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The idea of using magnetic resonance imaging (MRI) to assess 11uma11 brain 
activation noninvasively, rapidly, and with relatively high spatial resolution, 
was, before 1990, pure fantasy. The arrival of fu~lctional MRI (fMRI) 
was tmarked by the publication of the groundbreaking paper by Belliveau 
et al. (1991) in November of 1991. Although innovative and generat- 
ing considerable excitenlent, the "Belliveau technique," which involved 
two bolus injections of gadolinium-DTPA to characterize blood volulne 
changes with activation, was effectively made obsolete as a brain activation 
assessment nlethod by the time it was published. It was replaced by a 
completely noninvasive MRI-based techniq~le using endogenous functional 
contrast associated with localized changes in blood oxygenation during 
activation. 

Between the late spring and early fall of 1991, the first successful 
experiments were carried out a t  the Massachusetts General Hospital (May), 
University of Minnesota (June), and Medical College of Wisconsin (Sep- 
tember) using endogenous MRI contrast to  assess brain activation. These 
experilnents were published within two weeks of each other in the early 
sunliner of 1992. 

The mechanisll1 of endogenous conti-ast on which the activation 
assessluents were based was pioneered by Ogawa et al. (1990), who coined 
the tern1 blood oxygenation level-dependent (BOLD),  and by Turner et al. 
(1991), who discovered the contrast while searching for changes in the dif- 
fusion coefficient anlong apnea patients. I11 a prescient comment in 1990- 
two years before the first successful experiinents were published and about 
a year before the first successful experiments were performed-Ogawa 
et al. (1990) predicted the beginning of a new method to assess brain 
activation. 

A still earlier brain study using positron-emission tomography (PET; 
Fox and Raichle, 1986) had denlonstrated an activation-induced decrease 
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in the oxygen extraction fraction, thus predicting an increase in the MRI 
signal with activation. And, indeed, as researchers would find, the BOLD 
fMRI signal did increase with an increase in brain activation. 

Another noninvasive fMRI technique, emerging almost simultane- 
ously with BOLD fMRI, is k ~ l o w ~ l  as "arterial spin labeling" (ASL; Willianls 
et al., 1992). The contrast in ASL arises from cerebral blood flow and per- 
fusion, independent of blood oxygenation. Other techniques, allowing non- 
invasive assessment of activation-i~~duced changes in cerebral blood volume 
(Lu et al., 2003) and oxidative metabolic rate (Davis et al., 1998; Hoge et 
al., 1999) have since been developed. 

BOLD fMRI is currelltly the brain activation-mappi~~g method of 
choice for almost all neurosciei~tists because it is easiest to implelnent and 
the functional contrast to noise is 2 to 4 tinles higher than the other 
methods. Functional contrast to noise (defined as the ratio of signal change 
to background fluctuations) ranges from 2 to about 6 a t  higher field 
strengths when BOLD contrast is used. Currently, the need for seilsitivity 
outweighs the need for specificity, stability over long periods of time, quan- 
titation, or baseline state inforn~ation-all of which are advantages inher- 
ent to ASL, and all of which come at the price of sensitivity. 

Since these first discoveries, hardware, methodology, signal inter- 
pretability, and applications have been advancing synergistically. Advances 
in I~ardware include scanners with increased nlaglletic field strength, 
illlproved radiofrequency coils, and subject interface devices; those in 
metl~odology include pulse sequences, postprocessing, ~llultinlodal integra- 
tion, and illlproved paradignl design. Advances in signal interpretability 
include inlproved ~lnderstanding of the relationship between u~lderlying 
neuronal activity, on the one hand, and simultaneous direct measures of 
~leuronal activity and precise inodulation of its dynaillics and luagnitudes 
obtained through use of BOLD fMRI, on the other; in applicatio~ls, 
advances have been directed both a t  ullderstandii~g brain orgailization and 
at conlple~neilting clinical diagnoses and characterizing neilrological and 
psychiatric disorders. Generally, advances in any one of these domains have 
furthered advances in the others; the needs of one domain have in ~ n a n y  
instances driven t l ~ e  developnlent of the others. (This exciting, highly inter- 
disciplinary coevolutio~l is described in the "Development" section.) 

Even though fMRI is nearly 15 years old, urlki low~~s remain regard- 
ing the physiological and biophysical factors itlfl~lencing fMRI signal 
changes. New insights into the pri~lciples of BOLD a ~ l d  other fMR1 con- 
trast i~~echanisms as well as image acquisitiol~ and postprocessing are pub- 
lished at a steady rate. (The latest i~lforn~atioil  regarding the acquisition, 



Functional A4agnetic Resonance Imaging 

processing, and interpretation of fMRI signal changes is presented in the 
"Principles" section.) 

Functional MRI is continually being sl~aped by innovations in hard- 
ware, metl~odology, interyretatio~~, and applications. Scanner field strength 
and image acquisit io~~s hardware grow ever more sophisticated-allowing 
greater sensitivity, speed of acq~iisition, and resolution. Paradigm design 
and postprocessing methods contitlually evolve as applications demand. 
New 111ethods for integrating fMRI with other brain activation assess~nent 
tecl~niques have emerged, allowing more precise interpretation of fMRI 
signal changes and introducing novel applications. Although most fMRI 
applicatio~ls remain in the research domain, with conti~lui~lg improvements 
in robustness and interpretability, especially in regard to activation maps 
and signal change dynamics of specific patient populations, flMRI is poised 
to make a cli~lical impact as well. (All these topics are covered, and high- 
lights of fMRI development described, in the "Development" section.) 

That the sources of contrast in functio~lal MRI-cerebral blood flow, 
volume, and oxygenation changes-are secondary to brain activation places 
an inherent li~nitation on the upper spatial and te~llporal resolution and on 
the interpretability of the technique. Other fMRI limitations include sensi- 
tivity to subject motion, signal dropout in specific regions, and temporal 
instability within and across scanning sessions. (These limitations are 
described, and to overconle them outlined, methods in the "Limitations" 
section.) 

The scope and success of the best fMRI research and applications are 
defined by how well the paradigms, processing, and inrelyretation of results 
are integrated with other brain function assessment techniques. This inte- 
gration has yielded far greater insights into human brain function t11an any 
that fMRI could provide on its own. Techniques successfully integrated wit11 
fMRI include bel~avioral measuses, electroencephalogri~pl~y (EEG), magne- 
toencepl~alography (MEG), pl~ysiological measurements, optical imaging, 
electrophysiologica1 measurements, and transcranial magnetic stimulation 
(TMS). (The basics of hour these techniques are used in conjui~ction with 
flMRI, and of the insights gained, are presented in the "Integration" 
section.) 

Development 

It is important first to put fMR1 development in context. 111 199 1,  brain 
activation studies were being pel-formed by a handful of groups ~ising tech- 
niques involving ionizing radiation or electroencephalogr,?pl~~~. Although 
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these techtliques are still quite usefill today, providing conlplementary infor- 
mation, functional MRI, as it came into coinnlon use in the early nineties, 
represe~lted a huge leap in ease and flexibility of brain-mapping experi- 
mentation. After 1992, investigators undertaking brain activation studies 
had simply to put their subjects in the scanner, have them perform a task 
during time series image collection, and look for MRI changes. This proved 
to be both a blessing and a curse for the burgeoning brain-111apping 
community. 

On  the "curse" side, easy access to this powerful tool has given rise 
to Inany poorly planned, executed, and ailalyzed experiments filled with 
overi~~terpretatioll of artifactual signal cha~lges (although fewer today, with 
rapid inlprovernents in the collective expertise of the inlaging community). 
Illoreover, the frantic rush to pick the scientific "low-hanging fruit" that 
began in earnest with the i~ltroduction of functiollal imaging continues in 
Inany contexts today. Most fMRI researchers, il~yself included, have been 
caught up in the exciting sense of urgency to use this extraordinarily pow- 
erful technique, whose potential we have only glimpsed. 

O n  the "blessing" side, however, fMRI has brought unique insights 
into how the human brain is organized, how it changes over time  fro^^ 
seconds to years) and varies across populations, and has steadily advanced 
our understanding of hullla11 cognition. Most important, it has given rise 
to a illuch larger collective effort towal-d using brain-mapping technology 
for research-and to the start of an effort toward applying fMRI to diag- 
nose and treat clinical populations. 

