CHAPTER 15

Echo-Planar Magnetic Resonance Imaging
of Human Brain Activation

P. A. Bandettini and E.C. Wong

Introduction

Development of new methods to image the thinking human brain is fundamental
to unraveling the principles of its workings. The latest and most promising func-
tional brain activation imaging techniques to emerge have been those which use
magnetic resonance imaging (MRI). The array of MRI-based techniques used for
the study of brain activation has been termed functional MRI (fMRI). Echo-pla-
nar imaging (EPI), an ultrafast MRI technique [1-5], has been and continues to
be ubiquitous in the ongoing development and application of fMRI in general. In
the growing number of centers that have EPI capability, it is the fMRI method of
choice. An overview of EPI in the study of human brain function is given in this
chapter. A brief overview of fMRI is first given. Second, details regarding the
implementation of EPI for fMRI, as of May, 1995, are described. Lastly, EPI is
discussed in the context of four developing areas in fMRI: imaging platform or
methodology development, contrast mechanism research, postprocessing devel-
opment, and applications. In the areas of imaging platform development and
contrast mechanism research, several examples demonstrating the utility of
EPI are given.

fMRI Overview
Brain Activation

When a population of neurons experiences membrane polarity changes during
activation, measurable electrical and magnetic changes in the brain are created
[6-12]. Because of the energy requirements of membrane repolarization and neu-
rotransmitter synthesis, brain activation also causes a measurable increase in
neuronal metabolism [6-8, 13-18]. Through incompletely understood mechan-
isms [6, 19-30] these changes are accompanied by changes in blood flow [6-8,
19-36], volume [37-40], and oxygenation [39-43]. All techniques for assessing
human brain function are based on the detection and measurement of these elec-
trical, magnetic, metabolic, and hemodynamic changes that are spatially and
temporally associated with neuronal activation.
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MRI of Cerebrovascular Physiology

Pioneering work has shown that MRI can be used to map several types of cere-
brovascular information. With MRI, one can create (a) maps of cerebral blood
volume [38, 44-50] and flow [3, 51-53] and (b) maps of changes in cerebral
blood volume [38], flow [3, 53, 54], and oxygenation [54-65].

Blood Volume

A technique developed by Belliveau and Rosen et al. [44-46] utilizes the suscep-
tibility contrast produced by intravascular paramagnetic contrast agents and the
high-speed imaging capabilities of EPI to create maps of human cerebral blood
volume. A bolus of paramagnetic contrast agent is injected and T2- or T2*-
weighted images are obtained at the rate of about one image per second. As
the contrast agent passes through the microvasculature, susceptibility gradients
(magnetic field distortions) are produced. These gradients cause an intravoxel
dephasing of extravascular proton spins, resulting in a transient signal attenua-
tion. The signal attenuation is linearly proportional to the concentration of con-
trast agent [44, 45, 66], which in turn is a function of blood volume.

Changes in blood volume that occur during hemodynamic stresses or during
brain activation may then created by subtraction of two maps: one during a
“resting” state and one during the hemodynamic stress or during activation
[38]. The use of this method marked the first time that hemodynamic changes
accompanying human brain activation were mapped with MRI.

Blood Flow

Blood flow spans several size and velocity scales. Imaging of large cerebral ves-
sels having rapid flow rates by MR cerebral angiography [50, 67, 68] has been a
clinical technique since the middle 1980s.

Imaging and quantification of microvascular flow in the brain has been not
yet been fully realized. Two techniques for MRI of cerebral microvasculature
have been proposed. LeBihan et al. proposed a technique in which capillary
flow is modeled as a fast diffusive process [69-72]. With this intravoxel incoher-
ent motion (IVIM) model, it has been suggested that techniques used to measure
diffusion can be used to measure microvascular flow. This technique, while the-
oretically feasible, has practical limitations which include contamination from
cerebral spinal fluid and other tissue motion on the same velocity scales [73]
and the requirement of a signal-to-noise ratio (SNR) that is not practically
achieved in most imaging studies [74].

A second technique for quantifying microvascular blood flow entails MR
detection of inflowing labeled arterial water spins, and was first demonstrated
in animals [51, 52]. With this technique blood water flowing to the brain is
radiofrequency (RF) saturated outside the imaging plane (usually in the neck
region). Because of the relatively long blood T1 times, saturated spins are able
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to maintain much of their magnetization state as they travel into the plane of
interest and exchange, at the capillary level, longitudinal magnetization with

cere- bulk water in the brain. The resulting regional concentration of labeled spins
lood in tissue is a function of regional tissue blood flow.
>bral A recently developed extension of this flow imaging technique, named echo-

planar imaging with signal targeting and alternating RF (EPISTAR), has been
used to map both macrovascular and microvascular flow [3, 75] in humans.
This technique is based on the idea of subtracting two image data sets that
are identical except for differences in longitudinal magnetization arising from
inflowing spins. One data set is acquired after a remote 180° pulse is applied

cep- to invert the inflowing arterial spins. The first set is subtracted from a second
| the data set, acquired without the inversion pulse, thus giving a difference map
lood which is a function of flow.
T2*- This technique can be made sensitive to different levels of flow velocity by
. As varying the delay time between the inversion pulse and the image acquisition.
ents Maps of arterial flow are created using a relatively short inversion pulse-acquisi-
oxel tion delay time of 400 ms. Maps of microvascular flow and exchange processes
nua- are created using an inversion pulse-acquisition delay time of 1000 ms or
con- more. After the 1000-ms waiting period tagged magnetization is either within
the capillary bed or in the extravascular space in the immediate vicinity of capil-
ring laries.
1g a With the use of flow map subtraction changes in blood flow corresponding to
tion hemodynamic stress or brain activation can be mapped as well. The two maps
1ges can then be subtracted to reveal regions where changes in flow have occurred
[3,:75].

An alternative flow sensitive method is performed by application of the inver-
sion pulse in the same plane. In this case the image intensity is weighted not only
by modulation of longitudinal magnetization by flowing spins but also by other
MR parameters that normally contribute to image intensity and contrast (proton

ves- density, T1, T2). Therefore the application of an inversion pulse in the same

n a plane only allows for observation of changes in flow that occur with hemody-
namic stress or brain activation. This technique was first implemented by

not Kwong et al. [54] to observe activation-induced flow changes in the human

fure brain. In this seminal study activation-induced signal changes associated with

lary local changes in blood oxygenation were also observed.

1er-

ure

the- Blood Oxygenation

‘om

73] In 1932 Pauling et al. [76] discovered that the magnetic susceptibility of hemo-

ally globin is sensitive to its oxygen saturation. The susceptibility of red blood
cells decreases linearly from a fully oxygenated value of -0.26+0.07X10™° (CGS

MR units) to a fully deoxygenated value of 0.157+0.07X107°, giving a difference in

ited susceptibility of 0.18%10°° between 100 % blood oxygenation and 0% blood oxy-

1 is genation states [77]. This susceptibility difference results from the fact that oxy-

eck hemoglobin contains diamagnetic oxygen-bound iron and deoxyhemoglobin con-

\ble tains paramagnetic iron [76, 78, 79].
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In 1982 Thulborn et al. [79] demonstrated that the transverse relaxation rate,
R2 (or 1/T2), of blood decreases with an increase in blood oxygenation. Because
minimal changes in T1 of whole blood were observed upon the oxygenation
changes, it was suggested that the primary mechanism of relaxation change is
related to diffusion of spins through susceptibility-induced gradients (which
affects T2 relaxation) and not due to dipolar interactions (which affects T1
and T2 relaxation). The R2 dependence of blood on its oxygen saturation has
been confirmed by several other studies [77, 80-90].

