1993). EEG measures electric
potential differences between the electrodes that are induced by dendritic cell populations
from the surface of the scalp (Reilly 1993, Niedermeyer et al. 1997). In the past, the EEG
data was high-pass filtered to remove the slow drifts that interfere with the detection of
faster EEG rhythms. Nowadays, the importance of slow direct current (DC) potentials has
been noticed and a more complete evaluation of the electrophysiological information has
been accepted (Vanhatalo et al. 2003, 2004). MEG detects the magnetic fields induced by
tangential electrical currents of laminated neocortical postsynaptic pyramidal cells with
superconducting quantum interference devise (SQUID)-sensors near the scalp (Forss
2003, Hari 2001). In the beginning there were only a few SQUID-sensors per
measurement but nowadays hundreds of sensors can be utilized simultaneously.
The obvious advantage of EEG and MEG is their millisecond-level temporal
resolution (Simpson et al. 1995) The source localization of neuronal activity with EEG
and MEG is compromised by the inverse localization problem; a source of electrical
potential can be reflected in the sensors from a indeterminate number of sources. Multiple
ways have been developed to overcome the inverse localization problem by combining
multimodality data (George et al. 1995, Simpson et al. 1995, Sanders et al. 1995). After
solving the inverse problem, the functional electromagnetic sources can be overlaid on a
registered image on the brain surface on areas known to be active during that functional
task (Michel et al. 2001, Badae et al. 2003). This enables spatiotemporally accurate
detection of brain function.

2.3.2 Positron emission tomography and single photon emission
computed tomography
It has been considered that the brain utilizes oxidative metabolism as a major source of
energy. Thus the regional cerebral metabolic rates of oxygen (rCMRO2) and glucose
(rCMRGlu) are the two most relevant physiological entities to be measured with regards to
brain metabolism. The brain regional blood flow does not in every case reflect
metabolism though the two are normally tightly coupled (Sokoloff 1996b, Gjedde et al.
2002a). Metabolism of glucose in various brain regions can be used to measure the
overall metabolic activity.
Positron emission tomography (PET) can be used in detecting directly the tissue
metabolism and blood flow (Lammertsma & Frackowiak 1985). In PET, the isotope emits
positrons, which become annihilated in a collision with electrons into two photons within
2-3 mm from the isotope origin. However the real resolution of the detectors is
maximally 4-5 mm. The two photons are detected on opposite sides of the subjects with
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coincidence detectors. The spatial origin of the two photons is calculated by backprojection algorithms based on tomographic coincidence measurements. Thus an image
of the distribution of the radioactivity with relative activity differences is produced. The
detected isotope activity in the tissue reflects directly the uptake and metabolism.
Blood flow can be measured with PET with either H2O15 or (O15) butanol. The water is
not a freely diffusible agent across the blood-brain barrier, which leads to
underestimation of perfusion when CBF > 70 ml/100g/min. (O15) butanol works better in
higher flow rates (Lammertsma & Frackowiak 1985).
It was realized that positron emittors such as 11C, 13N, 15O, and 18F allow good
radiopharmaceutical accuracy, since the destabilized nuclei can be attached to the
metabolites themselves (Lammertsma & Frackowiak 1985, Villringer & Dirnagl 1995).
One of the most widely used metabolites is the 2-deoxy-2 [18F ] fluoro-D-glucose (FDG),
which is taken up from the circulating blood and metabolized in a way that it cannot be
further metabolized by the cell. The FDG method enables the detection of glucose
metabolism in the tissue. Another popular model is to use inhaled 15O2, which enables the
detection of the metabolic activity of oxygen in the tissues. In addition to this, the 15O2
molecule can be used in measuring oxygen extraction fractions when used in addition to
C15O2. Also various proteins, amino and fatty acids, and synaptic receptor ligands can be
changed into tracers for detection of their functional activity and turnover (Lammertsma
& Frackowiak 1985, Newberg & Alavi 2003).
Kuhl and Edwards developed single-photon emission computed tomography, or
SPECT, in the 1960’s (Newberg and Alavi 2003). SPECT uses single photon emittors like
123
I or 99mTc attached to a substrate molecule. A solution of isotope+substrate complexes
is introduced to the blood circulation and the complex is carried by the blood flow to the
imaged area. The imaged isotope activity reflects the distribution of blood flow and
metabolism. Compared to PET this method is cheaper but less flexible and has lower
spatial resolution (Villringer & Dirnagl 1995).
123
I
antipyrine, 99mTc
hexamethylpropylene amine oxime (HMPAO), 123I
133
amphetamine or Xe are some of the tracers used (Villringer & Dirnagl 1995). 99mTc
HMPAO crosses the blood-brain barrier easily owing to the lipophilic nature of the tracer
and it is used in human experiments. 99mTc HMPAO yields similar CBF values compared
to PET. 99mTc HMPAO suffers from its rapid movement across the blood-brain barrier
and makes absolute quantification of CBF difficult (Villringer & Dirnagl 1995). 133Xe can
be easily administered by inhalation and due to its fast washout, it can be used in repeated
measurements. The 133Xe suffers from poor spatial resolution and discomfort or sedative
effects during inhalation.

2.3.3 Near-infrared spectroscopy
Optical imaging methods utilize a powerful light source shown on the brain and
measuring of subsequent reflected/emitted photons. NIRS, or near-infrared spectroscopy,
has recently become a tool for evaluating non-invasively cerebral metabolism (Chance et
al. 1993, Malonek & Grinvald 1996). Near-infrared spectroscopy enables the detection of
measured metabolites with 0.5 s temporal accuracy and with a fairly good spatial
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resolution if measured near the brain surface (Villringer & Dirnagl 1995). NIRS can
monitor oxyhemoglobin (red) or deoxyhemoglobin (blue) concentrations, and oxidation
levels of mitochondrial cytochrome aa3, nicotinaminde adenine dinucleotice (NADH),
since they all emit light on specific frequencies (Malonek & Grinvald 1996). NIRS is
helpful in determining both spontaneous functional events and activation related events in
brain tissue and vasculature (Chance et al. 1993, von Siebenthal et al. 1999, Obrig et al.
2000).

2.3.4 Transcranial Doppler Ultrasound
Transcranial Doppler (TCD) ultrasound has been used in detecting blood flow velocities
in mostly cerebral arteries (Zhang et al. 1998, Diehl et al. 1991). Especially useful in
newborns and infants with open fontanelles, the transcranial Doppler ultrasound has been
used in detecting pathological changes in the early developmental era. TCD enables the
non-invasive detection of blood flow velocities due to the Doppler phenomenon. In the
Doppler-phenomenon, the reflecting sound wavelength changes when the sound wave is
reflected from a moving particle like red blood cell corpuscule. The change in the
wavelength is in proportion to the speed of the moving particle. In addition to the velocity
of the blood, the temporal fluctuations of blood flow can be monitored in the subject and
correlated to other physiological variables (Zhang et al. 1998, Kuo et al. 1998). In adults,
the thickness of the skull sometimes causes problems in detecting the flow reliably.

2.3.5 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is based on nuclear magnetic resonance phenomenon
described by Nobel-laurates Purcell and Bloch in 1945. The following basics of MRI
have been referenced from Buxton (2002a) and from a www-page of J. Hornak from
(www.cis.rit.edu/htbooks/mri). Magnetic resonance is based on the quantum physics of
the hydrogen atom nucleus. Hydrogen atoms, abundant in tissues, have a spin of either +
or – ½, which is a basic characteristic of matter just as mass or charge. When the
hydrogen atoms are put into an external magnetic field (B0) they will start to absorb
and/or emit energy at a specific Larmor frequency (ν) according to the gyromagnetic
ratio (γ):
ν = γB0

(1)

For an hydrogen atom, the γ = 42.58 MHz / T. In a 1.5 T magnetic field, the hydrogen
atom Larmor frequency is 63.87 MHz.
Hydrogen proton spins can be thought of as small magnets. The hydrogen atom
magnetic spins are pointing in either the same direction (-1/2) or opposite (+1/2 spin)
direction than the external field B0. A net magnetization vector can be detected since
slightly more hydrogen atoms are pointing towards the B0 magnetic field than away from
it. When radiofrequency (rf) energy is applied in Larmor frequency on the hydrogen
atoms, the net magnetization starts to turn away from the external magnetic field B0. In

37
other words, photon quanta are being absorbed by the hydrogen atoms and more atoms
start to have energetically higher level spins against the magnetic field.
When the Larmor frequency energy is no longer added, then the spins start to return to
their original position (i.e. lower energy spin state) towards the B0-field. The time
constant with which the magnetization returns towards the original B0-field direction by a
factor of natural constant e is called spin lattice relaxation time T1. The component of the
net magnetization vector along the B0-field (MZ) returns to the original magnetization
(M0) according to equation:
Mz = Mo (1 - e-t/T1)

(2)

where the t equals the elapsed time from the cessation of rf-energy input (t0). If the signal
acquisition process is repeated with a repetition interval time (TR), then the signal
intensity S will follow the equation:
S = kρ (1 - e-TR/T1)

(3)

where k is a proportionality constant of imager signal sensitivity and ρ is proton density.
The Mnet –vector also precesses around the Bo–field direction at the Larmor-frequency.
This precession starts to dephase immediately the Larmor frequency energy input is
stopped at t0. The part of the Mnet –vector along the XY-coordinate plane at time t0 (MXY)
starts to dephase following the equation:
MXY =MXYo e-t/T2

(4)

where the T2 is the spin-spin relaxation time constant. The T2 is always ≤ T1. For a spin
echo (or Hahn echo) signal, the signal strength also depends upon echo time TE between
90-degree rf-pulse and maximal echo after a 180 degree refocusing pulse, according to
equation:
S = kρ (1 - e-TR/T1) e –TE/T2

(5)

Both the T1 and T2 differ in tissues and this can be used in producing a contrast between
organs and tissues in MRI. If the magnetic emissions from the tissues are being measured
after a precise time interval following the initial Larmor frequency pulse, different tissues
will emit back signals at different strengths. The strengths of the MR signals within the
gradient encoded imaged tissue can be used in producing contrast in images.
There are two factors affecting the T2 spin-spin dephasing, namely the pure spin
interactions T2 and inhomogeneities in the Bo-field noted by T2’. Added up, the two
make up the real magnetization decay constant T2* by the equation,
1/T2* = 1/T2 + 1/T2’

(6)

In the gradient echo imaging used in this study, the TE denotes the time between the
onset of rf-pulse and the maximal MR echo and the TR is the time between two
consecutive rf-pulses. When the angle of magnetization deviation from the B0-field is θ,
the gradient echo image signal intensity follows the equation of:
S = kρ (1 - e-TR/T1) sin θe –TE/T2*/(1-cosθe-TR/T1)

(7)

In the gradient echo imaging the θ is typically 10-90 degrees. No refocusing pulses are
used and the MR signal is recalled by the use of magnetic encoding gradients. The phase
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gradients are repeated 64-1024 times depending on the used imaging matrix as in other
imaging sequences. Each phase encoding gradient value produces a line in k-space and
after sufficient number (atleast > 50 %) of k-space lines are scanned the MR image can
be reconstructed. The MR images can be produced from the k-space data by twodimensional Fourier transformation (Nagayama et al. 1977, Ernst 1992). The schematic
presentation of gradient echo sequence in Fig. 7.

Fig. 7. The gradient echo recalled pulse sequence. Larmor frequency RF-pulse, slice selection
magnetic gradient (Gz) and, the phase (Gy) and frequency encoding gradients (Gx) are used
to produce the MRI signal. The repetition time (TR) and time to echo (TE) can be changed by
altering the timings RF-pulses and gradients (Gx and Gy), respectively.

Lauterbur (1973) initially used two additional and smaller magnetic fields parallel to the
B0-field to coordinate and detect images. These XY-plane magnetic fields are used to
linearly change the Larmor frequency of the deuterinium atoms enabling the spatial
coding of the hydrogen atoms. It enables the coding of each area in the imaged object to
have its own, specific frequency and phase. The signals from the hydrogen atoms are
measured line by line. Mansfield (1977) came up with an idea of continually switching
the encoding gradients and enabling very fast coverage of the k-space, i.e. the imaged
tissue space. MRI can be used to produce spatially accurate images weighted with T1, T2
or proton density in any plane. MRI also enables the detection of metabolites, diffusion
(with anisotropy), magnetization transfer, paramagnetic enhancements, etc. The scope of
this thesis is not intended to cover the vast number of different imaging techniques used
in MRI.
The BOLD fMRI method used in this study is described in more detail in chapter 2.4.
MRI has been used in detecting cerebral blood flow also with methods other than BOLD
contrast. These methods detect the arrival and flow of blood in the active area of the
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brain. The blood can be labelled with either non-diffusible paramagnetic tracer molecules
containing gadolinium (Gd), or with diffusible blood water spins tagged with
radiofrequency pulses (McLaughlin et al. 2000, Detre & Alsop 2000). Belliveau et al.
(1991) pioneered the detection of functionally active brain regions with paramagnetic
MRI tracer molecules. This method is called dynamic susceptibility contrast (DSC) MRI.
Spin labelling techniques are called arterial spin label (ASL)-techniques, where moving
blood is labelled with rf-pulses and the arrival of excited protons is monitored
(McLaughlin et al. 2000, Detre & Alsop 2000). A third method is the time-of-flight
methods where the moving blood spins experience different magnetization than the
surrounding stationary spins during double tagging pulses (Duyn 2000).
All of the methods can be used in detecting activation related hyperremia and resting
state blood flow in the brain. However, the perfusion methods lack in signal-to-noise ratio
(SNR) and temporal resolution compared to BOLD in activation studies (Duyn 2000,
Wong 2000). Also the techniques involve either invasive usage of contrast agents in DSC
or demand specific hard/software requirements not always commercially available (Wong
2000). Also the postprocessing of the MRI perfusion data is not straightforward.
MRI can also enable the detection of metabolites in the brain. Metabolites including
lactate and glucose have been measured from functional regions with MR spectroscopy
(Prichard et al. 1991, Frahm et al. 1996, Kauppinen et al. 1997) but the temporal
resolution is not much better than that of the other methods. Metabolites like adenosine
triphosphate (ATP) and phosphocreatinine have been measured with MRI spectroscopy.
At present, however, 31P MR spectroscopy requires minutes to yield results and is thus
too slow to detect functional changes (Aubert & Costalat 2002).

2.3.6 Multimodality combinations
Recently the combined use of brain monitoring and imaging methods has given a much
more precise spatiotemporal picture of the functional events in the brain. Even though the
simultaneous measuring usually complicates the measurement situation considerably the
advantages of combined measurement clearly outweighs the problems. The combined
methods enable one to speculate the correlations between measured variables and give
ideas why and how the measured changes take place (Kuikka et al. 1996). By combining
multiple imaging and detection techniques, we can use the complementary strengths and
transcend the limitations of the individual neuro-imaging methods (Kuikka et al. 1996,
Sanders & Belliveau 1995).
The combination of MEG’s ability to localize signal sources and EEG’s ability to
detect non-tangential ERP’s enabled the detection of a variety of new brain functions. In
EMSI, the event related neuronal activity is reflected in the sensors based on the
conductance of the brain (Simpson et al. 1995, Michel et al. 2001).
MEG and EEG sources can be localized after solving the inverse problem of source
localization. Given the a priori knowledge of fMRI results, the solutions to the inverse
problem of the sources can be sought within the fMRI maps (Korvenoja et al. 1999,
Morandi et al. 2003). In this way, sub-second temporal events can be mapped more
accurately in space than before (Korvenoja et al. 1999, Morandi et al. 2003). Auditory
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oddball attentional sources and vibrotactile stimulation related activations have obtained
complementary results from combined fMRI and ERP measurements (Horovitz et al.
2002, Tuunanen et al. 2003).
On the other hand, the EEG and MEG data can help in distinguishing new aspects of
fMRI data as well. After overcoming the problems in simultaneous scanning, EEG was
used to detect epileptic spike activity and trigger fMRI scanning (Connelly 1995, Warach
et al. 1996, Krakow et al. 1999). Logothetis et al. (2001) performed important work by
imaging local field potentials of the cortex simultaneously with fMRI. The simultaneous
measurement showed unquestionably the relationship between a BOLD signal and neural
activity. Correlation of alpha and beta power oscillations with a simultaneous BOLD
signal has introduced totally new concepts like default mode brain activity (Goldman et
al. 2002, Greicius et al. 2003, Laufs et al. 2003a,b). The simultaneous neurophysiologic
monitoring with fMRI is likely to become increasingly popular in the future (Dale &
Halgren 2001).
Optical imaging methods, including NIRS, have been combined with BOLD fMRI in
order to reveal new correlations between hemodynamic and metabolic changes with
respect to BOLD signal changes during brain activation (Strangman et al. 2002). A
simultaneous study of elderly and young subjects detected changes in both modalities
with good concordance showing decay in oxygenation and BOLD response with
advancing age (Mehagnoul-Schipper et al. 2002). PET yields superior knowledge on the
relative distribution of metabolism, which is will become increasingly popular in the
future with image fusion of fMRI, MEG/EEG and optical imaging results (Kuikka et al.
1996)
Recent and ingenious work by Moosmann et al. (2003) combined EEG, NIRS and
fMRI for the detection of alpha rhythm related changes in the brain. They could detect a
correlation between deoxyhemoglobin and the EEG alpha power and state that alpha
activity of the occipital lobe is related to metabolic deactivation. The combined studies
add both reliability on individual imaging results and give new, unpresented results of
functional changes in tissue.