Circa 1992, only a handful of laboratories could perfor111 fMRI: it 
required not only an MRI scanner but also the capability of perfor~ning 
high-speed MRI-ktlown as "echo planar imaging" (EPI). With EPI, neu- 
roinlagers could collect an entire image (or "plane") with the use of a single 
radio frequency (RF) pulse and subseque~lt signal "echo," hence the name 
"echo planar" Typical clinical MRI sequences use at least 128RF pulses 
for a single image. One pulse typically yields a "line" of data. To collect an 
image with one RF pulse requires that the i~naging gradients (used to sya- 
tially encode the data and thus to create an image) be oscillated very rapidly 
since the usable signal only lasts for a bout 100 msec. Because a waiting 
period is required between RF pulses, called the "repetition time" (TR- 
typically 100 lnsec to 2 sec), and also because clinical iinages typically have 
at least 128 lines, sucll an image takes on the order of several seconds to 
several ~ninutes to collect. An important point is that not only do cli~lical 
inlages take time, but because of signal fluctuatio~ls with repeated collec- 
tion of the saine image, their temporal stability is relatively low, wit11 cardiac 
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and respiratory effects producing nonrepeatable image artifacts. Collecting 
an entire image in 30msec with EPI, however, "freezes" these physiologi- 
cal processes, causing artifacts to be inore or less precisely replicated 
from image to inlage over time (with some exceptions)-thus substantially 
increasing temporal stability. It should be noted that, although some early 
studies adopted artifact correction strategies that used non-EPI techniques, 
using EPI and, nlore generally, "single-shot" techniques using one RF pulse 
per image is the most con~mon and successful strategy. Hardware for per- 
forrnirlg EPI was not available on clinical systems until about 1996. Before 
that time, centers that performed EPI inade use of low-inductance gradient 
coils built in-house or, if they were fortunate enough collaborated with 
small conlpallies whose systems, also built in-house, allowed rapid gradi- 
ent switching. Hardware availability remains an issue to this day. The lllost 
innovative technology for performing fMRI is at least several years ahead 
of what is available on clinical scanners. Because functional MRI relnains 
a noi~clinical technique, vendors sirnply choose to apply their research and 
develoyl~~ent efforts elsewhere. This is certain to change when fMRI's clin- 
ical utility beco~nes nlore apparent. 

Figure 9.1 shows the results of a science citation index reference search 
on fMRI-related papers published since 1992. The number of papers pub- 
lished appears to grow expo~lentially until 2001, before dropping into a 
steep, but arching second phase of growth fro111 2002 on. Papers published 
before 1996 were typically performed on systelns developed in-house. After 
1996, the iluillber of groups performing fMRI expanded rapidly. To add a 
dimension of perspective to this plot, table 9.1 shows a list of the fifty most 

Year 

Figure 9.1 
Bar graph of the approximate number of fMRI papers published, 1-1s determined by 
a Medlitle search for the keywords "fI\lRI" or  "functional IMRI" after 1993. 
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Table 9.1 
Fifty lllost frequently cited payers on functional MRI (as of Decelnber 2004) 

Citations Total 
Rank per Year Citations Authors Type 

Kwong et al., 1992 
Logothetis et at., 2001 
Cabeza and Npberg, 2000 
Ogawa et al., 1992 
I<anwisher et al., 1997 
Bandettini et al., 1993 
Bush et a]., 2000 
Carter et al., 1998 
Egan et al., 2001 
Colien et al., 1997 
Cox, 1996 
Martin et al., 1996 
Belliveau et a]., 199 1 
Bandettini et at., 1992 
Sereno et al., 1995 
Wagtler et al., 1998 
Whalen et nl., 1998 
Wot*sle!l et ;I]., 1996 
Corbetta et al., 2000 
O'Doherty et al., 2001 
Egatl et al., 2003 
Fletcher a n d  Henson, 200 1 
Tootell et al., 1995 
Shay~vitz et al., 1995 
Worsley and Friston, 1995 
Pellel-in and Magistsetti, 1994 
Breiter et at., 1996 
Binder et al., 1997 
Braver et at., 1997 
D'Esposito et nl., 1995 
Friston et al., 199.5 
Boynton et al., 1996 
Malonek and Grinvald, 1996 
I<r11-ni et al., 1995 
Corbetta and Shulman, 2002 
Ogawa et al., 1993 
Courtney et ill., 1997 
Haxb): et al., 2000 
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Table 9.1 
(continued) 

Citations Total 
Rank per Year Citations Authors 

Rao et al., 1993 
Bucl<ner et al., 1995 
Fosman et al., 1995 
Hopfinger et al., 2000 
I<elley et al., 1998 
Corbetta et al., 1998 
Court~ley et al., 1996 
Demb et al., 1995 
Dale and Bucl<ner, 1997 
Friston et al., 1999 
Botvinick et al., 1999 
Courtney et al., 1998 

Based on science citation search of "fMRI" 01. "functional MRI." "A" papers focus 
on applicatioti of FMRI toward a specific neuroscience o r  clinical question; "M," 
papers on methods development; and "I" papers, on the relationship between neu- 
ronal activity and fMRI signal changes; some papers are combinations of these 
types. See reference list for full publication information. 

frequently cited fMRI papers since 1991. It is worth noting that Inally of 
the studies labeled "M/A," indicating that they specifically etllployed fMRI 
to derive a novel insight into brain organization, were carried out by 
lleuroscientists who have worked closely with illdividuals in metl~odology 
development. This serves to highlight the ~~~~i l t id i sc iy l i~ la ry  nature of fMRI 
and the fact that many cutting-edge applicatio~ls are still closely tied to 
advances in metl~odology. It is also worth noting, however, that, since the 
title search lteywords were sirnply "fMRI" or "fullctional MRI," 111any rel- 
evant papers were likely missed. 

After about 1996, with the rapid proliferatio11 of EPI-capable MRI 
scanners i~lcoryoratillg whole-body gradients, functional magnetic reso- 
nance imaging arrived at the operating platfor111 that is still "standard" 
today-sequence: gradient-echo EPI; ecllo time (TE): 40msec; nlatrix size: 
64 x 64; field of view: 24cm; slice tllickness: 4 mm. Typically, whole-brain 
volurne coverage is achieved using a repetition time (TR) of 2 seconds, with 
time series lasting on the order of 5 to 8 minutes and with about 7 time 
series collected per subject-scanning session. Multisubject studies usually 
settle on assessing about 12 such sessions. And typically, a whole-brain, 
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single qoadrature RF coil is used; around 2002, the "standard" field 
strength was increased fro111 1.ST to 3T. 

Beyond basic collection, standards begin to diverge; paradigm design 
and postprocessing are still evolving steadily. Nevertheless, "typical" para- 
dig111 design illethods are either "boxcar," involving steady-state activation 
periods of 10 secollds 01- more, or more commonly, "event-related" designs, 
enjoying the flexibility inherent to brief activation periods interspersed 
within a given tirne series. For processing, SPM is the most comnon soft- 
ware, followed closely by software platforms such as Brain Voyager, FSL, 
and AFNI. The lllost common techniq~~es use "refcrence" functions for sta- 
tistical inay creation; when multisubject data are involved, statistical imps  
are spatially smoothed and transforllled to a standardized space for com- 
parison or averaging. Recent technological advances have made possible the 
unprecedented visualizatio~~ and ~lavigatioll of fMRI data (see figure 9.2, 
plate 3). 

