University of Groningen

From methods to meaning in functional neuroimaging
Reinders, Antje Annechien Talea Simone

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Reinders, A. A. T. S. (2004). From methods to meaning in functional neuroimaging s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 17-08-2018

1
Introduction
The human brain
A major challenge in the field of neuroscience is to understand the biological basis
of emotion, cognition, and, ultimately, consciousness. Exploring the science of
the mind involves studying the brain. The brain is part of the nervous system,
which is a communication network that allows an organism to interact with its
environment. The environment includes both the external environment (the world
outside the body) and the internal environment (the contents of the body) (Willes,
1993).
The human nervous system can be subdivided into a peripheral and a central part. The peripheral nervous system controls voluntary muscle movement
(somatic part) and involuntary muscle movement (autonomic part). The central
nervous system (CNS) contains the spinal cord and the brain. The CNS is a mechanism that ensures the coordination of the actions in a part of the body with the
actions in all other parts of the body. The CNS integrates internal and external
environmental information to enable human behavior (Kalat, 1999a; Willes, 1993).
The brain consists of billions of neurons. Neurons transmit information from
one location, e.g. brain area, to another location in the shape of electrochemical
impulses. These impulses, the so-called action potentials, are transmitted by the
neuron via dendrites (taking care of the information input) and axons (taking care
of the information output). Axons are usually covered with a myelin sheath to
quicken the information transmission (Kalat, 1999b). An action potential may involve one single neuron; however, more often clusters of neurons fire. Information
from firing clusters is propagated through neuronal networks to establish a brain
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function. Neurons in the brain need to function both locally (interactions between
neighboring neurons) and globally (interactions among distant brain areas) to
make human behavior possible.
Neuronal activity can be investigated using direct measurement, indirect measurement or a combination of both (Horwitz and Poeppel, 2002; Momjian et al.,
2003). Direct measurement involves single cell recordings that are performed only
chiefly in animal experiments. In humans, this is only possible during neurosurgery. Therefore, non-invasive procedures, i.e. indirect methods, are employed
in man. These indirect methods comprise electromagnetic source imaging and
measurements of metabolic changes. Electroencephalography (EEG) and magnetoencephalography (MEG) measure the electromagnetic signal caused by neuronal
firing, whereas positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) measure physiologic or metabolic changes that are due to
neuronal activity in the brain. To summarize, a broad spectrum of techniques is
available to measure human brain activity (Horwitz et al., 2000).

Measuring brain activity
Many branches of scientific expertise are involved in monitoring the living human
brain, such as medicine, pharmacology, mathematics and physics. The integration
of these branches enables the study of the human brain in both normal and
pathological conditions. The effects on behavior and mental functioning after
external modification of the brain, such as brain lesions, transcranial magnetic
stimulation (TMS), intracortical stimulation with electrodes, or administration of
medication or drugs, can be studied. In addition, brain activation can be evoked in
experimental settings by systematically manipulating the stimulus environment.
The localized effects of such interventions on human activity can be examined. In
other words, the brain and its dynamic interaction with the environment can be
explored.
Direct single cell recording measurements are usually performed in primates.
However, during human neurosurgery, single cell recording can also offer information on human single neuronal activity (Kreiman et al., 2000a,b; Fried et al.,
2002). Single cell data provide detailed information on the moment of neuronal
firing, that is temporal resolution, and on the location of the neuron, that is
spatial resolution. The indirect measurement methods EEG and MEG are brain
monitoring techniques which measure the electrical activity of the brain (Wheless
et al., 2004; Kiebel and Friston, 2004). The stimulus dependent electromagnetic
fields induced by neuronal firing are measured by electrodes attached to the scalp
(EEG) or by magnetic detection coils (MEG). Applying techniques like EEG and
MEG results in high temporal resolution, i.e. on a 10-100 ms scale, but poor spatial
resolution, i.e. larger than 1 cm.
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In this thesis, the indirect measurement methods PET and fMRI are used to
monitor brain function. These techniques involve recordings of metabolic changes
that are caused by neuronal activity. Changes in brain activity give rise to changes
in energy consumption. This increased energy consumption is supported by an
increase in glucose metabolism, which requires an increase in glucose and oxygen
uptake (Shulman, 2001). The brain facilitates this by vasodilatation, resulting in a
higher perfusion. This higher cerebral blood flow correlates with synaptic activity
(Attwell and Laughlin, 2001; Sheth et al., 2004). The adjustment of the cerebral
blood flow (CBF) to changes in neuronal activity occurs within a few seconds.
Interestingly, the change in CBF is larger than the change in metabolism. Both PET
and fMRI measure these CBF changes (Jueptner and Weiller, 1995).
In PET, regional cerebral blood flow (rCBF) is assessed directly by measuring the
regional uptake of the radioactive H2 15 O, which is defined by the regional perfusion. FMRI on the other hand is based on the deoxyhemoglobin signal. FMRI takes
advantage of the different magnetic properties of oxygenated and deoxygenated
hemoglobin. The signal changes in fMRI are due to the mismatch between oxygen
extraction and CBF. In other words, the oxyhemoglobin concentration correlates
with CBF (Turner and Jezzard, 1994; Turner, 1994; Jueptner and Weiller, 1995).
FMRI measures changes in these blood oxygenation levels, the so-called blood
oxygenation level dependent (BOLD) response (Howseman and Bowtell, 1999;
Bandettini et al., 2000; Matthews and Jezzard, 2004). The most common fMRI data
acquisition method is echo-planar imaging (EPI), which allows for the collection of
whole brain data within seconds (Mansfield, 1977).
FMRI allows for multiple studies to be performed on the same subject, because
the subject is not exposed to ionizing radiation. However, PET suffers less from
motion artifacts, and is therefore useful for studies which include patients with
anxiety related disorders (Boshuisen et al., 2002; Reinders et al., 2003) or brain stem
studies (Holstege et al., 2003). BOLD fMRI and PET with newer scanners, the socalled ‘brain PET’ scanners, have a similar spatial resolution. However, temporal
resolution differs from a few seconds (limited by the hemodynamic response) for
fMRI to around one to two minutes for standard water activation (H2 15 O) PET
measurements. Direct quantitative rCBF comparison between PET and fMRI of
conjoint activations shows no differences in rCBF change (Ramsey et al., 1996;
Feng et al., 2004). Other comparison studies show higher statistical values for fMRI
(Kinahan and Noll, 1999; Joliot et al., 1999), a higher detection sensitivity at the
deep nuclei level for PET (Joliot et al., 1999) and a negative influence of draining
veins for fMRI (Kinahan and Noll, 1999).
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Functional neuroimaging
Functional neuroimaging aims to define the relationship between brain function
and brain anatomy, in other words, mapping function into anatomical space (Friston, 1997a). Analyzing functional neuroimaging data incorporates finding a signal
embedded in noise (Petersson et al., 1999b). Therefore, imaging conditions must
be optimized for separating signal from noise to ensure a high signal-to-noise-ratio
(SNR). This entails a number of steps; the optimal design and execution of each of
these steps is essential to obtain a highly sensitive method producing results which
are very reliable. Generally, the steps comprise experimental design and execution,
data analysis (including pre- and post-processing), and data interpretation which
is followed by the presentation of the data.