2.4 Functional magnetic resonance imaging
The functional magnetic resonance imaging refers to detection of physiological events or
changes in the tissue with magnetic resonance images. Generally speaking multiple
different MR imaging sequences and techniques can be applied; diffusion imaging,
spectroscopy, perfusion, flow detection, blood oxygen level and extracellular protein
level dependent contrast, elastography, kinematic anatomical series, etc.
In the following chapter the main area of interest is the intrinsic blood oxygen level
dependent (BOLD), or Ogawa contrast, which is widely used in functional MRI. After a
short historical sketch, the mechanisms and methods of BOLD signals are discussed.
Analysis methods are focused on since one of the main themes of this study is the
development of methods for detecting and characterizing normal brain activity.
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2.4.1 The physics of BOLD fMRI
Linus Pauling showed that an oxygenated hemoglobin molecule is diamagnetic and
deoxygenated hemoglobin is paramagnetic (Pauling & Coryell 1936). Villringer and coworkers at Massachusetts General Hospital and George Radda in Oxford University
initially showed that certain vascular MRI effects had bulk magnetic susceptibility origin
at the end of 1980’s (Hakumäki et al. 1994, Springer et al. 2000). Belliveau was the first
to detect brain activity related blood volume changes with dynamic susceptibility contrast
MRI (Belliveau et al. 1991). Ogawa was the first to publish data on the intrinsic MRI
contrast and named it blood oxygen level dependent (BOLD) contrast (Ogawa & Lee
1990a, Ogawa et al. 1990b, Ogawa et al. 1992).
The hemoglobin molecule is an intrinsic contrast molecule for the functional MRI.
The paramagnetism of deoxyhemoglobin is due to exposed two free electron pairs
(Pauling & Coryell 1936, Ogawa & Lee 1990a, Ogawa et al. 1990b). Paramagnetic
molecules enhance the effects of the outer magnetic field and thus reduce the free spinspin relaxation time T2* (Springer et al. 2000). In the presence of paramagnetic
deoxyhemoglobin, the water protons of blood plasma and the tissue surrounding a blood
vessel become more affected by the external magnetic field, e.g. hemoglobin gives a
susceptibility contrast. The increased effect of external magnetic field dephases the local
proton spins and enhances the tissue R2* (=1/T2*) relaxation rate constant (Ogawa &
Lee 1990a, Ogawa et al. 1990b, Ogawa et al. 1998).
Whenever the blood deoxyhemoglobin concentration alters, the change can be
detected with methods sensitive to susceptibility changes, i.e.T2* relaxation (Ogawa et
al. 1998). The T2*-weighted, i.e. BOLD fMRI, signal intensity is proportional to the
concentration of deoxyhemoglobin in the tissue. Also blood flow enhancement has an
effect due to spin displacement - at 1.5 T fields 2/3 of the BOLD signal originates from
moving spins (Ogawa et al. 1998). At 1.5 T the BOLD signal originates from vessels
bigger than capillaries rather than tissue parenchyma. But in fields above 3 T, the BOLD
signal originates from parenchyma itself rather than vessels giving an advantage to higher
field studies (Ogawa et al. 1998). Silvennoinen showed that in high field strenghts (4.7T)
the BOLD signal originates from capillaries when TE’s > 70 ms are used. At 1.5 T fields
the origin of intravascular BOLD signal is from the venules with any given TE
(Silvennoinen et al. 2003).
Spin echo images were initially found not to be able to give detectable BOLD signal
contrast, while gradient echo presented a clear BOLD signal (Ogawa & Lee 1990a,
Ogawa et al. 1990b). It was later found out that spin echo BOLD signal enhancement was
2-3 %, about 2 times smaller than in BOLD signal enhancement of gradient echo images,
i.e.5-6 % (Constable et al. 1994, Bandettini et al. 1994) at 1.5 T. The spin echo sequences
are more sensitive to 5-10 µm venules and gradient echo to bigger 20 µm vessels, and
thus spin echo detects BOLD nearer to the actual activation site (Kennan 2000,
Bandettini et al. 1994).
The refocusing pulse makes the spin echo image less susceptible to field
inhomogeneities than gradient echo imaging. The gradient echo relaxation rates R2*
cannot be reliably quantitated due to the non-constant susceptibility artefacts and
experiment dependency as can the spin echo R2. In an epoch-making paper van Zilj et al.
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(1998) showed that spin echo images can be used for quantitating oxygen extraction ratio
(OER), CBF and, CMRO2. Correct interpretations of changes in R2 of the spin echo
images can reflect changes in cerebral blood volume (CBV), OER and CBF change (Oja
et al. 1999, Ulatowski et al. 1999, van Zilj et al. 1998). Once the tissue hematocrit and
other physiological constants are correctly applied to the equations the data derived from
spin echo data enables the quantification of these blood flow variables in any perfused
tissue. However, the methods of detecting OEF with spin echo are technically
challenging. Also the demanding calibration procedures and assumptions of physiological
variables induce uncertainties (Hoge & Pike 2001).
The fast low-angle shot (FLASH) sequence gives anatomically accurate BOLD
images but is temporally slow (Frahm et al. 1993, Ogawa et al. 1998). The EPI-sequence
developed by Nobel laureate Sir Peter Mansfield is in a spatiotemporal respect the
reverse of FLASH; it is temporally extremely fast but suffers in spatial resolution
(Bandettini et al. 1992, Blamire et al. 1992). Both resting state and activation related
studies are carried out on similar sequences and settings, even though the resting state
images usually tend to have more time points in them.
The temporal resolution with the fastest half-K-space gradient echo techniques may
reach 10 ms per image slice with special water-cooled, tailor-made coil systems even at
1.5 T (personal communication with Andrej Jesmanowicz, Medical College of Wisconsin,
USA). In practice, however the temporal resolution of the commercial scanners is about
100 ms (Bandettini 2000). This is more than enough, since the vascular reaction to
stimulus is not instantaneous. The relative slowness of the activation response can be
used to cover larger areas of the brain in scanning or to avoid motion related artefacts like
talking (Birn et al. 1998).
The in-plane resolution may extend to clearly submillimeter voxel sizes like 0.1 x 0.1
x 0.1 mm (1.2 µl) (Kim et al. 2000). The submillimeter columnar orientation of visual
cortex can be detected in 4.7 T fMRI (Kim et al. 2000, Duong et al. 2001). Development
of new image reconstruction methods and rf-coil control systems like parallel imaging
should enhance both spatial and temporal resolution of fMRI markedly (Preibisch et al.
2003). The parallel imaging system is also likely to have a huge impact on the image
artefact and denoising capabilities of the modern scanners.

2.4.2 Brain physiology and the BOLD signal
2.4.2.1 Brain activation and BOLD
Peter Fox & Marcus Raichle were the first to detect disproportionate oxygenation
elevation in the functionally active regions with PET scanning (Fox & Raichle 1986,
1988). During activation, the relative oxygen extraction ratio from blood is reduced due
to disproportionate flow enhancement, i.e. activation hyperremia (Raichle et al. 2001.
Heeger & Ress 2002). Ogawa successfully combined the ideas of disproportionate
oxygenation changes in activated brain regions and the paramagnetic properties of
deoxyhemoglobin into the blood oxygen level dependent (BOLD) contrast (Pauling &
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Coryell 1936, Fox & Raichle 1986, 1988, Ogawa et al. 1990b, 1992). The gradient echo
images were able to detect functional brain activity with T2*-weighted dynamic image
sequencies (Ogawa & Lee 1990a, Ogawa et al. 1992). Soon after this, others successfully
carried out the detection of activated brain areas as well (Bandettini et al. 1992, Kwong et
al. 1992, Blamire et al. 1992).
Since those early days, 70 000 studies have been published on fMRI alone. Thus it is
evident that a precise outlining of BOLD methods successfully utilized is beyond the
scope of this thesis. The fMRI was initially used to study brain function in the primary
sensory and motor cortices (Bandettini et al. 1992, Ogawa et al. 1992, Rao et al. 1994,
Binder et al. 1993, DeYoe et al. 1996). After primary sensory and motor task studies, the
focus turned towards higher brain functions like memory, motivation, awareness, etc. For
example, it was shown that only reminding of visions activated the same primary
functional areas as sensory visual input. Also the magnitude of the intrinsic activation
could be shown to be less than the extrinsic activation (2.8 vs. 1.5 respectively) (LeBihan
et al. 1993). Short, down to 34 ms long event related activations, became detectable with
BOLD after the activation related hemodynamic changes during activation began to be
more familiar (Buckner et al. 1996, Rosen et al. 1998).
The analysis methods and the stimulus application methods rapidly developed, and
soon BOLD was applied in multiple combined tasks for characterizing of a multitude of
neuronal functions. In the middle of 1990’s, the non-activated BOLD signal was shown
to present low frequency fluctuations enabling connectivity measurements of functional
regions. In the following pages only basic BOLD phenomena are referred to without any
special focusing on different functional regions.
The BOLD response changes from childhood to old age (Richter & Richter 2003). In
subjects younger than 5 weeks anesthetized with pentobarbital the BOLD response has
been shown to be positive (Yamada et al. 1997). Interestingly, the activation response in
older awake infants has been shown to be negative (Anderson et al. 2001). This transition
from a positive to a negative BOLD response is thought to reflect enhancement of oxygen
consumption because of a rapid increase in synaptic density (Muramoto et al. 2002).
Thus the BOLD response is positive in newborns, negative in toddlers and turns into
positive again when children become over 3-5 years of age. Both school age children and
adults present similar positive activation responses (Georgiewa et al. 1999, Ulualp et al.
2000, Rubia et al. 2000). However, the anesthetics used in children change BOLD fMRI
responses markedly, see also chapter 2.5.3.
The area under the BOLD curve dimishes and the trailing edge of the BOLD response
increases as a function of age. No change was observed in the stimulus to response lag
and the peak intensity of the BOLD response. Others have noticed reduced detectability
of responses, reduced activated area, enhanced noise and reduced SNR ratio in elderly
people compared to young adults (D’Esposito et al. 1999). Both of the studies agree that
the hemodynamic response function is altered in elderly subjects (D’Esposito et al. 1999,
Richter & Richter 2003).
The BOLD signal change connected to activation has more or less three distinct
phases; I) early negative dip II) a positive enhancement of the magnetic signal III) a
negative undershoot following stimulus cessations (Ogawa et al. 1998, Wong 2000,
Buxton et al. 2000, Bandettini & Ungerleider 2001). The presence of these responses is
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not always 100 % and it seems that the type of activation, age and anatomy influence the
responses.
During the first second of activation, deoxyhemoglobin concentration becomes
enhanced. It seems that during the first second, the oxygen is extracted locally into the
tissue and deoxyhemoglobin levels rise in some functional regions. This equals an
uncoupling of flow and metabolism (Röther et al. 2002). The initial rise in
deoxyhemoglobin level induces an initial negative dip best detected with fMRI in field
strengths 3 T and above (Ogawa et al. 1998). However, the negative dip in BOLD is not
well understood, and also strong evidence to the contrary exists by prominent researchers
in the field (Lindauer et al. 2001, Yacoub et al. 2000). It may be that certain areas and
activations do induce negative dips while others, perhaps less demanding ones do not
(Gjedde et al. 2002a).
After approx. 2 s from the stimulus onset, a rise in the total amount of oxyhemoglobin
is detected (Villringer et al. 1995, Malonek & Grinvald 1996). The reduction of
deoxyhemoglobin is related to a disproportionate enhancement of blood oxygenation and
flow during brain activation (Fox & Raichle 1986, Ogawa et al. 1990b, 1998, Bandettini
1992). The reduced deoxyhemoglobin concentration is locally reflected to the T2*weighted images as enhanced signal intensity.
Despite its vascular origin, the BOLD signal reflects metabolic changes in activated
areas (Barinaga 1997, Hoge & Pike 2001, Heeger & Ress 2002). Metabolism is related to
neuronal synaptic and electrophysiological activity due to tight neurovascular coupling
(Bandettini & Ungerleider 2001, Hoge & Pike 2001, Heeger & Ress 2002). The detection
of a high correlation between BOLD response and simultaneously measured local field
potentials (LFP) and multiple unit activations (MUA) by Logothetis et al. (2001) marked
the connection between an electrophysiological event and BOLD response (Bandettini &
Ungerleider 2001).
The positive activation related response in BOLD takes about 6-9 seconds to reach
maximum signal enhancement (Bandettini 2000). Also following the cessation of
stimulus, the BOLD signal returns to baseline level in 7-10 s. Actually, the length of
response and recovery periods rely heavily on the stimulus duration and inter-stimulus
interval. If a short stimulus is given, the response duration is short and it emerges always
after the typical 2 s hemodynamic delay period.
If the short stimuli are repeated faster than the BOLD signal can reach the baseline
level, the BOLD signal intensity starts to increase due to temporal summation of
individual responses. The summation is linear in some but not all functional regions
(Heeger & Ress 2002). Due to summation, it is recommended that the rest between
stimuli is at least as long as the stimulus period. The shortest stimulus + rest repetition
cycle that BOLD is still able to measure is 2 + 2 seconds, respectively (Bandettini et al.
1995 2000). The optimal on/off stimulus application cycle length is 15+15 s per cycle.
Shorter than 15 s on/off cycle lengths have reduced BOLD signal and longer cycles do
not gain much more BOLD signal (Bandettini et al. 1995, 2000). Due to background
autocorrelative low-frequency fluctuations the effect-to-noise ratio of long BOLD
activations is also reduced (Purdon & Weisskoff 1998).
Both the post-stimulus undershoot and the initial dips are a result of an increase in
local oxygen consumption in the absence of enhanced blood flow (Harel et al. 2002). For
example, during hypercapnia the CBF is elevated and the negative post-stimulus
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undershoot is absent (Harel et al. 2002). However the negative undershoots of the BOLD
activation response is not well understood, probably because they are not always present
(Buxton et al. 2000, Lindauer 2001). This effect becomes often detectable when the
stimulus length and the rest periods are held equally long. It seems that the blood flow
returns to a normal pre-stimulus level after stimulation, but oxygen extraction and
metabolism does not (Buxton et al. 2000). It seems logical that the excess lactate
produced in anaerobic glycolysis in astrocytes becomes oxidized in neurons during the
post-stimulus undershoot.
Other questions also remain open concerning the biochemical/electrical mechanisms
controlling activation related hyperremia. Several substances have been connected to
activation hyperremia but none of them solely is known to induce the activation
hyperremia (Kuchinsky 2000). A single trigger theory may be inaccurate; instead the
blood flow control may be more probably induced by joint action of several modulators.

2.4.2.2 BOLD signal fluctuation
Already the first 4 T fMRI results demonstrated a 2 % fluctuation in the resting state
BOLD signal between activations (Ogawa et al. 1992). Weisskoff set the basis for
analysing the resting state with spectral BOLD signal analysis in the absence of stimulus
(Weisskoff et al. 1992). Biswal was the first to show that in resting state, the BOLD
signal oscillates at 0.1 Hz. His original idea was that the brain should have waves
carrying messages between functional areas across the brain, like the amplitude and
frequency modulated radio waves. He found out that these oscillations actually were
detectable in functionally connected brain regions, including the motor cortex (Biswal et
al. 1995b).
Other research groups detected the BOLD oscillations later on (Mitra et al. 1998,
Xiong et al. 1999). The spontaneous low frequency oscillations were later found in areas
other than motor cortex as well (Biswal & Hyde 2000). Some have even suggested that
the fluctuation can map the functional cortices more extensively and concisely than single
paradigm activation studies (Xiong et al. 1999). The oscillations contain information
about the interhemispheric connectivity of functional areas (Biswal et al. 1995b, Li et al.
2002, Lowe et al. 2002). The major contributors to the connectivity are the oscillations
below 0.1 Hz (Cordes et al. 2001).
During the 1990’s there was a lack of electrophysiological evidence supporting the
nervous origin of BOLD signal fluctuations. The metabolic and blood flow parameters
had been shown to oscillate at these frequencies (Vern et al. 1988, Hudetz et al. 1992,
Obrig et al. 1996, Kleinfeld et al. 1998). The origin of the lowest frequency oscillation
was connected to vasomotor waves (Mitra et al. 1998). Low frequency oscillations of
blood oxygen level detected with NIRS were considered the major candidate for
connectivity measures in BOLD studies (Obrig et al. 1996).
A resting state of the brain has gained a new, more active role due to recent advances
in neuroimaging modalities, especially with the simultaneous detection of brain function
by several methods. Raichle and co-workers showed that there are areas in the brain that
are actually activated when a resting is engaged, or activation has stopped (Raichle et al.
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2001). These areas function as a surveillance center; whenever attention is needed these
areas deactivate and attention is focused on specific tasks (Gusnard & Raichle 2001,
Greicious et al. 2002). Recently resting state connectivity was detected in these default
mode areas of the brain (Greicious et al. 2002).
Recently considerable new information has been obtained on the concordance of
electrophysiological and BOLD signal fluctuation in a resting state. Slow EEG alpha
power oscillations and BOLD signal fluctuations were found to correlate in distinct brain
regions (Goldman et al. 2002). Some areas showed negative and some positive
correlation (Goldman et al. 2002). This finding of concordant EEG & BOLD fluctuations
was preceded by Guy’s group, who (1999) detected similar oscillating events in EEG and
BOLD.
During the year 2003, several papers emerged detecting EEG power oscillations with
regards to beta and alpha power oscillations and BOLD signal (Laufs et al. 2003a,b).
Also metabolic oscillations were connected to both the EEG and BOLD signal
oscillations (Moosmann et al. 2003). Thus convincing electrophysiological and metabolic
evidence has emerged supporting the physiological origin of the low-frequency BOLD
fluctuations. The alpha power fluctuations correlate with inattention, whereas beta power
oscillations are in concordance with conscious rest (Laufs et al. 2003a). The EEG power
oscillations correlate with the resting state connectivity measurements of the default
mode areas of the brain (Laufs et al. 2003a, Greicious et al. 2002).
A highly significant study on the etiology of VLF BOLD fluctuation emerged very
recently. The CO2-level of the brain has been shown to precede VLF BOLD oscillations.
The blood pCO2 -level oscillates with about a 2 mmHg amplitude. The blood oxygenation
and flow follows the pCO2 -level oscillations with a lag of 6.3 seconds (Wise et al. 2004).

2.4.3 BOLD signal analysis
In the first studies, BOLD activation changes were analysed from plain T2*-image
intensities (Ogawa et al. 1990b). Later, region of interest (ROI) analyses were used in
detecting average activation signal changes (Ogawa et al. 1992). Subtraction of activation
images from resting images were used, and the areas presenting signal intensity elevation
were detected (Belliveau et al. 1991, Ogawa et al. 1992, Kwong et al. 1992, Blamire et
al. 1992). The subtraction methods were sensitive to artefacts such as motion, especially
on the boundaries of the brain images.
A real step forward in the detection of activated brain regions was the implementation
of cross correlation (CC) for the fMRI data. Bandettini and other co-workers correlated
an ideal activation response curve with each of the fMR image voxel 3D + time temporal
vectors. All the image vectors that correlated significantly with the ideal task response
were displayed in the image array and superimposed on an anatomical image producing a
brain activity image (Bandettini et al. 1992). This method enabled the detection of any
given activation or signal fluctuation in general, as long as it could be given as a
reference vector. For a time course X, and a reference waveform Y, the correlation
coefficient is calculated as,
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r=

_

∑ ( X − X )(Y − Y )
_

_

∑ ( X − X ) ∑ (Y − Y )
2

(8)
2

and, has a value of 1 for perfect correlation, a value of zero for no correlation, and a value
of -1 for perfect anti-correlation.
The activated voxels were also color-encoded according to the correlation coefficient
number such that each voxel has its own color with regards to the statistical significance
of its activation, e.g. red for positive and blue for negative. An example of the CC method
of Bandettini et al. (1993) with the original analysis of functional neuroimages (AFNI)software by Bob Cox is shown in Fig. 8. A voxel time course has been taken from the
right yellow area as a reference for CC-analysis. The reference voxel time course is
presented in the left graph in black. The same time course after smoothing is presented in
the same plot on top of it in red color. The voxels that correlate significantly (r > 0.5)
with the smoothed reference time course are color-encoded in the image according to the
color chart on the right.

Fig. 8. CC map with the original AFNI-software by Bob Cox from the Medical College of
Wisconsin. In the brain image, the color-encoded areas correlate with the smoothed reference
time course (red) shown on the left. Beneath the red time course is the original BOLD signal
time course (black) taken from the yellow area in the fMRI image. The correlogram on the
right shows how the correlation coefficients are color encoded from blue (r = -1) to red (r =1).