Figure 9.2 
Example of Iio\v tlie same fMRI data in their various forms call be simultaneously 
and interactively visualized. Data are from a retinotopy experiment (expanding 
ring); processing and visualization were performed using AFNI and SUA/lA (Cox, 
1996) and surface models created \vith Freesurfer (Dale, Fischl, and Sereno, 1999).  
Central panel sllows AFNI's main controller window used to  select atid cont1.01 data 
to  he visualized. ( A )  Echo planar imaging (EPI) time series fro111 voxels in tlie occip- 
ital cortex during cyclic visual stimiilation. Of the 9 voxels shown here, some show 
clear modulation a t  the main frequency of the stimulus; others d o  not. ( B )  Statisti- 
cal maps in color overlaid a top  high-resolution nnatomical data. The colored voxels 
represent response delay of significantly r~ctivated voxels and the cross hail- repre- 
sents the location of tlie ce~i tral  voxel in (A) .  Contours of pial and white matter/  
gray matter boundary surface models are shown in blue and red lines. (C) Three- 
dimensional volume rendering of tlie data shown in panel B with cutouts reveali~ig 
the calca~-ine sulcus. ( D )  Fi11iction;11 imaging data projected on models of tlie same 
cortical surface \vith varying degrees of deforrnation. From left t o  right we have the 
white matterlgray matter boundary surface, a n  inflated version that reveals buried 
portions of sulci, a spherical version that can be warped illto a standard coordinate 
space for surface-based group analysis (Fischl et  al., 1999; Van Essen and Dri~ry, 
1997; Sarld et  al., 2004) and n flattened version of the occipital cortex \vitIi tlie data 
represented in color and  relief form. Note that a11 panels were crerlted si~nultnne- 
ous l \~  and interactively. For example, a change of statistical threshold in the 1nai11 
AFNI controllet; will affect all displays in panels ( B )  through (D).  A selection of a 
new locatioli on the flat 111ap in (D) will cause all otller viewers to  jump to  the cor- 
I-esponding new location. (Figure and caption provided courtesy of Ziad Saad, 
Ph.D., Statistical aiid Scientific Computing Core Facility, National Institute of 
Mental Health) See plate 3 for color version. 



Plate 3 
Example of how the sallle fiMRI data, in their various forms, call be silnultaneously 
and i~lteractively visualized. See body of text for figure legend. 
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Overall, the evolution of fMRI has been punctuated by novel tech- 
niques, findings, and controversies. For a sense of perspective, here are just 
eleven of the more proininent developineilts in fMR1 before 2003: 

Parainetric mailipulatioil of brain activation deinoilstrates that BOLD 
contrast roughly follows the level of brain activation in the visual systelm 
(I<wong et al., 1992), the auditory systein (Binder et al., 1994), and the 
motor system (Rao et al., 1996). 

Event-related fiMRI is first de~noilstrated (Blaillire et al., 1992), then 

applied to cognitive activatioil (Buckner et al., 1996; McCarthy et al., 
1997). Mixed event-related and block designs are developed (Visscher et 
al., 2003); paradigms are de~noilstrated in which the activation tiinillg of 
lnultiple brain systenls timing was orthogonal, allowing inultiple conditions 
to be cleanly extracted froin a single run (Courtney et al., 1997). 

High-resolution maps are created for spatial resolutioil in ocular do111- 

iilailce columns (Menon et al., 1997; Cheng, Waggoner, and Tanaka, 2001); 
activation illaps are created for cortical layers (Logothetis et al., 2002). 
Extraction of information at high spatial frequetlcies within regioils of acti- 
vation is demonstrated (Haxby et al., 2001); timings from one to hundreds 
of inillisecoilds are extracted for teimporal resolutioi~ (Ogawa et al., 2000; 
Menon, Luknowsky, and Gati, 1998; Hellsoil et al., 2002; BelIgowan, Saad, 
and Bandettini, 2003). 

"Deconvolution" methods are developed for rapid presentation of 

stimuli (Dale and Buck~ler, 1997). 
Early BOLD coiltrast models (Ogawa et al., 1993; Buxtoll and Frank, 

1997), are followed by more sophisticated inodels that Inore fully integrate 
the latest data on hemodynamic and metabolic changes (Buxton et al., 
2004). 

Coiltinuous variation of visual stiinuli parameters as a functioll of 

time is proven to be a powerful inethod for fMRI-based retiilotopy (Engel 
et al., 1994; DeYoe et al., 1994; Sereno et al., 1995). 

"Clustered-volume" acquisitio~l is developed to avoid sca~liler noise 
artifacts (Edmister et al., 1999). 

Fu~lctioi~ally related resting states are correlated (Biswal et al., 1995) 
and regions consistentIy showiilg deactivation described (Binder et al., 
1999; Raichle et al., 2001). 

The "pre-undershoot" in fMR1 is observed (Henilig et al., 1997; 

Menon, Ogatva, and Ugurbil, 1995; Hu, Le, and Ugurbil, 1997) and cor- 
related with optical i~nagiilg (Malonek and Grinvald, 1996). 
. Simultaneous use of fMRI and direct electrophysiological recordirlg 

in nonh~imail primate h a i n  duriilg visual stimulation elucidates the rela- 
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tionship between fMRI and BOLD fMRI contrast (Logothetis et al., 2001). 
Si~nultaneous ele~troph~siological recordings in animal lnodels reveal a cor- 
relation between negative signal changes and decreased neuronal activity 
(Shmuel et a]., 2002). Simultaneous electrophysiological recordings in 
aniinal nlodels provide evidence that inhibitory input can cause an increase 
in cerebral blood flow (Mathiesen et al., 1998). 
. Structural equation modeling is developed for fMRI time series analp- 

sis (Buchel and Friston, 1998). 

This list is only a sampling of the tren~endous nuinber of novel develop- 
nleilts that have established fMRI as a powerful tool for investigating and 
qual~titating human brain activity. 

With functional n~agnetic resonance imaging, neuroimagers are able to inap 
the followi~lg types of physiological information: baseline cerebral blood 
volume (Rose11 et al., 1991), changes in cerebral blood volume (Belliveau 
et al., 1991; LLI et al., 2003), quantitative lneasures of baseline and changes 
in cerebral perfusion (Wong et a]., 1999), changes in cerebral blood oxy- 
genation (Bandettini et al., 1992; Blanlire et a]., '1992; Frahm et a]., 1992; 
I<wong et al., 1992, Ogawa et a]., 1992), the resting-state cerebral oxygen 
extraction fraction (An et al., 2001), and changes in the cerebral metabolic 
rate for oxygen (CMRO,) (Davis et al., 1998; Hoge et al., 1999). 

BOLD Contrast 

Let us consider first the basic mechanism for BOLD fMRI signal changes 
with brain activation. I11 brain tissue during resting state, blood oxygena- 
tion in capillaries and veins is lower than that of arteries due to the extrac- 
tion of oxygen fro111 the blood. Deoxyhellloglobin (deoxy-Hb) has a 
different silsceptibility from surrounding brain tissue and water, whereas 
oxyhemoglobin (oxy-Hb) has the same susceptibility. A11 object, a deoxp- 
Hb molecule, say, or a capillary or vein containing deoxy-Hb molecules, 
that has a different susceptibility from its surrounding tissue creates a mag- 
netic field distortion when placed in a magnetic field. Water molecules (the 

77 prinlary signal source in MRI), also called "spins, precess at a frequency 
that is directly proportional to the magnetic field they are experiencing. 
Within a voxel, if spills are precessing at different frequencies, they rapidly 
beconle out of phase. The strength of the MRI signal is directly propor- 
tional to the cohei.ence of spins: when they are coil~pletely out of phase, 
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destructive addition takes place and there is no signal; when they are com- 
pletely in phase, there is maximal signal. During resting state, enough spins 
are out of phase, due to the many microscopic field distortions in each 
voxel, to cause the MRI signal to be atteiluated somewhat relative to when 
there is no deoxy-Hb present. 

By contrast, and for reasons not fully understood, during activation, 
cerebral blood flow increases locally such that there is an overabundance 
of oxygenated blood delivered to the active regions. This causes the amount 
of deoxy-Hb, and thus also the tnagnitude of the ~nagnetic field distortions, 
to decrease, which increases the coherence of spins within each voxel and 
leads to an MRI signal increase of a few percent. 

The signal begins to increase approximately 2 seconds after neuronal 
activity begins, and plateaus in the "on" state after about 7 to 10 seconds. 
Althoogh a "yre-undershoot" is soineti~nes observed, a "post-undershoot" 
is inore commonly observed. These effects are likely due to transient mis- 
matches between either cerebral blood volunle or the cerebral n~etabolic 
rate for oxygen ( C M R 0 2 )  before and after respective increases and 
decreases in blood flow occur. The dynamics, location, and nlagnitude of 
the MRI signal are highly influenced by the vasculature in each voxel. If 
voxels happen to capture large vessel effects, the ~nagnitude of the signal 
may be large (up to an order of ~nagnitude greater than that for capillary 
effects), the timing somewhat Inore delayed than average (up to 4 seconds 
nlore delayed than for capillary effects), and the location of the signal some- 
what distal (up to a centimeter) from the true region of activation. Altbough 
i~nproven~e~l ts  in nlethodology have minimized the effects of this variabil- 
ity, the problenl of variable vasculature and hen~odynamic coupling never- 
theless senlains at all field strengths in fMRI, limiting the depth and range 
of questions that can be addressed using this technique. 

