Preface

The idea of the present book emerged on the island of Elba in the summer of 2006
during an enjoyable and very fruitful workshop on thinking with the participation
of most of the contributors of the present volume.

The main intention behind the book is to address thinking by surveying the con-
tribution of various functional neuroimaging methods to our understanding of the
neural underpinnings of thinking. The major focus is on the methods applicable to
the neurobiological study of human thinking, since much of what we consider com-
plex thinking has to be considered as a part of the distinctive features of human
nature.

Despite the fact that we are far from a full understanding of the modularity of
the human brain, the use of functional imaging techniques is obviously based on the
premise that brain functions are modular.

We are grateful to the distinguished authors, coming from different backgrounds,
for their commitment to this project, which represents a true interdisciplinary ap-
proach, as is mandatory for this fascinating and challenging topic. We are also proud
to have been able to recruit an outstanding worldwide team of contributors.

We also wish to thank Anette Lindqvist and Dieter Czechlik from Springer
Science+Business Media for their enthusiasm and constant support. Without their
optimism and tireless efforts this volume would not have been possible.

Munich, Germany Eduard Kraft
Stockholm, Sweden Baldzs Gulyds
Munich, Germany Ernst Poppel

June 2008

ix



Functional MRI Limitations and Aspirations

Peter A. Bandettini

Abstract Most would agree that knowing precisely what was happening in the
brain during the act of thinking would help in our pursuit to understand what think-
ing really is. This chapter describes the basics, limits, and future directions of one of
the more effective tools we have to observe the human brain while it is functioning —
functional MRI. Functional MRI emerged in the early 1990s, and has since grown
explosively in utility. In this chapter, an in-depth exploration is carried out of what
limits functional MRI to a spatial resolution of millimeters and a temporal resolution
of seconds. In addition, issues of how sensitive functional MRI is in detecting brain
activity and how deeply we can interpret the signal changes are explored. Lastly,
the chapter ends with a discussion on how imaging might be essential, or perhaps
irrelevant, to understanding thinking.

1 Introduction

Before 1991, the thought that one could use magnetic resonance imaging (MRI)
to map human brain activation noninvasively, rapidly, with full brain coverage, and
with relatively high spatial and temporal resolution was pure fantasy. This fantasy
became reality with a rapidity and decisiveness that surprised almost everyone, caus-
ing the neuroscience community to rapidly readjust itself as it embraced this new
modality. Many researchers tailored many of their ongoing behavioral, electrophys-
iological, or other imaging modality studies to the MRI scanner environment. Since
then, functional MRI (fMRI) has proven to be a powerful and robust technique.
Some argue that it is so easy to obtain eye-catching maps of “brain activa-
tion” that the quality of science performed with fMRI can be lacking at times.
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However, truly innovative experiments and unique, insightful findings have indeed
been obtained using fMRI. The reality is that fMRI is an improving, powerful, but
sometimes misused and overinterpreted technique that is the tool of choice for a
growing community of researchers, clinicians, and thinkers. In this chapter, the lim-
its and aspirations of fMRI are explored.

First, the basics of fMRI are introduced: the history, the physiologic processes be-
hind the signal, and the current state of the field. This section is concluded with a list
of some of the advances that have helped to define fMRI. Section 2 focuses on the
limits of temporal and spatial resolution, sensitivity, and signal interpretation. The
last section is an attempt to put fMRI in the context of understanding thinking — an
objective of the Parmenides Foundation. In this last section, the question of “What
really does fMRI contribute to our understanding of thinking?” is addressed.

2 Basics

2.1 History and Functional Contrast

The use of MRI to map brain activation in humans was introduced with a ground-
breaking paper by Belliveau et al. (1991) in November of 1991 which described
a technique involving two sequential bolus injections of the susceptibility con-
trast agent gadolinium-DTPA, to map blood volume during rest and activation.
About the time that work was published, this approach was rendered obsolete
(as far as functional activation imaging is concerned) by a completely noninva-
sive MRI-based technique utilizing endogenous functional contrast associated with
localized changes in blood oxygenation during activation. Between the early spring
and late fall of 1991, the first successful experiments in endogenous functional con-
trast fMRI were carried out. The findings of these first experiments were published
within 2 weeks of each other in the early summer of 1992 (Bandettini et al. 1992;
Kwong et al. 1992; Ogawa et al. 1992).

The mechanism of endogenous contrast by which these early results were based
was pioneered in animal and phantom studies by Ogawa et al. (Ogawa and Lee 1990;
Ogawa et al. 1990a,b), who coined the term “blood oxygenation level dependent”
(BOLD), as well as by Turner et al. (1991), who further demonstrated this contrast
in cat models.

The basics of the contrast mechanism are as follows. Hemoglobin is more param-
agnetic (lower magnetic susceptibility) than tissue when deoxygenated, and has the
same susceptibility as tissue when fully oxygenated. When it is deoxygenated and
within a magnetic field, microscopic field inhomogeneities exist as a result of the
different susceptibilities, leading to an attenuated magnetic resonance signal. During
rest, venous blood is slightly deoxygenated. With activation, blood flow locally
increases more than what is required by an increase in oxidative metabolic rate,
causing an increase in blood oxygenation and a decrease in the amount of deoxy-
genated hemoglobin, therefore creating a small magnetic resonance signal increase.



Functional MRI Limitations and Aspirations 17

Another noninvasive fMRI technique that emerged almost simultaneously with
BOLD fMRI is known as arterial spin labeling (ASL) (Williams et al. 1992). The
contrast in ASL arises from blood perfusion, independent of blood oxygenation.
With ASL, blood is “labeled” with a radiofrequency (RF) pulse. This RF-labeled
inflowing blood changes the signal in the plane being imaged as a function of blood
perfusion in each voxel. ASL is unique in that maps of baseline and active-state
perfusion may be made, whereas with BOLD contrast, only maps of changes can be
obtained.

Details of other techniques exist which allow noninvasive assessment of
activation-induced changes in blood volume (Lu et al. 2003) and oxidative metabolic
rate (Davis et al. 1998; Hoge et al. 1999), temperature (Yablonskiy et al. 2000a,b),
and diffusion coefficient (Le Bihan et al. 2006) have since been published. Cur-
rently, efforts are being made to develop a successful approach to directly imaging
neuronal activity using MRI (Bandettini et al. 2005). So far, no results have been
convincingly demonstrated, as models suggest that the sensitivity required is an
order of magnitude higher than what is currently available when imaging humans.

BOLD fMRI is the brain activation mapping method of choice for almost all
neuroscientists because it is easiest to implement and the functional contrast to noise
(defined as the signal change magnitude divided by the background fluctuation mag-
nitude — ranging from 2 to about 6 with BOLD contrast) is generally a factor of 2—4
higher than for the other MRI-based methods. The need for sensitivity and ease
of use outweighs, most of the time, the advantages in specificity, quantitation, or
baseline information inherent to ASL.

Picking up in 1992, only a handful of laboratories could perform fMRI because
it required not only an MRI scanner but also the capability of performing high-
speed MRI — known as echo planar imaging (EPI). EPI is a technique by which an
entire image (or “plane”) is collected with the use of a single RF pulse and a single
subsequent signal “echo” — hence the name “echo planar imaging.” Collecting an
entire image in 30 ms (as with EPI) “freezes” physiologic processes that contribute
to nonrepeatable artifacts in slower MRI methods, leading to a significantly higher
temporal stability — critical for fMRI. Until about 1996, the hardware for performing
EPI was not available on clinical systems. Now, practically every standard MRI
scanner is equipped to perform EPIL

After about 1996, with rapid proliferation of EPI-capable MRI scanners incor-
porating whole-body gradients, the standard platform for fMRI reached a plateau
that is still mostly in use today. In addition, the number of people able to perform
fMRI increased dramatically. Figure 1 shows the increase in the number of articles
and reviews published (using the Scopus search engine) dealing with fMRI.