In 1990 pioneering work of Ogawa et al. [59-61] and Turner et al. [63] demon-
strated that MR signal in the vicinity of vessels and in perfused brain tissue
decreases with a decrease in blood oxygenation. This type of physiological con-
trast was coined blood oxygenation level dependent (BOLD) contrast by Ogawa
et al. [61].

The use of BOLD contrast for the observation of brain activation was first
demonstrated in August of 1991 at the 10th Annual Meeting of the Society of
Magnetic Resonance in Medicine [91]. The first papers demonstrating the tech-
nique, published in July 1992, reported human brain activation in the primary
visual cortex [54, 62] and motor cortex [54, 56]. Two [54, 56] of the first three
reports of this technique involved the use of EPIL In these experiments a small
but significant local signal increase in activated cortical regions was observed
using susceptibility-weighted, gradient-echo pulse sequences.

The working model constructed to explain these observations was that an
increase in neuronal activity causes local vasodilatation which, in turn, causes
an increase in blood flow. This results in an excess of oxygenated hemoglobin
beyond the metabolic need, thus reducing the proportion of paramagnetic deox-
yhemoglobin in the vasculature. This hemodynamic phenomenon had previously
been suggested using other techniques [40-42], and later came to the attention of
MR investigators attempting to explain these localized activation-induced MR
signal increases. A reduction in deoxyhemoglobin in the vasculature causes a
reduction in susceptibility differences in the vicinity of venules, veins, and red
blood cells within veins, thereby causing an increase in spin coherence (increase
in T2 and T2*) and therefore an increase in signal in T2*- and/or T2-weighted
sequences.

Presently the most widely used fMRI technique for the noninvasive mapping
of human brain activity is high-speed gradient-echo imaging using BOLD con-
trast. The reasons for this are that (a) gradient-echo T2*-sensitive techniques
have demonstrated higher activation-induced signal change contrast than tech-
niques having T2-weighed, flow-sensitive, and blood volume-sensitive tech-
niques, and (b) BOLD contrast can be obtained using more widely available
high-speed multi-shot non-EPI techniques.

Several ongoing issues regarding interpretation, postprocessing, and the limits
of applicability of fMRI remain. As is shown below, EPI is a technique that
because of its speed, efficiency, and robustness lends itself well to the under-
standing and resolution of these issues.
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n rate, Implementation of EPI for fMRI
ecause
‘nation Several issues regarding the implementation of EPI are briefly addressed here in
inge is the context of fMRI. These include issues of spatial resolution, hardware, biolo-
(which gical limitations, artifacts, software, and data handling.
cts T1 Spatial resolution in single-shot EPI is limited either by the area of k space
on has that can be critically sampled in approximately one T2* period or by the system
bandwidth [92]. The area of k space that can be covered can be limited by the
emon- velocity in k space (gradient amplitude) or the acceleration in k space (gradient
tissue slew rate) and is typically limited by both. The tradeoff between gradient ampli-
1l con- tude and gradient slew rate in the design of the gradient system is one that has
Ogawa application-specific optima; systems that are designed specifically for single-shot
EPI therefore generally perform this function most efficiently.
s first The requirement for strong and rapidly switching gradients can be satisfied by
ety of increasing the gradient amplifier power, implementing resonant gradient technol-
> tech- ogy, or by reducing the inductance of the gradient coils such that they can be
‘imary driven by conventional gradient amplifiers. The latter strategy may be implemen-
- three ted by using a gradient coil that is localized only to the head. Figure 1 illustrates
small an example of a local gradient coil used for EPI on an otherwise conventional
served system. The three-axis balanced torque gradient coil (ID =30 cm,
length =37 cm) was designed and constructed by Wong [93]. The method of
1at an design was gradient descent [94]. The gradient fields were optimized for a region
causes that covers the human brain (cylinder of diameter 18.75 cm and length 16.5 cm.)
globin The maximum gradient strengths (G/cm 100 A) are 2.272 G/cm for X, 2.336 G/cm
deox- for Y, and 2.487 G/cm for Z. As a result of the low coil inductance (0.149 mH for
iously X, 0.174 mH for Y, and 0.076 mH for Z), the minimum rise time from zero
ion of amplitude to full scale is approximately 50 ps. For a comprehensive review on
d MR techniques for designing gradient coils, please refer to Turner [95]. While the
1ses a use of local gradient coils makes single-shot EPI possible on standard clinical
d red systems, the system bandwidth may limit its implementation. Inadequate band-
crease widths may limit the useful gradient amplitude, thereby reducing spatial resolu-
ighted tion. Lastly, single-shot EPI can be carried out on a conventional imaging system
pping

) con- Fig. 1. The three-axis balanced
torque head gradient coil used

nques for EPI on conventional clini-
tech- cal MRI scanners, ID =30 cm;
tech- length = 37 cm. The maxi-

ilable mum gradient strengths

(G/cm at 100 A) are 2.272
G/cm for X, 2.336 G/cm for Y,
limits and 2.487 G/cm for Z.
> that Inductances are 0.149 mH for
X, 0.174 mH for Y, and
inder- 0.076 mH for Z. Minimum rise
time from zero amplitude to
full scale is approximately
50 ps
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without the use of local gradient coils by simply using a large field of view and/
or a small image matrix size [96].

A major non-hardware-related limitation on gradient slew rate is the biologi-
cal threshold for neuronal stimulation due to time-varying magnetic fields. At
present high-performance gradient systems (either local gradient coils or high-
powered whole body systems) are capable of exceeding the guidelines of the
United States Food and Drug Administration on field slew rate (dB/dt), and
the optimization of EPI pulse sequences is strongly affected by dB/dt considera-
tions. Taking all these considerations into account, optimal spatial resolution in
the human head for single-shot EPI is achieved at these approximate values:
matrix of 128128, bandwidth of 250 kHz, gradient strength of 4 G/cm, and
data acquisition window of 80 ms.

The requirements for successful implementation of EPI for fMRI are not lim-
ited to hardware. In most cases phase correction algorithms are a necessity to
compensate for timing errors related to imperfections in the gradients, gradi-
ent-induced eddy currents, and static field inhomogeneities. The timing errors
generally manifest themselves as Nyquist ghosts. Even if the ghosts are not com-
pletely eliminated from each image, they usually remain stable in intensity and
location from image to image over time. Also, since the location of the ghosts
is usually outside of the head, they usually do not cause significant problems
in the interpretation of the functional images.

Because of the long-sampling time and artifactual phase modulation, two
other types of off-resonance related artifacts exist in EPI: signal dropout, and
image distortion.