Perfusion Contrast 

Introduced a t  alnlost the same time as BOLD functional MRI was the non- 
ii~vasive nletllod for mapping perfusion in the hunlan brain known as "arte- 
rial spin labeling" (ASL). The technique generally involves applying a radio 
frequency pulse (or continuous RF excitation) below the inlaging plane (in 
the neck area). Without blood flow, the ~nagnetization applied to brain 
tissue would simply decay and not influence the MRI signal where the 
inlages were being collected. With blood flow, however; the altered magne- 
tization of the "labeled" blood affects the longitudinal magnetizatio~~ (TI) 
in the imaging slices as it flows, and as water spins nlix and exchange mag- 



205 Functional Magnetic Resonance Imaging 

netization, in the inlaged brain tissue. A seco~ld set of images is obtained 
either with the label applied above the brain or not applied at all. There- 
fore these secol~d images are not affected in the same manner by magneti- 
zation of inflowing spins. The last step is to perfor111 pairwise subtraction 
on the two sets of images, removing all the anatolnical signal from each 
image pair, leaving behind only the effect on the signal by the label. Because 
of the low signal to noise inherent to this type of contrast, an average of 
typically several hundred "la bel-minus-no-la bel" pairs are obtained to 
create a rnap of baselille perfusion. 

A strong deternlinant of perfusion contrast with the ASL technique is 
the time between the la beling pulse and the SLI bsequellt irilage collection, 
designated as "TI." If the TI is 200 msec, only the effects of the most rapidly 
flowing blood can be observed (typically, in arteries). As the TI approaches 
1 second, slower perfusing spins in and around capillaries appear. Above 1 
second, the lnagnetizatioil of the label decays significantly. A time series of 
these "label-minus-no-label" pairs can be collected for the purpose of func- 
tional imaging of brain activation. Arterial spin labeling has not achieved 
the success of BOLD functional MRI ~ l ~ o s t l y  because of li~mitatio~ls in the 
number of slices obtainable, temporal resolution, and decreased functional 
contrast to noise of the technique relative to BOLD fMRI. Nevertheless, the 
superior functional specificity and stability of arterial spin labeli~lg over long 
periods of time, along with its quantitative information, have nlade it useful 
for nlany applicatio~ls where BOLD fMRI falls short. 

Sensitivity 

A p r i~ l~ary  struggle in fMRI is to increase sensitivity. This is achieved by 
increasing the magnitude of the signal change or by decreasing the effects 
of noise. This struggle has also been the il~lpetus for imaging a t  ever higher 
field strengths. With an increase in field strength, signal to noise increases 
proportionally and both BOLD and perfusion colltrast increase-BOLD 
contrast increasing with greater changes in transverse relaxation relative to 
activation, and perfusion contrast increasing with increases in the T1 
of blood, which allows the nlagnetization of the labeled blood to senlain 
longer. Aside fronl systenl instabilities, however, higher field strengths result 
in generally poorer in~ages at the base of the brain due to greater effects of 
poor shimming and to greater physiological fluctuations. Methods for 
ren~oving these fluctuations remain imperfect. That said, a prinlary advan- 
tage of inlaging at higher field strengths (e.g., 7 T )  is that the lower limit 
of signal to  noise is achieved with a much smaller voxel volume, thus 



allowing much higher 111laging resolutio~l (down to 1 mm') at f~it~ctional 
contrast levels co~nparable to those of imaging at 3 T with voxel volunles 
of 3 111m3. This increase in resolution without prohibitive losses in sensitiv- 
ity may explain why i111aging of ocular do~ninance CO~L~IIIII  activation has 
bee11 s~iccessful at 4 T but not at lower field strengths. Currently, success- 
f u l  results in imaging humans have been obtained a t  7 T (Vaugl~an et al., 
2001; Pfeuffer et al., 2002b; Yacoub et al., 2001); such results are certain 
to multiply rapidly. 

Other processing steps for increasing sensitivity include temporal and 
spatial smoothing. Because of the inherent temporal autocorrelatioil in 
the signal froill hernodynamics or other physiological processes, te111poral 
smoothing is performed so that the telnporal degrees of freedoin may be 
accurately assessed. Spatial smoothing can be performed if high spatial fre- 
quency information is not desired and as a necessary prespatial 1101-111al- 
ization step (matching effective resolution with the degree of variability 
associated with spatial normalization techniques) for n~ultisubject avel-ag- 
ing and comparison. A11 often overlooked fact is that higher te~nporal 
sensitivity with less image warping due to a shorter readout window is 
achieved, not by spatially smoothing the lllaps after data collection, but by 
collecting the inlages at the desired spatial resolution in the first place. 
Indeed, in many instances, spatial smootl~ing is clearly ]lot desired-par- 
titularly when high spatial freqoency information in individual maps is 
conlpared (Haxby et al., 2001). 

Once ilnages are collected, and after nlotio~l correction is performed, 
a time series analysis is carried out voxel by voxel. Typically, a model func- 
tion or functions are ~ ~ s e d  as regressors, and the significance of the corre- 
lation of the time series data with the regressors calculated, again voxel by 
voxel. If the expected activation timing is not known, a nlore open-ended 
approach to analysis is taken, such as independent component analysis 
(Beckmann and Snlith, 2004). 

Innovation 

The quantity and inlpact of innovations, and the proportion of truly high 
quality work, in functional ~llagnetic resonance imaging have continued to 
grow as the field has matured, making it nearly in~possible to stay abreast 
of the latest and the most interesting advances. Whereas the "Development" 
section touched on ~najor, "establisl~ed" innovations of the past 14 years, 
to give a sense of the vibrancy of the fMRI field, and of its potential for 
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expanding in ever new, exciting directions, this section will highlight emerg- 
ing inllovations that may or may not pan out and make a major impact. 

Imaging Technology 

Recent innovations in acquisition hardware and imaging strategy may take 
functional magnetic resonance imaging to new levels of sensitivity, resolu- 
tion, and speed. Typical acquisition hardware uses a single-quadrature, 
whole-brain RF coil feeding into one acquisitio~l channel, and collects 
single-shot echo planar imaging data at  64 x 64 resolution. Recently, the 
ability to acquire MRI data with simultaneous multiple high-bandwidth 
channels (Bodurka et al., 2004), feeding in from multiple RF coils, has 
resulted, above all, in a dramatic increase in the image signal-to-noise ratio. 
Figure 9.3 illustrates the gains in sensitivity with multiple RF coils. Sensi- 
tivity is approximately proportional to the size of the RF coil used. In the 
past, some neuroimaging researchers chose to sacrifice brain coverage 
for sensitivity by using a single, large, "surface" RF coil for acquisition. 
Today, the use of multiple, small RF coils allows full brain coverage, at  sig- 
nificantly higher sensitivity than one large RF coil. Recently, the Massa- 
chusetts Hospital Group co~lstr~icted a brain-imaging device with 32 RF 
coils, leading to as much as a sixfold increase in signal to noise for an indi- 
vidual image, although, after taking into consideration unfilterable pllysio- 
logical noise, the gains are likely to be only about threefold. What the 
optimal number of coils might be with regard to increases in sensitivity 
renlains uncertain. 