Experimental design
The different conditions under consideration are expected to change the blood
flow in the brain in different ways. A priori hypotheses, which pin-point a limited
specific set of brain areas, or cognitive mechanisms of interest need to be specified.
Specific experimental stimuli and design settings can be considered to optimize
statistical inference possibilities. Normally, functional imaging experiments comprise a simple subtraction design, which approaches the difference between two
tasks. Simple subtraction analysis assumes that two, e.g. cognitive, components
are completely separated (Friston et al., 1997), and can therefore be addressed
separately in two tasks. Simple subtraction analysis can be extended to cognitive
conjunction analysis by combining a series of subtractions to test whether task
pairs sustain joint activations (Price and Friston, 1997). Furthermore, a factorial
design can be considered, which incorporates two or more factors in one experiment, to investigate regionally specific main effects, interaction effects, differences
and conjunctions (Friston et al., 1996b; Price et al., 1997). A parametric design
incorporates a systematic variation of regional physiology depending on the degree
of task variation (Friston et al., 1997; Büchel et al., 1998).

Data analysis
During data acquisition, the different brain states are measured successively. After
the data acquisition, the data need to be reconstructed, which is usually of little
concern to the researcher. However, this step is of considerable importance for
the quality and SNR of the reconstructed data (Howseman and Bowtell, 1999;
Bandettini et al., 2000; Reinders et al., 2002a,b; Mesina et al., 2003a,b).
After data acquisition, the brain states of the various conditions can be compared to identify brain areas which have responded differently on each condition.
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Analyzing functional imaging data usually depends on the comparison, or subtraction, of the effects that are caused by different experimental conditions.
A commonly used data analysis program is ‘statistical parametric mapping’ (SPM)
(Penny et al., 2001). After data acquisition and reconstruction, the scans have
to be aligned. The realignment procedure corrects for head movement between
scans of one subject (Friston et al., 1995a, 1996c). To be able to compare different
subjects, all the scans are spatially normalized (Ashburner and Friston, 1995, 1999).
The concept of spatial normalization is to map images of different subjects into
the same standard coordinate space. This allows for comparing and averaging
brain activations (or anatomy) of several subjects within or across studies. In
this manner, the activation patterns (or structural anatomy) found in differently
shaped brains can be compared. As a final step in pre-processing, data are spatially
smoothed using an (an)isotropic Gaussian kernel (Ashburner and Friston, 1995;
Petersson et al., 1999b). This procedure compensates for residual variability in
anatomical localization between subjects after spatial normalization. Furthermore, spatial smoothing allows for the application of the Gaussian random field
theory (Worsley et al., 1992; Worsley, 1994; Poline et al., 1995), which addresses the
problem of multiple comparisons to obtain corrected statistical inferences.
In the process of statistical data analysis the data are fitted to a model. More
specifically, the brain data need to be described by a mathematical model to be
able to draw conclusions from the data. Within SPM, this mathematical model
is always linear, that is the general linear model (GLM) (Friston et al., 1995b),
and constructed from the variables, i.e. the conditions, and other measured
parameters, i.e. the covariates. This way, SPM explains variance in the brain
activation data (Friston et al., 1996a). Using this GLM, condition-specific effects
can be assessed by assigning specific contrast weights to the parameter estimates.
In addition, the data can be explored for contaminating effects, for example due to
movement artifacts, medication effects, cardiovascular arousal or reported subjective feelings. The optimal model is the model which incorporates all experimental
effects. Increasing the number of parameters in the statistical model decreases
the error variance, which is variance in the data that cannot be explained by the
GLM. However, it lowers the degrees of freedom for the statistical tests. To retain
SPM’s optimal statistical power, the covariates of interest can be condensed using
a principal component analysis (PCA), which saves degrees of freedom for the
statistical model. Obtaining the optimal balance between explained variance and