Signal dropout is primarily due to intravoxel phase dispersion resulting from
through plane variation of magnetic field. This effect is common to all gradient-
recalled imaging techniques, and is dependent primarily on the TE and slice
thickness and the local shim in specific regions of the brain. The problem of sig-
nal dropout in gradient-echo sequences can be reduced by reduction of the voxel
volume. Therefore gradient-echo image quality, if acquired at the base of the
brain where large susceptibility gradients exits, is improved by reduction of
voxel volume. Also, this effect is greatly reduced in spin-echo EPI as well as
other spin-echo techniques because the macroscopic off-resonance effects are
refocused at the echo time.

Image distortion is caused by the phase modulation that occurs during data
acquisition. Because the artifactual phase modulation is linear in time, it is
directly proportional to the data acquisition time. In EPI this linear phase mod-
ulation creates primarily a linear distortion of the image in the phase encode
direction whose magnitude is given by the Fourier shift theorem. If the phase
modulation is 2m across the data acquisition window, the shift in image space
is one pixel. Thus for a 40-ms data acquisition window a signal that is 25 Hz
off resonance is shifted by one pixel. Several postprocessing methods have
been put forward for correcting image distortion in EPI [97-99].

The image distortion effect is present in conventional imaging techniques as
well. For example, if a conventional spin-warp technique is used with the same
resolution and the same data acquisition time as used with EPI, the distortion
is the same. However, the distortion in spin-warp imaging techniques is typically
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ind/ smaller because the data acquisition times are shorter and the resolution is
higher, both of which decrease the magnitude of the distortion. It should be
0gi- noted, however, that it is exactly these two parameters, higher resolution and
. At shorter data acquisition times, that decreases the SNR per unit time of spin-
igh- warp techniques relative to EPL
the The artifacts caused by macroscopic off-resonance effects are also dependent
and on k space traversal path. In the case of spiral imaging off-resonance effects are
era- not manifested as Nyquist ghosts or image distortion but as blurring [4, 100].
1 in Figure 2 shows a comparison of single-shot blipped EPI (40 ms acquisition win-
1€s: dow) and single-shot spiral EPI (28 ms acquisition window). The anatomical
and images differ in that the blipped image is sharper but more distorted. The spiral
image shows apparently less distortion but much more blurring in the radial
im- direction. A time course of blipped and spiral images were collected during
- to which the subject performed periodic bilateral finger tapping. Functional corre-
di- lation images, shown below the anatomical images, were created by calculation of
ors the vector product of a reference waveform with the time course of each voxel
m- [101]. Note that both sequences reveal signal enhancement in the supplementary
ind and primary motor cortex and possibly the somatosensory cortex. The locations
sts and extents of the activated regions appear different due to the different sensitiv-
ms ity to gross off-resonance effects. It should also be noted that because the central
part of k space is usually covered very early in the spiral path, the sequence is
wo less sensitive to flow than blipped sequences are [100, 102].
ind Another practical but significant factor to be considered when performing
fMRI with EPI is the rapidity with which large amounts of data are collected.
om This data may then go through several additional transformations (adding to
nt- the total required data storage capacity) before a functional image is created.
ice If ten slices having 64X64 resolution are acquired every 2 s (typical for multislice
ig- fMRI), the data acquisition rate is approximately 2 MB per minute.
xel
he
of Fig. 2. Demonstration of the

relative sensitivity of single- BIiPPEd Spira|

shot blipped and spiral EPI to
e off-resonance effects. Left,
single-shot blipped EPI is
sharper but distorted; right,
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Research in fMRI

Research in fMRI can be divided into four overlapping and interdependent cate-
gories: functional imaging hardware and pulse sequence development, contrast
mechanism research, postprocessing development, and applications. In all of
these categories the use of EPI has been extensive, primarily because for most
applications its robustness outweighs its limitations. In the remainder of the
chapter the role of EPI in each of these research categories is discussed.

fMRI Hardware and Pulse Sequence Development

The first fMRI experiments were carried out using EPI at 1.0 [103], 1.5 [54, 56,
64, 91, 104, 105], 2.1 [57], 3.0 [106], and 4 T [64], and fast multi-shot gradient-
recalled imaging techniques at 1.5 [64], 2 [58, 107], and 4 T [62]. Platforms for
fMRI vary considerably in terms of pulse sequence, field strength, gradient hard-
ware, and RF coil hardware. Generally, fMRI platform evolution has been in the
direction of increased functional contrast-to-noise ratio (CNR), temporal resolu-
tion, spatial resolution, and hemodynamic specificity.

Functional Contrast-to-Noise Ratio

Functional contrast relates to the detection of activation-induced signal changes
in space (as opposed to nonactivated regions) and time (as opposed resting state
signal). The most fundamental of needs in fMRI is a high functional CNR to
detect small signal changes. When using gradient-echo sequences, maximal
susceptibility contrast is achieved by using TE approximately equal to T2* [57,
108, 109]. In addition, studies have shown, largely in agreement with predictions
of several susceptibility contrast models [66, 110-114], that BOLD contrast
increases with field strength [62, 64, 106, 108, 115, 116]. However, because of
its sensitivity to off-resonance effects, performance of EPI is more difficult,
but still possible, at higher field strengths [64, 106, 116-118].

An alternative to increasing contrast is reduction in the noise relative to the
image signal intensity. Several simple strategies are commonly used in fMRI to
increase SNR - most of which EPI is well suited for. The use of a relatively
long TR, 90° flip angle, and temporal averaging of several hundred images can
be performed in an experimentally feasible amount of time using EPI. Also,
with EPI the long data acquisition times that are typically used in order to
achieve acceptable spatial resolution are approximately equal to the T2* of
gray matter — optimal from the point of view of maximizing the SNR.

Many of the sources of signal contamination are not from system or thermal
noise but rather from cardiac and respiration-related pulsatile motion [100, 102,
119-123] or subject movement [124] or possibly from susceptibility gradient var-
iations related to spontaneous changes in flow [125, 126] or respiration-related
changes in chest cavity size, which has been suggested to cause changes in B,
as far away as the head region (Ugurbil, personal communication). Therefore
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the CNR can also be increased by reduction of signal fluctuations that contribute
to the noise.

cate- In conventional multi-shot techniques pulsatile motion during data acquisition
1trast has been shown to cause variation in k space registration which primarily causes
all of nonrepeatable ghosting variations across each image, adding significantly to the
most noise [100, 102]. With EPI physiological motion is “frozen” by the short 40-ms
f the acquisition time of all k space, enabling stable line-to-line registration across

each image during acquisition - thus reducing this source of noise significantly.

In EPI gross displacement generally manifests itself as misregistration at edges
and as some isolated signal propagation in the phase encode direction from
rapidly flowing or moving spins [127]. Asymmetric spin-echo EPI, with similar
contrast weighting as gradient-echo EPI, has demonstrated a reduction in arti-

4, 56, facts caused by rapidly flowing and pulsatile spins because the 180° pulse does
lient- not refocus rapidly flowing spins [128].

1s for Among non-EPI techniques multi-shot spiral-scan sequences [100, 102],
hard- sequences employing oblique motion compensation [129], and sequences
n the employing navigator pulses [130] have all demonstrated more signal stability
solu- over time and less artifactual signal changes than standard two- or three-dimen-

sional Fourier transform multi-shot techniques.