Multichannel acquisition can also be conjoined with a novel image 
acquisitionlreconstruction strategy that uses the spatially distinct sensitive 
region of each RF coil to  help spatially encode the data-with only a small 
cost in signal to noise. This strategy is known as "SENSE (SENSitivity Encod- 
ing] imaging" (de Zwart et al., 2002). When coil placement is used to aid in 
spatial encoding, less time is needed to create an image of a given resolution. 
This advantage can be used in either of two ways: (1) the readout window 
width can be held the same, but the inlage resolution increased substantially; 
or (2) the image resolution can be held the same, but the width of the readout 
window decreased substantially. This reduction in readout window width 
allows a small increase in the nunlber of EPI slices to be collected in a given 
repetition time (TR), therefore allowing a reduction in TR for a given  lumber 
of slices, Inore slices for a given TR (allowing thinner slices perhaps), or an 
increase in brain coverage for a given TR (if a shorter TR had previously 



Figure 9.3 
Comparison of image signal intensity of MR images created with single- and 
multichannel systems. (A)  sixteen-channel coil system (NOVA Medical RF coil com- 
bined with NIH in-house parallel acquisitioil system. (B) Single-chanilel GE Medical 
Systerlls quadrature RF coil. (C) Display of distinct region of sensitivity for eacll of 
the 16 small RF coils within the NOVA Medical RF coil. (D) Image on the left was 
created by addition after reco~~struction of the 16 i~ldividual iinages in panel C; 
i~llage on the right was created from the GE Medical Systems quadrature RF coil. 
The two inlages being conlpared have been ~lor~l~al ized such that the noise levels 
match. The signal intensity therefore gives a relative measure of signal to noise. 
(Figure provided courtesy of Jerzy Bodurka, Ph.D., Functional MRI Core Facility. 
The NOVA Medical 16 channel coil was designed by Jeff Duyn, Ph.D., Section 011 

Advanced MRI, NINDS) 



limited brain coverage). Incorporating this imaging strategy a t  field strengths 
above 3 T may allow robust single-shot echo planar inlaging with a 1111111~ 

~nat r ix  size and a high-enough signal to  noise for fMRI. 

Free Behavior and Natural Stimuli Paradigms 

A seco~ld innovation direction for fMRI lies in the donlain of paradigm 
design. An ongoing challenge in fMRI is to have subjects perform tasks in 
a predictable and repeatable mannel: This is not oilly impossible in Inany 
instances but li~nits the type of questions that call be addressed using fMRI. 
One con~mon solutio~l to this problel~l (described in the "Integration" 
section) is to keep track of the responses of subjects to  specific tasks, the11 
perfor~n post hoc data averaging based on the responses. A potentially pow- 
erful extension of this idea is to collect a conti~luous measure of the sub- 
jects' free behavior. In this manner, a natural parametric variation in the 
response paralneters can be used to  guide data analysis. Any continuous 
nleasure will suffice. Subjects need silnply to illove a joystick or to track 
ball or to have their eye position or skin conductance monitored. They can 
be following an object, for example, or deterinining certainty, expectation, 
anxiety, or subjective perception of motion. The data collected call then be 
analyzed by calculatit~g the molnent-to-moment measurement and using it 
as a regressor in the analysis. 

Related to paradigms that lneasure subjects' free behavior are those 
which measure their response to natural srimuli, as when viewing a movie, 
for example. Regressors can be calculated from various salient aspects of 
the  nov vie prese~ltation such as color, motion, volume, speech, or even the 
interaction of continuously lneasured eye position with these variables. A 
recently published study on movie viewing (Hasson et al., 2004) e~nployed 
a highly novel processing technique, tailored to  a specific paradigm. 
This technique was based on the understanding that, because the 111ovie 
had many, unpredictable variables, it would be difficult to generate a set of 
reference fur~ctions for determining the similarly activated regions across 
subjects. What was done instead was to play precisely the same movie 
sequence at  least twice for each subject and across all subjects. The assump- 
tion was that a distinct, repeatable te~nporal pattern would be manifest. 
Rather than atte~npting to choose an appropriate ideal reference function 
and comparing subsequent activation maps, Hasson and colleagues deter- 
lnined the correlation in the time series fMRI across subjects. Because this 
technique makes no assumption about what the data should look like- 
only that they show a repeatable change-it can be effectively applied for 
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the same subject across identical time series collectiolls (see Levin and 
Uftring, 2001). 

Real-Time fMR1 Incorporating Feedback to the Subject 

A technical challenge in fMRI is to perfornl basic analysis on data as they 
are being collected (Cox, Jesrnanowicz, and Hyde, 1995). This approach is 
important for several reasons. A primary reason is to ensure data quality 
during the scan, an  essential requirement if fMRI is to be incorporated into 
daily clinical practice. A secondary reason, and one just beginning to be 
explored, is to allow the person scanning or the subject being scailned to 
guide experimental process in real time. In this regard, some truly unique 
twists have recently been reported. Weiskopf et al. (2003) have determined 
that, when a measure of brain activation in specific regions activated by a 
cognitive (but not sensorimotor) task is fed back to subjects being imaged, 
they can learn, subjectively, to either increase or decrease the level of acti- 
vation. This finding offers the fascinating possibility of humans interacting 
directly with and through computers through simple thought process 
regulation. Weiskopf's research group has trained subjects to play "pong" 
using mental control of a "paddle" in which the vertical location was si~nply 
proportional to the degree of activation in the controllable brain regio~ls 
being activated. With two scanners collecting data sin~ultaneously, subjects 
are able to s~~ccessfully play "brain pong" using subjective control of their 
fMRI signal changes. 

In a second study of this type of subjective control, DeCharl~ls 
et al. (2004) instructed patients experiencing chronic pain to reduce 
the fMR1 signal intensity in regions that had been associated with pain 
perception in a previous experiment. As in the "brain pong" experiment, 
the subjects were provided with feedback regarding the level of fMR1 
signal in these regions and were instructed to use whatever strategy 
they could come up with to decrease the signal. Not only did the experi- 
nlent result in a subjective decrease in pain perception for most subjects, 
but this effect also appeared to last months after the experinlent was carried 
out. 

Direct Neuronal Current Imaging 

A hope among brain imagers is for a technique that would allow direct 
mapping of brain activity with spatial resolution on the order of a cortical 
columll and temporal resolution on the order of an action potential, or at 
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least of a postsynaptic potential. Recent work has established that, in ideal 
conditions, the nlininlal ~nagnetic field change detectable with MRI is on 
the order of 1 ten billionth of a tesla (0.ZnT; Bodurka and Bandettini, 
2002). Approxiinate calc~~lations based on n~a~netoencepl~alograyhy 
(MEG) measurements of 100 quadrillionths of a tesla (100fT) at the surface 
of the skull estimate the lllagnetic field surrounding a dipole is also on the 
order of 0.1 IIT. An increase in ~leuronal activity should be nla~lifest as a 
highly localized, extremely transient magnitude decrease or phase shift in 
the MRI signal (Bandettini, Petridou, and Bodurka, fortl~coming). Experi- 
mental groups atte~llpting to detect this effect in humans have obtained 
~llixed results, although some have clain~ed success (I<onn et al., 2004; 
Xiang et al., 2003). Even if detecting the effect proves feasible, however, 
the utility of doing so will likely be limited, at  least initially, by the extrenlely 
small size of the effect and the relatively snlall range of experiments 
possible using it due to the necessity for specific time-locked averaging. 
Nevertheless, because research efforts toward this goal have only begun, 
it is difficult to predict the ultimate success of this novel contrast approach. 

How accurately functional ~llagnetic resonance imaging call assess brain 
activation is fundamentally limited by two major factors: (1) the method 
by which iinages are collected; and (2 )  the relationship between neuronal 
activity and hemodynamic changes. 

Temporal Resolution 

Echo planar images typically have an acquisition time of 30msec. Assum- 
ing an echo time of 40 msec (the center of the readout window), data acqui- 
sition typically ends after 55msec. About 151nsec is usually required to 
apply fat satiiration at the beginning of the sequence and to apply gradi- 
ents at the end to eli~ninate residual magnetization. Allowi~lg for about 15 
inlages to be collected in a second, the total tinle per plane for single-shot 
EPI time series collection is about 65msec. For volunle collection, which 
typically consists of 30 slices, a repetition time of 2 seconds is therefore 
required. It is also possible to collect one image (as opposed to ~llultiple 
images) in a volume at a rate of 15 images per second over time. 

As described, the hernodynamic response behaves like a low-pass filter 
for neuronal activity. At onloff frequencies of 6sec on16sec off (O.OSHz), 
BOLD responses begin to be attenuated relative to longer onloff times. At 



onloff frequencies of 2 sec on12 sec off (0.25 Hz), the BOLD response is 
alnlost con~pletely attenuated. Even though BOLD attenuates these rapid 
onloff responses, activity of extremely brief duratioil can be observed. 
Activity durations as brief as lbmsec have been shown to cause robust 
BOLD signal changes, indicating that there is no apparent liinit to the brief- 
ness of detectible activation. It is also heartelling that, when repeated exper- 
iinents are performed, the hemodynamic response in each voxel only shows 
a variability on the order of 100msec. 