The MCW group later expanded the time domain to involve coefficient thresholding,
trend removal, smoothing of the reference vector and also involved frequency domain
analysis (Bandettini et al. 1993). The use of fast fourier transformation (FFT) frequency
domain analysis enabled the spectral power color encoding of the stimulus application
frequency (Bandettini et al. 1993). As Fourier initially stated, any cyclic wave or pattern
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can be divided into its principle frequencies and power. Thus, not only stimulus-induced
waves in BOLD, but also other oscillations including physiological pulsations may be
detectable with FFT power encoding. In a way, the FFT methods are sine wave cross
correlations of the fMRI data (Lange 2000). The basics of Fourier transformation led to
the idea that low frequency oscillations could be detectable from the brain in the
anesthetized subjects in the absence of stimulus (studies I & III).
An example of FFT color encoding is shown in Fig. 9.
The Fourier transform of a signal can be defined as an intergral of frequency power :

f (ω ) =

∞

∫ f (t )e

−iωt

dt =

−∞

∞

∫ f (t )[cos(ωt ) − i sin(ωt )]dt

(9)

−∞

The discrete, i.e. fast fourier transform, of a discrete signal with N samples is
N −1

f [k ] =∑ f [n]e

− i 2πk
n
N

(10)

n =0

for 0 < k < N. This Fourier transform requires N2 complex additions and multiplications
to compute the signal. The even frequency coefficients are the coefficients of the Fourier
transform of the N/2 periodic signal
fp[n] = f[n] + f[n+N/2]

(11)

The odd frequency coefficients are the coefficients of the Fourier transform of
fi[n] = (f[n]-f[n+N/2]) e-2ipn/N

(12)

The number of operations required by this method to compute the Fourier transform is of
the order of AN log2 (N), where A is a constant which does not depend on N. This is the
basic principle of the FFT. There are FFT variants that reduce A.
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Fig. 9. The FFT power spectral color encoding. The spectral power of the detected 0.03 Hz
peak (arrow) has been color-encoded in green on the fMRI map seen in the upper right
corner. A reference time course showing VLF fluctuation at the red cross is shown below the
FFT spectrum.

The parametric Student’s t-test statistics is a similar method for correlation coefficient
calculation (Lange 2000, Buxton 2002b). It has become one of the most widely used
methods in basic fMRI studies (Baudenstiel et al. 1995). Student t-test weights the
difference in means, by the standard deviation in 'off' or 'on' values, giving high t-scores
to large differences with small standard deviations, and low t-scores to small differences
with large standard deviations. The t-score is calculated on a pixel-by-pixel basis, for a
time series X, using the formula
_

_

X − X2
t= 1
S_ _

(13)

X1 − X 2

where,

S_

_
X1 − X 2

2

and S p is the pooled variance

=

S p2
n1

+

S p2
n2

(14)
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S p2

∑(X
=

_

1

_

− X 1)2 + ∑ ( X 2 − X 2 )2
n1 + n 2 − 2

(15)

Then a t-score threshold is selected and each voxel having a value over the threshold is
color-encoded onto the fMRI map (Lange 2000). These methods reduce the number of
false positive activations related to baseline fluctuations of the BOLD signal when
compared to the simple difference of mean images (Baudenstiel et al. 1995). The
parametric Student’s t-test uses several assumptions of the data when using simple linear
regression models; 1) serial observations are assumed independent 2) the common error
distribution is Gaussian 3) there are equal variabilities about averages in active on and
resting off states, and 4) that the average is an adequate descriptive constant of brain
behaviour (Buxton 2002b). At least the assumption on equal variability is wrongly based
on the fact that CBF variability increases during perfusion reduction (Hudetz et al. 1992
1998).
The non-parametric analysis methods make no assumptions about the fMRI-data –
they are “distribution free” (Lange 2000). The most popular non-parametric method is
the Kolmogorov-Smirnov (KS) test. KS-test is more specific to hemodynamical signals
than the Student’s t-test, but in simple focal on/off activity is best detected by the
Student’s t–test. (Lange et al. 1999, Buxton 2002b). The KS-method focuses on whether
the cumulative distributions of the active and resting state distributions are significantly
different. In general, the KS method is less sensitive than the Student’s t-test but the
detected voxels are more likely to be reliably activated (Buxton 2002b). Some criticize
the KS-method since temporal autocorrelation may induce false positive results in KS
analysis (Lange 2000).
Besides these methods, several other more hemodynamically accurate, statistically
more complicated or data based approaches have been used for the analysis of functional
neuroimages. The scope of this chapter focuses on the most commonly applied ones that
are also used after modification in this study. A review of the statistics used in fMRI is
presented (Lange et al. 1999). In their paper, they reviewed resemblance and plurality in
nine analysis methods. They mentioned in this review that linear and non-linear models
with smoothed/unsmoothed data, classical and modern multivariate analysis
incorporating singular value decomposing and eigenvalue analysis, time-series and
frequency domain methods incorporating hemodynamic delays, thresholded random
fields, neural networks, test-retest methods, clustering and event related averaging
methods are only few of the methods used for detecting BOLD activation (Lange et al.
1999).
In the early 1990’s, image analysis methods (e.g. covariance analyses like CC) needed
to use a priori knowledge of the events leading from stimulus to activation. This
“knowledge” is actually empirical assumptions that can more or less accurately be used
for the detection of individual activations. The problem with these methods is the lack of
exact knowledge on the BOLD signal dynamics and the multiple variables affecting the
cortical blood flow (c.f. chapter 2.4.3, Fig. 6) On average, the BOLD response resembles
the triphasic pattern but there are inconsistencies. A sign of the inconsistency is the recent
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paper by Bandettini’s group showing that the activation response actually does vary
considerably between different scans of the same subject (Saad et al. 2003).
One strategy to avoid the inter-scan variability and assumptions of hemodynamic
response functions is to detect individual responses instead of averaged ones. The blind
source separation methods, like principal component analysis (PCA) or independent
component analysis (ICA), are also used to detect components that explain the variance
seen in the data. These methods do not need a priori knowledge of the changes taking
place in the fMRI data beforehand – these methods are data derived. PCA decomposes
the fMRI data into singular value components that explain most of the data variance in
descending order (Andersen et al. 1999). PCA searches for orthogonal projections of the
data that explain the maximum amount of data variance. PCA can be used in reducing the
dimensionality of the data.
ICA detects components of the data that are maximally non-Gaussian, i.e. statistically
independent (McKeown et al. 1998). There are two general assumptions with this method
a) the signal sources forming the mixed detected signals are statistically independent; b)
signal sources are non-Gaussian. ICA detects independent component matrices s from the
mixed data matrix x (e.g. fMRI data) by acknowledging that the independent components
are affected by a mixing matrix A as follows:
x = As

(16)

ICA estimates the mixing matrix A after whitening of the data matrix x. ICA uses an
iterative algorithm to estimate the mixing matrix A from the data. Then the signal source,
i.e. statistically independent component, s can be solved by using W, where W = A-1,
s = Wx

(17)

The PCA observes orthogonal projections of the data that are not accurate. ICA on the
other hand finds unique solutions to the blind source separation problem by iteratively
changing the projection to the data in a non-restricted manner. Differences in the
sensitivity of the PCA and ICA are shown in Fig. 10.
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Fig. 10. Example of the function of PCA and ICA methods in the time domain. The analysed
fMRI BOLD data on the left. The calculate PCA (middle) and ICA (right) components
represent the biggest sources of data variance and maximally non-Gaussian projections of the
data, respectively. Note the order that the PCA depicts the sources according to the variance
of the data. ICA detected the trend-component of y-gradient fatigue (2nd lowest row) in
addition to the boxcar shaped 4-wave activation. PCA was not able to do so.

The blind source separation methods also have a weak spot – the most sensitive methods
detect whatever components there are in the data, without control of the subject analyzing
the data. This is a general problem of the methods however; simple statistical methods are
deemed to miss relevant events and complex, more sensitive methods suffer from the lack
of knowledge on the description criteria (Lange 2000). This lack of control in the details
of response analysis is by no means a simply negative issue, since the knowledge guiding
the subjective control may be misleading due to the variability of the BOLD responses
(Saad et al. 2003). It may be better to just rely on the present data without assumptions,
since there are so many variables influencing the sensitive fMRI activation detection.
Also the blind source separation methods do not discriminate between the components,
and one still has to use subjective decision making in order to pick out the relevant
activations from amongst the non-significant ones.
In any case subjective decisions cannot be avoided in fMRI analysis, since in
deconvolution analysis like CC the threshold of significance has to be decided upon. The
pluralistic view may be one solution to the problem; if one wants to be sure that all the
relevant activations or signal sources are accounted for, more than one analysis method
may have to be used (Lange et al. 1999). Bayesian statistics use an empirical a priori
knowledge to search for the data in a semi-blind fashion (Rowe 2000, Lange 2000).
Hybrid ICA has been developed in order to give the experimenter the opportunity to
combine task related components based on empirical knowledge also (McKeown et al.
2000, Suzuki et al. 2001).
In the comparison simple task activation and hemodynamically convoluted signals
were more reliably detected by Student’s t-test and Kolmogorov-Smirnov tests than blind
source separation methods like ICA (Lange et al. 1999). On the other hand, when more
complex stimulus responses with alternating or transiently occurring activations were
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mapped, multivoxel methods like ICA clearly outperformed the Student’s t-test and
Fourier transformation studies (Lange et al. 1999).
As for the mapping of resting state activity of the brain, CC analysis were originally
used (Biswal et al. 1995b, Mitra et al. 1998, Xiong et al. 1999). These were “guided”
CC-analysis studies, since the activation studies following resting state scanning was
used to identify a voxel in the functional cortex. The detected voxel was used as a seed
for CC-analysis. The other approach has been the manual segmentation of known areas of
functional connectivity (Li et al. 2002, Lowe et al. 2002).
To the best of the author’s knowledge no other methods have been used in the
mapping resting state BOLD phenomena prior to the studies shown in this thesis. The
studies of this thesis are the first attempts to image and characterize normal resting state
brain function without a priori knowledge of the non-deterministic BOLD events. The
idea is to detect prominent and independent brain activity as it is, without any
assumptions, and then localize it. Time and frequency domain and especially blind source
separation methods are utilized. This kind of analysis is needed for differentiating a
normal brain baseline function from a non-physiological one.

2.5 Sedation and the brain
Sedation in this context refers to pharmacologically induced change in consciousness,
which induces a motionless state while spontaneous, non-mechanically ventilated
breathing is maintained. Anesthesia refers to a deeper sedation where the subject no
longer responses to external stimuli. Sedation may be necessary for subjects such as
children, who are incapable of adequately co-operating during medical imaging
procedures. The focus of this thesis is on intravenous sedation by midazolam and
thiopental.

2.5.1 Electrophysiology
Thiopental has a biphasic action on cortical and hippocampus– low concentration
elevates and higher concentrations reduce electrophysiological activity (Ebling et al.
1991, Archer & Roth 1998). In these low doses, the sensory system is hyperalgic to
stimulus (Archer et al. 1994). At zero (awake) and at 30 ± 10 µl/mg plasma thiopental
concentrations (anesthetized) the average electrophysiological activity (total EEG power)
is the same. With thiopental concentrations between 0-30 µl/mg, the electrophysiological
activity is enhanced (Bührer et al. 1992). Hippocampal excitatory activity also follows
this biphasic pattern of enhancement in low doses and attenuation in high doses (Archer
& Roth 1998). The alpha (40%), beta (35%) and gamma (10%) activity elevation in low
concentrations explains 85 % of the total power elevation in low concentrations (MacIver
et al. 1996).
In deeper anesthesia levels, all the eletrophysiological brain rhythms decrease
(MacIver et al. 1996), c.f. Fig. 3. In the slowing phase, from 7.5 Hz to 2.5 Hz rhythms,
micro-electrocorticographic measurements have detected three-fold prolongation of
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GABA-mediated inhibitory currents (Lukatch & MacIver 1996). The sequence from
7.5Hz - 2.5Hz – burst-suppression-isoelectricity may be induced by multisite agentspecific action of thiopental (Lukatch & MacIver 1996). Midazolam induces sleep slower
than thiopental, but when administered together their affect is synergistic (White 1982,
Kissin et al. 1987).
The intravenous sedatives midazolam and thiopental both influence resting state
electrophysiological rhythms in similar ways. The total EEG alpha rhythm (8-12 Hz)
power becomes reduced, and beta power (12-30 Hz) increases following deep anesthesia
(Feschenko et al. 1997). However, the thiopental-induced beta rhythms are similar to
those present in natural drowsiness and sleep. Midazolam and propofol induce
differential beta rhythms and the induction of the rhythms is more prominent (Feschenko
et al. 1997). The order by which the drugs induce beta rhythms is propofol > midazolam
> thiopental > placebo. Midazolam also induces theta and delta bands (Schulte am Esch
& Koch 1990). It is noteworthy that thiopental does not induce amnesia, whereas
midazolam potently does. Beta rhythms are widespread during sedation and demonstrate
the connectivity and synchronicity of the EEG rhythms, especially with midazolam
medication (Feschenko et al. 1997).
The activation responses to noxious stimuli are already attenuated at spinal cord level
in decerebrate cats (Sumida et al. 1995). Thiopentone enhances nociceptive reflexes in
hippocampi in low doses (Archer & Roth 1998). Thiopental is effective against
electroshock stimuli in the prevention of seizure activity (Hasan & Woolley 1994). When
alpha activity is peaking, the righting reflex is lost in low (15-20 µg/ml) thiopental
concentrations and tail pinch and corneal reflexes disappear at 50-80 µg/ml
concentrations (MacIver et al. 1996). At concentrations > 60 µg/ml, hippocampal and
cortical bursts become unsynchronized (MacIver et al. 1996).
Thiopental reduces myogenic magnetic evoked potentials (MEP) induced by
transcranial magnetic stimulation in a dose dependent manner (Tanaguchi et al. 1993,
Scheufler & Zetner 2002). Midazolam does not reduce myogenic or neurogenic MEP’s
and thiopental does not affect neurogenic MEP’s (Scheufler & Zetner 2002). The MEP’s
disappear before a clinically adequate anesthesia level for operation is achieved in
thiopental anesthesia. Early auditory evoked potentials and somatosensory potentials are
not affected by midazolam but late latency components are (Schulte am Esch & Kochs
1990). Thiopental lengthens latencies and attenuates mid-latency auditory and
somatosensory potentials (Schwender et al. 1994, Sloan et al. 1989, Russ et al. 1989).
Auditory ERP responses to stimuli are different with thiopental compared to midazolam.
This was related to the fact that midazolam, unlike thiopental, induces amnesia. Sedation
is a separate phenomenon from amnesia in an electrophysiological respect (Veselis et al.
2001).

2.5.2 Metabolism
Thiopental reduces brain oxygen consumption in a dose dependent manner (Miyauchi et
al. 1985). The dose dependency stays over a wide range of anesthetic concentrations
(Miyauchi et al. 1985). Thiopental reduced oxygen uptake from the blood from 3.3 to 1.5
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ml/100g/min (Pierce et al. 1962). The metabolic and other responses to stimuli become
attenuated between 27 to 37 µl/mg of thiopental plasma concentrations (Miyauchi et al.
1985).
A thiopental target concentration of 10-15 µl/mg reduces the global glucose
metabolism by 29 % but the metabolism is elevated in areas susceptible to pain stimuli in
rats (Archer et al. 1995). It is interesting to note that electrophysiological power is
elevated and peaks at about 10-15 µl/mg, indicating an uncoupling of EEG vs. metabolic
activity at low doses (Bührer et al. 1992). The regional blood flow and metabolism
however remain tightly coupled both in high and low thiopental concentrations
(Miyauchi et al. 1985).
Light 0.2 mg / kg sedation with midazolam does not affect the metabolism in a
measurable amount in anesthetized dogs or humans (Larsen et al. 1981, Nugent et al.
1982). In rats 0.5 mg/kg doses reduced the oxygen metabolism from 16 to 10.5 ml
O2/100g/min and 5 mg/kg dose to 9.6 ml O2/100g/min (Hoffmann et al. 1986).
Midazolam of 10 mg/kg reduces overall oxygen metabolism by 55% compared to the
initial state in halothane-anesthetized animals (Nugent et al. 1982). It seems that the
effect of midazolam on the metabolism is smaller in lower doses, but also becomes dose
dependent in higher concentrations (Schulte am Esch & Kochs 1990, Nugent et al. 1982).
All in all, studies on the energy consumption effects of i.v. anesthetics, like thiopental and
midazolam, are relatively few.
Knowledge of the metabolic changes in relation to activation during anesthesia in
human subjects is sparse. In dogs, thiopentone anesthesia dimishes the metabolism dose
dependently and in plasma concentrations over 37 ± 6 µg/ml the activation related
enhancement of the metabolism becomes blocked (Miyauchi et al. 1985). In rats, low
thiopental concentrations of 11-13 µg/ml increase glucose consumption in sensory areas,
probably related to bipolar EEG-changes with thiopental (Archer et al. 1995). Data on
midazolam-induced changes in metabolic-activation coupling was minimal.