The SNR can also be increased by the use of region-selective RF coils. Opti-
mally, the RF coil should couple only to the regions that are being studied,
such as surface coils over the occipital pole in visual stimulation studies. How-
ever, it is becoming increasingly desirable for most functional imaging studies

inges to observe the entire brain. For whole-brain studies whole-head quadrature
state coils commonly used clinically for head and neck imaging are suboptimal
R to because they couple to other tissue that is not of interest, causing an unnecessary
cimal increase in mnoise. Recently quadrature whole-brain transmit-receive coils that
257 couple predominantly to the brain have been implemented for fMRI [131, 132].
tions

1trast

se of Temporal Resolution

icult,

Because the fMRI signal change is based on hemodynamic changes, the practical
> the upper limit on functional temporal resolution is determined by MRI SNR and by
RI to the variation of the hemodynamic response latency in space and in time [133-
ively 139]. These variations may be due to differences in neuronal activation charac-
; can teristics across tasks [137, 138], to differences in vessel size [133, 134], or to
Also, other physiological or anatomical differences. In primary visual and motor cortex
°r to the latency of the hemodynamic response is approximately 5-8 s from stimulus
* of onset to 90 % maximum, and 5-9 s from stimulus cessation to 10 % above base-

line [54, 57, 101, 138-141]. This latency has been described as a shifting and
rmal smoothing transformation of the neuronal input [142]. Given the variations of

102, the hemodynamic response, the upper limit of temporal resolution discrimina-
var- tion has been empirically determined to be on the order of 1 s [136] or less
lated [143]. With greater specificity for hemodynamic scale, higher SNR, and innova-
n B, tive experimental design this upper limit on temporal resolution may be

efore increased even further.
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For many types of investigations it may be desirable to use experimental para-
digms similar to those used in event-related potential recordings or magneto-
encephalography [144], in which multiple runs of transient stimuli are averaged
together. For this type of paradigm, requiring rapid sampling and high SNR for a
very brief duration, EPI is optimal. As a side note, because of the brief collection
time of EPI relative to typical TR values the between-image waiting time allows
performance of EEG in the scanner during the imaging session [145].

The type of neuronal and/or hemodynamic information that may be obtained
from signals elicited from brief stimuli paradigms may be different from the
information elicited by longer duration activation times. Transient activation
durations (<1 s) are detectable as MR signal changes which begin to increase
2 s after the activation onset and plateau at 3-4 s after activation [135, 139,
140, 143, 146]. Figure 3 shows signal intensity vs. time from a region in motor
cortex in which the subject performed a finger tapping task for 0.5 s.

Unique information may also be obtained from rapidly sampled and highly
averaged time course data. As an example of unique hemodynamic information
obtained in this manner, a small decrease in signal before the subsequent signal
increase with photic stimulation has been observed by Menon et al. [117, 118]
using EPI at 4 T.

The study of the underlying noise from which activation-induced signal
changes must be separated is also highly important for both detailed physiologi-
cal studies and postprocessing development. Frequency components contained in
signal fluctuations have been characterized using EPI [120, 121, 147]. An example
is given of how the use of EPI allows for characterization of signal fluctuations.
In this study the a time course of images were rapidly collected during rest. After
reaching steady state magnetization 125 images were collected in 25 s (voxel
volume = 3.75X3.75X10 mm’, flip angle =60°. TR =200 ms). Signal intensity
was measured from a voxel in the sagittal sinus. Figure 4 shows a plot of signal
vs. time from a region containing the sagittal sinus and the Fourier transform of
that signal. The peak at about 45 beats per minute corresponds to the volunteer’s
heart rate (a marathon runner). An anatomical image of the axial slice observed

Fig. 3. Signal intensity (from a
single run) vs. time from a
region in motor cortex. |

0.5 Second Activation Time

TR/TE = 1000 ms/40 ms. Two
0.5-s episodes of finger
movement were performed.
Signal intensity begins to
increase 2 s after activation,
peaks 4-5 s after activation,
then returns to baseline 8-9 s
after activation
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Fig. 4. Signal intensity vs. time
from a voxel in the sagittal
sinus. TE/TR = 40 ms/200 ms.
Below, Fourier transform of
the signal vs. time plot,
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and the spectral density image at that frequency is shown in Fig. 5. High signal
intensity regions in this spectral density image correspond to voxels containing
cerebral spinal fluid and large vessels. The source of these signal changes is likely
periodic time-of-flight inflow effects of unsaturated magnetization.

With the use of EPI approximately ten images may be obtained per second -
giving the option to image the entire brain in under 2 s or to sample a smaller
number of imaging planes to allow a more dense sampling of the time course.
Another possibility in EPI is to sample less densely in space but to cover a
large volume in a single shot. This technique is known as echo-volume imaging
[1, 5, 148].

The more rapid the feedback of fMRI data, the more easily experiments can be
fine-tuned or appropriately adjusted. If EPI is used in conjunction with real-time
functional image formation [149], the quality of functional images can be mon-
itored during time course scanning until the desired functional image quality is

Fig. 5. Anatomical image and : spectral density image
spectral density image at the anatomical image at heart - rate
above heart rate frequency
peak, revealing regions of
periodic signal changes in
the brain
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obtained. Also, if single slice studies are desired, the use of EPI can allow for an
iterative search until the appropriate region is located - similar to a clinical scout
scan. In general, EPI allows this type of iterative approach to be performed in a
reasonable amount of time.

Spatial Resolution

The upper limit on functional spatial resolution, similarly to the limit of tem-
poral resolution, is likely determined not by MRI resolution limits but by the
hemodynamics through which neuronal activation is transduced. Evidence
from in vivo high-resolution optical imaging of the activation of ocular domi-
nance columns [41-43] suggests that neuronal control of blood oxygenation
occurs on a spatial scale of less than 0.5 mm. On the other hand, MR evidence
exists which suggests that the blood oxygenation increases that occur upon brain
activation may be more extensive than the actual activated regions [133, 134,
150-153]. In other words, it is possible that, while the local oxygenation may
be regulated on a submillimeter scale, the subsequent changes in oxygenation
may occur on a larger scale due to a “spill-over” effect.

To achieve the goal of high spatial resolution fMRI a high functional CNR and
reduced signal contribution from draining veins is necessary. Greater hemody-
namic specificity, accomplished by proper pulse sequence choice, innovative acti-
vation protocol design, or proper interpretation of signal change latency, may
allow greater functional spatial resolution. If the contribution to activation-
induced signal changes from larger collecting veins or arteries can be easily iden-
tified and/or eliminated, not only is confidence in the brain activation localiza-
tion increased, but also the upper limits of spatial resolution are determined
by scanner resolution and BOLD CNR rather than variations in vessel architec-
ture.

Currently voxel volumes as low as 1.2 pl have been obtained by functional fast
low-angle shot techniques at 4 T [115], and experiments specifically devoted to
probing the upper limits of functional spatial resolution, using spiral scan tech-
niques, have shown that fMRI can reveal activity localized to patches of cortex
having a size of about 1.35 mm [154]. These studies and others carried out
using EPI [155] and multi-shot spiral scanning [154, 156] have observed a
close tracking of MR signal change along the calcarine fissure as the location
of visual stimuli was varied.