This standard platform pulse sequence typically used is gradient-echo EPI: echo
time 40 ms, matrix size 64 x 64, field of view 24 cm, slice thickness 4 mm (voxel
dimension of about 4 x 4 x 4mm). For studies incorporating spatial normalization
and multisubject spatial averaging, going to any higher resolution gives no gains
and a loss in sensitivity. (In fact, perhaps the optimal matrix size to use when per-
forming multisubject averaging is 32 x 32 since sensitivity is increased, and the
acquisition resolution approximately matches the resolution that spatial smoothing,
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Fig. 1 The number of articles or reviews published per year, obtained from the Scopus search
engine. The production of papers in functional magnetic resonance imaging (fMRI) shows no
signs of slowing down

normalization, and multisubject averaging reduces functional images to.) Typically,
whole brain volume coverage using a repetition time (TR) of 2 s is performed. Time
series are collected, lasting on the order of 5-8 min. A typical experiment involves
the collection of about seven time series per subject scanning session. Multisubject
studies usually settle on assessing about 12 such sessions. Regarding hardware, in
about the year 2002, the “standard” field strength increased from 1.5 to 3 T, thus
improving sensitivity. Currently, a new standard in RF coils has begun to take hold.
In the past, the standard was the use of a quadrature RF coil. Currently, the trend is
to use multireceiver coils, ranging from eight channels to 32 channels. The use of
these coils translates into either an increase in sensitivity (smaller coils have greater
sensitivity at the expense of less coverage — hence the need for more RF coils) or
an increase in resolution (and/or speed) that comes with a novel strategy known as
“sensitivity encoding.”

Typical paradigm design methods are either “box-car,” involving steady-state ac-
tivation periods for 10 s or more, or more commonly “even-related” designs enjoy-
ing the flexibility inherent to brief activation periods interspersed within the time
series. For postprocessing, SPM is the most common processing software program,
but platforms such as Brain Voyager, FSL, and AFNI are almost as common (in-
formation regarding these platforms is at the end of the chapter). The fundamental
concept in all of functional imaging creation is the statistical comparison of what
is expected to happen in the hemodynamic response, as defined by a “reference”
function or a “regressor,” with the data, on a voxelwise basis.
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2.2 Advances

An approximately chronological list of a few of the many significant developments
in fMRI is shown below. Neither this list nor the references associated with each
topic are comprehensive. The goal is to provide a quick perspective of some of the
highlights over the past 15 or so years and to give a sense that fMRI is a method that
is very much in the hands of the users, as they drive many of the most innovative
advances.

e Parametric manipulation of brain activation demonstrated that BOLD contrast
approximately followed the level of brain activation: visual system (Kwong et al.
1992), auditory system (Binder et al. 1994), and motor system (Rao et al. 1996).

o FEvent-related fMRI was first demonstrated (Blamire et al. 1992). The application
of event-related fMRI to cognitive activation was shown (Buckner et al. 1996;
McCarthy et al. 1997). Development of mixed event-related and block designs
was put forward: (Donaldson et al. 2003). Paradigms were demonstrated in which
the activation timing of multiple brain systems was orthogonal, allowing multiple
conditions to be cleanly extracted from a single run (Courtney et al. 1997).

e High spatial resolution maps were created: For spatial resolution ocular domi-
nance columns (Cheng et al. 2001; Menon et al. 1997; Yacoub et al. 2006, 2007)
and cortical layer activation maps (Logothetis et al. 2002) were created. Figure 2
illustrates graphically the spatial scales of brain organization that are able to be
imaged with fMRI. First able to be imaged was the large-scale organization (i.e.
V1, V2, etc..), then the ocular dominance column scale, then the layer-specific
scale, and then the smallest scale — the orientation column scale.

FMRI-Accessible Scales of Visual Cortex Organization
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Fig. 2 The spatial scales of cortical organization that are accessible to fMRI measures: functional
units such as V1 ( left), cortical columns such as ocular dominance columns, cortical layers, and
orientation columns (right). (Obtained from http://www.thebrain.mcgill.ca)
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High temporal resolution fMRI developed: relative onset timings from millisec-
onds to hundreds of milliseconds were extracted (Bellgowan et al. 2003; Henson
et al. 2002; Menon et al. 1998; Ogawa et al. 2000).

The development of “deconvolution” methods allowed for rapid presentation of
event-related stimuli (Dale and Buckner 1997).

Early BOLD contrast models were put forward (Buxton and Frank 1997; Ogawa
et al. 1993). More sophisticated models were published that more fully integrated
the latest data on hemodynamic and metabolic changes (Buxton et al. 2004).
The use of continuous variation of visual stimuli parameters as a function of time
was proven a powerful method for fMRI-based retinotopy. (Deyoe et al. 1994;
Engel et al. 1994; Sereno et al. 1995).

The development of “clustered volume” acquisition was put forth as a method to
avoid scanner acoustic noise artifacts (Amaro et al. 2002; Edmister et al. 1999).
The findings of functionally related resting state correlations (Biswal et al. 1995)
and regions that consistently show deactivation (Binder et al. 1999; Raichle et al.
2001) were described. This exploration of resting state connectivity has currently
emerged as a major new research area in fMRI (Raichle and Snyder 2007). The
very recent, explosive growth of this area of fMRI is illustrated in Fig. 3.
Observation of the pre-undershoot in fMRI (Hennig et al. 1997; Hu et al. 1997,
Menon et al. 1995) and correlation with optical imaging (Malonek and Grinvald
1996) was reported. This is still highly controversial as the effect is very subtle
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Fig. 3 The number of articles published per year which discuss resting state fluctuations in fMRI.
While this effect was first discovered in 1995, this aspect of fMRI took off dramatically in 2006
and 2007
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and the hypothesized mechanisms producing it (rapid change in blood volume or
ACMRO:,) remain hotly debated.

o Structural equation modeling was developed in the context of fMRI time series
analysis (Buchel and Friston 1998).

o Simultaneous use of fMRI and direct electrophysiological recording in nonhuman
primate brains during visual stimulation has elucidated the relationship between
fMRI and BOLD contrast (Logothetis et al. 2001), suggesting that BOLD con-
trast is more correlated with synaptic activity (local field potentials) than with
spiking activity. Simultaneous electrophysiological recordings in animal models
revealed a correlation between negative signal changes and decreased neuronal
activity (Shmuel et al. 2002). Simultaneous electrophysiological recordings in
animal models provided evidence that inhibitory input could cause an increase in
cerebral blood flow (Matheiesen et al. 1998).

e A technique known as vascular space occupancy (VASO) has emerged as a way
to noninvasively map blood volume changes (Lu et al. 2003). Recently, this tech-
nique has also come under some scrutiny.

e Extraction of information at high spatial frequencies within regions of activa-
tion was first demonstrated (Haxby et al. 2001). This approach, which focuses
on information extraction rather than mapping (Kriegeskorte et al. 2006), has
developed rapidly as many groups are making efforts at “brain reading” rather
than brain mapping (Cox and Savoy 2003; Haynes et al. 2005; Haynes and Rees
2005a,b; Kriegeskorte 2007a,b). The field of “fMRI decoding” has also become a
major direction of research in fMRI (Haynes et al. 2004; Haynes and Rees 2005a;
Kamitani and Tong 2005; Kay et al. 2008).

e Several papers have been published showing the potential for direct neuronal
current imaging with MRI (Bandettini et al. 2005; Buracas et al. 2008; Cassara
et al. 2008; Kraus et al. 2008; Mandelkow et al. 2007; Matlachov et al. 2007; Park
and Lee 2007; Park et al. 2004; Parkes et al. 2007; Singh and Sungkarat 2005;
Truong et al. 2008; Xiong et al. 2003). No paper has been published showing
convincing neuronal current activation maps in humans.

e While real-time fMRI has been in existence since at least 1995 (Cox et al. 1995),
a paper was recently published (DeCharms et al. 2005) demonstrating that real-
time feedback of brain activation to subjects experiencing chronic pain not only
allowed them to modulate their activation, but that this resulted in their percep-
tion of the pain — opening up a potentially rich area of real time fMRI based
therapy.

e The uses of parallel imaging and high field strength have been the major devel-
opments on the technical side of fMRI (Bellgowan et al. 2006; De Zwart et al.
2004; Moeller et al. 2006; Preibisch et al. 2008). Parallel imaging allows for
higher resolution, or a more rapid acquisition, or higher sensitivity. Higher field
allows for higher resolution and higher sensitivity. Interestingly, the progression
of field strength used for humans has been linear since clinical human MRI be-
gan around 1984. Figure 4 shows this progression. Scanners with field strengths
of 11.7 T have been proposed for 2011, keeping the trend linear.
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Fig. 4 The progression of human MRI field strength as a function of year. The trend is surprisingly
linear. The final data point is a proposed 11.7 T human scanner in Paris (Neurospin) in 2011

3 Limitations and Aspirations

3.1 Temporal Resolution

An echo planar image has an acquisition window that is about 20—30 ms in duration.
In general, about 15 echo planar images can be collected in 1s. For volume collec-
tion, typically consisting of 30 slices, a TR of 2s is therefore required. It is also
possible to collect one image (as opposed to multiple images in a volume) at a rate
of 15 images per second (TR = 1,000ms/ 15 images = 66.7 ms per image). Relative
to the limits in temporal resolution imposed by the sluggishness and variability of
the hemodynamic response in fMRI, the image acquisition rate is quite fast.