2.5.3 Blood flow
Blood flow changes in relation to anesthesia have been more widely studied than
metabolic changes of the brain. It is generally assumed that metabolism and blood flow
remain coupled during intravenous (i.v.) anesthesia, and thus flow changes should reflect
also in the metabolism. The generally accepted view is that i.v. anesthetics reduce blood
flow (ketamine and fentanyl being exceptions in combined anesthesia) (Thiel et al. 1995,
Veselis et al. 1997). In combination, the pharmacodynamic effect of thiopental and
midazolam is synergistic, i.e. super-additive (Kissin et al. 1987).
Subanesthetic doses of thiopental do not significantly affect CBF in patients or dogs
(Björkman et al. 1994). In deep anesthesia the lack of ventilation control might enhance
CBF due to accumulation of CO2. Thiopental bolus of 5 mg/kg reduces the mean medial
cerebral artery blood flow by 29 - 49 % (Thiel et al. 1995). Björkman et al. (1994)
noticed a rapid 36 % reduction in porcine CBF following a 9 mg/kg infusion of 30 s.
Wada and co-workers noticed a 25 % drop in CBF after a 45 mg/kg dose in rats (Wada et
al. 1996). The response to CO2 reduction secondary to hyperventilation functions in low
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doses in humans, but becomes reduced in deeper anesthetized dogs (Kumano et al. 1994).
The most relevant finding of thiopental anesthesia to this thesis is that the blood flow
reduction is relatively largest in the primary sensory areas. The primary functional areas
present the largest regional flow in awake status and after light thiopental anesthesia the
flow is reduced the most in these areas (Sokoloff 1996b).
Globally midazolam reduces the flow by 3-30 %, depending on the dose and initial
sedation level (Forster et al. 1982, Veselis et al. 1997, Reinsel et al. 2000). The reduction
in the CBF is related to increased vascular resistance (Cheng et al. 1993). An i.v. dose of
0.15 mg/kg induces satisfactorily anesthesia in 78 % of patients (Baber et al. 1982). Like
thiopental the midazolam induced flow reduction is not uniform throughout the brain;
discrete attentional and working memory areas present most prominent reductions
changes (Veselis et al. 1997, Reinsel et al. 2000). Reduced CBF in the left prefrontal
cortex, the superior temporal and the parieto-occipital cortices after midazolam-induced
amnesia has been detected (Bagary et al. 2000, Reinsel et al. 2000). Midazolam does not
interfere with the vasomotor responsiveness to carbon dioxide level changes (Forster et
al. 1983, Kumano et al. 1994, Strebel et al. 1994).
Even though the child brain needs markedly elevated CBF compared to adults, the
data of changes induced by anesthesia on cerebral hemodynamics in children is fairly
limited. In premature newborns a 0.1 mg/kg midazolam dose transiently decreases mean
CBF by 25-45 % in concordance with mean arterial pressure drop (van Straaten et al.
1992). The low dose CBF effects of midazolam are due to vasoconstriction, since the
effect of low dose midazolam does not effect metabolism (Larsen et al. 1981, Nugent et
al. 1982). Also thiopental/fentanyl anesthesia of infants reduced CBF by vasoconstriction
(Messer et al. 1989). It seems that the CBF is reduced first in low concentrations and
metabolism becomes affected later in bigger sedative concentrations. Thiopental also
induces an immediate but moderate CBF decrease in both head injured and control
children (de Bray et al. 1993). Settergren et al. (1980) found that CBF was slightly higher
in children but no significant differences in glucose uptake or oxygen uptake were
measured between adults and children in barbiturate-induced anesthesia.
Both the vasoconstricting i.v. anesthetics as well as the vasodilatory inhalation
anesthetics reduce the hemodynamic activation response. Activation induces a relatively
modest 10 % enhancement in rCBF with a 3 s lag after activation in thiopental anesthesia
(Lindauer et al. 1993). This is only one third of the normal response. Blood flow
responses have been shown to be reduced during activation in the visual cortex of four
anesthetized children between 4-71 months of age and normally sleeping adult (Born et
al. 2002a,b).
In propofol-anesthetized animals the amplitude of activation hyperremia is 10-times
less than that of the awake animals (Lahti et al. 1999). Also isoflurane blunts the
activation responses (Antognini et al. 1997). Activation related blood flow enhancement
during anesthesia is relatively depressed, or it is even reversed compared to awake status
(Born et al. 2002 a,b). The negative BOLD response during anesthesia is not related to
age since both anesthetized adults and children present negative BOLD activation
responses (Martin et al. 1999, Born et al. 1998). The negative BOLD responces can be
related to the abnormally low CBF enhancement detected by Lindauer et al. (1993) in
activated rats anesthetized with various anesthetics.
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In anesthetized children the response to visual stimulus has been shown to be mostly
(90%) negative but also 58 % of the same subjects had positive responses (Altman &
Bernal 2001). In pentobarbital anesthesia rats were shown to present both positive and
negative responses to changes in light intensity at 9.4 T BOLD studies (Huang et al.
1996). Anesthetized adults present an inverted relationship between the depth of
anesthesia and BOLD response; in deepest anesthesia the response is negative (Martin et
al. 2000). The bipolar, i.e. both enhanced and reduced flow, responses to activation may
be explained by the intriguing work of Kleinfeld et al. 1998, who showed that vasomotor
fluctuations in anesthetized rats overpower the activation responses clearly. The normally
sleeping as well as the anesthetized subjects have a reduced CBF which increases
vasomotor fluctuations (Hudetz et al. 1998, Born et al. 2002a,b). The oscillations may
mislead the conventional analysis methods to detect activation response- like BOLD
changes. An overall picture of activation responses in anesthetized child subjects is
lacking.

2.6 Spontaneous low frequency fluctuations
2.6.1 Very slow electrophysiological rhythms
The spectrum of EEG oscillations can be modelled ∝ f–n, (n > 0) where the low
frequencies dominate and alpha frequency presents a dominant peak (Feschenko et al.
2001). Slow electrophysiological oscillations (> 0.1 Hz) have been related to
thalamocortical networks, midbrain reticular neurons and in cortical layers II and IV
mostly present in sleep (Oakson & Steriade 1982, Steriade et al. 1993b). Multisecond
oscillations have also been detected in basal ganglia neuronal firing rates between 0.016
and 0.5 Hz in awake rats. Slow < 0.1 Hz neuronal oscillations were abolished by
anesthesia and thus seem to need normal baseline eletrophysiological activity (Ruskin et
al. 1999, Steriade et al. 1993b). The role of slow oscillatory rhythms may be related to
the coordination of motor activity (Ruskin et al. 1999).
GABA-mediated long-lasting depolarisations (LLD) were shown to be present with a
mean 0.036 Hz frequency in rat hippocampus brain slices (Perrault & Avoli 1992). The
LLD’s had some resemblence to epileptiform interictal spikes. The LLD’s did not need
intact neuronal fibres to spread; their propagation involved non-synaptic mechanisms.
The LLD’s propagate in all directions and do not follow known anatomical neural paths
(Sinha & Saggau 2000). They were abolished by bicuculline and, by excess and absent
Ca2+. Maybe the peculiar spread of LLD’s is related to electric intercellular junctions
(Guyton 1991).
The location or the origin of the alpha rhythms has been unknown (Steriade 1993a).
Recently, however, Goldman and co-workers detected the areas that showed power
oscillations in alpha rhythm at low frequencies with BOLD fMRI (Goldman et al. 2002).
Elevation in alpha power induced a decreased BOLD signal in the occipital, superior
temporal, inferior frontal and cingulate cortex. The BOLD signal increased in thalamus
and insula after augmentation of alpha power (Goldman et al 2002). Moosmann et al.
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(2003) detected the same alpha oscillation with EEG, fMRI and NIRS in same areas as
Goldman et al.
Laufs detected a power oscillation of the beta rhythm (17-23 Hz) in addition to alpha
power oscillations in the brain in correlation with the positive BOLD response (Laufs et
al. 2003b). The areas showing beta power oscillations are related to default mode activity
of the brain, i.e. areas which deactivate during mental tasks. The low frequency
fluctuations were present in regions of the brain known to be related to the attention
processes and related cognitive resources. A new concept of default and baseline mode
activity has been introduced based on these EEG power fluctuations (Greicius et al.
2003). MEG has also detected a strong coherence in low frequency power oscillations of
beta rhythm between hemispheres, indicating interhemispheric phase synchrony, i.e.
connectivity in motor regions (Nikouline et al. 2001).
Rhythmic delta fluctuations have also been shown to correlate with the BOLD fMRI
signal in the cortex (Mäkiranta et al. 2004). The rhythmic delta activity is not normally
present in awake adults and it can be regarded as an epileptic epiphenomena. In some
subjects, the rhythmic delta activity can be provoked and during the emergence of
rhythmic delta activity the BOLD signal increases in grey matter but does not fluctuate
(Mäkiranta et al. 2004, Aquirre & D’Esposito 2000). Instead of fluctuation the BOLD
signal intensity level is elevated during intermittent delta activity due to temporal
summation of subsequent delta bursts.
The DC-level, i.e. the baseline level of the EEG, has also recently been shown to
present infraslow oscillations (ISO) (0.02 – 1 Hz) (Vanhatalo et al. 2002, 2003, 2004).
The DC shifts have previously been high-pass filtered since the baseline shifts have
interfered with the analysis of faster oscillations (Vanhatalo et al. 2004). The origin of
slow frequency oscillations can be related to the blood flow related pH or blood brain
barrier potentials as well as spatial potassium buffering (Vanhatalo et al. 2003). The
power of the normally measured EEG rhythms alpha, beta, delta, etc., actually follow the
baseline infraslow EEG oscillations – the ISO produces a widespread synchronication of
neuronal excitability (Vanhatalo et al. 2004).
Also the temporal similarity of two oscillating waves, i.e. coherence has been shown
to fluctuate over time too. The fluctuation of the coherence is weighted towards slow
frequencies of 0.02 Hz and below. The coherence fluctuations are quite local (10 mm)
and more clearly present in intracranial than scalp EEG measurements (Bullock et al.
1995). The coherence of EEG frequency bands (5-8, 13-20 and 20-35 Hz) fluctuates
together, i.e the bands are not independent of each other, as shown by Vanhatalo (2004)
as well (Bullock et al. 1995).

2.6.2 Metabolic and blood gas oscillations
Astrocytes and neurons present slow oscillations in vitro and during each contraction
cycle astrocytes secrete substances that are taken up by the neurons (Geiger 1963, Vern et
al. 1988). These volume oscillations are thought to reflect metabolic activity of the cell.
Clark et al. were the first to demonstrate pO2 oscillations in tissue in unanesthetized cats
(Steinmeier et al 1996). Actually the slow < 0.5 Hz oscillations have been detected in
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various mammals, including man, in blood flow, volume and pO2. The oscillations and
are related in part to metabolism but not necessarily to electrical activity (Vern et al.
1988). The metabolism in the brain tissue has also been shown to present spontaneous
multisecond oscillations at various frequencies (Steinmeier et al 1996).
Cats and rabbits present non-stationary cytochrome oscillation below 0.4 Hz and most
power was between 0-0.25 Hz both awake and in sleep (Vern et al. 1998). A precise noninvasive NIRS-study on the metabolic oscillations in humans was produced by Obrig et
al. (2000). It was noticed that both blood oxygenation and tissue cytochrome oxidation
oscillate dominantly at low frequency (LF ~ 0.1 Hz) and at (VLF ~ 0.04 Hz). The VLF
oscillation detected in cytochrome oxidase levels follows the blood oxygenation
oscillations with a lag of 4 seconds. The oscillations in deoxyhemoglobin and
cytochrome oxidase are 10 times smaller in amplitude than the oxygenation level
oscillations. The VLF oscillation in blood oxygenation attenuates, the phase difference
changes and LF oscillations in cytochrome oxidation is enhanced during neuronal
activation. The VLF rather than the LF oscillations may be the origin of functional
connectivity measurements. The NIRS vs. EEG study suggests that alpha power
reduction is related to metabolic deactivation since deoxyhemoglobin levels are enhanced
during activation (Moosmann et al. 2003).

2.6.3 Vasomotor waves
The heart rate was initially shown to slowly fluctuate rhythmically by Stephen Hales in
1733 and by Haller in 1760 (Miyakawa et al. 1984). Carl Ludwig noticed in 1847 that
blood pressure in dogs and horses presents slow 1-5 / min waves (Vainionpää 1989,
Zhang et al. 2000). Classical studies by Traube (1865), Hering (1869) and Mayer (1876)
set the basis for studying the waves and gave names to different vasomotor waves
(Miyakawa et al. 1984, Vainionpää 1989). Traube-Hering waves are induced by
respiratory center activity and slower ≈ 0.05 Hz Mayer waves are spontaneous waves
unaffected by other physiological oscillations. The waves were first detected in the
human brain circulation during the 1950’s (Hudetz et al. 1998). The oscillations are
present in various species, in intact awake status, in anesthetized, paralyzed, artificially
ventilated, decerebrated animals and in tissue preparations (Halsey & McFarland 1974,
Vainionpää 1989).
The exact origin of the vasomotor, (or Mayer waves), remains a mystery to this day.
Delays and counter regulatory overshoots in feedback mechanisms, autonomous vascular
smooth muscle rhythms, rhythmic visceral contractions, endogenous rhythms in the
vasomotor control center tone are amongst the supposed origins of vasomotor waves
(Vainionpää 1989, Zhang et al. 1998, Hudetz et al. 1998). No single denominating factor
has been detected so far, and much like in the factors of vascular control in general, the
mechanisms seem to be a complex mixture of regulators.
The findings of several controlling mechanisms are supported by the models of Ursino
et al. (1991), stating that also the hemodynamic dilation response to neuronal stimuli
induces a biphasic response; a neural and metabolic one. Sympathic and parasympathic
or vasonervous systems are likely candidates for the neurogenic oscillator (Zhang et al.
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2000). They produce fast regulatory changes in blood flow and in a non-challenged state
may induce low frequency oscillations. Metabolic and thermoregulatory aspects are slow
to react and thus may induce fluctuations in only very low frequencies (Panerai et al.
1998, Kuo et al. 1998, Ursino 1991, Zhang et al. 2000).
The spectral patterns of the oscillations reveal information about the regulatory
mechanisms of blood flow (Zhang et al. 2000). There are two differently reacting spectral
frequency ranges in blood pressured dynamics with a break point at about 0.02-0.025 Hz
suggesting at least two control mechanisms (Wagner & Person 1994). The two control
mechanisms seem to oscillate at separate frequencies, faster neuromyogenic at 0.25-0.5
Hz and slower autonomic/metabolic at 0.02-0.2 Hz (Diehl et al. 1991, Wagner & Person
1994, Panerai et al. 1998, Kuo et al. 1998, Zhang et al. 2000).
Whatever the control mechanisms behind the waves are, it seems that the vasomotor
waves are induced by myogenic activity (Hudetz et al. 1998). Arterial walls present
pressure dependent, multifocal contractions pointing to the autonomous origin of the
oscillations (Harder 1984, Fuji et al. 1990). The most important stimulus to the regional
flow fluctuations is the changes in perfusion pressure. Systemic hypotension, cerebral
artery occlusion, and vasoconstrictors enhance fluctuations, whereas vasodilatation by
hypercapnia or anesthetics attenuates the fluctuations (Fuji et al. 1990. Hudetz et al.
1998). The mechanism of controlling blood flow and pressure seem to be a result of
integration of several control mechanisms and thus the control mechanism of vasomotor
waves seem to be multimodal (Sokoloff 1996b, Ursino 1991, Fuji et al. 1990).
Vasomotion controls both regional blood flow and systemic blood pressure. The low
frequency blood flow fluctuations are independent and have low coherence with systemic
blood pressure fluctuations (Kuo et al. 1998, Zhang et al. 2000). The relationship
between the flow and pressure fluctuations are mediated by an active control mechanism
rather than passive conductance, i.e. by autoregulation (Kuo et al. 1998, Haughton &
Biswal 1998, Zhang et al. 2000). This regulation works best in pressure oscillations at
low frequencies (< 0.1 Hz) than in higher frequencies (Zhang et al. 2000).
The cerebral blood flow rate presents fluctuations over the mean flow; the amplitude
of flow oscillations is inversely related to blood perfusion pressure (Hudetz et al. 1992
1996). This blood flow vs. perfusion pressure relation is the opposite of classical cerebral
autoregulation (Zhang et al. 2000). In fact, the blood flow autoregulation holds only up to
a certain level of accuracy. In real life, the mean blood flow is actually elevated when
perfusion pressure is elevated, and the averaged flow mean rates, not the exact blood flow
rates, are autoregulated (Kuchinsky 1991, 2000, Zhang et al. 2000, Hudetz, personal
communication).
The cerebral flow fluctuation has been detected using multiple methods; see also Table
1 (Obrig et al. 2000, Elwell et al. 1999).
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Table 1. Studies of blood flow oscillation in humans. The table is updated from Obrig et
al. (2000).
Author

Year

Technique

Parameter

Frequency

Cooper

1966

Livera

1992

Polarography

pO2

0.1

NIRS

tot-Hb

Chance

0.1

1993

NIRS

Light absorption

0.1-5

Elwell

1996

NIRS

0xyHb,deoxyHb, tot-Hb

0.2

Elwell

1999

NIRS

0xyHb,deoxyHb, tot-Hb

0.08/0.22

Hoshi

1998/7

NIRS

0xyHb,deoxyHb, tot-Hb

0.01/0.008

Diehl

1991/5

TCD

MCA-FV

0.007/0.15

Giller

1999

TCD

MCA-FI

0.006-0.037

Hu

1999

TCD

MCA-FV

0.016-0.44

Kuo

1998

TCD

MCA-FV

0.016-0.44

Zhang

1998

TCD

MCA-FV

< 0.07-0.2

Bäzner

1995

TCD

MCA-FV

0.01-0.5

Blader

1997

TCD

MCA-FV

0.03-0.2

Mitra

1997

fMRI

BOLD

0.1

Biswal

1995

fMRI

BOLD

< 0.08

Biswal

1997

fMRI

BOLD

0.02-0.14

Lowe

1998

fMRI

BOLD

< 0.08

Kiviniemi(I)

2000

fMRI

BOLD

0.03-0.1

Li

2002

fMRI

BOLD

0.04 - 0.23

Moosmann

2003

fMRI+NIRS+EEG

BOLD+deoxyHb+α

0.2-0.3¤

Laufs

2003

fMRI+EEG

BOLD+α+β

0.022

Wise

2004

TCD+fMRI+capnograph

MCA-FV+BOLD+pCO2

<0.05

First author, year of publication, detection (technique), the measured signal (parameter) and fluctuation
frequency (Hz) are mentioned. NIRS = near-infrared spectroscopy, TCD = transcranial Doppler ultrasound. pO2
= partial oxygen tension, Oxy = oxygenated, deoxy = deoxygenated, tot = total hemoglobin (Hb). MCA =
middle cerebral artery, FV = flow velocity and FI = flow index, α = alpha and β= beta EEG rhythms, pCO2 =
partial carbon dioxide tension. (I) stands for study I of this thesis. ¤) The frequency calculated from an image.