The voxel dimensions typically used in single-shot EPI studies are in the range
of 3-4 mm, in plane, and have 4- to 10-mm slice thicknesses. As mentioned,
these dimensions are determined by practical limitations such as readout win-
dow length, sampling bandwidth, limits of dB/dt, SNR, and data storage capacity.
In spite of these limitations higher resolution single-shot EPI can be performed
in some situations. Figure 6 presents an example of four functional studies using
progressively higher resolution single-shot gradient-echo EPI. The imaging plane
contains the motor cortex. The subject was instructed to perform periodic bilat-
eral finger tapping. Anatomical and functional correlation images and corre-
sponding voxel dimensions are shown. The size of the activated region appears
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tec- to decrease as the spatial resolution is increased. At low resolution either more
subtle capillary-related signal changes are being observed (due to the higher
fast SNR) along with large vessel effects, or large vessel effects are simply being par-
| to tial volumed with inactive areas in the same large voxels.
ch- Other ways to bypass the practical scanner limits in spatial resolution include
tex partial k space acquisition [4] and multi-shot mosaic or interleaved EPI [4, 157,

out 158]. An example of multi-shot interleaved EPI in the context of fMRI is given in
1 a Fig. 7 (images provided by S. Tan). Axial anatomical and corresponding func-
tional correlation images containing motor cortex are shown. The subject per-
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nge in 4 s. The voxel dimensions for this image are 0.937X0.937X5 mm. The acti-
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Fig. 7. Demonstration of progressively higher resolution multi-shot interleaved EPI. Anatomical
and functional correlation images from a single subject performing bilateral finger movement.
(Images were provided by S. Tan)

Hemodynamic Specificity

The interpretability of fMRI depends to a large degree on the specific hemody-
namic sensitization that is possible. Changes in flow, volume, and oxygenation
can be selectively observed with fMRI: volume changes — using rapidly obtained
T2*- or T2-weighted sequences in combination with bolus administration of a
paramagnetic contrast agent [38], flow changes - using inversion recovery [53,
54] or short TR/short TE sequences [151, 159], and oxygenation changes -
using T2*- or T2-weighted sequences [54, 56-65, 109]. Also, intravascular vs.
extravascular effects may be discerned by appropriate choice of velocity-dephas-
ing gradients [160-163]. Large vessel vs. small vessel effects may be selectively
observed by careful interpretation of relative activation -induced R2 and R2*
changes [109, 113, 164, 165] as well as by inspection of high resolution T2*-
weighted images at high field strength [108]. Veins in the latter case show up
as dark spots in the high resolution T2*-weighted images. Because the typical
implementation of single-shot EPI involves the acquisition of one image every
RF excitation followed by a waiting period of about 1 s, many of the above-men-
tioned hemodynamic-specific pulse-sequence manipulations can be applied with-
out any sacrifice in imaging time and without additional contamination from
motion artifacts which is especially important in the case of diffusion weighting.
Figure 8 illustrates schematically, the types of manipulations that can be easily
implemented for hemodynamic specificity using EPI.

A comparison of activation-induced signal change locations across several
pulse sequence weightings, keeping all else constant, is given below. Each time
course series consisted of 240 sequential images. (TR =2 s, voxel
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volume = 3.75X3.75X5 mm.) Total time course length was 480 s. Table 1 displays
the EPI pulse sequence parameters used and their respective contrast weightings,
based on what has been hypothesized in the literature [3, 51, 52, 54, 113]. During
each time course series, sequential, bilateral finger tapping was performed in
alternating 20-s rest and 20-s activation cycles. Functional correlation images

ical
ent, were then created. Figure 9 displays the first image in each of the six time course
series. Figure 10 displays the corresponding functional correlation images show-
ing activation in primary motor cortex regions. In spite of the different hemody-
namic specificity of each sequence, the activated regions are similar in location,
extent, and shape. However, on closer inspection of a magnification of the
images, shown in Fig. 11, a systematic shift in activation foci is apparent. In
the T2*-weighted images the focal points of activation appear more lateral on
dy-
on
ed Table 1. Pulse sequences and the corresponding image contrast and functional contrast weight-
i ings
53, Sequence Parameters Contrast Flow Oxygenation
T weighting
- BOLD BOLD
S (>20 um) (<20 pm)
as-
ely Inversion recovery TI = 1200 High T1 y x
0% TR = 2000 Slight T2
TE = 60
2*-
Asymmetric spin-echo TI = 1200 High T1 y y X
ip inversion recovery TR = 2000 High T2*
cal TE = 60 Slight T2
ory T =40
N - Asymmetric spin-echo TR = 2000 High T2* y b
T TE = 60 Slight T2
T =40
om
Spin-echo TR = 2000 Slight T2 XY
18- TE =60, 100 High T2
ily Gradient-echo TR = 2000 High T2* y y
TE =40
ral

me y = high sensitivity, x = low sensitivity, according to the current models, to flow or to changes in
blood oxygenation in large (greater than 20 pm) compartments and small (less than 20 um)
xel compartments.
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IR IR - ASE ASE

(T1=1200, TR=2000, TE=60)  (Ti=1200, TR=2000, TE=60, tau=40)  (TR=2000, TE=60, tau=40)

SE

(TR=2000, TE=60) (TR=2000, TE=100)

Fig. 9. First image in each of the EPI time course series having different contrast weightings. IR,
inversion recovery; ASE, asymmetric spin echo; SE, spin echo; GE, gradient echo

IR IR - ASE ASE

(Tl=1200, TR=2000, TE=60)  (Ti=1200, TR=2000, TE=60, tau=40)  (TR=2000, TE=60, taus40)

SE SE GE

(TR=2000, TE=60) (TR=2000, TE=100) (TR=2000, TE=40)

Fig. 10. Functional correlation images created from time course series of corresponding images
(Fig. 9). Differences can be seen in functional contrast to noise and actifactual contamination,
Overall similarity of activated region locations and extents is apparent. For abbreviations, see
Table 1
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IR
(TI=1200, TR=2000, TE=60)

IR - ASE
(T1=1200, TR=2000, TE=60, tau=40)

ASE
(TR=2000, TE=60, tau=40)

SE
(TR=2000, TE=60)

SE
(TR=2000, TE=100)

GE
(TR=2000, TE=40)

Fig. 11. Magnification of functional correlation images given in Fig. 10. Comparison of the dif-
ferent pulse sequences demonstrates subtle and systematic shifts in activation locations. For
gs. IR, abbreviations, see Fig. 9

both sides. In the T1- and the T2-weighted images the focal points are located
several millimeters more centrally. In the correlation image that was obtained
using the asymmetric spin-echo inversion-recovery sequence, which is both
T2*- and T1-weighted, two foci appear on the left side of the image that corre-
spond to the individual foci obtained separately using the other sequences.

While not giving any definitive conclusion about underlying hemodynamic
processes, these studies illustrate the flexibility that EPI offers in the time-effi-
cient collection of images having several different contrast weightings. Regardless
of the hemodynamic weighting of the pulse sequence it is heartening to note that
the regions showing activation in this study predominantly overlap.