The dynamics, location, and magnitude of the signal are highly influenced by
the vasculature as it is sampled in each voxel. If a voxel happen to capture large
vessel effects, the magnitude of the signal may be large (up to an order of magnitude
larger than capillary effects), the timing a bit more delayed than average (up to
4 s delayed from capillary effects), and the location of the signal somewhat distal
(up to 1 cm) from the true region of activation. The problem of variable vasculature
and hemodynamic coupling in fMRI remains to some extent at all field strengths
and poses significant limits on the depth and range of questions that can be addressed
using fMRI.
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On average, the fMRI signal begins to increase approximately 2 s after neuronal
activity begins, and plateaus in the “on” state after about 7-10 s. A “pre-undershoot”
in the signal is sometimes observed at about 0.2—1.0 s and a post-undershoot is much
more commonly observed, lasting up to 1 min. These more subtle dynamics are still
not fully understood, but are likely due to temporal mismatches among the hemo-
dynamic factors which most influence the signal: flow, blood volume, or CMRO;
(Buxton and Frank 1997; Buxton et al. 2004).

The hemodynamic response can be thought of as behaving like a low-pass filter
for neuronal activity (Bandettini 1999; Kim et al. 1997; Richter et al. 1997). At
on/off frequencies of 6 on/6s off (0.08 Hz), BOLD responses begin to be attenu-
ated relative to longer on/off times. At on/off frequencies of 2 s on/2 s off (0.25 Hz)
the BOLD response is almost completely attenuated. Even though BOLD signal
is attenuated by these rapid on/off responses, activity of very brief duration can
be observed. Activity durations as low as 16 ms have been shown to cause robust
BOLD signal changes, suggesting that there is no apparent limit to the briefness
of detectible activation (Birn and Bandettini 2005). When repeated experiments
are performed, the hemodynamic response in each voxel shows variability of only
about 100 ms (Bandettini 1999).

A strong desire of those who use functional brain imaging is to determine the
precise timing of activation between different regions of the brain — either relative
to the stimulus or input or relative to each other. The temporal resolution required for
this type of assessment is on the order of at least tens of milliseconds. With BOLD
contrast, the latency of the hemodynamic response has a range of 4 s across voxels
owing to spatial variations in underlying hemodynamics or neurovascular coupling
dynamics from voxel to voxel even within the same region of activity (Bandettini
1999). If a voxel contains mostly larger venous vessels, the response is typically
more delayed than if the voxel captures predominantly capillaries. This observation
is only approximate. The precise reasons for latency variations have still not been
completely determined.

Methods have been proposed to alleviate this problem of spatial heterogeneity of
the latency of the hemodynamic response. The most direct is to try to identify and
remove larger vessel effects by thresholding based on the percentage signal change
or temporal fluctuation characteristics. The accuracy of these methods remains un-
determined and is likely to be low since high percentage signal changes may occur
quite proximal to an active area (and therefore should not be eliminated), and drain-
ing veins may have low fluctuations (and therefore be missed, while they should be
eliminated).

Another solution is to use pulse sequences sensitive only to capillary effects.
ASL techniques are more sensitive to capillaries, but the practical limitations of
lower functional contrast to noise and longer interimage waiting time (owing to the
additionally required time to excite the inflowing blood and to wait for it to arrive in
the plane — about 1.5 s) make this unworkable for most studies.

An alternative strategy to push temporal resolution is to focus on localized
changes in latency and width of the hemodynamic response with task timing
changes. As mentioned, within a voxel, the hemodynamic response, while exhibit-
ing a delay of 4 s from the mean, still only shows a variation (with repeated, identical
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trials) on the order of 100 ms, allowing significantly more accurate assessment if
activation timing were to be varied within a region (Bellgowan et al. 2003; Henson
et al. 2002).

One other unique method for probing very rapid neuronal interactions was
pioneered by Ogawa et al. (2000). In this approach, paired pulses of stimuli ei-
ther activate the same region or activate two different regions that are connected by
inhibitory or excitatory synaptic input. The time between the stimuli pairs is modu-
lated and the amplitude modulation of the second response is observed. This method
has demonstrated a 50-ms optimal inhibitory timing between left and right forepaw
in rat — as indicated by maximal reduction of the second BOLD response at that
timing, and also has shown a 100-ms optimal inhibition in human visual cortex in
the same manner. The precise neuronal mechanisms behind these findings are still
not fully understood, but the method itself is potentially quite useful for probing the
timing and connectivity between either excitatory or inhibitory processing nodes in
the brain using fMRI.

A summary of current temporal limits of fMRI as well as speculations on
improvements are given below.

Temporal limits:

Able to detect transient activity as short as 16 ms.
Able to create a functional image within 20 s for more robust activation (more an
issue of sensitivity, but can be considered practical temporal resolution).

e Able to detect differences in brain activation timing across regions of no less than
4-6 s because across voxels the temporal lag varies by 4 s.

e Able to detect modulations in brain activation timing within the same voxel or
region of the brain that are no smaller than 100 ms.

e Able to detect inhibitory interaction, with no temporal limit, between connected
and interacting nodes of activity in the brain, provided that these interactions are
able to cause detectible modulations in BOLD signal in the area being affected.

Temporal aspirations:

e Calibration methods (identification and removal of draining vein effects) are be-
ing developed to reduce physiologic fluctuations such that the temporal resolu-
tion would be most influenced by temporal signal to noise, perhaps pushing all
temporal resolutions to about 50 ms.

e Neuronal current imaging aspires to bypass hemodynamics altogether, aiming to
detect neuronal transients on the order of 10 ms. This will take a breakthrough to
be accomplished, since, so far, no robust results at all have been observed using
neuronal current imaging in humans.

3.2 Spatial Resolution

Single-shot (one excitation RF pulse per imaging plane) imaging is easily the most
robust, stable, and common imaging procedure in fMRI. The primary drawback
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is that the spatial resolution and overall image quality of echo planar images are
significantly less that those of clinical anatomical scans. The upper in-plane res-
olution of standard single-shot EPI is about 2mm?. One of the most promising
developments in fMRI scanner technology has been the use of multiple parallel RF
receive coils to help spatially encode the data, thus allowing for much higher res-
olution with a single excitation pulse. This approach can allow functional image
resolutions of about 1 mm?.

Nevertheless, because the voxel volume directly determines functional signal to
noise, the signal to noise of these high-resolution images is considerably lower than
the signal to noise of lower-resolution images, requiring functional imaging to be
performed at 3 T or preferably higher (because of greater image signal to noise,
and larger functional contrast at higher field strengths) to produce useful data in a
workable amount of time (Murphy et al. 2007).

A fundamentally important caveat to improving spatial resolution that is worth
mentioning at this point is that most fMRI studies involve spatial smoothing, spatial
normalization, and multisubject averaging — effectively reducing the spatial res-
olution to, at best, 10mm?> and completely nullifying any advantages of collect-
ing data at high resolution, and at high field for that matter. The main purpose of
high-resolution studies is single-subject assessment that is not subsequently spa-
tially smoothed, transformed into a normalized space, and averaged with 20+ other
brains. Individual subject assessment is a growing area of fMRI as methods are be-
ing developed to extract ever more subtle and useful information on a subjectwise
basis (Kriegeskorte and Bandettini 2007a,b). There is no compelling reason to per-
form fMRI at resolution higher than 4mm? or lower if multisubject averaging is part
of the processing path.

As with temporal resolution limits, the spatial resolution limits are predomi-
nantly determined not by limits in the acquisition method but by the relatively
wide spatial spread of oxygenation and perfusion changes that accompany focal
brain activation. This “hemodynamic point spread function” has been empirically
determined to be on the order of 3.5 mm (Engel et al. 1997). At 7 T, more sensitive
to microvessels, Shmuel et al. (2007) found the point spread function to be about
2.3 mm. Interestingly, they also found that the point spread function was narrower
for BOLD signal change obtained during the third (1.52 mm) and fourth (1.99 mm)
seconds of stimulation.

The approaches for dealing with the hemodynamic smoothing function are simi-
larly applicable as those for temporal resolution limits. The primary effort has been
to eliminate large vessel effects while preserving sufficient functional contrast for
creating functional images in a reasonable amount of time. Approaches to eliminate
large vessel effects have generally included:

(1) The use of spin-echo imaging. A spin-echo image (as opposed to the more
typically used gradient-echo image) is more sensitive to small susceptibility
variations but is still sensitive to red blood cells in large vessels (Jochimsen
et al. 2004) — except at high fields where intravascular signal is almost com-
pletely gone because of T2 shortening of deoxygenated blood.