Functional brain imagers wish not only to spatially resolve activated 
regions but also to deterilline the precise tiining of activation in these 
regions relative both to the sti~nulus or illput and to each other. The tem- 
poral resolutioll required for this type of assessment is on the order of a t  
least tens of millisecoilds. But, with BOLD contrast, the latency of the 
hemodynamic response has a range of 4 seconds due primarily to unchar- 
acterized spatial variations in the underlying hernodynamics or neurovas- 
cular coupling fro111 voxel to voxel, even within the same region of activity. 
If a voxel captures lnostly larger venous vessels, the response is typically 
more delayed than if the voxel captures mostly capillaries, altho~igh the 
precise reasoils for latency variations are as yet  ind determined. 

Of the methods proposed to solve the latency problem, the most direct 
(whose accuracy also r e ina i~~s  undetermined, however) is to try to identify 
larger vessels by thresholding based on percent signal change or temporal 
fluctuation characteristics. Another s o l u t i o ~ ~  is to use pulse sequences sen- 
sitive only to capillary effects. Arterial spin labeling techniques are nlore 

'I con- se~lsitive to capillaries, but the practical limitations of lower f~~nc t ion ,  I 
trast to noise and longer interimage waiting time (due to the additionally 
required TI of about 1.5 sec) make this unworkable for illost studies. Spin- 
echo sequences perforined a t  very high field strengths or with velocity- 
nulling gradients (both of which eli~ninate intravascular large vessel effects) 
are also sensitive to capillary effects. O n  the other hand, since the reduc- 
tion in functio~lal contrast to noise is about a factor of 2 with spin-echo, 
and an additional factor of 3 with velocity-nulling gradients to remove 
i~ltravascular signal, the contrast is likely too low to be useful. 

An alternate strategy is to focus on localized changes in latency and 
width associated with task tinling changes. As mentioned, within a voxel, 
the heinody~~aiuic response varies 011 the order of 100 1nsec allowing sig- 
nificantly illore accurate assessilleilt when activation timing varies within a 
region. When ileuroinlagers use a task modulation that causes a difference 
in reaction time, and one region of the brain sllows an increased width and 
another shows an illcreased delay, then it follows that the region showing 



the width change is spending additional time to process information and 
the region showing the increased delay is downstream from the region 
showing the width change, having to wait i~ntil processing is complete in 
that node in order to receive any information. Although oversimplified, this 
scenario shows how temporal information may be extracted in fMRI. The 
key is task timing modulation and observation of he~nod~nalnic  changes, 
voxel by voxel. 

Figure 9.4 (adapted from Bellgowan, Saad, and Bandettini, 2003) 
illustrates the point inade above. Subjects perfor~ned a word recognition 
task in which the sti~nuli included both words and nonwords presented at 
varying rotation angles. Bellgowan, Saad, and Bandettini observed that sub- 
jects took longer to recognize noilwords than words, and longer to identify 
a word when it was rotated. The hypothesis is that the region performing 
word rotation and the region perforllli~lg word recognition are likely to 
be spatially distinct. Figure 9.4 shows average time courses from the left 
anterior prefrontal cortex-typically associated with word generation. It 
appears that the hemodyt~amic response during word processing is about 
500 msec wider than that duriilg noilword processing, which s~lggests that 
activity in this region is of longer duration during the nonword recognition 
p rocess. 

Spatial Resolution 

The upper in-plane resolution of standard single-shot echo planar iinaging 
is about 2111m'. The use of multishot EPI (at a cost in time and stability) 
or of strategies incorporating multiple radiofrequency coils to aid in spatial 
encoding of data can achieve functional image resolutions of about 1 mm'. 

As with ten~poral resolution limits, spatial resolution limits are chiefly 
determined by the spatial spread of oxygenation and perfusion changes that 
accoillpany focal brain activation, not by limits in acquisition. Although the 
"hernodynamic point-spread function" has been empirically determilled to 
be on the order of 3 111111.~ (Engel, Glovel; and Wandell, 1997), the effects of 
draining veins have been observed to be as distal as 1 CIII fro111 focal regions 
of acti~~ation identified using perfusion contrast. 

The pulse-sequence solutions for dealing with the variations in hemo- 
dynamics have proved as effective as those for dealing with te~nporal reso- 
lution limits. Moreovel; working with hypercapnia col~lparisons, Bandettini 
and Wong (1997) and Cohen et al. (2004) have proposed spatial calibra- 
tion methods. Using BOLD fMRI methods based on cerebral perfusion 
and blood volume, other brain inlagers have delineated ocular dominance 
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Figure 9.4 
Averaged time courses fro111 the left anterior prefrontal cortex during a word recog- 
nition task in which the words were presented at varying rotation angles. When 
word and nonword processing are compared, the width of the hemodynamic 
response is wider by about 5OOmsec, suggesting that there is longer duration of 
activity in this region during the nonword recog~lition process. When angles of rota- 
tion are compared, the onset of activation in this region appears delayed as a func- 
tion of angle of rotation, suggesti~lg that this region is dow~lstreanl from the region 
associated with word rotation. (Adapted fro111 Bellgowan, Saad, and Bandettini, 
2003) 
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columns ( l n ~ m " ;  Cheng, Waggoner, and Tanaka, 2001; Goodyear and 
Menon, 2001) and cortical layers (< 0.5mm3; Logothetis et al., 2002), 
although, with BOLD contrast (thought to have the lowest resolution), 
columnar and layer specificity was achieved only by subtracting activation 
frorn tasks activating interspersed yet distinct regions (i.e., colulllns or 
layers). An ongoing issue with regard to the upper resolution of fMRI is 
whether or not fine delineation necessarily translates to occt i~ate delin- 
eation-meaning that detailed activation maps may not precisely register 
underlying function. 

Interpretation 

Considerable effort has been directed toward understanding the precise 
relationship between fMRI signal changes and neuronal activity. Strategies 
for overcoining limits to  interpretation of the data gathered have included 

I animal models and the simultaneous use of other measures of neu- 
ronal activity such as ~nultiunit electrodes or Inore precise lneasures of 
he~nodynamic changes, such as optical imaging; 

paranletric ~nodulation of magnitude or timing of activation in 

hun~ans  with corresponding measurement of fMRI signal changes; 
simultaneous measures of ileuronal activity (implanted electrode or 

EEG) and fMRI s i g ~ ~ a l  changes; 
~ ~ o n s i ~ ~ ~ u l t a n e o i ~ s  MEG or EEG measures of neuronal activity and 

fMRI signal changes; and 
nlodeling the hemodyna~nic response and conlparing model outputs 

to precise activation magnitude, timing, or pharmacological manipulatio~~s 
of brain tissue. 

In suntntary, even though fMRI is linlited to a lesser degree by scanner 
technology and to a greater degree by the unknowns regarding the spatial, 
temporal, and n~agi~i tude  relationships between neuronal activity and 
hemodyna~nic signal changes, steady progress is being nlade in overcoltlillg 
these limitations. A primary avenue by which the limitations of functional 
magnetic resonance imaging can be overcolne is integration with other brain 
activation assessment techniques. 

Integration 

Functional MRI data col lect io~~ and even the experimental process itself can 
be greatly enhanced in precision, depth, impact, and certainty if researchers 



effectively illcorporate other brain activation assessment techniques ranging 
from behavioral to  other imaging approaches (Dale and Halgren, 2001). 

Techniques that can be sinlultalleously carried out during time series 
collection of fMRI data include 

behavioral measures such as performance, reaction time, skin con- 
ductance, and eye position; 

electroencephalography (EEG); 
embedded electrodes or multielectrode arrays; 
near-infrared spectroscopy (NIRS) or optical imaging; 
transcranial magnetic stimulation (TMS); and 
physiological nleasures suc11 as respiration, heart rate, end tidal 

carbon dioxide, and sltiil conductance. 

Although simulta~leity is desirable, coinplelnentary experiillental 
lneasures call be effectively integrated without it. It is only necessary that 
they be precisely repeatable. Techniques in which the data are collected 
before or  after fMRI experimentatio~l include not only those listed above 
but also 

positron-emission tonlography (PET) and 
magnetoencepl~alograyhy (MEG). 