Contrast Mechanism Research

Research performed to characterize the details of the fMRI contrast mechanisms
has been motivated by the desire to determine a correlation of the magnitude,
spatial extent, and timing of the observed MR signal changes with underlying
neuronal activation magnitude, extent, and timing. While it is generally accepted
that MR signal changes are transduced through neuronally induced hemody-
namic changes, the following two relationships are not clear: (a) the relationship
between the magnitude, timing, and spatial extent of neuronal activation and the
magnitude, timing, and spatial extent of the hemodynamic changes, and (b) the
Sy relationship between the degree, timing, and spatial extent of induced hemody-
5, see namic changes and the degree, timing, and spatial extent of the MR signal
changes.
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The difficulty in activation-induced signal change contrast mechanism
research is that the actual location, magnitude, and timing of neuronal activation
is imprecisely known. In general, contrast mechanism studies have involved well-
controlled modulation of many potentially significant parameters. By parameter
modulation and subsequent comparison with an ever-growing model which
includes MR physics, cerebral physiology, and neurology a large amount of con-
vergent information about the relative contributions to MR signal changes has
been and continues to be obtained.

Strategies for a more complete understanding of fMRI contrast mechanisms
have involved: (a) observation of the dependence of the magnitude, timing,
and spatial extent of activation-induced signal changes upon MR parameters
such as TE [62, 108, 109, 116, 164-167], TI [3], flip angle [151], B, [62, 64,
106, 108, 116], slice thickness and resolution [107, 152, 153, 166], outer volume
saturation [159], and diffusion weighting [160-163], (b) observation of the rest-
ing signal, and activation-induced signal changes, during different degrees of
hemodynamic stress [59-61, 63, 168-173] or during different degrees of neuronal
activity (visual flicker rate, finger tapping rate, syllable presentation rate) [54,
135, 139, 140, 174, 175], (c) comparison of signal locations with macroscopic ves-
sel maps [108, 133, 134, 152, 153] or neuronal activation maps [176-178], and (d)
modeling of activation-induced MR signal changes based upon knowledge of MR
physics and human cerebral physiology [66, 111-114, 179-181].

EPI lends itself well to many of these contrast mechanism studies since its
pulse sequence parameters are easily modulated, and many images can be ob-
tained rapidly with minimal systematic artifacts which can become more proble-
matic with longer image time course acquisition times. Presented below is an
example of how EPI can be utilized in the study of fMRI contrast mechanisms.

Relaxation Rate Comparison

As mentioned above, many variables can contribute to the a change in MR signal
intensity during brain activation. Among the possible sources of activation-
induced MR signal changes are a decrease in R2* and R2, movement near a
high signal intensity gradient, a net frequency shift causing a subvoxel spatial
shift, an increase in apparent T1 relaxation rate caused by perfusion changes,
and a possible change in proton density. The extent to which these parameters
contribute depends on the pulse sequence parameters and conditions of the
experiment.

The degree to which each parameter contributes to the signal intensity change
under specific pulse-sequence conditions is a question that is central to a large
proportion of contrast mechanism studies. For example, the issue of flow vs. oxy-
genation contrast entails understanding how much of the signal change (or what
areas) are related primarily to oxygenation changes and how much is due to non-
susceptibility related flow changes. It is essentially a question of localization,
interpretation, and ultimately quantification. The proportion and location of
large draining veins vs. capillary contributions affects BOLD contrast. Large
draining veins may cause oxygenation-related signal changes far removed from
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)anism regions of activation due to the fact that the blood volume in each voxel heavily
vation weights the magnitude of susceptibility-related signal change. Also, large vessels
1 well- may give artificial “hot spots” that may be misinterpreted as the location of high-
imeter est neuronal activation. These issues are not yet been fully understood. The study
which described below demonstrates the manner in which EPI can be used to address
f con- such issues.
es has The study below demonstrates (a) that the predominant mechanism of signal
changes with susceptibility-weighted sequences having TR of 1 s or greater is
nisms from alterations in transverse relaxation rate due to changes in the susceptibility
iming, of hemoglobin during activation and has minimal non-susceptibility-related con-
neters tributions [108, 109, 116, 164, 165], and (b) the predominant vascular scale con-
2, 64, tributing to BOLD contrast during brain activation varies significantly over
olume space.
> rest- In this study, the assumption was made that the resting and activated MRI sig-
ses of nal intensity, Sr and Sa respectively, may be approximated by:
3“?512{ ST = St e Sy S g S e
C ves- Resting and activated signal at TE =0, Sr, and Sa, can be altered by changes in
d (d) proton density and/or T1. Resting and activated transverse relaxation rates, R2r
f MR (1/T2r), and R2a (1/T2a), can be altered in this context by changes in the mag-
netic susceptibility of blood, which causes changes in R2" (R2* = R2+R2’). Tem-
ce its porally and spatially registered time course measurements of R2, R2*, and S,
e ob- during rest and activation enables accurate separation of these flow (non-suscep-
roble- tibility-related) and oxygenation (susceptibility-related) effects.
is an Using a combined spin-echo and gradient-echo EPI sequence (SEGE EPI)
isms. [165] (Fig. 12), a pair of spin-echo and gradient-echo single-shot echo-planar

time course series were collected simultaneously and processed in an identical
manner. In Fig. 12 the missing phase-encode blips are incorporated to allow
for two line phase correction for each image [182, 183]. SEGE EPI has proven

ignal
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oxy- H \/ ||’
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e Fig. 12. SEGE-EPI, This sequence allows for the collection of spin-echo (T2-weighted) and gradi-
(ke ent-echo (T2*-weighted) echo planar image pairs within about 50 ms of each other. This
tion, sequence is used to obtain spatially and temporally registered gradient-echo and spin-echo

time course series for voxelwise comparison of activation-induced signal change dynamics
and locations with different contrast weightings. Systematic incrementation of the two TE values
alge in each sequential time course image also enables the simultaneous mapping of relative trans-
from verse relaxation rates (R2%, R2, and R2') and steady-state magnetizations

n of
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, Elg13tsthe firstipetsy o) GE (TE=30ms) SE (TE = 110ms)
| anatomical images and the

corresponding functional

correlation images obtained

simultaneously from a SEGE

EPI time course series. The anatomical

gradient-echo functional images

image (GE) appears to have
| a higher functional CNR than
the spin-echo image (SE). The
signal change locations also
show differences

functional
|1 images

useful for voxel-wise comparisons of relative R2* and R2 contrast [165, 184].
Imaging was performed on a 1.5-T GE Signa scanner using a local three-axis gra-
dient coil and a quadrature transmit/receive birdcage RF coil. Voxel volume was
3.75%3.75X5 mm’.