26 P.A. Bandettini

(2) The use of high field. At high field, there is slightly more sensitivity to small
vessels and less to large vessel intravascular signal since both T2* and T2 of
blood decrease.

(3) The use of diffusion weighting (otherwise known as “velocity nulling” in this
context). Diffusion weighting removes rapidly flowing large vessel intravascular
signal but not extravascular effects.

(4) The use of ASL. Imaging capillary perfusion completely bypasses the large
vessel problem. This method has a contrast to noise that is about a factor of
2—4 lower than T2* BOLD signal except for long duration activation paradigms
where the BOLD baseline tends to drift, whereas the ASL baseline is steady
(Wang et al. 2003).

The combination of approaches 1 and 3 could work in theory but, in practice,
there is no functional signal left owing to signal-to-noise limitations. The com-
bination of approaches 1 and 2 has been used successfully for mapping ocular
dominance columns.

Another approach to increasing functional spatial resolution is calibration of
the hemodynamic factors which influence BOLD signal change. Spatial calibra-
tion methods have been proposed involving hypercapnia (Bandettini and Wong
1997; Cohen et al. 2004; Thomason et al. 2007). CO, stress (Chiarelli et al. 2007,
Handwerker et al. 2007), and, recently, even the resting state fluctuation data (Birn
et al. 2008). The general idea in calibration is to create a map of the “potential mag-
nitude of BOLD” by giving a global hemodynamic stress that is evenly distributed
throughout the brain (this maps resembles closely a map of gray and white mat-
ter combined with a venous angiogram), then to divide activation-induced signal
changes, on a voxelwise basis, by this map of signal change to a global stress.

In spite of the limitations in spatial resolution, ocular dominance column (1 mm?)
(Cheng et al. 2001; Goodyear and Menon 2001), cortical layer (less than 0.5 mm?)
(Logothetis et al. 2002), and orientation column (Yacoub et al. 2006) delineation
have been achieved. An ongoing issue with regard to the upper resolution of fMRI
is whether or not fine delineation necessarily translates to accurate delineation
(Kriegeskorte and Bandettini 2007a,b) — meaning that detailed activation maps may
not be precisely registered with underlying function. This remains to be demon-
strated using a gold standard, but compelling data suggesting fine and accurate de-
lineation have been presented in an animal model in which optical imaging data
were compared with hemodynamic changes as measured by fMRI (Fukuda et al.
2006; Moon et al. 2007a,b).

Lastly, a method involving neuronal adaptation paradigms may be able to se-
lectively image neuronal populations on a subvoxel scale. This approach has been
termed “fMR-adaptation” (Grill-Spector and Malach 2001), and relies on the rela-
tively rapid adaptation and recovery properties of specific neuronal pools, and the
reflection of these properties in fMRI signal, to characterize and differentiate sub-
voxel populations of neurons that are sensitive to subtle differences in stimulus or
general paradigm properties. Grill-Spector and Malach described this method as a
paradigm that proceeds in two stages: first, a neuronal population is adapted by
repeated presentation of a single stimulus; second, a property of the stimulus is
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varied and the recovery from adaptation (manifest as an increase in fMRI signal) is
assessed. If the signal remains adapted, it indicates that the neurons are invariant to
that attribute. However, if the fMRI signal recovers from the adapted state, it implies
that the neurons are sensitive to the property that was varied.

A summary of current spatial limits of fMRI as well as speculation on improve-
ments is given below.

Spatial limits:

e At 3 T, only enough sensitivity to practically achieve 1.5-mm? resolution. The
functional point spread function is about 3.5 mm.

e At 7 T, enough sensitivity to practically achieve 0.5-mm? resolution. The func-
tional point spread function can be has high as 1.5 mm.

e At 7 T, using spin-echo sequences, the smallest resolved functional unit was ori-
entation columns (on the order of 0.5-mm width).

e With fMR-adaptation paradigms, the highest resolution is unknown, as very
small pools of neurons within voxels may be selectively modulated.

e With calibration methods using a global hemodynamic stress, it is speculated
that the functional point spread function can be reduced to 1.5 mm at all field
strengths.

Spatial aspirations:

e It’s not clear that there is a need to go to a resolution higher than 0.5 mm. With
methods for improving sensitivity (RF coil addition being most promising), and
selectivity to capillaries, and neuronal subpopulations, the functional resolution
may be readily approaching 0.5 mm. It is not clear how abundant functional units
smaller than 0.5 mm are.

e Averaging or pooling of multi-subject high-resolution data remains a challenge.
I believe that normalization algorithms have room for improvement — as more in-
formation about the principles of brain variability may be incorporated. It’s hard
to speculate on how high a resolution multisubject averaging may achieve. It may
reach 2 mm as algorithms become more focused on particular brain structures.

3.3 Sensitivity

Currently, the functional contrast to noise ratio in fMRI is about 4:1 at typical reso-
lutions at 3 T. This means that the functional signal change is approximately 4 times
larger than the underlying noise levels. Increases in sensitivity can directly translate
into being able to extract more subtle functional information either in space or in
time, and as shown in Fig. 5 can translate into creating a usable functional image
in significantly less time — extremely important in a clinical setting. In general, it
is perhaps the most desired commodity in fMRI, as most researchers are willing to
sacrifice temporal resolution, spatial resolution, and higher specificity in order to
maximize sensitivity.



28

P.A. Bandettini

Sensitivity, Scan Time, and Temporal Signal to Noise
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Fig. 5 Simulated data illustrating the point that to detect a 1% signal change at p =5 x 10~'°, one
needs to scan for 50 min when at a signal-to-noise ratio (SNR) of 50, for 21 min when the SNR
improves by 50% to 75, and for 10 min when the SNR doubles from that of the 50-min scan. This
is a highly nonlinear benefit obtained from an improvement in SNR. (Adapted from Murphy et al.
2007.)

Sensitivity to brain activation related hemodynamic changes can be increased in

the following ways:

ey

@

3

“

Increasing image signal-to-noise ratio — either by reducing RF coil size (and
adding more for whole brain coverage), or increasing field strength (which im-
proves both signal change magnitude and signal-to-nose ratio).

Increasing the activation-induced signal change — by increasing field strength,
or, in animal studies, using an intravascular paramagnetic contrast agent
(Smirnakis et al. 2007).

Better modeling and accounting for variations in activation-induced signal
changes, as much sensitivity is lost when the temporal models do not match
the signal change dynamics exactly. The hemodynamic response varies consid-
erably in shape, latency, and with across regions, individuals, and voxels.
Better modeling of and accounting for the noise — mostly the physiologic
noise (which includes respiration, cardiac, respiration changes, etc.). This
noise is additionally problematic since it sets an upper bound on the temporal
signal-to-noise ratio (Bodurka et al. 2007; Triantafyllou et al. 2005). This upper
bound is about 100:1 (1% fluctuations).

Sensitivity limits:

Even though image signal-to-noise ratio can be as high as 800:1, we are currently
limited to a temporal signal-to-noise ratio of about 100:1 across all field strengths
(Bodurka et al. 2007). This limit is most strongly influenced by physiologic
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Fig. 6 The relationship between temporal SNR (y-axis) and image SNR (x-axis). If no physiologic
fluctuations exist, the relationship is a straight line — they would equal each other as shown in the
phantom data. In reality, the temporal SNR in gray matter plateaus around 100:1, as image SNR
continues to increase. The vertical lines indicate what is the “optimal” resolutions to scan at —
where temporal and spatial SNRs are highest and closest to each other. If one collects a time series
of images in which the temporal SNR is greater than 100, that person is throwing away signal
that could be translated into perhaps higher resolution. WM white matter, GM gray matter, CSF
cerebrospinal fluid. (Adapted from Bodurka et al. 2007.)

fluctuations that occur over time. A graphic illustration of this effect is shown
in Fig. 6, in which the temporal signal-to-noise ratio in gray matter is shown to
plateau, even as image signal-to-noise ratio continues to increase.

The functional contrast-to-noise ratio is about 4:1 at 3 Tand up to 5:1 at 7 T.

Sensitivity aspirations:

The goal is to achieve a temporal signal-to-noise ratio that matches the image
signal-to-noise ratio above 100:1. While many physiologic fluctuations can be
accounted for, to account for all nonneuronal fluctuations would require a much
higher sampling rate and better spatial and temporal modeling of the noise.
A temporal signal-to-noise ratio of 200:1 and a functional contrast-to-noise ratio
of 10:1 is likely to be achievable relatively soon.