Low frequency flow fluctuations are dominant in cerebral tissue and are not abolished by
activation hyperremia (Obrig et al. 2000, Kleinfeld et al. 1998). Hypercapnia and other
vasodilatory effects attenuate fluctuations and blood flow and perfusion reduction
enhances them (Hudetz et al. 1992, 1996, Kleinfeld et al. 1998). The tissue metabolism
(cytochrome oxidation level) seems to follow blood oxygenation fluctuations with a 2.4 s
lag. This lag increases to 4 s during activation (Obrig et al. 2000). Deoxyhemoglobin
fluctuations precede oxygenation fluctuations by 2 s (Obrig et al. 2000).
In preterm infants, the fluctuations were present in all 11 normal newborns (von
Siebenthal et al. 1999, Ferrarri et al. 1994). In healthy subjects, arterial pressure
fluctuations are not different between 18 –28 and 60-70 year old subjects or between
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sexes (Taylor et al. 1998). In 466 of 866 cardiac surgery patients (12-71 years) the
fluctuations could be detected during perfusion (Vainionpää 1989). At least low
frequency heart rate variability reduces as a function of age and becomes abolished after
50 years in the total population. The heart rate variability is coherent with blood pressure
and cerebral blood volume measurements and reflects the same regulator mechanisms
(von Siebenthal et al. 1999). However epidemiologic data on fluctuations is sparse and
the age dependence of fluctuation characteristics is unknown.
An interesting aspect of the regional blood flow fluctuations is the temporal coherence
of the fluctuations in various spatially distinct regions. It is accepted that
intrahemispheric fluctuations are not in synchrony in various areas or only in areas within
1.5 mm distance (Hudetz et al. 1998). However, in different hemispheres the similar
functional regions (primary sensorimotor) present fluctuations in synchrony (Biswal et al.
1995b, Vern et al. 1988, Wise et al. 2004)

2.6.4 Fluctuations during sedation
Most of the early studies on low frequency physiological fluctuations of the brain have
been done on more or less anesthetized or at least medicated and fixed animals. Blood
oxygen cycling induced by exanguination is independent of the anesthesia type at a low
anesthesia level (halothane, pentobarbital and alpha-choralose) (Jones et al. 1995).
Pentobarbital was the only anesthetic to present a correlation between oscillation
frequency and blood pressure. I.v. anesthetics seem to facilitate fluctuations in
conjunction with blood pressure drop (Hudetz et al. 1998). In deepened anesthesia the
vasodilatory inhalation anesthetics attenuate the flow fluctuations probably due to
enhanced blood flow (Hudetz et al. 1994, 1998). Additive application of anesthetics also
reduces the oxygenation oscillation frequency until the oscillations ultimately vanish at
deep levels of anesthesia, e.g. at states requiring mechanical ventilation (Halsey &
McFarland 1974, Mayevsky & Ziv 1991).
Hudetz et al. (1992) and Jones et al. (1995) detected a reverse correlation between
blood flow oscillations and blood pressure in anesthetized rats; a reduction in blood
pressure elevated oscillation amplitude. Fuji et al. demonstrated a direct relationship
between the blood pressure and frequency of the basilar artery diameter oscillations
matching the results of Hudetz et al. (1990). Halsey & McFarland (1974) demonstrated
that oxygenation cycles had their largest amplitude in normal pressure readings, and in
both high and low blood pressure levels attenuate the oxygenation oscillations (Halsey &
McFarland 1974). High (> 160 mmHg) and low (< 40 mmHg) blood pressures were also
shown to attenuate vessel diameter fluctuations but a tendency towards pressure
dependency could also be sighted (Fuji et al. 1990).
Dora & Kovach (1981) have shown three different oscillatory rhythms in metabolism
under alpha-chloralose. They detected 0.03 – 0.05 Hz NADH/NADPH oscillations
correlating with blood volume (Traube-Hering) waves. A second rhythm was a slow
0.003 - 0.03 Hz NADPH redox potential oscillation triggered by anoxia and glucose
injections. The third oscillation had electrical bursts coinciding with 0.00167-0.003 Hz
NADH oscillations in deep anesthesia (Dora & Kovach 1981). The third type NADH-
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oscillations vanished during cortical activation of the cortex and hypercapnia. The phase
relationship and frequency between the metabolic, blood flow and electrophysiological
oscillations varies between these oscillations, suggesting a different origin and control
mechanisms behind the oscillations.
Golanov et al. (1996) detected oscillation of blood flow that was preceded by cortical
electric bursts in deep isoflurane anesthesia. Sympathetic modulation of vasomotor tone
has been suggested to be a major factor in generating blood pressure fluctuations in
pentobarbital anesthetized rats (Tsai et al. 1999). Basal ganglia nuclei: entopeduncular
nucleus, globus pallidus and substantia nigra produce in an awake state multisecond
electrophysiological rhythms that become abolished during chloral hydrate and urethane
anesthesia and dopamine receptor activation (Ruskin et al. 1999).
On the other hand there are several studies showing no connection of localized cortical
electric activity and vascular or metabolic fluctuations (Halsey & McFarland 1974,
Mayevsky & Ziv 1991, Vern et al. 1988). The NADH-oscillations were thought to be
induced by localized metabolic and not global factors (Vern et al. 1988, Mayevsky & Ziv
1991). Vern detected the metabolic oscillations in awake, sleeping and anesthetized cats
in EEG isoelectric silence (Vern et al. 1988). There seem to be several factors
contributing to blood flow control related oscillations and these may be either coupled or
uncoupled.
Kleinfeld and co-workers (1998) showed that in capillaries the activation-induced
elevations in flow were smaller than the slow baseline blood flow oscillations. The
activations may be masked by the spontaneous blood flow oscillations during anesthesia
or aliased due to slow sampling of PET or fMRI data (Mayhew et al. 1996, Kleinfeld et
al 1998). Mayhew also discovered that the 0.1 Hz oscillation is at least in order of a
magnitude greater than the responses used to depict activation maps (Mayhew at al.
1996). The 0.1 Hz fluctuation was modified with functional stimulus and the fluctuations
were not spatially uniform (Mayhew at al. 1996).

3 Purpose of the study
The present work aims for the characterization of spontaneous BOLD changes in the
brain cortex. The quantification and localization of functional oscillations, and the
separation of independent physiologic activity from noise were major focus areas of the
study. The specific aims were:
1. to characterize the resting state oxygenation changes of the anesthetized brain with
BOLD-contrast fMRI (I)
2. to verify that the cortical VLF fluctuation is not an artefact of BOLD imaging (II)
3. to study how sedation induced changes in consciousness are reflected in resting state
cortical oxygenation (III)
4. to explore the statistical independence of the spontaneous oxygenation phenomena of
the brain with ICA (IV)
5. to apply different analysis methods and compare their capability of detecting VLF
oxygenation fluctuations from BOLD data (V)

4 Materials and methods
The present study was performed in the Oulu University Hospital during 1997 - 2003.
Study I was also analysed in the Medical College of Wisconsin, Milwaukee, USA during
1999 - 2000,

4.1 Subjects
The Ethical Committee of theUniversity of Oulu has approved the studies. Informed
consent was obtained from the parents of the anesthetized children and from the
volunteers.
The anesthetized child subjects of the studies I, II, IV and V were recruited randomly
in the order of admittance to the clinical MRI scan. There were 38 children imaged in the
study, 24 male and 14 female subjects. The age of the subjects was on the average 4.9 ±
3.4 years. The subjects were patients of the Department of Paediatrics and had various
neurological conditions.
The effect of midazolam sedation was monitored on twelve adult volunteers in study
III. The subjects were healthy medical students of the University of Oulu. The volunteers
were on average 24 ± 1.5 years of age. There were 8 female and 4 male subjects.

4.2 Sedation
In studies I, II, IV and, V, the midatzolam pre-medication (0.3 mg/kg) was given 2-3 h
before the i.v. anesthesia with thiopental. The average thiopental dose was 6 mg/kg/h.
The attending anesthesiologist sedated the subject into a state without voluntary motion
while spontaneous breathing was ensured. The fMRI sequence was imaged, depending on
the clinical MR, approximately 20-40 min from the onset of anesthesia. After the imaging
the personnel of the anesthesia department and paediatric department controlled the well
being of the children.
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In the study III the sedation was performed, monitored and the Ramsey sedation score
was evaluated from the scanner side by the attending anesthesiologist. The
anesthesiologist verified the sedation level with tactile stimulus to the hand and with
verbal communication. At Ramsey score 3 sedation levels the subject was barely awake,
answering only after being clearly called or the hand being shaken.
Before the procedure the anesthesiologist opened an intravenous line on the back of
the right hand. A heparinized saline bolus of 5-10 ml was introduced to test the
intravenous line. The bolus served as a reference for the sedative drug administration.
The midazolam sedation was titrated with 1 mg intravenous boluses until the subject
reached Ramsey score 3 sedation level. The heart and respiratory rate, and peripheral
oxygen saturation were monitored as a safety precaution with a dedicated MRI
compatible anesthesia monitor (Magnetic Equipment Corporation, M9500, Bay Shore,
NY, USA). The anesthesia monitor data could not be correlated with BOLD data. After
the imaging, the subjects were monitored for 30-45 min and they agreed to be in the
presence of others for the rest of the day.

4.3 Imaging
The study was carried out on a 1.5 T GE Signa MRI scanner (GE Medical Systems,
Waukesha, WI, USA) with a birdcage head coil (Medical Advances, Milwaukee, WI,
USA). All the fMRI sequences were imaged with repetitive gradient recalled EPI.
The fMRI sequence was imaged, depending on the clinical MR, approximately 20-40
min from the onset of anesthesia in studies I - IV. In order to localize the region of
interest for fMRI, several contiguous spin echo T1 weighted images were obtained in the
sagittal plane using the following imaging parameters: TR = 400 ms, TE = 9 ms, matrix =
2562. In studies I - IV, oblique axial slices covering an area from the lower edge of the
cerebrum towards the parietal precentral gyrus was imaged. The oblique orientation was
chosen in order to avoid susceptibility artefacts near the frontal and sphenoid sinuses
(Fig. 1).
In the first study 3 slices were used in ten subjects and 5 in two subjects. In the study
II 2 slices from the base of the cerebrum were obtainable due to fast imaging. In the
studies I, III, and, V 6 slices were imaged in order to obtain more coverage of brain
volume.
In studies I, IV and V the resting state scans were imaged once. The resting scan was
imaged twice in study II without delays between successive scans. In study III, the resting
state scan was imaged three times; before sedation, after 1st midazolam bolus and at
Ramsey score 3 sedation. The imaging parameters of the gradient echo EPI sequences are
shown in the Table 2.
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Table 2. Gradient echo EPI BOLD imaging parameters used in studies I-V.
Parameter

I

IIa

Iib

III

IV & V

TR

3000

1200

500

2000

2000

TE

60

60

60

60

40

Flip angle

90

90

60

90

90

Repetitions

41(82#)

100

240

82

82

3(5#)

2

2

6

6

10

7

7

7

7

Matrix

1282

1282

1282

1282

1282

Field of view (cm)

242

242

242

242

242

Slice number
Thickness (mm)

(#) Two subjects that were scanned for longer. a = TR 1200 and b = TR 500 scans of study II.

In study III, the activation fMRI scans (motor, visual or auditory) were imaged also
before sedation. The motor cortex was localized using acoustically cued finger tapping at
a voluntary pace in 9 subjects. The auditory cortex was detected by passive listening to
native language reading in 10 subjects. The visual cortex was depicted by looking at a
flashing checkerboard shown on a shine-through screen at 8 Hz in 10 subjects. Each
activation sequence consisted of a 15 s task followed by a 15 s rest and the sequence was
repeated four times. Six 7 mm thick oblique axial slices covering the visual, auditory and
motor areas are imaged. The imaging parameters in the activation scans were TR 1500
ms, TE 60 ms, flip angle 60°, field of view 242 cm, matrix 1282 for 82 images
repetitions.

4.4 Data analysis
4.4.1 Data preparation
The imaged data was transferred to a personal computer running on the Linux operating
system. Software called Fantom was developed at our department for graphic user
interphase data analysis of the fMRI data. AFNI software (Medical College of Wisconsin,
Milwaukee, USA) was used check for both the validity of the data and precision of
Fantom software in study I. Matlab (Natick, MA, USA) and Octave GNU-freeware
(www.octave.org) matrix calculating softwares was used in analyzing the data of studies
IV-V.
Center of mass (COM) analysis of the imaged volume was used to detect the
movement of the calculated center point of the brain in three (x, y, z) planes. The motion
threshold was 1 mm in the COM analysis, except for study V, where the motion threshold
was set to 2/3 of the voxel size. The first three images of the fMRI data set were left out
of the analysis in order to obtain a signal at a dynamic steady state. Only voxels from
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within the brain were included in the analysis based on a previously used image signal
intensity threshold (500).

4.4.2 Segmentation
In studies II, IV, and V, the ICA was used to segment regions of statistically independent
spatiotemporal brain activity for further analysis. The author selected the representative
ICA segments, i.e. signal sources, from the initial 40 independent components. Summing
the time signals and dividing by the number of voxels was used to normalize the
segmented voxel time courses. This was done to avoid the effect of intensity differences
between voxels. After this, the BOLD signals were detrended in order to remove linear
baseline drifts that overemphasized the lowest frequency in the power spectrum. The
normalized and detrended BOLD signals were analyzed with FFT power spectral
analysis. A representative power spectrum was a sum of the all the individual power
spectra of each subject for that given area.
In study III, the activation maps were used as a model, after which the same
anatomical areas were manually segmented from the resting state images (Fig. 1D-E).
The largest contiguous activation cluster per hemisphere was segmented from the three
resting scans in order to increase specificity in analyzing only voxels within functional
regions. The grey and white matter were semi-automatically segmented from a single
slice based on an arbitrary intensity threshold. The segmented volumes were held
identical in all three analyzed data sets.

4.4.3 Fast Fourier Transformation
In this study the frequency power spectra are calculated with FFT implemented in the
Fantom software. The power of a given frequency that showed a peak over the baseline,
was color-encoded on the EPI image in order to localize the fluctuations in study I.
In studies I, III,and IV, the BOLD signal power spectrum had a fitted baseline curve.
Originally, it was accepted that the baseline curve resembles f -1 fit curve and it was used
in studies I and IV. But later a more general power fit,
I(f) = a + bf -α

(18)

was found to fit more adaptively to the individual as well as for the representative power
spectra (study III). I equals the spectral power, f represents the frequency and a, b and α
are fitting parameters. The factors were fitted to the data with a least squares iterative fit
in Matlab in study V. The parameter a shifts the data in the intensity scale, whereas b and
α describe the ``shape'' of the baseline curve. b also reflects the variance in the data
(Bullmore et al. 2001). The power spectrum fit models the spectral baseline and any
significantly prominent physiological signal will be observed as power above this
baseline fit.
In study I, the effect on baseline ratio (EBR) was also calculated,
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EBR =

I p − Ib
Ib

x100

(19)

in order to quantify the significance of a power elevation over the baseline. Ip equals the
spectral power intensity at peak and Ib equals the power at the baseline below the peak. In
study I, the Ib was calculated as a mean of the values at the base of the power peaks.

4.4.4 Time domain analysis (Cross Correlation + Student’s t-test)
The CC of the voxels in studies I (AFNI software) and V (Fantom software) was used to
depict slow BOLD signal fluctuation. A voxel time course presenting clear vasomotor
fluctuation was used as a reference time course for cross correlating it with the rest of the
voxels. The correlation coefficient threshold r was 0.5.
The localization of the functional cortices in study III was done from activation scans
using the Student’s t-test with a boxcar reference waveform suiting the 15 seconds
off/on/-paradigms with hemodynamic delay of 4.5 s. The statistical threshold was p <
0.0001.

4.4.5 Principal component analysis
Principal component analysis (PCA), or Karhunen-Loeve transformation, is generally
used for the reduction of data dimension (Andersen et al. 1999). PCA reduces the data
dimensions by obtaining projections of data. PCA has previously been used in
compressing and coding of image and signal data (Andersen et al. 1999). Unlike ICA,
PCA orders the components according to magnitude of variance and the projections of
the data are always orthogonal. In Fig. 10 is a time domain example of the capability of
PCA to reduce the dimension of the data into separate components. PCA can be used to
find maximum variance components from a mixed BOLD signal matrix (Andersen et al.
1999, Kiviniemi et al. 2000).
Our previous experience is that time domain PCA of the anesthetized child brain data
is able to filter a single major component that can localize BOLD fluctuation in the
primary sensory areas (Kiviniemi et al. 2000). In this thesis, PCA is applied in the spatial
domain in order to localize the brain sub-volumes contributing to most of the signal
variance. The PCA was calculated in Matlab as a pre-processing step of FastICA
(Hyvärinen & Oja 1997). 40 principal components were first calculated. The principal
components were transformed into z-scores and the voxels having a z-score > 6 were
presented in the corresponding maps. In study V, the resulting principal component maps
were compared with other methods of analyzing resting state BOLD signal changes.
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4.4.6 Independent component analysis
ICA has been used in detecting activation related signal changes from BOLD data
without a priori knowledge of the signal (McKeown et al. 1998). ICA can be thus
regarded as a blind source separation method (McKeown et al. 1998). In studies II-IV,
ICA was used in the spatial domain, which enables the ICA algorithm to perform faster
and more robustly. In spatial ICA, the 4 dimension (3D anatomical + time) data is
presented to Matlab in such a way that all the successive voxels of the images at each
time point are presented as a single long vector. This produces a long vector and gives
adequately large density distributions for statistical analysis. In time domain analysis the
problem is the shortness of temporal vectors. The ICA algorithms often fail to converge a
unique solution and an adequate number of components cannot be obtained while using
short time domain vectors.
In this study, the independent component analysis (ICA) of BOLD data was done with
FastICA, a freely available software tool developed using the MATLAB programming
environment (Hyvärinen & Oja 1997). For download: www.cis.hut.fi/projects/ica/fastica.
FastICA is a faster and more robust algorithm than its predecessors (Hyvärinen et al.
1999). FastICA is based on the equivalence of finding maximally independent sources
and finding sources whose distributions are as far from normal as possible i.e. maximally
non-Gaussian. The idea is that insignificant noise is Gaussian in distribution and every
non-Gaussian signal source represents a statistically independent spatiotemporal feature.
We can measure the non-Gaussianity of a standardized random variable x by
comparing the expectation of a suitable non-quadratic function G of x and the expectation
2
of G for a standardized Gaussian random variable n as [E{G(x)}-E{G(n)}] . Here, E
denotes the expectation operator, or in practice, the average over the spatial distribution
of a candidate source signal. FastICA searches over the space of different linear
combinations of the brain images to find the local maxima of this non-Gaussianity
measure, using a special fixed-point algorithm. The algorithm uses a nonlinearity g that
is the first derivative of the non-quadratic function G. FastICA reduces the dimension of
the data with PCA as a pre-processing step.
In the studies II, IV and, V the fMRI data dimension was reduced into 40 principal
components in order to cover at least 99.99% of the BOLD signal variance. The 40
independent components were calculated from the principal components with the default
FastICA parameters: Approach: deflation, stabilization: off. The non-linear function g
was changed to tanh (Hyvärinen & Oja 2000).
Each resulting component is basically a spatial map that has a distribution of numbers,
one for each voxel. This value represents the extent to which the detected statistically
independent spatiotemporal phenomenon is affecting that given voxel. The resulting
voxel values are transformed into z-scores, i.e. standard deviations from the mean of that
particular map. Voxels that presented a z-score value over a given threshold are regarded
as significant and are presented in spatial localization maps in a green color. This
encoding method is identical to the one originally used by McKeown et al. (1998) with
the exception that z-score threshold is tighter, i.e. 6 instead of the 2 used by McKeown
and others.
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From the initial 40 ICA component localization maps (i.e. 40 x 6 maps), those source
maps containing clustered voxel groups in the functional brain areas and those related to
major blood vessels and/or perivascular areas were chosen visually by the first author.
The criteria for the selection of a single parenchyma source map for further analysis was
that the map should show a cluster of voxels on a primary sensory cortex at the specific
gyri without a wide spread of voxels. For the blood vessel related source maps, the
selection criteria was the clustering of the detected voxels presenting fast pulsation in a
BOLD signal on the route of the middle, anterior and posterior cerebral arteries
simultaneously. The selectable signal sources in each functional or vascular area were
calculated in order to evaluate the number of identifiable independent signal sources in
the fMRI data. The anatomical spread and clustering were also qualitatively assessed.

4.4.7 Statistical significance
In study I, the significance of the spectral power was considered to be a peak that had
power over the baseline fit model. The significance of the CC coefficients of the detected
signal fluctuations was > 0.5. In studies II, IV, and V, the significance of the voxels
detected by the independent component analysis was thresholded with z-statistics. Voxels
that presented a z-score value (z = number of standard deviations from map mean) of at
least 6 were presented in spatial localization maps. Furthermore, the ICA in studies II, IV,
and V, is in itself a statistical method of detecting independent phenomena based on the
local maxima of non-Gaussianity of the joint density distributions of the signal sources.
In study III, the statistical analysis of the activation images was performed using the
Student’s t –test with a threshold of p <0.0001. The significance of the power spectral
changes in study III was analyzed with Kruskal-Wallis non-parametric statistical analysis
of the baseline fit parameters between the scans.

4.4.8 Other Mathematical equations
The thiopental concentration in the plasma of the sedated subjects in study I was
calculated from the first-degree pharmacokinetic model equation,
CI = C0 -kt

(20)

Where C0 refers to the concentration of at the onset of the imaging, t refers to elapsed
time and k refers to the age adjusted elimination coefficient.
For the evaluation of the connectivity of the detected voxels, the mean inter-voxel
correlation coefficient (MCC) was calculated on a voxel by voxel basis,

MCC =

n −1 n
2
∑ ∑ ccij
n(n − 1 ) i=1 j=i +1

(21)

where ccij is the correlation coefficient between the i: th and the j:th time course of the
detected ICA map voxels. When a time course is being correlated with itself, i.e. i = j, the
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ccij was not used in the analysis. n refers to the number of detected voxels presenting
fluctuation in the detected ICA component. No filtering of the data was used prior to the
connectivity analysis.