Although this sectioil describes the methodology and ~ltility of only 
several of many ways that fMRI experimentation, analysis, and results 
can be integrated with other modalities, readers are encouraged to consult 
the relevant chapters in this volunle for a nlore detailed disc~ission of the 
specific techniques. 

Behavioral Measures 

Depending on the hypothesis posed, substantial inferences about brain 
activity call be made fro111 sinlple measures of respoilse accuracy and 
response time, although, since the begi~lllings of fuiIctiona1 MRI experi- 
mentation, behavioral response data have also been collected to ensure that 
the subjects are actually engaged in the experimental tasks assigned them. 
Subject interface devices such as b~lttoil boxes or joysticks have been and 
typically still are used. With the onset of rapid event-related fMRI, however, 
the ability to selectively average data based on behavioral responses fro111 
inonleilt to nlolnent has further increased the range of experi~llents possi- 
ble with fMRI. 



Two studies, both of processes associated with inenlory but using dif- 
ferent methodologies, serve to illustrate effective integration of behavioral 
ineasures with fMRI. I11 Wagner et al., 1998, subjects were presented with 
lists of words during the time series collection of fMRI data, which were 
selectively binned, based on whether the subjects recalled the words after 
tlle scallili~lg process. Results revealed that the ability to latel- reme~nber a 
verbal experience was predicted by the nlagnitude of activation in left pre- 
frontal and temporal cortices during that experience. 

In Pessoa et a]., 2002, fMRI was used to investigate how moment-to- 
inonlent neural activity contributed to success or failure on individual trials 
of a visual working memory task. Different nodes of the network involved 
with workiilg nlenlory were found to be activated to  a greater extent for 
correct than for incorrect trials during stimulus encoding, Inenlory mainte- 
nance during delays, and at test. A logistic regression analysis revealed that 
the fMRI signal amplitude during the delay interval in a network of fron- 
toparietal regions predicted successful perfornlance trial by trial. Differen- 
tial activity during the delay periods when working memory was active 
occurred even on trials when BOLD activity during encoding was strong, 
denlollstrating that such differential activity was not a simple consequence 
of effective versus ineffective encoding. Study results further demonstrated 
that accurate memory depends on strong, sustained sigilals that span the 
delay interval of working memory tasks. These results could not have been 
achieved without precise lneasures of behavior either after the scanning 
process (testing for long-term memory) or during the scanning process 
(testing for working memory). 

In general, sollle of the n ~ o s t  insightful fMRI results have resulted fro111 
tight integration of moment-to-momlent behavioral measures with time 
series collectiot~, wl~ich allows researchers to selectively bill relevant fMRI 
data. Other behavioral nleasures have included reaction time, eye position, 
ineasures of decision processes, and continuous nleasures of perfornlance 
or nlental state such as those obtained by the use of a joystick or trackball. 

Electroencephalography and Magnetoencephalography 

The signals produced by EEG and MEG are Inore direct lneasures of neu- 
ronal activity than those produced with functional MRI, reflecting the elec- 
tric potential (EEG) and the inagiletic field (MEG) resulting from synaptic 
currents in ile~lronal dendrites. On the other hand, because of the inher- 
ently ill posed "inverse problein" regarding localization of the dipole 
sources contributing to the electrical potentials and nlagnetic fields on the 
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surface of the skull, the resolution or, rather, the certainty of localization 
for both EEG and MEG is generally quite low. Integration of these two 
techniques and fMRI, however, allows neuroimagers to map brain activity 
a t  the higher spatial resolution of fMRI (effectively constraining the 
"inverse problem"), but also a t  the higher temporal resolution afforded by 
MEG and EEG. This will be discussed in greater detail when describing 
integration with MEG below (see also Singh, chapter 12, this volume). Also, 
simultaneous use of EEG with fMRI can enhance the ability of neuroim- 
agers to map spontaneous and transient processes only detectible by EEG 
but mappable using hemodyna~nic responses that occur 3 to 10  seconds 
after a signature EEG response. 

The complementary use of EEG and fMRI is a burgeoning field in 
itself: since 1997, over 200 papers have been published on this topic alone. 
A pri~nary use of simultaneous EEG and fMRI data collection is for the 
accurate Imeasurelnent of hernodynamic changes associated with sponta- 
neously occurring and tra~lsient events nleasurable with EEG (see Lemieux, 
2003). Another use of these simulta~leous measures has been to compare 
the time-locked, averaged, evoked response characteristics with the hemo- 
dynamic response characteristics in order to better understand the neuronal 
correlates of fMRI. These experiments do not require simultaneous EEG 
and fMRI but the results derived with simultaneo~is acquisition are likely 
to be more accurate since no experiment is replicated perfectly inside and 
outside of the scarlner. 

A pron~ising clinical application of simulta~leous EEG and fMR1 is the 
nlore accurate localization of epileptic foci. In specific clinical popolations, 
these foci exhibit sponta~~eous ,  irregular EEG activity. The use of simulta- 
neous EEG and fMRI allows neuroimagers to selectively average functional 
images based on when this signat~ire activity occurs. 

In another unique application, simultaneous EEG and fMRI can be 
used to determine the neuronal correlates of spontaneously changing brain 
activity associated with specific EEG frequencies. After sim~~ltaneously 
measur i~~g  EEG and fMRI, neuroimagers create the power spectru~n of the 
EEG traces for each repetition time (TR) period. They then convolve the 
amplitude of the power spectrum at a specific frequency range (for example, 
alpha frequencies: 8-12 Hz, and beta frequencies: 17-23 Hz) at each TR 
with a hernodynamic response function, used as a regressor in fMRI time 
series analysis. Taking this approach, Goldman et al. (2001) and Laufs et 
al. (2003a, 2003b) have been able to accurately map regions that exhibit 
changes in the hernodynamic response that correlate with spontaneous 
changes in oscillatory activity. 
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Si~~lultaneous use of EEG and fMRI data is challenging because the 
concomitant collection of echo planar inlaging data creates a substantial 
artifact in the EEG trace whe~lever illag~letic field gradients are applied. 
Several strategies have succeeded in filtering out this artifact however: 
sinlply discarding EEG points that occur during inlage collection; using 
hardware-based filters or nlore sophisticated postprocessing techniques; and 
using what is known as "spike-triggered fMRI scanning", in which unique 
EEG activity (i.e., spiking) triggers the scanner to collect images. 

Efforts to integrate MEG and fiMRI (see Dale and Halgren, 2001) have 
begun to incl-ease as MEG systems become more available, and as the inter- 
pretive liinits of using fMRI alone become more apparent. Because MEG 
and fMRI data cannot be collected simultaneo~~sly, however, the effective- 
ness of the integration depends on precise experiluental replicability. 

Another highly challenging but potentially pl-omising procedure inte- 
grating MEG or EEG and fMRI uses fMRI activation maps to help deter- 
mine dipole locations. The pote~ltial info~*mation gained by this procedure 
is significr~nt: when dipole sources for a given cognitive process are precisely 
determined, the inverse problem can be replaced by a much more readily 
solvable forward problem. Starting with the dipole locations, the relative 
dynamics of rneasured fields at  the surface of the skull can then be used to 
infer the dipole source timings with millisecond accuracy (Ahlfors et al., 
1999).  

While the promise of precisely determining dipole sources with fMRI 
data is exciting, lllaily problems remain. First, if there exist mismatches 
between fMRI activation foci and the true diyole sources, substantial nis-  
esti~nates in timing will result. In this sense, the tinling estimation is quite 
"brittle" in that any errors in dipole estimation render the results almost 
uninterpretable. Growing evidence exists that there are, in fact, substantial 
differences between fMRI activation lnaps and MEG visible dipole sources. 
With MEG, opposing dipoles nlay cancel each other, rendering their effects 
invisible to fMRI. With fMRI, false positives are ubiquitous in individual 
data, and, likewise, it is not certain whether a11 IMEG-sensitive effects con- 
tribute to he~nodynalnic changes. Also, cognitive tasks typically involve 
highly distributed networks within and across distributed regions that gen- 
erally defy sirnylificatioil to a set of dipoles. Currently, effort is being made 
to estinlate the certainty of the dipole sources, and thus to increase the flex- 
ibility and robustness of this approach. 