Processing methods that take into account “patterns” of activation rather than
individual voxels as independent measures show considerable promise not only
for fMRI decoding efforts but also for increasing sensitivity (Kriegeskorte and
Bandettini 2007b; Kriegeskorte et al. 2006). These methods are still in their in-
fancy, and their potential is yet to be fully realized. Fundamentally, this will be
a paradigm shift in fMRI since, instead of looking for 1-cm “blobs” of activa-
tion, we will start looking for unique patterns of activation, across several spatial
scales — down to individual voxelwise patterns.
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3.4 Interpretation

A fundamental goal in fMRI is to be able to infer precisely where, when, and how
much neuronal activity is taking place in the brain on the basis of the measured
BOLD signal. This goal is problematic since BOLD changes depend on variables
other than neuronal activity itself, including hemodynamic coupling and volume
in each voxel. The hemodynamics vary from voxel to voxel, so even if studies
demonstrate that within a region there is a relationship between neuronal activity
and BOLD signal, this does not get any closer, in practice, to being able to say
that “neuronal activity is x in this voxel.” To do this, spatial calibration (voxelwise
calibration) of the hemodynamic response is necessary.

Progress has been made in at least confirming the BOLD signal change is a
reliable and a high enough fidelity measure of neuronal activation to be widely
used and depended on. Strategies for characterizing the relationship between neu-
ronal activity and BOLD signal changes have included (1) animal models and the
simultaneous use of other measures of neuronal activity such as multiunit elec-
trodes or more precise measures of hemodynamic changes, such as optical imaging:
(2) parametric modulation of magnitude or timing of activation in humans with
corresponding measurement of fMRI signal changes; (3) simultaneous measures of
neuronal activity (implanted electrode or electroencephalography, EEG) and fMRI
signal changes; (4) nonsimultaneous measures of neuronal activity (magnetoen-
cephalography, MEG; EEG) and fMRI signal changes; and (5) modeling of the
hemodynamic response and comparison with precise activation magnitude, timing,
or pharmacological manipulations.

Primary findings of these efforts have been BOLD signal changes appear to be
driven by synaptic activity, as indicated by field potentials, rather than spiking itself
(Viswanathan and Freeman 2007; Logothetis et al. 2001; Niessing et al. 2005), and
MEG coherence changes in the gamma frequency range correlate spatially with
fMRI signal changes (Muthukumaraswamy and Singh 2008; Singh et al. 2002).

Interpretation limits:

e Cannot differentiate inhibitory from excitatory activity.

e BOLD signal change is not a quantitative measure. Hemodynamic factors (base-
line blood volume, neurovascular coupling) influence location, magnitude, and
dynamics.

e Interpretation aspirations.

e Work has been progressing rapidly in the area of calibration. It will likely be
possible to perform a spatial calibration of BOLD signal using the resting state
fluctuation data (accompanied by a measurement of breathing depth using a chest
strap). This will not only increase spatial specificity but will also reduce intrasub-
ject variability and increase statistical power when averaging multisubject data.

e Convergent evidence from multimodal studies will continue to increase the
confidence in the fidelity of the relationship between BOLD signal and under-
lying neuronal activity. This will have direct impact on the clinical applications
of fMRI.
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4 What About Thinking?

What about thinking? A major theme in this book is the quest to understand think-
ing. The question that most reading this chapter will want to know the answer to is:
“What can fMRI, or more generally, neuroimaging, contribute to our pursuit of an
understanding of thinking?”” Does it really help to be able to look into the brain? To
borrow an analogy, can one really truly understand how computers work by opening
up a computer chassis and probing the components with a heat gun? Can identify-
ing the when, where, and how much in the brain provide enough information so that
we can begin, from this information, to derive principles of thinking? Even if we
had a perfect picture at infinite spatial and temporal resolution of what was actu-
ally happening in the brain during thought, would we even then begin to understand
thinking? Does it really matter what the limits of fMRI are with regard to answering
questions about thinking?

It seems apparent that to truly understand the brain, a much wider context (phys-
ical and evolutionary factors) needs to be considered. Thinking itself might some-
day be deconstructed into simple algorithms that can be carried out within different
media other than brains. Perhaps a simple model of interacting layers of neuronal
networks may emerge as being able to explain thought (Hawkins and Blakeslee
2004). It is my feeling that because thinking is a subjective process, it tends to be
shrouded in mystery, and potentially elevated to a status, either correctly or incor-
rectly, that defies understanding.

fMRI has been an extremely effective tool with regard to deepening our un-
derstanding of specific aspects of thinking. Specific regions, networks, dynamics,
and patterns have been revealed as they are associated with, among many other
processes, learning (Cabeza and Nyberg 2000; Peissig and Tarr 2007; Poznanski
and Riera 2006), working memory (Wager and Smith 2003), emotional process-
ing (Beauregard 2007; Singewald 2007; Wildgruber et al. 2006; Yurgelun-Todd and
Ross 2006; Zald 2003), moral judgment (Heekeren et al. 2003), sense of free will
(Brass and Haggard 2007; Goldberg et al. 2007), theory of mind (Gallagher et al.
2000; Saxe and Kanwisher 2003; Vogeley et al. 2001), deception (Langleben 2008;
Langleben et al. 2006; Phillips 2004), social interaction (Montague et al. 2002),
humor (Berns 2004; Moran et al. 2004; Watson et al. 2007; Wild et al. 2006), and
introspection (Goldberg et al. 2006).

At the end of the day, we might be able to then say that x network, on x spatial
scale, is directly related to say, theory of mind, willed action, and humor. So fMRI
reveals the functions of specific processing modules. Does this really tell us anything
that will help our understanding of thinking? Do we need to know what modules
overlap in function or how large they are or where they are located in the brain?
Does this information really matter? What spatial scale in the brain is the most
critical for the understanding of thinking? While all of our tools are able to probe
many different spatial scales, there are also many which have not been investigated
yet. Does this matter?

I believe that more will be understood about thinking once we can integrate data
across all temporal and spatial scales and use this information to construct testable
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models of thinking. The fMRI specific spatial scale of millimeters and a temporal
resolution, in most cases, of seconds is a relatively narrow temporal/spatial niche to
be studying how humans think.

The human thinking process has evolved as a strategy for human survival in very
specific context. One might say that how we see the world and, therefore, how we
think about the world, is highly tuned to the physical and social environment in
which we evolved. fMRI can tell us how the brain works on a very specific temporal
and spatial scale. It can certainly contribute to but not provide the whole story of
how we think. To answer this we need to draw upon not only the vast array of
imaging and behavioral measures, but also on data-driven models of how functional
units in the brain interact across spatial and temporal scales to create such emergent
activity such that human beings can see, hear, feel, move, react, solve problems,
create, learn, and introspect.

5 Further Information

MRI and fMRI basics:

e http://www.simplyphysics.com/MAIN.HTM
e http://defiant.ssc.uwo.ca/Jody_web/fmri4dummies.htm

Processing software:

e http://afni.nimh.nih.gov/afni: Analysis of Functional Neurolmages by Bob Cox,
NIMH

e http://www.bic.mni.mcgill.ca/software/: from the Brain Imaging Center at
McGill University

e http://grommit.Irdc.pitt.edu/fiswidgets/: a Java graphical user interface for a num-
ber of neuroimaging analysis packages

e http://brainmapping.loni.ucla.edu/BMD_HTML/SharedCode/SharedSoftware.
html: general analysis tools from UCLA brain imaging center

e http://www.mayo.edu/bir/Software/Analyze/Analyze.html: from the Mayo Clinic

e http://www.brainvoyager.com/: a commercial product from Brain Innovation
(Rainer Goebel)

e http://www.math.mcgill.ca/keith/fmristat/: a set of useful MATLAB programs
(Keith Worsley)

e http://www.fmrib.ox.ac.uk/fsl/: a comprehensive set of analysis programs (Steve
Smith, Oxford University)

Books:

e Introduction to Functional Magnetic Resonance Imaging: Principles and Tech-
niques, by Richard Buxton, Cambridge University Press, Cambridge, 2001

e Functional Magnetic Resonance Imaging, by Scott A. Huettel, Allen W. Song,
and Gregory McCarthy, Sinauer Associates, Sunderland, 2004
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e Functional MRI: An Introduction to Methods (Eds. Peter Jezzard, Paul
M. Mattthews, and Stephen M. Smith), Oxford University press, New York,
2003

e Functional MRI (Eds. Chrit Moonen and Peter A. Bandettini), Springer, Berlin,
1999

e Functional MRI: Basic Principles and Clinical Applications (Eds. Scott H. Faro,
and Feroze B. Mohamed), Springer, Berlin, 2005

fMRI course Web sites:

e http://www.nmr.mgh.harvard.edu/fmrivfp/
e http://www.firc.mcw.edu/course/

References

Amaro E, Williams SCR, Shergill SS, Fu CHY, MacSweeney M, Picchioni MM, Brammer MJ,
McGuire PK (2002) Acoustic noise and functional magnetic resonance imaging: current strate-
gies and future prospects. J Magn Reson Imaging 16:497-510