4.5 Phantom
The gradient recalled EPI sequence used for fMRI was tested for scanner-induced
artefacts with a spherical CuSo4-solution phantom (study I) and NiCl2-solution phantom
(study II) ball provided by the scanner manufacturer (General Electrics, Waukesha, WI,
USA). The parameters of the phantom imaging were held identical with the patient
imaging sequences, c.f. Table 2. The imaging plane was an oblique axial one simulating
the imaging plane used for the patient.
The phantom measurements showed that the imager itself does not induce VLF T2*weighted image signal fluctuations. The phantom measurements also showed that the 1/f
FFT baseline fit was an accurate estimate of the scanner + subject induced background
noise. The power of the FFT spectra was lower and contained no significant power peaks.
It was found that the BOLD signal trends seen in mostly y-gradient (phase) direction
were in fact related to warming and drifts in the imager coil stability and not to the
imaged patients. The drift induced colored noise into the fMRI data resulting in 1/f
background noise distribution. It was shown that the phantom data does not have similar
BOLD signal sources to the patient data.

5 Results

5.1 Very low frequency vasomotor fluctuation in fMRI of
anesthetized child brain (I)
The control measurements of our imaging system with CuSo4-solution phantom data
fitted well the f -1 frequency distribution widely accepted to be the typical thermal noise
of BOLD scans (Fig. 11). The subject data, in contrast to phantom data, exhibited a clear
peak over the thermal background noise, c.f. Fig. 11. The BOLD signal of the subjects
was shown to fluctuate at a mean VLF of 0.034 (0.025 - 0.041) Hz in 7 out of 12
anesthetized children. The EBR (Eq. 11) was between 15.8 - 49.3 in the subjects who
presented localized cortical VLF fluctuations.
The COM motion detection failed to present motion in the subjects 7 showing prominent
VLF fluctuation. Head motion frequency was shown to correlate with BOLD fluctuation
in 5 subjects. The motion related fluctuation frequency peaks of the five subjects (0.0250.083 Hz) had elevated EBR values (62.75 - 153.91) compared to the localized BOLD
fluctuations. The EBR did not correlate with the age of the subject or the calculated
thiopental concentration.
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Fig. 11. VLF peak at 0.03 Hz can be detected in the anesthetized subject BOLD signal data
over the theoretical and measured phantom model baseline. Note that the phantom data
baseline is also 1/f due to y-gradient drifts and other scanner induced disturbances.

The localized VLF fluctuations occurred in the occipital visual cortices in 6 subjects, see
also Fig. 12. In 4 subjects, the fluctuation was detected near primary sensorimotor areas
and were accompanied by occipital fluctuations. In one subject, fluctuations were
observed in the primary somatosensory cortex, and in one case fluctuations of the
temporal auditory cortex accompanied occipital fluctuations. The motion related
fluctuations were detected widely in the CSF/brain or tissue/bone interphases having
susceptibility differences. The automated image registration (AIR) motion correction
algorithm could not recover the BOLD data of the motion related fluctuations. The
calculated concentration of thiopental was lower in the subjects having motion related
fluctuations vs. subjects presenting localized signal intensity fluctuations (i.e. 14.4 vs.
17.6 mg/ml, respectively).
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Fig. 12. The spatial distribution of the low frequency peak in the Fantom software is being
depicted in the left map. On the right, a cross correlation map presents wide resting state
connectivity of a given reference vector from the same area with AFNI software. The
similarity of the detected areas suggests that the FFT analysis method is a reliable method.

5.2 Separation of VLF fluctuation from aliasing by switched sampling
interval fMRI scans (II).
Neither of the two phantom scans showed any sign of elevated low frequency thermal or
imager induced fluctuations. The 40 ICA signal sources of the phantom data showed no
signs of signal sources typical to the ones detected in the subjects in the spatial or
frequency domain. None of the studied subjects presented significant motion (> 0.6 mm)
artefacts in the COM analysis. In the total image spectrum, the physiological signal
related power peaks are elevated clearly over the noise level typical of phantom data. The
individual frequency peaks/clusters detected in the power spectra of the total image can
also be recognized in the power spectra of a given ICA signal source.
The depicted occipital cortex BOLD signal sources had a stable non-aliased peak in
the same VLF frequency in 9 out of 11 subjects in both scans. The two remaining
subjects also had spatially similar sources without exactly matching power peaks. One
subject had peaks next to each other, and the other had a TR 500 spectrum with high low
frequency 1/f power without identifiable peaks. The ICA detected spatially very similar
signal sources at the occipital cortex regions in both TR 500 and 1200 images in all
subjects (Fig. 13). This is in agreement with our previous measurements done with longer
TR’s.
The cerebral artery related ICA signal sources could also be detected in both scans of
each subject. The detected signal source voxel clusters were spatially nearly identical in
both scans, as seen in the middle of Fig. 13. The dominant FFT spectral peaks of these
arterial BOLD signal sources did not present stable power peaks below the frequency of
0.42 Hz. Two subjects presented barely detectable spectral peaks next to each other, one
subject at 0.03 Hz and the other at 0.15 Hz. In four subjects, the arterial signal source
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presented aliased frequency shift of the dominant spectral peaks. In the rest of the
subjects, the arterial power spectrum peak of the TR 500 scan was outside the spectral
analysis window of the TR 1200 spectrum, i.e. the peaks were outside the 0 – 0.42 Hz
range.
Dominant ICA signal sources were detectable in the CSF-space also in each subject.
Spatially, the CSF sources of the consecutive scans were as similar as those of the arterial
or occipital cortex sources. 4/11 subjects had stable power peaks with low effect to noise
below 0.42 Hz in the analysed CSF sources of the two scans. The rest of the subjects
failed to present matching power peaks in the signal source data. The power spectra of
the CSF sources had clearly differentiable power peaks only in 6 of the subjects.

Fig. 13. The spatial similarity of the ICA signal sources is presented in the visual region
(VISUAL) of the consecutive BOLD scans of TR 1200 and 500 on the left. In the lower row,
the respective mean time domain BOLD signals are also markedly similar. The arterial signal
sources (ARTERY) with the respective time domain BOLD signals are in the middle. Note the
similarity of the detected voxel clusters and the clear difference in the time domain signal
related to aliased arterial pulsation. On the right is the CSF signal source spatial distribution
with the respective, partly aliased BOLD signals.

5.3 Sedation effect on BOLD signal fluctuation (III)
The COM analysis showed excess motion in 1 control scan taken before the sedative
injection (0), in none of the scans taken after the 1st midazolam mg (I) and in 1 scan
taken during Ramsey score 3 sedation (R3). The data of one subject was discarded due to
image parameter error. The artifact scan data were discarded.
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5.3.1 The FFT power spectra
The total image power spectra of the awake state presented a 1/f like curve. The summed
spectra of awake control state grey and white matter resembled a flat white noise power
spectrum with almost a linear spectral power curve. The first midazolam bolus of 1 mg
enhanced the lowest frequencies 0.02-0.06 Hz of white and grey matter. At Ramsey score
3 sedation the VLF power became more elevated in both grey and white matter. In the
grey matter, the VLF power increase was larger compared to the white matter. The
overall difference between the awake and Ramsey score 3 sedation became evident also
in the baseline fit curves and parameters of the power spectra. The differences of the FFT
power spectra were statistically significant in white and grey matter.
The power spectra representing the functional cortices at each sedation level is
presented in Fig. 14. In the awake control state, the power spectra of the functional
regions resembled more of a 1/f than equally flat white noise type power spectrum. After
the first sedative administration, the VLF power around 0.02-0.06 Hz increased just over
the noise level in the visual cortex. The VLF power in each of the representative spectra
of the functional cortices increases at Ramsey score 3 compared to the awake status, c.f.
Fig. 14.
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Fig. 14. The summed BOLD FFT power spectra from functional cortices in awake control
status, after 1st midazolam bolus of 1 mg and at Ramsey score 3 sedation. In the top row is
the visual cortex spectrum; the auditory cortex spectrum in the center and in the lowest row
is the motor cortex spectrum. p = Kruskal-Wallis-test p-value, * = significant p < 0.05
change. For fit parameters, please refer to Table 3.
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The power spectra at Ramsey score 3 had peaks around 0.025-0.04 Hz over the baseline n
the visual and auditory cortices. The motor cortex spectrum follows the noise fit curve
without significant peaks. The elevation of the VLF noise became clearly evident in the
baseline fit curve, c.f. Fig. 14. The relative VLF spectral power enhancement at Ramsey
score 3 in the functional areas resembled the enhancement detected in the grey matter in
general. The difference between the individual power spectra between awake and
Ramsey score 3 sedation was significant in auditory (p = 0.043) and motor (p = 0.047)
cortices and of borderline significant in the visual (p = 0.058) cortex.

5.3.2 Fitting parameters
The effect of midazolam on the baseline power fitting parameters is shown in Table 3.
The fit curves are presented in Fig. 14. At Ramsey score 3 sedation the noise intensity
level parameter a was reduced in all spectra compared to the awake level. The changes in
the noise intensity level parameter a were statistically significant in the motor and
auditory cortices. The parameter b was enhanced in grey matter but reduced in white
matter. The functional cortices shared the enhancement trend, but at Ramsey score 3 the
changes were not statistically significant. The α increased after the 1st bolus in both grey
and white matter. The α continued to increase on average from 0.6 to about 0.8 in the
functional cortices. The change in the α was statistically significant in grey and white
matter, and in the auditory and motor cortices (Table 3).
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Table 3. The mean (SD) of individual spectral baseline fit parameter values of grey,
white and functional cortices. Kruskal-Wallis test shows the p-value of the difference
between O and Ramsey 3 sedation.
Parameter/Area

Kruskal-Wallis

O

Img

Ramsey 3

Grey

5,9(2,7)

9,3(9,44)

4,7(5,3)

0,1427

White

5,8(5,44)

5,0(4,6)

3,5(4,1)

0,2635

Visual

22,6(26,3)

16,9(19,6)

7,5(5,7)

0,0826

Motor

10,3(6,4)

10,2(7,9)

5,2(2,8)

0,0504

Auditory

12,1(10,3)

13,3(8,0)

8,65(8,6)

0,0242 *

2,4(1,5)

2,3(1,2)

3,2(1,2)

0,1529

White

2,5(1,3)

2,8(0,98)

1,1(0,26)

0,1414

Visual

1,6(0,46)

1,9(0,56)

2,5(0,79)

0,2526

Motor

1,8(0,35)

1,9(0,62)

2,3(1,4)

0,1034

Auditory

1,8(0,4)

1,7(0,45)

2,3(0,56)

0,1026

Grey

0,46(0,07)

0,51(0,11)

0,59(0,16)

0,0284 *

White

0,39(0,07)

0,48(0,1)

0,54(0,14)

0,0040 *

Visual

0,64(0,17)

0,72(0,22)

0,86(0,18)

0,0808

Motor

0,65(0,14)

0,56(0,17)

0,77(0,16)

0,0407 *

Auditory

0,63(0,15)

0,69(0,14)

0,82(0,12)

0,0187 *

Grey

0.25(0.16)

0.29(0.18)

0.39(0.13)

White

0.20(0.18)

0.27(0.15)

0.37(0.11)

Visual

0.16(0.13)

0.34(0.15)

0.46(0.15)

Motor

0.25(0.12)

0.23((0.11)

0.37(0.07)

Auditory

0.28(0.14)

0.26(0.16)

0.40(0.07)

p-value

a

b
Grey

α

R2

a, b and α equal the fit parameters of Eq. (18). The goodness of the fit is presented at the bottom as R2.Awake
(0), after 1st midazolam mg (Img) and Ramsey score 3 sedation status.( * = significant p < 0.05 change).

5.3.3 BOLD signal synchrony
The overall change in the BOLD signal synchrony of the functional regions has been
shown in Fig. 15. The MCC is elevated from awake resting state values towards the
Ramsey score 3 sedation. The elevation of MCC coincides with increases in both low
frequency BOLD signal power and α of the BOLD spectrum power fit. The MCC in the
visual cortex was initially 0.09 (SD = 0.06) but in a elevated marginally significant
fashion to 0.174 (SD = 0.11) at Ramsey score 3 sedation (p = 0.058). After the 1st
midazolam bolus, the MCC was 0.13 (SD = 0.07). The auditory cortex showed the most
significant difference (p = 0.024) in the measured MCC between awake 0.054 (SD =
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0.036) and Ramsey score 3 sedation 0.146 (SD = 0.123). The MCC of the motor cortex
was 0.05 (SD = 0.02) at awake status and 0.17 (SD = 0.19) at sedated status. In the motor
cortex the difference between the measurements was not significant (p = 0.19). After the
initial midazolam bolus, the MCC was 0.09 (SD = 0.08) both in the auditory and motor
cortex. The differences between the awake and 1st midazolam bolus states, and between
the 1st midazolam bolus state and Ramsey score 3 sedation were not significant.

O
I
R3

0,35
0,30
0,25

MCC

0,20

(p = 0.058)

* (p = 0.024)

(p = 0.19)

0,15
0,10
0,05

1
Visual

2
Auditory

3
Motor

Fig. 15. The average MCC (SD in error bars) of the functional brain regions at each status.
The p-value of the Kruskal-Wallis test between 0 and R3 states are shown in brackets. The 1st
midazolam bolus showed intermediate changes but the differences (O-I) and (I – R3) were
non-significant. (* = significant p< 0.05 change).

5.4 Independent component analysis of nondeterministic BOLD
phenomena (IV)
5.4.1 Spatial distribution
Independent component analysis (ICA) separated large and clustered individual signal
sources in the visual cortex in each subject, as shown in Fig. 16. ICA was able to
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differentiate at least two sources in the visual areas in each case, three sources in ten
cases and four in three cases. One case showed a source, which followed the anatomy of
the posterior cerebral artery as the most prominent in the visual cortex. In the rest of the
subjects, the selected sources followed dominantly the gyri of the parenchyma.
On average 1.85 independent signal sources were located at or near the auditory cortex
in all of the subjects. Signal sources related to the motor and somatosensory cortex could
be located in 13 subjects, with the average number of 2 and 1.53 respectively. The
remaining 2 had no clearly detectable maps in the pre-central or post-central gyri.

Fig. 16. All of the 15 subjects present spontaneous BOLD fluctuation sources in the occipital
cortices in an anesthetized resting state. The largest signal source is shown here. The level of
the image plane varies due to patient related differences at the site of the fluctuations.

Major blood vessel areas and their perivascular spaces were shown to have a signal
source of their own. At least two sources in different slices could be related to major
arteries and one source map to the sagittal sinus in each case. The perivascular space
cannot be separated from the blood vessels in these maps with the accuracy of our
method. Various other sources were detected in the brain some resembling spatial
distributions of default mode, and other neuronal circuits, random noise, motion artefacts
or CSF space pulsation. These were not further analyzed in this study. Qualitatively, the
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non-identified signal sources were variable, sometimes clustered but mostly the sources
were not clearly defined into a single activation related area.

5.4.2 Frequency
The total image FFT spectrum of all the subjects has 3 barely detectable power peaks
over baseline noise, and a 1/f distribution of frequencies, c.f. Fig. 17. The barely
detectable peaks were at 0.03, 0.1 and 0.16 Hz, respectively. The fit parameters (a = 114,
b = 4) were in good agreement with our initial results (Study I), c.f. the fitted curve in
Fig. 17.
The average FFT power spectral plot of the biggest signal source of the functional
cortices is presented in the power spectra of Fig. 17. The average FFT power spectra of
the signal sources of the functional parenchyma were clearly different from the average
total image spectrum. Only the VLF fluctuation at 0.03 Hz had a dominant peak in all of
the power spectra of the parenchyma. The visual 1/f baseline curve parameter a was
estimated to be 50 and b was 3.2. The baseline a values did not change significantly
between the different cortices, but the curvature parameter b was smaller in the auditory
(1.8) and sensorimotor areas (1.7) compared to the visual cortex. The parameters did not
fit to the data due to the dominance of VLF and so the baseline curve does not seem to be
exactly 1/f.
The major blood flow related sources showed a less steep 1/f curve and more power
peaks were present in the higher frequencies. The blood vessel power peaks are at 0.03,
0.73 and 0.152 Hz resembling to some extent the total image spectra. The overall
background intensity level a was 116 and b was 0.5, which are different from the
parenchyma signal sources, see also Fig. 17.
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Fig. 17. The respective averaged BOLD signal spectra of the detected signal sources. In the
total image, the model depicts the measured BOLD signal changes, the FFT power peaks
being only somewhat over the baseline. The signal sources FFT spectra all present VLF peaks
over the baseline. The blood vessel sources do not present as significant peaks even though
some power elevation is at the VLF range.

5.4.3 Synchrony of BOLD signal sources
The signal synchrony of the detected voxels proved to be variable between source areas.
The selected ICA signal source of the visual area had an average inter-voxel MCC value
of 0.29 (SD 0.09). The signal synchrony in the visual areas seems to be higher compared
to other source signals of functional cortices. The MCC of sensorimotor and auditory
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signal sources were 0.17 (SD 0.09) and 0.15 (SD 0.065) respectively. The average MCC
of the blood vessel related signal source maps was 0.26 (SD 0.14).

5.5 Comparison of methods for detecting nondeterministic BOLD
fluctuation in fMRI (V)
5.5.1 Mapping
The FFT presented a low frequency fluctuation peak on the global power spectrum in all
cases. The FFT map was able to pinpoint some clearly fluctuating voxels in the visual
cortex. FFT was unable to spatially differentiate the fluctuations originating from
neuronal tissue, CSF or blood vessels (Fig. 18 A).
CC detected an area showing a fluctuating signal in the visual cortex in 14/15 subjects
after a clearly fluctuating voxel time course was being encountered. The fluctuation was
focused in each case and followed both branches of posterior cerebral arteries and visual
cortical structures without CSF mapping, c.f. Fig. 18 B. One case in which the method
failed had anomalous fluctuation, the localization of which included all the major
branches of circle of Willis and parts of the visual cortex.
PCA was also able to localize the fluctuation primary visual areas. The detected
fluctuating voxels were focused exclusively on the visual cortex only in 4 cases. In 10 of
the cases, the PCA was able to present 2 components and in 4 cases there were 3
components containing voxels from the visual cortex. The distribution of the depicted
voxels was less clustered and less specific on the cortex than those obtained by ICA or
CC (Fig. 18 C). PCA localized the fluctuation of the CSF and blood vessels to distinct
maps, but these are not shown here.
ICA was more robust in separating different fluctuation patterns of the distinct sensory
cortices from blood vessel and CSF pulsation than FFT, CC or PCA (see example in Fig.
18 D). ICA was able to differentiate at least two signal sources in the visual areas in each
case, three sources in 10 subjects and four in three subjects. On average, ICA depicted
more fluctuating components in occipital visual areas than PCA (aver. 2.9 vs. 1.9). One
case showed the blood vessels as the most prominent component in the visual cortex, but
had also other components in the visual areas.
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Fig. 18. The green color encoded voxels represent those ares that passed the given thresholds.
(A) The FFT spectral power of a 0.03 Hz fluctuation peak (z-score threshold = 6) is overlaid
on an anatomical image. The used peak is seen in Fig. 9. Note the depiction of areas similar to
major vessel distribution. (B) The CC map of a BOLD signal time course obtained from the
area of the red cross (correlation coefficient > 0.5). The reference vector is seen on Fig. 9 in
the bottom. (C) A PCA map showing fluctuation in a smaller and more scattered area (zscore threshold = 6). (D) The ICA map of the primary visual cortex. This area represents
mostly the cortical structures without major blood vessel contribution (z-score threshold = 6).