‘ The first part of the experiment entailed obtaining SEGE EPI time course se-
: | ries (TR =1 s) during cyclic on/off finger movement using single TE values of
[ {8 30 ms (gradient-echo) and 110 ms (spin-echo). With this protocol the relative
A signal change latencies can be compared and the relative relaxation rates (R2*/
; R2) mapped. Figure 13 shows the first pair of anatomical images and the corre-
sponding functional correlation images obtained. The gradient-echo functional
image more clearly shows activation-induced signal changes. Also, the signal
change locations differ. Figure 14 shows a magnification of motor cortex and

Visual Cortex Motor Cortex

Gradient - Echo

|
I
i
[
| .
! I Spin - Echo
|
I

Fig. 14. Magnification of simultaneously obtained and identically processed gradient-echo
(TE = 30 ms) and spin-echo (TE =110 ms) functional correlation images of visual and motor
! cortex activation
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visual cortex functional correlation images. Corresponding high-resolution ana-
tomical images are shown for reference. In spin-echo sequences pulsatile and/
or large vessel artifacts are significantly reduced at some expense in functional
CNR.

Figure 15 shows gradient-echo and spin-echo time course signals from the
same motor cortex region of interest obtained simultaneously using the SEGE
sequence. The vertical scales are the same to illustrate the relative contrasts typi-
cally obtained. To compare the relative latencies of the signal changes each acti-
vation/rest cycle was averaged over time and then normalized. This comparison
is shown in Fig. 16. A monoexponential model of the signal change onset is an
oversimplification of the behavior of the MR signal change on activation, but for
the purpose of comparison with the literature values [54], similar monoexponen-
tial fits to the initial rise in signal were performed. The fitted onset time con-
stants were 3.67+0.30 s for the gradient-echo sequence and 4.19+0.46 for the
spin-echo sequence. Within the certainty of experimental noise the two onset
latencies are the same.

As discussed above, mathematical models of the BOLD effect have suggested

84]. that the AR2*/AR2 ratio is highly dependent on compartment (red blood cell
Jra- and vessel) size, activation-induced susceptibility change, and the diffusion coef-
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Fig. 17. Relative activation- %
induced AR2*/AR2 map cre- : i oREV R
ated from voxels showing P 2 | 7.96
activation with both the gra- ! > L
dient-echo and spin-echo
contrast weightings. The ratio
varies considerably in space
and has an average value of
3.52 = 0.48

1.33
'‘Average AR2*/AR2 = 3.52 + 0.48 s

ficient. The relative change in relaxation rates, [determined by AR2(*) = -Ln(Sa/
Sr)], were compared on a voxelwise basis, in regions showing common activation,
directly from the signal changes in the SEGE-EPI time course series. Figure 17
shows the map of AR2*/AR2 values. The variation in AR2*/AR2 values suggests
a heterogeneous distribution of predominant vascular scales. The highest ratio
is observed directly within a sulcus where a large vessel appears to be. Lower
ratios appear to be predominantly within gray matter regions, indicating capil-
lary-related changes. The average relaxation rate ratio was found to be
3.52+48 s. This ratio suggests an average compartment size of approximately
10 pm [113]. One caveat in the interpretation of these maps is that the ratios
reflect compartment size and not vessel size. Within vessels there are many smaller
compartments (red blood cells) which tend to reduce this ratio in large vessels.

Maps of AR2* and AR2 which are created using single TE values may be inac-
curate due to non-susceptibility-related signal changes. The assumption is made
that So, = So,. Therefore in the second part of the experiment this assumption is
tested by time course collection of highly sampled R2 and R2* decay curves dur-
ing rest and activation. Extrapolating these curves to TE = 0, the nonsusceptibil-
ity component of the signal, So, was determined.

Figure 18 shows a plot from the same voxels in the motor cortex of the Ln(S)
vs. TE, collected during rest and activation. Each curve has 100 points (gradient-
echo TE = 25-74.5 ms, spin-echo TE =100-199 ms). All data for this plot were
obtained in under 17 min using SEGE EPI. Activation-induced changes in the
relaxation rates, AR2* and AR2, were measured to be -0.81+0.02 s’ and -
0.19:0.02 s, respectively. The interpolated change in So using the AR2* curves
was significant.

Using this same data set, the percentage of signal change vs. TE was computed
(Fig. 19). The percentage change shows a linear TE dependence. The ASo at
TE =0 corresponds closely to the apparent T1-related signal changes predicted
at TR =1 s (=0.6 %) using the perfusion model of Kwong et al. [54].

A plot of Sa-Sr vs. TE is shown in Fig. 20. Bold lines indicate Sa-Sr values
calculated using the measured AR2*, AR2 as well as extrapolated AS, values.
Lighter lines are calculated using the measured AR2*, AR2 values and assuming
So, = So0,. Once again, the more precise fit to the AS curve was that which used
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Fig. 18. Resting and active R2,
R2* curves obtained simulta-
neously during rest and acti-
vation from identical regions
in motor cortex. Each curve
has 100 points. Gradient-echo
(GE) TE = 25 to 74.5 ms; spin-
echo (SE) TE = 100-199 ms).
All data for this plot were
obtained in under 17 min
using SEGE EPI The observed
change in So, when using the
AR2* curves, was significant
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Fig. 19. Percentage of gradient-
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signal change vs. TE from the
same data set as in Fig. 18.
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Fig. 20. Signal difference vs. TE
from the same data set as in
Figs. 18 and 19. Bold lines
were calculated using the
measured resting and active
R2, R2*, and So values; lighter
lines were calculated using the
measured R2 and R2* values
and assuming that S,0 = 5;0.
The more precise fit to the A §
curve was that which used the
So, and So, values obtained by
interpolation of the decay
curves to TE =0

Percent Change

0 40 80 120 160 200

GE int. = 0.64 £ 0.15 % TE (mS)
SEint. =0.24 + 0.38 %

Sa-Sr

TE (ms)

the So, and So, values obtained by interpolation of the decay curves to TE = 0.
The ratio in contrast at TE=~T2* between gradient-echo and spin-echo sequences

is about 3.5-1.

Lastly, using similarly acquired data, maps of So, R2, R2', and R2* as well as
maps of activation-induced changes in So, R2, R2’, and R2* may be created
(Fig. 21). The R2’ maps (direct measure of proton resonance linewidth) were cal-
culated from R2*-R2. Decreases in R2* and R2' are observed most easily. Using
this method of analysis, a decrease in R2 is minimally perceptible, and S,
changes are relatively imperceptible. The “hot spot” in the AR2’ map (indicating
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Fig. 21. Maps of resting state and changes in R2%, R2, and So, created using SEGE EPI, in which
the TE values were systematically incremented during the time-course collection of images

a change in macroscopic B, gradients) corresponds closely with the largest
AR2*/AR2 ratio indicated in Fig. 17. The evidence indicates that this region is
likely a vessel. The regions of small AR2" and larger AR2 are likely smaller vessels
or capillaries.

The use of SEGE EPI enables acquisition of spatially and temporally regis-
tered, high-SNR measurements of R2* and R2 in a reasonable amount of time.
In this study R2*, R2, and interpolated TE =0 signal were measured over time
in the brain during rest and activation. These studies typically demonstrate
large spatial AR2*/AR2 heterogeneity, with an average ratio of about 3.5, indicat-
ing, with several assumptions, an “average” susceptibility compartment size of 8-
10 um. These studies also indicate that, while susceptibility effects clearly dom-
inate when using a TR of 1 s or longer in gradient-echo or spin-echo sequences,
a very small non-susceptibility-related component contributes.