Bandettini PA (1999) The temporal resolution of functional MRI. In: Moonen C, Bandettini P (eds)
Functional MRI. Springer, Berlin Heidelberg New York, pp 205-220

Bandettini PA, Wong EC (1997) A hypercapnia-based normalization method for improved spatial
localization of human brain activation with fMRI. NMR Biomed 10:197-203

Bandettini PA, Wong EC, Hinks RS, Tikofsky RS, Hyde JS (1992) Time course EPI of human
brain-function during task activation. Magn Reson Med 25:390-397

Bandettini PA, Petridou N, Bodurka J (2005) Direct detection of neuronal activity with MRI: fan-
tasy, possibility, or reality? Appl Magn Reson 29:65-88

Beauregard M (2007) Mind does really matter: evidence from neuroimaging studies of emotional
self-regulation, psychotherapy, and placebo effect. Prog Neurobiol 81:218-236

Bellgowan PSF, Saad ZS, Bandettini PA (2003) Understanding neural system dynamics through
task modulation and measurement of functional MRI amplitude, latency, and width. Proc Natl
Acad Sci U S A 100:1415-1419

Bellgowan PSF, Bandettini PA, Van Gelderen P, Martin A, Bodurka J (2006) Improved BOLD
detection in the medial temporal region using parallel imaging and voxel volume reduction.
Neuroimage 29:1244-1251

Belliveau JW, Kennedy DN, McKinstry RC, Buchbinder BR, Weisskoff RM, Cohen MS, Vevea
JM, Brady TJ, Rosen BR (1991) Functional mapping of the human visual-cortex by magnetic-
resonance-imaging. Science 254:716-719

Berns GS (2004) Something funny happened to reward. Trends Cogn Sci 8:193-194

Binder JR, Rao SM, Hammeke TA, Frost JA, Bandettini PA, Hyde JS (1994) Effects of stimu-
lus rate on signal response during functional magnetic-resonance-imaging of auditory-cortex.
Cogn Brain Res 2:31-38

Binder JR, Frost JA, Hammeke TA, Bellgowan PSF, Rao SM, Cox RW (1999) Conceptual pro-
cessing during the conscious resting state: a functional MRI study. J Cogn Neurosci 11:80-93

Birn RM, Bandettini PA (2005) The effect of stimulus duty cycle and “off”” duration on BOLD
response linearity. Neuroimage 27:70-82

Birn RM, Smith MA, Jones TB, Bandettini PA (2008) The respiration response function: the
temporal dynamics of fMRI signal fluctuations related to changes in respiration. Neuroimage
40:644-654

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995). Functional connectivity in the motor cortex
of resting human brain using echo-planar MRI. Magn Reson Med 34:537-541



34 P.A. Bandettini

Blamire AM, Ogawa S, Ugurbil K, Rothman D, McCarthy G, Ellermann JM, Hyder F, Rattner Z,
Shulman RG (1992) Dynamic mapping of the human visual-cortex by high-speed magnetic-
resonance-imaging. Proc Natl Acad Sci U S A 89:11069-11073

Bodurka J, Ye F, Petridou N, Murphy K, Bandettini A (2007) Mapping the MRI voxel volume
in which thermal noise matches physiological noise — implications for fMRI. Neuroimage
34:542-549

Brass M, Haggard P (2007) To do or not to do: the neural signature of self-control. J Neurosci
27:9141-9145

Braver T, Reynolds JR, Donaldson DI (2003) Neural mechanisms of transient and sustained cog-
nitive control during task switching, Neuron 39:713-726

Buchel C, Friston KJ (1998) Dynamic changes in effective connectivity characterized by variable
parameter regression and Kalman filtering. Hum Brain Mapp 6:403—408

Buckner RL, Bandettini PA, Ocraven KM, Savoy RL, Petersen SE, Raichle ME, Rosen BR (1996)
Detection of cortical activation during averaged single trials of a cognitive task using functional
magnetic resonance imaging. Proc Natl Acad Sci U S A 93:14878-14883

Buracas GT, Liu TT, Buxton RB, Frank LR, Wong EC (2008) Imaging periodic currents using
alternating balanced steady-state free precession. Magn Reson Med 59:140-148

Buxton RB, Frank LR (1997) A model for the coupling between cerebral blood flow and oxygen
metabolism during neural stimulation. J Cereb Blood Flow Metab 17:64-72

Buxton RB, Uludag K, Dubowitz DJ, Liu TT (2004) Modeling the hemodynamic response to brain
activation. Neuroimage 23:5220-S233

Cabeza R, Nyberg L (2000) Imaging cognition II: an empirical review of 275 PET and fMRI
studies. J Cogn Neurosci 12:1-47

Cassara AM, Hagberg GE, Bianciardi M, Migliore M, Maraviglia B (2008) Realistic simulations
of neuronal activity: a contribution to the debate on direct detection of neuronal currents by
MRI. Neuroimage 39:87-106

Cheng K, Waggoner RA, Tanaka K (2001) Human ocular dominance columns as revealed by high-
field functional magnetic resonance imaging. Neuron 32:359-374

Chiarelli PA, Bulte DP, Wise R, Gallichan D, Jezzard P (2007) A calibration method for quantita-
tive BOLD fMRI based on hyperoxia. Neuroimage 37:808-820

Cohen ER, Rostrup E, Sidaros K, Lund TE, Paulson OB, Ugurbil K, Kim SG (2004) Hypercapnic
normalization of BOLD fMRI: comparison across field strengths and pulse sequences. Neu-
roimage 23:613-624

Courtney SM, Ungerleider BG, Keil K, Haxby JV (1997) Transient and sustained activity in a
distributed neural system for human working memory. Nature 386:608—-611

Cox DD, Savoy RL (2003) Functional magnetic resonance imaging (fMRI) “brain reading”: detect-
ing and classifying distributed patterns of fMRI activity in human visual cortex. Neuroimage
19:261-270

Cox RW, Jesmanowicz A, Hyde JS (1995) Real-time functional magnetic-resonance-imaging.
Magn Reson Med 33:230-236

Dale AM, Buckner RL (1997) Selective averaging of rapidly presented individual trials using
fMRI. Hum Brain Mapp 5:329-340

Davis TL, Kwong KK, Weisskoff RM, Rosen BR (1998) Calibrated functional MRI: mapping the
dynamics of oxidative metabolism. Proc Natl Acad Sci U S A 95:1834-1839

DeCharms RC, Maeda F, Glover GH, Ludlow D, Pauly JM, Soneji D, Gabrieli JDE, Mackey SC
(2005) Control over brain activation and pain learned by using real-time functional MRI. Proc
Natl Acad Sci U S A 102:18626-18631

Deyoe EA, Bandettini P, Neitz J, Miller D, Winans P (1994) Functional magnetic-resonance-
imaging (FMRI) of the human brain. J Neurosci Methods 54:171-187

De Zwart JA, Ledden PJ, Van Gelderen P, Bodurka J, Chu R, Duyn JH (2004) Signal-to-noise ratio
and parallel imaging performance of a 16-channel receive-only brain coil array at 3.0 tesla.
Magn Reson Med 51:22-26

Edmister WB, Talavage TM, Ledden PJ, Weisskoff RM (1999) Improved auditory cortex imaging
using clustered volume acquisitions. Hum Brain Mapp 7:89-97



Functional MRI Limitations and Aspirations 35

Engel SA, Rumelhart DE, Wandell BA, Lee AT, Glover GH, Chichilnisky EJ, Shadlen MN (1994)
FMRI of human visual-cortex. Nature 369:525

Engel SA, Glover GH, Wandell BA (1997) Retinotopic organization in human visual cortex and
the spatial precision of functional MRI. Cereb Cortex 7:181-192

Fukuda M, Moon CH, Wang P, Kim SG (2006) Mapping iso-orientation columns by contrast agent-
enhanced functional magnetic resonance imaging: reproducibility, specificity, and evaluation
by optical imaging of intrinsic signal. J Neurosci 26:11821-11832

Gallagher HL, Happe F, Brunswick N, Fletcher PC, Frith U, Frith CD (2000) Reading the mind
in cartoons and stories: an fMRI study of ‘theory of mind’ in verbal and nonverbal tasks. Neu-
ropsychologia 38:11-21

Goldberg II, Harel M, Malach R (2006) When the brain loses its self: prefrontal inactivation during
sensorimotor processing. Neuron 50:329-339