5.5.2 Volume
The CC map was used (with threshold 0.5, yielding average Vf(CC) = 15.8 ± 8.0 cm3) as
the standard and adjusted the z-score threshold of the FFT, PCA and ICA maps
accordingly. The corresponding average volumes of the visual cortex localization maps
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for the various methods were Vf(FFT) = 14.6 ± 3.6 cm3, Vf(ICA) = 15.8 ± 3.2cm3 and
Vf (PCA) = 17.3 ± 3.1cm3. Although statistically significant measures for the PCA/ICA
maps exist, the case of FFT was more troublesome. The average volumes of the CC and
ICA methods were equal by coincidence, however, with the z-score threshold being the
same in FFT, PCA, ICA maps, the relative sizes of the corresponding maps are directly
comparable.

5.5.3 BOLD signal synchrony
The synchronic (i.e. the connectivity) value of the voxels depicted by CC had the biggest
mean correlation coefficient of 0.39 ± 0.11. The ICA signal sources of the visual area had
an average coefficient value of 0.28 ± 0.11. The average MCC value of the FFT map was
0.14 ± 0.09. The most clustered PCA component was less connected, on average 0.13 ±
0.12.

6 Discussion
The study is an initial description of the dominance of VLF BOLD signal fluctuation in
the resting state BOLD signal of anesthetized child brain. The study shows that the VLF
fluctuation is a statistically independent phenomenon in all functional regions of the
brain. The VLF fluctuation is not produced by aliased noise, as is often thought. The
study is the first to use and compare FFT, ICA, and PCA analysis for the detection of
VLF BOLD signal fluctuation. Based on the initial assumptions of this study, it is shown
that midazolam sedation enhances the power and synchrony of the low frequency BOLD
signal fluctuation in the functional brain regions.

6.1 Physiological nature of the VLF BOLD fluctuations
The fluctuations were noticed already in one of the first BOLD studies (Ogawa et al.
1992). Originally the fMRI scientists considered that the fluctuations were related to
physiological pulsations like cardiorespiratory events and CSF motion, etc. The
fluctuation was detected and considered a nuisance, obscuring on/off BOLD activation
responses. Major steps were taken to reduce the effects of physiological pulsations
(Hajnal et al. 1994, Le & Hu 1996. Wu et al. 1997).
Our initial discovery of the prominence of BOLD signal fluctuation in anesthetized
subjects was based on a signal stability problem as well. It was found in reference scans
that the resting state BOLD baseline is far from being stable in the anesthetized cortex
(study I). Instead, especially the functional regions present fluctuations in the BOLD
signal – the baseline is more like a basewave (study I). Increased VLF fluctuation
increases the detection of false positive voxels in BOLD activation studies (Purdon &
Weisskoff 1998)
Leading researchers have considered the VLF fluctuation to be an aliased
cardiorespiratory oscillation (Frank et al. 2001).
When the continuous signal from
blood flow is detected with fMRI having a sampling interval TR, the critical sampling
frequency, i.e. the Nyquist frequency is fN = 1 / (2 TR). The Nyquist frequency is the
highest frequency which is correctly reconstructed in the discrete Fourier transform. If
the observed signals included power from frequency components which are higher than
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the Nyquist frequency, they will reflect on the frequency range 0 … fN and summarize
with the original signal components, i.e. the signal components are aliasing.
In this study, the same frequency component ∼ 0.03 Hz was observed by the two
different sampling frequencies: fs = 2 Hz (= 1/500 ms) and 0.833 Hz (= 1/1200 ms) in
9/11 subjects. On the basis of the sampling theorem we can calculate all frequency values
fk which are possibly aliased to the observed frequency 0.03 Hz: fk = | 0.03 Hz ± k fs |.
Thus the first possible frequency fk, which can be aliased by the both fs‘s to very close to
the observed frequency 0.03 Hz is about 10 Hz. When fs = 2 Hz; f5 = 10.03 Hz or 9.97 Hz
and, on the other hand, when fs = 0.833 Hz. Neuronal activity of 10 Hz (i.e. alpha
rhythm) cannot be separated by fMRI due to hemodynamic delay (Aquirre & D’Esposito
2000). Also heartbeat, respiration and CSF pulsation never occur at 10 Hz and thus
cannot alias either. Respiratory sinusarrythmia or other coupled heart rate (+/- respiratory
rate) harmonics do not have significant power ≥ 10 Hz. Phantom measurements showed
no evidence of VLF fluctuation of the imager.
The prominent BOLD signal sources in the occipital cortices of the anesthetized
children associated with spontaneous VLF fluctuations are not aliased artefacts. The VLF
fluctuation in these sources originated from real physiological phenomena rather than
from aliased noise. The steady state free precession (SSFP) fluctuations are present when
the used TR is shorter than the T2 relaxation time of CSF. However, the VLF BOLD
fluctuations are dominantly present around 0.03 Hz in scans imaged with a TR from 500
to 3000 ms (studies I, II). The origin of VLF BOLD fluctuations does not seem to be
related to SSFP disturbances either (Zhao et al. 2000).
The cortical VLF oscillations detected in the BOLD signal were initially related to
vasomotor waves (Dora & Kovach 1981, Mitra et al. 1998). At the time of studies (I-V),
the literature knew of mostly vascular and metabolic oscillation occurring below 0.1 Hz.
No electrophysiological oscillations had been detected below 0.1 Hz due to high-pass
filtering of EEG. Some burst-suppression events 1 / second were detected in EEG of
anesthetized animals (Golanov et al.1994). 1 Hz hemodynamic fluctuations related to
bursts cannot be detected with BOLD due to temporal summation (Aquirre & D’Esposito
2000). It is widely accepted that the hemodynamic BOLD signal should be related to
synaptic MUA and LFP activity due to tight neurovascular coupling (Logothetis et al.
2001). Since there was no evidence of low frequency electrophysiological activity, the
VLF BOLD fluctuations were mostly considered to be unclear or noise.
Recently, the EEG power and DC measurements have detected infraslow 0.02 – 0.2
Hz rhythms (Vanhatalo et al. 2004, Goldman et al. 2002). Both alpha (8 -12 Hz) and beta
(> 12 Hz) power was shown to oscillate in concordance with BOLD signal changes
(Goldman et al. 2002, Laufs et al. 2003a,b, Moosmann et al. 2003). These works confirm
that the low frequency BOLD signal fluctuations are related to electrophysiological
activity of the brain. Intriguingly, the alpha power oscillations correlate negatively with
BOLD, i.e. oxyhemoglobin levels in the capillaries drop when alpha power is high
(Goldman et al. 2002, Laufs et al. 2003b, Moosmann et al. 2003). The beta oscillations
correlated positively with low frequency BOLD oscillations (Laufs et al. 2003a,
Moosmann et al. 2003).
A very recent study has emerged and shows that also blood CO2-level oscillations
induce VLF BOLD oscillations (Wise et al. 2004). There seems to be a multitude of
physiological variables that oscillate with certain phase shifts with each other. The phase
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shifts will tell which is leading which, metabolite oscillations, blood flow fluctuations,
vasomotor waves or neuronal rhythms. It is more important to find the relationship
between these multiple oscillators than to search for a single oscillator. It seems probable
that the multiple oscillators coexist in an interference pattern characteristic for healthy
living tissue.

6.2 Methods of analyzing nondeterministic BOLD signal changes
Most of the methods of analysing BOLD fMRI data utilize a priori knowledge of the
events supposed to be taking place in the brain during controlled activations of the brains
(Lange et al. 1999). In resting state no controllable activity exists – the BOLD signal is
nondeterministic. Analysis methods using a priori assumptions of data fail to grasp the
total picture of events occurring spontaneously in the brain. Even though an fMRI image
may include hundreds of voxel time courses having no functional significance, there may
just as well be areas related to baseline and activation that we are unable to detect with
present methods. Thus the methods of detecting resting state brain functions have to take
another approach to the analysis.
FFT spectral power encoding was used to locate and quantify the rhythmic events
taking place in the anesthetized brain (study I). On this work the temporal stability of the
anesthetized subjects was checked; if there would be any rhythmic patterns, they would
present themselves as a peak over the power spectral baseline. In other words slow
rhythmic fluctuations of blood flow would be detected as a VLF power peak over the
BOLD power spectrum (study I).
In comparison to other methods, the FFT spectral power color encoding was able to
detect VLF fluctuation. However, the localized voxels did not always follow the
structural boundaries of the CSF / brain interfaces. FFT was a kind of complement to the
CC; the method was repeatable but the spatial specificity; volume and temporal
synchronicity of detected voxels were low. The use of FFT was the least time consuming;
once the desired fluctuation frequency was known, the subsequent spatial distribution of
the power for this frequency was ready within seconds.
The cross correlation (CC) could detect the fluctuation in functional regions, but the
analysis suffered from the trial and error based, time consuming search for an appropriate
reference vector. The standard deviation of the volumes depicted with CC was twice as
big as those of the other methods. The large variance in the volumes was most likely due
to the subjective selection of the reference vector. The CC was not the most user-friendly
method for screening of vasomotor fluctuation, but it was an effective method of
segmenting the fluctuating voxels with high temporal correlation. The CC resulted in the
highest temporal correlation coefficients (i.e. synchrony), which was logical since the
voxels were localized on the basis of a common reference signal time course. The CC
was able to localize one clearly defined area of fluctuation with the highest temporal
synchronicity. The FFT and CC method complement each other; in combined use they
will be able to detect VLF areas with high connectivity within a minute.
ICA was most successful in separating the CSF and blood vessel pulsations from
cortical sources of BOLD fluctuation. ICA effectively differentiated the fluctuation into
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one or more spatial components, even in multiple functional regions, as shown previously
(study IV). The average volume of the detected ICA signal sources was similar to those
detected by CC (15.83 vs. 15.78 cm3). The reason for the slightly lower correlation
coefficients of the ICA sources can be caused by the fact that the source separating
features of the data need not be present during the whole length of the measurement. In
other words, the voxels in a given ICA signal source may have correlated strongly with
each other only for a brief period of time, like during short additional neuronal input in a
defined neuroanatomical area. However, the second highest MCC can be interpreted as a
sign of a long instead of a short duration of correlation of between the voxels of ICA
signal sources. This was a sign of physiological rather than coincidental events behind the
ICA signal sources.
The spatial domain PCA differentiated and localized the fluctuation also into
components, but the maps were less focused on cortical structures than the ICA maps.
The spatial domain PCA could detect similar sources but their specificity on cortical
structures was seemingly less than that of the ICA signal sources. Related to the
spreading of the detected voxels, the average volume of the PCA sources were larger.
The PCA results represent the 40 largest sources of BOLD signal variance, which did not
provide an accurate means of detecting voxels with high temporal correlation.
The CC can use a fluctuating BOLD signal as a reference, and thus the average BOLD
signal behavior of the detected voxels is more or less similar to the referenced fluctuation
(Bandettini et al. 1992, Lange et al. 2000, Buxton et al. 2002a). FFT utilizes the
frequency peak of the fluctuation as a criterion and thus the detected phenomenon is
related to signal fluctuation frequency without phase knowledge (Bandettini et al.1993).
PCA detects the fluctuation because it is usually the most dominant source of signal
variance. ICA produces statistically independent signal sources of the data (Hyvärinen &
Oja 1997, 2000).
The statistical independence means maximally non-Gaussian joint density
distributions of the signal source, which is mathematically the most complex selection
criterion of these methods. The data based nature of ICA blind source separation gives us
little knowledge of what the temporal events were that led to the detection of a particular
signal source. The mean signal intensity of the ICA sources in this study presented a
fluctuating signal, and so the VLF fluctuation seemed to induce non-Gaussian signal
distributions. However, the ICA sources may be detected also by random events that
induce a non-Gaussian BOLD signal. The main difficulty with ICA is the lack of
physiological interpretation of statistical independence.
The analyzed PCA and ICA signal sources could be manually chosen an the basis of
either the anatomical location, the average BOLD signal frequency spectrum, or the time
course of a given component. So each of the analysis methods required some level of
subjective decision making, none was totally objective. CC analysis was likewise fast,
but the selection of a representative time course was time consuming. The FFT map can
be used in detecting areas of fluctuation, which makes the search for a fluctuating vector
easier. PCA and especially ICA were time-consuming analyses even with modern
computers, which may limit their practicality. A big drawback with ICA is the lack of
inherent ordering of the results.
Nondeterministic low frequency BOLD fluctuation could be detected from resting
state fMRI data with all of the methods. None of the methods used for the detection of
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VLF BOLD fluctuation proved superior to the others in overall comparison. The FFT is
fast and serves as a tool for overall screening of fluctuation, but suffers from rather poor
specificity of anatomical segmentation of the fluctuating voxels. CC is repeatable and
moderately fast, and yields voxel clusters of high temporal synchronicity, if the reference
time course can be aptly selected. However, the size of the voxel clusters detected with
CC has great variability. ICA separates the non-deterministic VLF BOLD signal
fluctuation in the functional cortices from other physiological signals more accurately
than the other methods. The disadvantages of ICA are the random order of different
components and the lack of knowledge on the exact physiological events leading to
source separation. PCA is spatially less accurate than ICA or CC.
In addition to VLF cortical fluctuation, ICA detected arterial and CSF-pulsations,
motion and signal sources related to associative functional regions. In fact the author
feels that several unknown sources can be detected with ICA; the problem is that we do
not yet know their physiological significance. A very recent paper shows that the spatial
domain ICA used in this study can be used in detecting differences in the default mode
circuit between healthy subjects and early Alzheimer patients – a task impossible in
anatomical imaging (Greicius et al. 2004). In the same spirit, the spatial independence of
the detected ICA voxel clusters is important; the pCO2-oscillations are widespread in
cerebral blood flow and still the ICA detects neuroanatomically focused VLF fluctuation
components (Wise et al. 2004). This result indicates that some hemodynamic activity
induces regionally non-Gaussian features in the BOLD signal.
As shown by Lange et al. 1999, a precise knowledge of the fMRI responses may need
several different analysis methods to reveal a total picture of the events taking place. The
consensus analysis of multiple methods results in better and more accurate mapping of
fMRI activations than any single analysis method used alone (Hansen et al. 2001).
Methods like CC and FFT may be efficient in the cases of simple activity but blind
source methods are clearly needed when more complex events are studied (Lange et al.
1999). Plurality is also a virtue in the analysis of non-deterministic BOLD phenomena.
No single method presently used is able to capture the whole spectrum of resting state
BOLD signal changes. ICA may reveal unpresented signal sources but frequency, time
and spatial domain analysis of the signal is needed for physiological understanding of the
sources. Other methods may also develop and add significant input on our knowledge on
brain function. Methods like self-organizing mapping (SOM) and Bayesian analysis
could be used in detecting meaningful circuits of spontaneous brain activity (Peltier et al.
2004, Rowe 2001).

6.3 The effect of sedation and anesthesia on BOLD signal fluctuation
The BOLD signal fluctuations of the anesthetized children were more prominent than the
fluctuations detected in awake adults. It was not clear whether the age or the anesthesia
induced the prominence of BOLD fluctuations. The VLF BOLD signal fluctuation was
later found to be increased also in the adults after sedation (study III). The low frequency
fluctuation power in the grey and white matter, and, in the functional cortices enhances
after Ramsey score 3 sedation (study III). In addition to the power peaks, the baseline