A central issue in the integration of EEG or MEG and fMRI data and, 
Illore generally, in the interpretation of fMRI signal changes is that of clar- 
ifying the relationship between lleuronal activity and fMRI signal changes. 
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To this end, substalltial effort has been applied using other modalities to 
better uildersta~ld fMRI contrast. Fruitful studies representing only a small 
fraction of this effort include those using MEG (Singh et al., 2002), EEG 
(Horovitz, Skudlarski, and Gore, 2002), optical imaging (Grinvald, Slovin, 
and Vanzetta, 2000; Villringer, 1997; Cannestra et al., 2001; Boas, Dale, 
and Franceschini, 2004), electrophysiological recording in h u r n a ~ ~ s  (Huettel 
et al., 2004) and animal nlodels (Logothetis et al., 2001; Duong et al., 2000; 
Devor et al., 2003) and lllicroscopic oxygen probes in aninla1 models 
(Thompson, Peterson, and Freeman, 2003, 2004). 

Transcranial Magnetic. Stimulation 

In TMS, a highly localized, rapidly oscillating rnagnetic field is directed at 
specific circuits of the brain. This rapid oscillation induces neuronal activ- 
ity, thereby disrupting normal function for what is thought to be a very 
brief period of time. The power of this technique is its ability to probe the 
necessity of specific nodes in a network as they relate to specific processes. 
Because a central problem in the interpretation of brain activation maps is 
that of determining causality, TMS is highly complen~entary to brain 
mapping techniqoes. Thus it is not apparent fro111 such maps which nodes 
are activated as a result of act~lally performing the task and which are 
activated in order to perform the task. By allowillg specific nodes of an 
activation network to be telnporarily disabled, observation of behavior 
associated with the application of TMS can tease apart the causality of 
the network involved (Lolnarev et al., 2000). The additional ditnension 
of neuronal tinling can also be explored by modulating the TMS applica- 
tion tinle relative to stimulus and response timing. Typically, the TMS 
timing is titrated to determine the interval that most effectively interferes 
with a specific behavioral process, thereby revealing neuronal cornlllunica- 
tion rates. 

Typically, with TMS and fMRI integration, a brain activation map is 
first produced and then used to guide TMS stimulation outside of the 
scanner. Some groups, however, by perfornling TMS during collection of 
fMR1 time series data, have been able to probe the effects of TMS, in itself, 
on brain activation and thereby to assess functional connectivity against the 
assumption that if one node is activated, then the nodes it is functionally 
associated with will also be activated (Bohning et al., 2000a, 2000b). This 
application, one should note, is highly challenging and nlay be risky since 
the torque generated by interaction of the strong electrical currents of a 
TMS device (typically a figure-eight loop of wire) with the scanner mag- 
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netic field can be substantial, depending on the orientation (Bohning et al., 
2003). 

Because, relatively speaking, TMS devices are inexpensive, easy to 
operate, and noninvasive, and because the information this technique pro- 
vides is highly complementary to the data provided by fMRI, TMS is 
growing rapidly in popularity. 

Physiological Measures 

A growing trend in fMR1 data collection has been not only toward simul- 
taneous recording of behavioral responses but also toward simultaneo~~s 
collection of physiological measures such as heart and respiration wave- 
forms, end tidal carbon dioxide, and skin conductance. The information 
gleaned from these measures ranges from assesslnent and reductioll of arti- 
factual influences on the BOLD respollse to assessment and use of meas- 
ures of arousal and attention. 

Respiration and cardiac pulsations are known to contribute to arti- 
factual signal changes in fMRI, from changes in the magnetic field caused 
either by the chest cavity luoven~ent (respiration; Windischberger et al., 
2002; Pfeuffer et al., 2002a) or by localized acceleration of blood, cerebral 
spinal fluid, and brain tissue (cardiac pulsations; Dagli, Ingeholm, and 
Haxby, 1999). By sinlply recording respiration with a chest bellows and 
cardiac p~ilsation with a p~llse oximeter, neuroin~agers can use these arti- 
factual waveforlns as "nuisance" regressors, thereby effectively increasing 
functional contrast to noise and reducitlg false positive results. 

A challenge in re~uovillg cardiac effects is that the repetition time is 
typically too low to sample the cardiac wavefornl sufficiently. Methods have 
been proposed to work around this problel~l (Frank, Buxton, and Wong, 
2001; Menon, 2002; Noll et al., 1998). For some fMRI studies, the move- 
ment artifacts caused by cardiac pulsations, particularly a t  the base of the 
brain, are prohibitive-particularly when attempting to i~nage very snlall 
structures that nlay displace several voxels with each cardiac cycle. This 
problenl has been effective solved by a novel method involving cardiac 
gating, which subsequelltly corrects TI-related fluctuations from irregular 
repetition time values (Guimaraes et al., 1998).  

An ongoing study of spontaneous end tidal carbon dioxide fluctua- 
tions (Wise et al., 2004) has revealed useful information about the nature 
of BOLD time series fluctuations. Maps generated using spontalleous 
changes in end tidal carbon dioxide appear to delineate the spatial distri- 
bution of resting-state venous blood volume, indicating the potential for 
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BOLD signal changes a t  the voxel level. This study also gives strong evi- 
dence that sinlple changes in breathing rate and depth during an  experi- 
ment can influence BOLD signal changes. The above three measures may 
prove to have a co~mplementary i~llpact on the expallding research into 
resting-state fluctuations to elucidate functionally correlated resting net- 
works (see Lowe, Mock, and Sorenso~~,  1998; Gus~lard et al., 2001; Biswal 
et al., 1995). 

A fourth physiological measure, skin conductance, is a sensitive indi- 
cator of states such as arousal, attention, and anxiety. Skin co~~duc tance  
data have also been s~iccessf~~lly collected a t  the salne time as fMRI time 
series data (Critchley et al., 2000; Patterson, Ungerleider, and Bandettini, 
2002, Willialns et al., 2000; Shastri et al., 2001).This has been done to  serve 
two distinct reseach ends: ( I )  to ensure that subjects are exhibiting the 
appropriate response to  specific stimuli; and (2) to demonstrate the neu- 
renal correlates of skin c o ~ ~ d u c t a l ~ c e  in specific nlental states o r  durillg 
resting state. Figure 9.5 shows time course plots from an experiment that 
illvolved co~lditionillg subjects to expect a shock when they heard a tone 
presented d u r i ~ ~ g  the conditioned-stimulus (CS) period (I<night, Nguyen, 
and Bandettini, 2005). 

To serve the s e c o ~ ~ d  research end, simultaneous measures of skin con- 
ductance are used is in much the same way as s inlul ta~~eous EEG measures, 
only in this case, SCR time CoLirSe data are correlated with fMRI time series 
data. Thus Patterson, Ungerleider, and Bandettini (2002) llleasured spon- 
taneous skin collducta~lce changes continuously during specific tasks and 
resting state. Using the spontaneous skin conductance measurement as a 
regressor, they identified a specific set of regions that showed activity that 
was correlated with skin conductance changes independent of the task being 
performed. 

This chapter represents only a grainy snapshot of a rapidly changing scene. 
Its aim has been to give at least some sense of the history, developmei~t, 
limits, and more i~lnovative ideas of functional MRI, and of the general 
excitement surrounding this rapidly adva~lcillg technique. Integration of 
fMRI wit11 other techniques is steadily col.ltributing to our understanding 
of how the human brain is organized, how it changes f ro~l l  n~oment  to 
lnoment and year to year, and how it varies across clinically relevant pop- 
ulations. Although it is still too early to tell what the ultimate in~pact  of 
fMRI will be have on the fields of neuroscience and medicine, one thi~lg is 
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Figure 9.5 
Titile caul-se plots f~.oni n n  espcriment (Knight, Nguyen, a n d  Bnndettini, forthcom- 
ing) in\.ol\.ed conditioning subjects to espcct n sliocl< \\:lie11 they heal-d a tone during 
the conditioned stimulus (CS) period. Subjects co~itrollcd a dial according t o  
su l> jec t i \~  espectnrion level; their skin c o n d ~ ~ c t n n c c  rcspolise (SCR) was also con- 
tinuousl!* measured. (Figure provided co111-tesy of David I<night, Ph.D., Section o n  
Fu~ict io~ia l  11ilaging h/letliods, NIA/ll-l) 

already clear: functional magnetic resonance inlaging is a maturing tech- 
nique with extraordinary potential. 
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