Goldberg I, Ullman S, Malach R (in press) Neuronal correlates of “free will” are associated with
regional specialization in the human intrinsic/default network. Consciousness Cogn

Goodyear BG, Menon RS (2001) Brief visual stimulation allows mapping of ocular dominance in
visual cortex using fMRI. Hum Brain Mapp 14:210-217

Grill-Spector K, Malach R (2001) fMR-adaptation: a tool for studying the functional properties of
human cortical neurons. Acta Psychol 107:293-321

Handwerker DA, Gazzaley A, Inglis BA, D’Esposito M (2007) Reducing vascular variability of
fMRI data across aging populations using a breathholding task. Hum Brain Mapp 28:846—-859

Hawkins J, Blakeslee S (2004) On intelligence. Holt, New York

Haxby JV, Gobbini MI, Furey ML, Ishai A, Schouten JL, Pietrini P (2001) Distributed and over-
lapping representations of faces and objects in ventral temporal cortex. Science 293:2425-2430

Haynes JD, Rees G (2005a) Predicting the orientation of invisible stimuli from activity in human
primary visual cortex. Nat Neurosci 8:686-691

Haynes JD, Rees G (2005b) Predicting the stream of consciousness from activity in human visual
cortex. Curr Biol 15:1301-1307

Haynes JD, Lotto RB, Rees G (2004) Responses of human visual cortex to uniform surfaces. Proc
Natl Acad Sci U S A 101:4286-4291

Haynes JD, Driver J, Rees G (2005) Visibility reflects dynamic changes of effective connectivity
between V1 and fusiform cortex. Neuron 46:811-821

Heekeren HR, Wartenburger I, Schmidt H, Schwintowski HP, Villringer A (2003) An fMRI study
of simple ethical decision-making. Neuroreport 14:1215-1219

Hennig J, Janz C, Speck O, Ernst T (1997) Is there a different type of MR-contrast in the early
phase of functional activation? Adv Exp Med Biol 2:35-42

Henson RNA, Price CJ, Rugg MD, Turner R, Friston KJ (2002) Detecting latency differences in
event-related BOLD responses: application to words versus nonwords and initial versus re-
peated face presentations. Neuroimage 15:83-97

Hoge RD, Atkinson J, Gill B, Crelier GR, Marrett S, Pike GB (1999) Investigation of BOLD signal
dependence on cerebral blood flow and oxygen consumption: the deoxyhemoglobin dilution
model. Magn Reson Med 42:849-863

Hu XP, Le TH, Ugurbil K (1997) Evaluation of the early response in fMRI in individual subjects
using short stimulus duration. Magn Reson Med 37:877-884

Jochimsen TH, Norris DG, Mildner T, Moller HE (2004) Quantifying the intra- and extravascular
contributions to spin-echo fMRI at 3 T. Magn Reson Med 52:724-732

Kamitani Y, Tong F (2005) Decoding the visual and subjective contents of the human brain. Nat
Neurosci 8:679-685

Kay KN, Naselaris T, Prenger RJ, Gallant JL (2008) Identifying natural images from human brain
activity. Nature 452:352-355

Kim SG, Richter W, Ugurbil K (1997) Limitations of temporal resolution in functional MRI. Magn
Reson Med 37:631-636

Kraus RH Jr, Volegov P, Matlachov A, Espy M (2008) Toward direct neural current imaging by
resonant mechanisms at ultra-low field. Neuroimage 39:310-317

Kriegeskorte N, Bandettini P (2007a) Analyzing for information, not activation, to exploit high-
resolution fMRI. Neuroimage 38:649-662



36 P.A. Bandettini

Kriegeskorte N, Bandettini P (2007b) Combining the tools: activation- and information-based
fMRI analysis. Neuroimage 38:666—668

Kriegeskorte N, Goebel R, Bandettini P (2006) Information-based functional brain mapping. Proc
Natl Acad Sci U S A 103:3863-3868

Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, Poncelet BP, Kennedy DN,
Hoppel BE, Cohen MS, Turner R, Cheng HM, Brady TJ, Rosen BR (1992) Dynamic magnetic-
resonance-imaging of human brain activity during primary sensory stimulation. Proc Natl Acad
Sci U S A 89:5675-5679

Langleben DD (2008) Detection of deception with fMRI: Are we there yet? Leg Criminol Psychol
13:1-9

Langleben DD, Dattilio FM, Guthei TG (2006) True lies: delusions and lie-detection technology.
J Psychiatry Law 34:351-370

Le Bihan D, Urayama SI, Aso T, Hanakawa T, Fukuyama H (2006) Direct and fast detection of
neuronal activation in the human brain with diffusion MRI. Proc Natl Acad Sci USA 103:8263—
8268

Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001) Neurophysiological investiga-
tion of the basis of the fMRI signal. Nature 412:150-157

Logothetis NK, Merkle H, Augath M, Trinath T, Ugurbil K (2002) Ultra high-resolution fMRI in
monkeys with implanted RF coils. Neuron 35:227-242

Lu HZ, Golay X, Pekar JJ, van Zijll PCM (2003) Functional magnetic resonance Imaging based
on changes in vascular space occupancy. Magn Reson Med 50:263-274

Malonek D, Grinvald A (1996) Interactions between electrical activity and cortical microcircu-
lation revealed by imaging spectroscopy: implications for functional brain mapping. Science
272:551-554

Mandelkow H, Halder P, Brandeis D, Soellinger M, de Zanche N, Luechinger R, Boesiger P (2007)
Heart beats brain: the problem of detecting alpha waves by neuronal current imaging in joint
EEG-MRI experiments. Neuroimage 37:149-163

Matheiesen C, Caesar K, Akgoren N, Lauritzen M (1998) Modification of activity-dependent in-
creases of cerebral blood flow by excitatory synaptic activity and spikes in rat cerebellar cortex.
J Physiol 512:555-566

Matlachov AN, Volegov PL, Zotev VS, Espy MA, Mosher JC, Kraus RH Jr (2007) Using ultra-
low field nuclear magnetic resonance for direct neural current measurements. Int Congr Ser
1300:582-585

McCarthy G, Luby M, Gore J, GoldmanRakic P (1997) Infrequent events transiently acti-
vate human prefrontal and parietal cortex as measured by functional MRI. J Neurophysiol
77:1630-1634

Menon RS, Ogawa S, Ugurbil K (1995) High-temporal-resolution studies of the human primary
visual-cortex at 4 T — teasing out the oxygenation contribution in FMRI. Int J Imaging Syst
Technol 6:209-215

Menon RS, Ogawa S, Strupp JP, Ugurbil K (1997) Ocular dominance in human V1 demonstrated
by functional magnetic resonance imaging. J Neurophysiol 77:2780-2787

Menon RS, Luknowsky DC, Gati JS (1998) Mental chronometry using latency-resolved functional
MRI. Proc Natl Acad Sci U S A 95:10902—-10907

Moeller S, Van De Moortele PF, Goerke U, Adriany G, Ugurbil K (2006) Application of parallel
imaging to fMRI at 7 tesla utilizing a high 1D reduction factor. Mag Reson Med 56:118-129

Montague PR, Berns GS, Cohen JD, McClure SM, Pagnoni G, Dhamala M, Wiest MC, Karpov I,
King RD, Apple N, Fisher RE (2002) Hyperscanning: simultaneous fMRI during linked social
interactions. Neuroimage 16:1159-1164

Moon C.-H, Fukuda M, Park S.-H, Kim S.-G (2007a) Neural interpretation of blood oxygena-
tion level-dependent fMRI maps at submillimeter columnar resolution. J Neurosci 27(26):
6892-6902

Moon CH, Fukuda M, Park SH, Kim SG (2007b) Neural interpretation of blood oxygenation level-
dependent fMRI maps at submillimeter columnar resolution. J Neurosci 27:6892—-6902

Moran JM, Wig GS, Adams RB Jr, Janata P, Kelley WM (2004) Neural correlates of humor detec-
tion and appreciation. Neuroimage 21:1055-1060



Functional MRI Limitations and Aspirations 37

Murphy K, Bodurka J, Bandettini PA (2007) How long to scan? The relationship between fMRI
temporal signal to noise ratio and necessary scan duration. Neuroimage 34:565-574

Muthukumaraswamy SD, Singh KD (2008) Spatiotemporal frequency tuning of BOLD and gamma
band MEG responses compared in primary visual cortex. Neuroimage 40:1552-1560

Niessing J, Ebisch B, Schmidt KE, Niessing M, Singer W, Galuske RAW (2005) Hemodynamic
signals correlate tightly with synchronized gamma oscillations. Science 309:948-951