92
noise level was elevated after the sedation. The baseline noise elevation can be more
accurately modelled with a baseline power fit developed during the thesis (Table 3,
Eq.10).
Blood flow reduces after midazolam injection (Forster et al. 1982, Veselis et al. 1997,
Feschenko et al. 1997, Reinsel et al. 2000). Vasomotor waves are enhanced following
sedation related blood pressure drop (Sokoloff 1996b. Hudetz et al. 1992, Kiviniemi et
al. 2000). The pCO2-fluctuations seem to be yet another candidate behind the increased
BOLD signal fluctuations (Wise et al. 2004). Midazolam does not interfere with the
vasomotor responsiveness to carbon dioxide level changes (Forster et al. 1983, Kumano
et al. 1994, Strebel et al. 1994). The EEG beta power oscillations also induce VLF BOLD
variations, but their frequency range and spatial distribution may not explain the VLF
fluctuations of this study (Laufs et al. 2003a,b).
At least two blood flow control mechanisms seem to oscillate at separate frequencies,
faster neuromyogenic at 0.25–0.5 Hz and slower autonomic or metabolic at 0.02 – 0.2 Hz
(Wagner & Person 1994, Panerai et al. 1998, Zhang et al. 2000). As shown by Sokoloff
(Fig. 6) there are multiple factors related to blood flow control. The origin of the
midazolam-induced enhancement in VLF fluctuation may not be deduced solely from
BOLD signal measurements but rather from simultaneous registration of EEG, pCO2 and
BOLD (Wise et al. 2004).
At the Ramsey score 3 sedation in adults, the cortical fluctuations were not as
prominent as those detected in the more deeply anesthetized children. The low dose CBF
effects of midazolam are due to vasoconstriction, since the effect of low dose midazolam
does not yet effect metabolism (Larsen et al. 1981, Nugent et al. 1982). Also
thiopental/fentanyl anesthesia of infants reduced CBF by vasoconstriction (Messer et al.
1989). The BOLD fluctuations of the sedated adults were not as spatially widespread and
as high in amplitude as those detected in children. The combined effect of thiopental and
midazolam is synergistic (Kissin et al. 1987). The anesthetized children did actually
receive midazolam as pre-medication in addition to thiopental, whereas the adults only
received midazolam. Also the children, unlike the sedated adults, could not be awakened
during the scanning. It would seem logical that the larger prominence and amplitudes of
the VLF BOLD signal oscillations seen in the children is related to the deeper level of
anesthesia. In low level sedation, the i.v. sedatives tend to affect the blood flow more and
leave the brain metabolism intact. It may be that in sedation only blood flow control is
affected and in anesthesia also the brain metabolism starts to be affected.
During anesthesia the BOLD response can be both positive (58%) and negative (90%)
even in the same functional cortex of the same subject (Altman & Bernal 2001). The
detected baseline BOLD signal fluctuations may be the confounding variable in the
activation studies of the anesthetized. Depending on the phase of the fluctuations the
deconvolution analyses depicts either positive or negative responses. Support for this
idea is being obtained from intracortical measurements which show that the resting state
fluctuations in the blood flow overpower the activation responses in anesthetized animals
(Kleinfeld et al. 1998). It is probable that these effects are due to anesthesia effects on
blood flow control mechanisms.
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6.4 Synchrony of BOLD signal fluctuation
Initially Dr. Biswal had the idea that the temporal synchrony low frequency fluctuation
reflects connectivity of inter-hemispheric neuronal circuits (Biswal et al. 1995b). His own
idea was that some low frequency electrophysiological phenomenon sends messages
across corpus callosum and carries perhaps messages synchronizing the activity between
the bilateral, symmetric functional regions. Dr. Haughton’s group showed that the major
contribution to the connectivity of the BOLD signal is related to frequencies below 0.1
Hz (Cordes et al. 2001). Dr Li detected the connectivity from a 0.015 – 0.1 Hz frequency
band (Li et al. 2002).
The signal synchrony of the BOLD signal became increased following sedation of
adult volunteers. In this study, fluctuation power increase around 0.03 Hz coincided with
a significant increase in BOLD signal synchrony. The change was significant in the
auditory cortex and marginally significant in the visual cortex (Fig. 15, study III). The
motor cortex synchrony was not significantly increased and the VLF showed no power
peaks. The power and synchrony of the VLF BOLD signal fluctuations are affected less
strongly in peripheral parts of the brain cortex than in areas nearer the major blood
vessels. Also the pCO2-level related BOLD fluctuations are not evenly distributed around
the brain. The fluctuations are most prominent in the auditory and visual areas and less
powerful in parietal motor areas (Wise et al. 2004).
The increase in BOLD signal synchrony coincided with increased VLF BOLD signal
fluctuation power. Thus the phase coherence of the fluctuations might increase after the
sedation. The elevated phase coherence is due to a common denominator behind the
BOLD signal oscillations. New evidence shows that global blood flow oscillations induce
synchronous VLF blood flow velocity and BOLD signal fluctuations (Wise et al. 2004).
The widespread oscillations explain why the low frequency BOLD signal is similar
across the brain centerline; the symmetric areas of the brain oscillate in synchrony since
the blood flow in general oscillates at the same frequency and phase.
The blood flow regulatory systems continuously monitor multiple blood parameters
(pCO2, O2, blood pressure, etc) and regulate blood flow by vasomotor contractions and
dilatations according to the parameter changes. The regulation occurs with a small gain;
there is a delay of a few second between the measurement and induced vasomotor
response. This leads to vasomotor oscillations. As explained in chapter 6.3., the origin of
the widespread vasomotor waves can be multifactorial. Blood perfusion pressure drop
(studies I, III, IV, Hudetz et al. 1992, Sokoloff 1996b), pCO2-level (Wise et al. 2004), or
other vasoactive substances (Sokoloff 1996b, Hudetz et al. 1998) can cause the
fluctuations. Also the electrophysiological (alpha and beta activity) power fluctuations of
the brain may be related (Laufs et al. 2003b, Moosmann et al. 2003). Feschenko et al.
showed that midazolam-induced strong beta rhythms have high connectivity and
synchronicity in EEG (Feschenko et al. 1997). At the moment, the exact origin of the
synchronous VLF fluctuations is not clear and the relationship of the probable causes
should be investigated with several monitored indices measured simultaneously.
The BOLD signal fluctuations of the anesthetized are so synchronous and prominent
that the data requires no additional data filtering. Awake resting state connectivity data
always requires low pass filtering. Initially we attempted to be calculate the MCC directly
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from awake adult data (study III). No significant results were found and the MCC values
were too low (< 0.04). Only after using the Hamming- filter in order to cut away of the
higher frequencies from the temporal signal did the MCC values start to resemble those
seen in the adult data before (Li et al. 2002). The testing of the most suitable filtering
band proved important since at least in our young adult volunteer data the highest resting
state signal synchrony was detected in the band between 0 – 0.04 Hz instead of 0.015 –
0.1 Hz (Li et al. 2002). The anesthesia also seems to filter the faster ongoing
neurophysiologic processes that obscure the synchronous VLF fluctuation in the awake
BOLD data. This is yet another cause of enhanced BOLD signal synchrony in the
anesthetized and sedated subjects.

6.5 The clinical significance of VLF fluctuation
There is evidence that VLF fluctuation can be used in monitoring the pathology of the
tissues. In perfused cardiac surgery, the vasomotor blood pressure waves seemed to be
present in healthier subjects in need of less ionotropic medication following surgery
(Vainionpää 1998). Cardiac patients with reduced VLF heart rate variability have
increased mortality to deaths caused both cardiovascular and cerebrovascular causes
(Huikuri et al. 1998). Reductions in systemic blood pressure fluctuations are indicative of
fatality in intensive care unit patients (Chan 1997). Capillaries with intact autoregulation
fluctuate the most, and in areas of reduced perfusion the fluctuation slows down (Hudetz
et al. 1992). In the marginal zone of infarcted cerebral areas, the fluctuation slows down
and in the middle cerebral artery distal to an occluded carotid artery the fluctuation
attenuates (Diehl et al. 1991. Haughton & Biswal 1998, Obrig et al. 2000). It would
seem logical that detection of VLF fluctuations with BOLD fMRI could be used in
differentiating healthy and pathological tissue.
Autoregulatory mesenteric capillaries presenting oscillations were the only capillaries
able to enhance net flow dispite reduced perfusion pressure (Johnson & Wayland 1967).
The BOLD signal has been shown to reflect central nervous system viability in ischemia
and carotid artery occlusions (Gröhn & Kauppinen 2001, Kavec et al. 2004). Tissue
viability could be investigated with detecting VLF BOLD fluctuations. Increased
intracranial pressure may also induce alterations in BOLD signal fluctuations. This is
supported by some odd findings of fluctuation frequencies and spatial distributions in
study I. The intracranial pressure is negatively correlated to vasomotor waves, i.e.
intracranial pressure presents regulatory response to blood flow fluctuations (Steinmeir et
al. 1996). In diseases like normal pressure hydrocephalus and closed head injury this
correlation is nullified or even reversed (Newell et al. 1992, Droste & Krauss 1999).
Synchrony can be used in quantification of changes in pathological conditions as well.
The synchrony of the BOLD fluctuation reflects the integrity of the vasomotor system
and can be used in detecting subjects with defective blood flow regulation. The
connectivity of the oscillations has been found to be reduced in the presence of non-focal
cerebral lesions and multiple sclerosis patients (Quigley et al. 2001. Li et al. 2002, Lowe
et al. 2002). In these studies, the connectivity loss has been thought to reflect
diseased/absent intercortical neurons. The BOLD signal connectivity has been previously
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related more to the neurogenous than vascular origin of the BOLD signal (Lowe et al.
2002, Peltier et al. 2002).
A prerequisite for epileptiform activity is elevated and synchronous excitability of
neurons. The DC baseline of EEG has been shown to have ISO activity at 0.02 –0.2 Hz
band that causes widespread modulation of cortical excitability. The ISO’s are in phase
synchrony with K-complexes and interictal epileptiform activity (Vanhatalo et al. 2004).
GABA-ergic neurons are known to present LLD’s of 0.036 Hz that can travel across
anatomical boundaries of hippocampus (Sinha & Saggau 2000). The GABA synapses are
sensitive to [HCO3-] changes causing changes in excitability. Since pCO2 is tightly
connected to [HCO3-] the mechanism leading to the LLD’s could be related to widespread
blood pCO2 changes. Intriguingly, the blood pCO2 has widespread oscillations with the
very same frequencies (Wise et al. 2004). The pCO2 fluctuations can alter [HCO3- ]
leading to increased LLD’s, and finally epileptiform excitation of GABA-ergic neurons.
There seems to be a link between blood flow, pCO2 and neuronal excitability
fluctuations; blood flow changes can indeed affect neuronal excitability.
Whatever the relationship between the different physiological oscillations is, the
changes in the measured fluctuations can be used in differentiating normal and subnormal
brain behaviour. Already the spatial distributions of the default mode BOLD variations
have been shown to be altered in early Alzheimers disease (Lustig et al. 2004, Greicius et
al. 2004).

6.6 Artefacts and confounding variables in the study
Robust detection and characterization of VLF requires a long scanning time; the longer
the signal is sampled the better the low frequency resolution becomes. In order to avoid
further use of anesthetics is was impossible to image longer than a few minutes since the
children start to wake up from the anesthesia in longer resting scans. At least two waves
should be captured and from the first study onwards the two-minute period was shown to
be adequate (study I). Later on, however, the double TR scans of altogether 4 minutes
verified the longstanding nature of the fluctuations (study II).
The aliasing cannot be avoided with present multi-slice BOLD imaging methods
unless a very short TR can be obtained and the data filtered (Biswal et al. 1996, Frank et
al. 2001). Some even suggest that a complex phenomenon like the blood flow will be
aliasing in discrete analysis methods, including the fMRI, in any case (Eke et al. 2000).
The signal source power spectra of the arteries did not present stable power peaks below
the 0.42 Hz, but instead aliasing was detected in 4/11 subjects in both scans (study II).
The remaining seven subjects’ signal source FFT power peaks were most likely aliased as
well, since the heart rate that induced the arterial signal pulsation was never below 60 /
min. However, no mathematical certainty of aliasing could be achieved in the seven
remaining subjects.
CSF also has independent signal sources of the T2*-weighted signal related to SSFP
fluctuations (Zhao et al. 2000). The cardiorespiratory pulsations, as well as the vasomotor
waves induce CSF pulsations (Newell et al. 1992). Four of the subjects presented stable
VLF power peaks suggesting vasomotor wave related CSF pulsations. In the rest of the

96
subjects, absolute statements on either the aliased or non-aliased origin of the CSF signal
sources could not be made due to noise.
In our simple method of detecting aliasing, the obvious problem was the necessity for
two scans (study II). If the analyzed oscillations were not stable, then the analysis of
aliasing would not be accurate with the switched sampling interval method. The VLF
fluctuation has been shown to be relatively stable over 5 minute scans at our institute,
however. Based on the longer scans, it was assumed that the fluctuation is stable enough
over the consecutive 2x2 minute scanning period. The strength of the method was the use
of more conventional TR values that do not reduce functional SNR or spatial coverage
(Frank et al. 2001). Also the spatial detection BOLD signal fluctuation sources from the
ICA maps and the differentiation of aliased and non-aliased signals from the two power
spectra was fairly straightforward.
The exact location of the ICA signal sources of the functional regions were estimated
from anatomical landmarks and not correlated to functional activation studies. It would
be useful to compare the activated functional regions with the spontaneous cortical
oscillation sources. However, the BOLD responses in an anesthetized condition are not
validated, since it seems that 90 % of the anesthetized subjects have negative and 58-67%
of the same subjects have also positive responses (Altman & Bernal 2001). Actually the
oscillations in regional flow were found to be more powerful than the activation
responses in anesthetized animals, which may cause unwanted problems in interpretation
of the results (Kleinfeld et al. 1998). The activation mapping was used to precisely depict
the functional cortices and thus the exact functional cortex data on fluctuation was
obtained (study III). Some even suggest that the fluctuations actually map the functional
brain regions more conclusively (Xiong et al. 1999).
In general, the head motion is the biggest source of artefacts in BOLD fMRI. The
motion was shown to coincide with VLF fluctuation power peaks in 5/38 anesthetized
subjects (study I). The motion in the discarded subjects was detected in the border areas
of fMRI images known to be sensitive to partial volume effects of motion. The small
amplitude motion related fluctuation artefacts obscuring the FFT power encoding could
not be removed by AIR motion correction (study I). In the rest of the studies, only excess
translational motion amplitude was used as a criterion for discarding the data, since ICA
was able to differentiate the motion source from the cortical VLF fluctuation sources
(studies II, IV&V). In the midazolam sedation study, excess motion was present in 2
subjects and their data was discarded (study III).
The thickness of fMRI image slices should optimally be 1.5 – 2 mm. Motion not only
moves the spins in the acquisition plane but also distorts the fields induced by coding
gradients. The slice thickness used in these studies was 7-10 mm. In this study, the
relatively thick slices in all of the studies were taken in order to improve SNR. Also
motion artefacts were relatively rare in anesthetized subjects, which reduces the need for
thin slices. The in-plane spatial resolution matrix of 1282 (1.875x1.875 mm) used in this
study was higher than that usually used by others.
The scanner system instability may lead to temporal fluctuations. The fMRI gradient
echo EPI-image stability of our institute has been checked with repeated phantommeasurements and no sign of significantly powerful artificial low frequency oscillations
have been detected. The scans were pre-scanned and shimmed by automated shimming
programs provided by the manufacturer. Also the SSFP artefacts and eddy currents could
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cause BOLD fluctuation errors in the signal. Here SSFP is not a major problem due to
rather long TR values, except maybe in study V. Since the analysis was carried out on
local software, some errors could be induced by errors in the software. However, already
in the first study VLF fluctuations were detected in similar areas with two different
software, that is, with Fantom and AFNI. The robust detection of fluctuation in the
multiple cortical sources and even more in the pulsatile arteries verifies the robustness of
the ICA used in this study.
The children of this study were patients referred to MRI due to multiple indications.
Therefore the results do not represent normal subjects and thus the results may be
affected by abnormal brain function. It has recently been shown that functional
pathology, like Alzheimer’s disease and multiple scleroris, does induce changes in the
connectivity of the fluctuations (Lowe et al. 2002, Li et al. 2002). Even though it would
be beneficial to obtain data from normal controls, it is ethically impossible to obtain
anesthetized data of healthy children. In the case of children, one might focus on subjects
with headaches, mild functional deficits or non-cranial (laryngeal, facial) pathology that
have no sign of anatomically evident pathology inside the cranium.
Physiological measures were not correlated to the BOLD signal in this study.
Controlling of the physiological variables like pCO2, SpO2, heart rate and blood pressure
could be used in detecting probable confounding variables that explain the BOLD signal
variability. However, the presence of extra monitoring devices was found to be a source
of MRI artefacts ruining the fMRI data; especially the data cables induced artefacts in the
sensitive EPI images and thus continuous measurements had to be abandoned. Thus
monitoring was used only as a safety measure.

6.7 Further research
The classical fMRI studies of detecting controlled activations of the brain cortex have not
gained much clinical significance. However, the BOLD signal has considerable potential
to differentiate a normally active brain cortex from a pathological one. The temporal
BOLD signal is a sum of neuronal activity, physiological oscillations and noise sources.
The sources of the BOLD signal can be differentiated and analysed with respect to
different patient populations.
The spike activity of the neurons can change in pathological conditions, like in
epilepsy, leading to altered BOLD signal variability. Also blood flow and pCO2oscillations may precede electric ISO activity and interictal epileptiform excitations
(Sinha & Saggau 2000). Schizophrenics have unknown neurohumoral substances that
alter brain cell behaviour, supposedly leading to changes also detectable with BOLD
(Geiger 1963). The vasomotion of the blood vessels can suffer from spasms, dissections
and partial occlusions of the arteries. VLF oxygenation and flow fluctuation in tumors is
stronger than in normal tissues and a study on tumor fluctuations is under way (Braun et
al. 1999). The neurovascular coupling or blood flow control may be affected. The
physiological pulsations alter when pressure inside the cranium is enhanced (Newell et
al. 1992). All of these conditions affect BOLD signal sources and can be separated and
analysed with the methods developed and applied in this study.
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Before the BOLD fluctuations can be used with the level of certainty needed for
clinical work, more basic scientific work has to be done in order to understand the
physiology of brain fluctuations. Since a multitude of interconnected controllers of the
blood flow exist, the understanding of the total picture beneath blood flow fluctuations
demands in the future multifactorial approaches, like fractal dimension analysis of the
BOLD signal. The relationship between the several oscillations needs verification with
combined analysis of EEG, cardiovascular variables, metabolic activity and the BOLD
signal. Especially the simultaneous analysis of pCO2, EEG and BOLD default mode
oscillations are a noteworthy way of detecting anatomically non-evident functional brain
disorders (Li et al 2002). New MR sequences like ASL perfusion and MR spectroscopy,
TCD or NIRS might enable the detection of vascular and metabolic changes that correlate
with BOLD fluctuations. The effect of sedation on default mode circuit fluctuations of
the brain yields new information on sedation effects on the brain and consciousness. Such
a collaboration study is presently on-going with prominent default mode researchers from
Stanford University (Greicius et al. 2003, 2004).
It is important to acknowledge the strong prospective evidence of the correlations
between altered low frequency hemodynamic variability and mortality in cerebrovascular
related incidents (Huikuri et al. 1998). In subjects with cerebrovascular occlusions,
cerebral hemorrhage and hemodynamic control mechanism diseases, the blood flow
fluctuations are due to be altered. The detection of altered BOLD signal fluctuations may
be used in localizing the affected vascular areas before the clinical problem surfaces.
Another possibility is the ability to obtain prognostic data from patients; patients with
altered VLF oscillations can be screened for elevated risks of cerebrovascular incidents.
The subjects can then be directed to closer follow up and interventions.
This thesis started from the observation of unpredictable BOLD activation results in
anesthetized children. At the moment, both negative and positive responses can be
detected in the same functional regions of anesthetized subjects (Altman & Bernal 2001).
The studies of this thesis established that VLF fluctuation in brain cortex was obscuring
the BOLD signal in the anesthetized subjects. This thesis provides new ways of analyzing
these nondeterministic BOLD phenomena. By combining a new analysis approach and
new information regarding neurovascular coupling in the anesthetized brain, one may be
able to develop the right approach to analysing BOLD activation even in anesthetized
subjects.

7 Conclusions
1. The BOLD signal is dominated by VLF fluctuation in the functional regions of the
anesthetized brain. The dominance of VLF fluctuation suggests altered cortical
vasomotion and neurovascular coupling in the anesthetized subjects.
2. The cause of localized BOLD data fluctuations is neither aliasing nor SSFP
disturbance, but rather the fluctuation of cortical blood flow and oxygenation.
3. Sedation increases both the VLF BOLD fluctuation power and signal synchrony. The
change in overall BOLD fluctuation can be effectively modelled by the general
baseline fit I(f) = a + bf -α. The changes in fluctuation after sedation explain why the
BOLD signal of the anesthetized does not need low-pass filtering for connectivity
analysis.
4. The VLF BOLD fluctuation is inter-individually repeatable, statistically independent
phenomenon of the brain cortex. ICA is a powerful tool in analyzing the
nondeterministic fluctuations and other physiological signals. The spatiotemporal
independence of the VLF BOLD fluctuation sources shows that regional
hemodynamic mechanisms induce independent features to otherwise widespread VLF
blood flow fluctuation.
5. Combined use of data-based, time, and frequency domain analysis yields the most
accurate results also in the analysis of VLF BOLD signal fluctuations. While ICA is
the most potent method, also FFT can be used for a fast overview of the data and CC
can be used in obtaining synchronous BOLD signals.
6. VLF fluctuation of BOLD signal has a dualistic role in the fMRI research in general.
First of all VLF fluctuation will affect the BOLD activation and connectivity studies
of the anesthetized. Therefore it has to be accounted for in the analysis of anesthetized
BOLD data. Secondly, VLF fluctuation and other physiological BOLD signal sources
can be used in characterizing and detecting physiological alterations and pathology of
the brain.
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www.cis.rit.edu/htbooks/mri a website of the physics of magnetic resonance imaging
www.octave.org a website for Octave matrix-calculation program running in Linux-operating
system
www.cis.hut.fi/projects/ica/fastica a website for FastICA download