Postprocessing Development

The challenge of accurately determining regions of significant activation from
fMRI data is nontrivial and has yet to be solved. Some of the developments
addressing this issue include: (a) the development of accurate and robust motion
correction [186, 187] and/or suppression methods, (b) the determination of the
noise distribution [120, 121, 155], (c) the determination of the temporal [142]
and spatial [187] correlation of activation-induced MR signal changes and of
baseline MR signal, (d) the characterization or assessment of the temporal be-
havior or shape of activation-induced signal changes [136-138, 155, 174], and
e) the characterization of how the above-mentioned factors vary in time, space
[133, 134], across tasks [137, 138, 155], and with different pulse sequence para-
meters [54].
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Several of the postprocessing issues may be bypassed or addressed more effec-
tively using the flexibility and rapid image sampling capabilities of EPI. Exam-
ples are given of how EPI can aid in the reduction of various manifestations
of motion artifacts, including pulsatile, sudden, gradual, and stimulus-correlated
motion. First, because the rapid image sampling rate of EPI allows for critical
sampling of many problematic noise frequencies, these frequencies can be
rejected using simple band stop filters [121]. With single-shot EPI motion effects
above the time scale of 40-100 ms are virtually eliminated. Slower motion that
occurs between each shot (100 ms, 6 s) cause primarily misregistration. These
effects can be reduced by the use of currently available image registration algo-
rithms [185, 186]. In two-dimensional Fourier transform techniques motion on
this time scale is manifested not only as misregistration but also as ghosting
that is propagated throughout the image [100, 102]. With EPI very slow motion,
manifested as a drift in the time course, is reduced simply by the ability to col-
lect a larger number of on/off activation cycles (40 s per cycle) in a single time

hich course whose duration is less than the time during which signal drift manifests
itself (five on/off cycles in under 4 min). Lastly, stimulus correlated motion gen-
erally has a different signal change latency than activation-induced signal
changes. This fact allows differentiation, using a sampling rate of at least one

rest image every 2 s, of stimulus-correlated signal changes from activation-induced
1 is signal changes, based simply on the different temporal “shapes.”
sels Recently a real-time updatable cross-correlation algorithm has been success-
fully implemented in conjunction with EPI [149]. This algorithm allows images
ois- to be continually obtained until the quality of the functional correlation images
me. (updated at a rate of one per second) is suitable. Rapid acquisition of echo-planar
ime images can allow rapid feedback in functional image quality and subsequently
-ate a high degree of experimental tuning and an increase in the rate of successful
cat- fMRI experiments per imaging session. Consider an investigation (clinical or
- 8- research) in which different stimuli are to be applied in ten runs. If there is
)m- only a 5% chance that one run will be bad, there is a 0.95'" =60% chance
-es, that all ten will be good. If all ten are required to be good, the experiment

results must be rejected 40% of the time. Immediate feedback can alleviate
this problem.

One can also imagine performing experiments whose procedure depends on
knowing results from just completed runs. For clinical use one can be sure, if
using the real-time fMRI technique, that good results are present before the

om patient leaves the scanner.

nts In general, an array of statistical and prestatistical postprocessing methods
ion have been put forward. The statistical methods include the use of Z scores
the [188], analysis of variance [189], split-half ¢ test [100, 190], the Kolmogrov-Smir-
42] nov test [191], and other nonparametric tests [192]. Prestatistical methods
of include cross-correlation analysis [101], auto-correlation analysis [167], phase
be- tagging [133, 134, 154, 155], principle-components analysis [193], time-frequency
ind analysis [147], and power-spectrum analysis [101, 120, 121, 194]. Currently no
ace one best postprocessing technique exists, or may ever exist, because of the
ra- large number of changing variables which contribute to the activation-induced

signal change and underlying noise. The best types of postprocessing methods
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are likely to be those that are adaptable to variations (across scans, regions,
tasks, and pulse-sequences) in signal and noise characteristics.

Applications

Most studies involving the development of fMRI from a contrast mechanism,
pulse-sequence, and postprocessing standpoint have used primary motor and
visual cortex activation due to the easily elicited signal changes. Listed below
are some of the applications of fMRI that have gone beyond simple finger tapping
or visual stimulation. Most of the studies were performed using EPI. The primary
auditory cortex [195-201] and the cerebellum [202-204] have been studied using
fMRI. Detailed mapping of regions activated in the primary motor cortex [205-
208] and visual cortex [154-156, 209, 210] has been performed as well. Subcor-
tical activity has been observed during visual stimulation [167] and finger move-
ment [211]. Activity elicited in the gustatory cortex has also been mapped [212].
Other studies using fMRI have observed organizational differences related to
handedness [213]. Activation changes during motor task learning have been ob-
served in the primary motor cortex [214] and cerebellum [215, 216].

Cognitive studies in normal subjects have included word generation [217-
219], mental imagery [220, 221], mental rehearsal of motor tasks and complex
motor control [211,-222, 223], speech perception [195, 197, 198, 224, 225], sin-
gle-word semantic processing [197, 198, 224, 225], working memory [226,
227], spatial memory [228], and visual recall [229]. Studies have observed mod-
ulation of activity by attention modulation [155].

fMRI has been extremely useful in mapping visual cortex in humans [155, 190,
209, 230-234]. In particular, because of its high image acquisition rate EPI lends
itself to the mapping specific types of neuronal activation. The illusion of motion
is transiently perceived following particular stimuli. Recently Tootell et al. [233],
using EPI with BOLD contrast at 1.5 T, have been able to observe transient acti-
vation in MT/V5 elicited by the illusion of motion following stimulation by
radially moving concentric rings.

Studies have also been performed involving specific pathologies. Abnormal
connectivity of the visual pathways in human albinos has been demonstrated
[235]. Changes in organization in the sensorimotor area after brain injury has
been observed [236]. One study has demonstrated larger fMRI signal changes,
on the average, in schizophrenic patients [237]. The ability to localize seizure
activity has also been demonstrated by fMRI [238]. In addition, preliminary
data demonstrating the effects of drugs on brain activation have been presented
[239]. Activity associated with obsessive-compulsive behavior has also been ob-
served [240, 241]

The immediate potential for clinical application is currently being explored.
“Essential” areas of the sensory and motor cortex as well as language centers
have been mapped using both fMRI and electrical stimulation techniques [178,
242]. Activity foci observed across the two methods have shown a high spatial
correlation, demonstrating the potential for fMRI to compliment or replace the
invasive technique in the identification of cortical regions which should be
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egions, - avoided during surgery. Along this avenue of research fMRI has developed the
ability to reliably identify the hemisphere where language functions reside,
potentially complimenting or replacing the Wada test (hemisphere specific appli-
cation of an anesthetic amobarbital) for language localization that is also cur-
! rently used clinically prior to surgery [243].
' Several review articles and chapters on fMRI techniques and applications are

anism, currently available [135, 144, 187, 196, 244-248]. In general, the several fMRI
or and research avenues - functional imaging platform development, contrast mechan-
below ' ism research, postprocessing development, and applications - are progressing
apping ! in a manner that is both complimentary and synergistic. Because of the rigor
rimary and creativity of the investigators in this newly created and interdisciplinary
| using field and, in part, because of the robustness of EPI as a functional imaging
[205- | tool, fMRI is progressing at an accelerating pace.
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