Ogawa S, Lee TM (1990) Magnetic-resonance-imaging of blood-vessels at high fields — invivo and
invitro measurements and image simulation. Magn Reson Med 16:9-18

Ogawa S, Lee TM, Kay AR, Tank DW (1990a) Brain magnetic-resonance-imaging with contrast
dependent on blood oxygenation. Proc Natl Acad Sci U S A 87:9868-9872

Ogawa S, Lee TM, Nayak AS, Glynn P (1990b) Oxygenation-sensitive contrast in magnetic-
resonance image of rodent brain at high magnetic-fields. Magn Reson Med 14:68-78

Ogawa S, Tank DW, Menon R, Ellermann JM, Kim SG, Merkle H, Ugurbil K (1992) Intrinsic
signal changes accompanying sensory stimulation — functional brain mapping with magnetic-
resonance-imaging. Proc Natl Acad Sci U S A 89:5951-5955

Ogawa S, Menon RS, Tank DW, Kim SG, Merkle H, Ellermann JM, Ugurbil K (1993) Functional
brain mapping by blood oxygenation level-dependent contrast magnetic-resonance-imaging —
a comparison of signal characteristics with a biophysical model. Biophys J 64:803-812

Ogawa S, Lee TM, Stepnoski R, Chen W, Zhuo XH, Ugurbil K (2000) An approach to probe some
neural systems interaction by functional MRI at neural time scale down to milliseconds. Proc
Natl Acad Sci U S A 97:11026-11031

Park TS, Lee SY (2007) Effects of neuronal magnetic fields on MRI: numerical analysis with axon
and dendrite models. Neuroimage 35:531-538

Park TS, Lee SY, Park JH, Lee SY (2004) Effect of nerve cell currents on MRI images in snail
ganglia. Neuroreport 15:2783-2786

Parkes LM, De Lange FP, Fries P, Toni I, Norris DG (2007) Inability to directly detect magnetic
field changes associated with neuronal activity. Magn Reson Med 57:411-416

Peissig JJ, Tarr MJ (2007) Visual object recognition: Do we know more now than we did 20 years
ago? Annu Rev Psychol 58:75-96

Phillips H (2004) Private thoughts, public property. New Sci 183:38—41

Poznanski RR, Riera JJ (2006) fMRI models of dendritic and astrocytic networks. J Integr Neurosci
5:273-326

Preibisch C, Wallenhorst T, Heidemann R, Zanella FE, Lanfermann H (2008) Comparison of paral-
lel acquisition techniques generalized autocalibrating partially parallel acquisitions (GRAPPA)
and modified sensitivity encoding (mSENSE) in functional MRI (fMRI) at 3T. J] Magn Reson
Imaging 27:590-598

Raichle M, Snyder A (2007) A default mode of brain function: a brief history of an evolving idea.
Neuroimage 37:1083-1090

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL (2001) A default
mode of brain function. Proc Natl Acad Sci U S A 98:676-682

Rao SM, Bandettini PA, Binder JR, Bobholz JA, Hammeke TA, Stein EA, Hyde JS (1996) Re-
lationship between finger movement rate and functional magnetic resonance signal change in
human primary motor cortex. J Cereb Blood Flow Metab 16:1250-1254

Richter W, Ugurbil K, Georgopoulos A, Kim SG (1997) Time-resolved fMRI of mental rotation.
Neuroreport 8:3697-3702

Saxe R, Kanwisher N (2003) People thinking about thinking people: the role of the temporo-
parietal junction in “theory of mind”. Neuroimage 19:1835-1842

Sereno MI, Dale AM, Reppas JB, Kwong KK, Belliveau JW, Brady TJ, Rosen BR, Tootell RBH
(1995) Borders of multiple visual areas in humans revealed by functional magnetic-resonance-
imaging. Science 268:889-893

Shmuel A, Yacoub E, Pfeuffer J, Van de Moortele PF, Adriany G, Hu XP, Ugurbil K (2002) Sus-
tained negative BOLD, blood flow and oxygen consumption response and its coupling to the
positive response in the human brain. Neuron 36:1195-1210



38 P.A. Bandettini

Shmuel A, Yacoub E, Chaimow D, Logothetis NK, Ugurbil K (2007) Spatio-temporal point-spread
function of fMRI signal in human gray matter at 7 tesla. Neuroimage 35:539-552

Singewald N (2007) Altered brain activity processing in high-anxiety rodents revealed by challenge
paradigms and functional mapping. Neurosci Biobehav Rev 31:18-40

Singh M, Sungkarat W (2005) A novel approach to image neural activity directly by MRI. Proc
SPIE 5746 (1), art. no. 15, 109-118

Singh KD, Barnes GR, Hillebrand A, Forde EME, Williams AL (2002) Task-related changes in
cortical synchronization are spatially coincident with the hemodynamic response. Neuroimage
16:103-114

Smirnakis SM, Schmid MC, Weber B, Tolias AS, Augath M, Logothetis NK (2007) Spatial speci-
ficity of BOLD versus cerebral blood volume fMRI for mapping cortical organization. J Cereb
Blood Flow Metab 27:1248-1261

Thomason ME, Foland LC, Glover GH (2007) Calibration of BOLD fMRI using breath holding
reduces group variance during a cognitive task. Hum Brain Mapp 28:59-68

Triantafyllou C, Hoge RD, Krueger G, Wiggins CJ, Potthast A, Wiggins GC, Wald LL (2005)
Comparison of physiological noise at 1.5 T, 3 T and 7 T and optimization of fMRI acquisition
parameters. Neuroimage 26:243-250

Truong TK, Avram A, Song AW (2008) Lorentz effect imaging of ionic currents in solution.
J Magn Reson 191:93-99

Turner R, Lebihan D, Moonen CTW, Despres D, Frank J (1991) Echo-planar time course MRI of
cat brain oxygenation changes. Magn Reson Med 22:159-166

Viswanathan A, Freeman RD (2007) Neurometabolic coupling in cerebral cortex reflects synaptic
more than spiking activity. Nat Neurosci 10:1308-1312

Vogeley K, Bussfeld P, Newen A, Herrmann S, Happe F, Falkai P, Maier W, Shah NJ, Fink GR,
Zilles K (2001) Mind reading: neural mechanisms of theory of mind and self-perspective. Neu-
roimage 14:170-181

Wager TD, Smith EE (2003) Neuroimaging studies of working memory: a meta-analysis. Cogn
Affect Behav Neurosci 3:255-274

Wang JJ, Aguirre GK, Kimberg DY, Roc AC, Li L, Detre JA (2003) Arterial spin labeling perfusion
AM with very low task frequency. Magn Reson Med 49:796-802

Watson KK, Matthews BJ, Allman JM (2007) Brain activation during sight gags and language-
dependent humor. Cereb Cortex 17:314-324

Wild B, Rodden FA, Rapp A, Erb M, Grodd W, Ruch W (2006) Humor and smiling: cortical
regions selective for cognitive, affective, and volitional components. Neurology 66:887-893

Wildgruber D, Ackermann H, Kreifelts B, Ethofer T (2006) Cerebral processing of linguistic and
emotional prosody: fMRI studies. Prog Brain Res 156:249-268

Williams DS, Detre JA, Leigh JS, Koretsky AP (1992) Magnetic-resonance-imaging of perfusion
using spin inversion of arterial water. Proc Natl Acad Sci U S A 89:212-216

Xiong J, Fox PT, Gao JH (2003) Directly mapping magnetic field effects of neuronal activity by
magnetic resonance imaging. Hum Brain Mapp 20:41-49

Yablonskiy DA, Ackerman JJH, Raichle ME (2000a) Erratum: Coupling between changes in
human brain temperature and oxidative metabolism during prolonged visual stimulation.
Proc Natl Acad Sci U S A 97:9819

Yablonskiy DA, Ackerman JJH, Raichle ME (2000b) Coupling between changes in human brain
temperature and oxidative metabolism during prolonged visual stimulation. Proc Natl Acad Sci
o U S A 97:7603-7608

Yacoub E, Ugurbil K, Harel N (2006) Detection of orientation specific activation zones in human
V1 using fMRI. Paper presented at the ISMRM 14th Scientific Meeting, Seattle

Yacoub E, Shmuel A, Logothetis N, Ugurbil K (2007) Robust detection of ocular dominance
columns in humans using Hahn spin echo BOLD functional MRI at 7 tesla. Neuroimage
37:1161-1177

Yurgelun-Todd DA, Ross AJ (2006) Functional magnetic resonance imaging studies in bipolar
disorder. CNS Spectr 11:287-297

Zald DH (2003) The human amygdala and the emotional evaluation of sensory stimuli. Brain Res
Rev 41:88-123