degrees of freedom is known as model selection. Although hardly mentioned in
scientific publications, the statistical model applied and its quality in assessing the
experimental effects are of great importance (Razavi et al., 2003).
SPM constructs spatially extended statistical maps to test a hypothesis on
regionally specific effects in imaging data against a null hypothesis. This null
hypothesis states that there is no difference in blood flow patterns between the
conditions tested (Friston et al., 1991; Worsley et al., 1992). More specifically,
5
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measured differences in task-related cerebral blood flow changes can be tested by
performing a student t test on the parameter, as estimated within the GLM, for
each voxel of the brain. This way, SPM performs multiple statistical tests, namely
for all voxels in the brain. Therefore, a correction for these multiple comparisons
has to be applied. Possible procedures for multiple testing correction are Gaussian
random field theory (Worsley et al., 1996), Bonferroni correction and controlling
the false discovery rate (FDR) (Nichols and Hayasaka, 2003).
Statistical parametric maps (SPMs) are usually inspected at a threshold of
p ≤ 0.05 corrected for multiple comparisons across the whole image. However,
in the case of an a priori hypothesis, this correction is overly conservative, since
it is known that the activation is restricted to a limited volume. In this case,
SPMs can be explored at a liberal threshold of p ≤ 0.001 uncorrected for multiple
comparisons (Friston et al., 1991), from which the corrected significance level
can be obtained subsequently using a small volume for multiple testing (Friston,
1997b), the so-called small volume correction (SVC). Furthermore, the data can be
subjected to cluster analysis (Friston et al., 1994; Hayasaka et al., 2004). A cluster
is defined as a set of voxels, e.g. voxels surviving an uncorrected threshold of
p < 0.001, which are spatially connected with each other in terms of edge, face or
vertex. The cluster level statistics include clusters reaching a statistical threshold of
p < 0.05 (corrected for multiple comparisons). Besides reporting statistical values
as p values, significant effects can furthermore be reported in t values or as Z scores,
which is the conversion of t statistics to normal distribution.
After standard statistical analysis, additional post-processing steps can be taken
for data analysis. For example, the latency of the BOLD response can be calculated
in addition (Miezin et al., 2000; Calhoun et al., 2000; Henson et al., 2002; Liao et al.,
2002) to explore early responses in for example the amygdala. To investigate the
cooperation of several brain areas in action and the connections between these
cooperating brain areas, the data can be analyzed in the context of ‘functional
integration’. Most of these so-called ‘connectivity analyses’ are post-processing
steps (Petersson et al., 1999a; Sporns et al., 2000; Friston et al., 2003).

Data presentation and interpretation
Using the coordinates from the SPM output, the data can be localized anatomically by identifying the coordinates in the Talairach and Tournoux atlas (Talairach
and Tournoux, 1988). In addition, the location of activation can be compared
to and described with another brain atlas (e.g. see Mai et al., 1997). With all
images in standard space (due to spatial normalization), the results of studies can
easily be compared with reports in literature. The Talairach and Tournoux atlas
is the classical accepted coordinate system in which coordinates are presented
in the so-called ‘Talairach space’. The SPM95 and SPM96 versions included a
6
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Talairach template for spatial normalization. More recent SPM versions (SPM99
and SPM02) use the MNI (Montreal neurological institute) template (Evans et al.,
1993) during spatial normalization. This current standard template is based on
averaging 152 brain scans of normal subjects, i.e. the ICBM152. Statistical results
can be converted from MNI space to approximate Talairach space (see: www.mrccbu.cam.ac.uk/Imaging/mnispace.html). Talairach space coordinates reported in
literature can also be converted to approach MNI space, and vice versa, creating
the opportunity to make comparisons between studies.
The described methodological steps to analyze functional imaging data serve
the effort of understanding normal and abnormal mental functioning. After the
localization of focal activations in PET or fMRI data, the results are presented in
tables or figures. On the basis of the a priori hypotheses, the raw functional imaging
data are interpreted via methods into meaningful explanations.
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