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9.1 INTRODUCTION

Over the past decade magnetic resonance imaging
(MRI) has developed into a very powerful and
varsdtile medicd diagnogtic technique. It has
advanced rapidly from the cregtion of the first images

in 1973 1 to the current state of providing detailed
information about both anatomy and function. This
explosve growth is not an accident. Unlike x-ray
techniques, a multitude of tissue parameters can affect
the MR sgnd the mogt sgnificant of which are the
tissue relaxaion times. Signd acquistion can be
manipulated in a variety of ways enabling the user to
control image contrast. More recently, advances in
scanner hardware fave enabled the collection of an
entire image in 50 msec or less. Consequently, MRI
has evolved from being able to provide images with
superb soft tissue contrast to one which is dso

cagpable of imaging fast physiologic processes.

The god of this chapter is to provide the conceptua
background for understanding the acquisition of MR
images with a particular emphass on functiond
imaging methods and gpplications. An understanding
of the badc principles of the magnetic resonance
phenomenon as described in Chapter 8, is assumed.
The firgt section introduces the basic principles of MR
imaging, 1.e, the cregtion of gpatid information using
megnetic field gradients. Next, a brief overview of
conventiond and fast and echo planar imaging
sequences will be presented. Findly, a discusson of
the use of these sequences, or variations of them, to
evaduate function will be presented. The entire last
section will be devoted to explain the use of MRI to
observe human brain function.

9.2 BASIC PRINCIPLES OF MAGNETIC
RESONANCE IMAGING

9.21 Magnetic Resonance Phenomenon

9211 Nuclei in a Magnetic Field
The firgt sep in cregting a magnetic resonance image
Is placing the subject in a srong magnetic fidd. The
magnet setup is shown in Figure 9.1. This fidd is
typicdly in the range of 0.5 to 3 Teda, which isten to
gxty thousand times the drength of the eath's
magnetic fidld. Recdl from Chapter 8, that the
presence of such a strong magnetic field causes the
nuclear spins of certain atoms within the body, namely
those atoms that have a nuclear spin dipole moment,
to orient themselves with orientations ether pardld or
antipardld to the main magnetic fidd (By). Thenude
precess about B, with a frequency, cdled the
resonance or Larmor frequency (ng), which isdirectly
proportiond to By

No = 9Bo (Eq. 9-1)
where g is the gyromagnetic ratio, a fundamentd
physical congtant for each nuclear species. Since the
proton nucleus H) has a high sensitivity for its MR
ggnd (a result of its high gyromagnetic ratio, 42.58
MHz/Teda) and a high naturd abundance, it is
currently the nucleus of choice for magnetic resonance
imaging (MRI). Becausethe pardld date isthe sate
of lower energy, dightly more spins resde in the
pardld configuration, cresting a net magnetization
represented by a vector, Mo.



9.2.1.2 Radiofrequency Field

Magnetic resonance occurs when a radiofrequency
(rf) pulse, applied a the Larmor frequency, excites
the nucler spins rasng them from ther lower to
higher energy dates  Classcdly this can be
represented by a rotation of the net magnetization,
Mo, away from its rest or equilibrium state. The
amount of this rotation is given in terms of the flip
angle which depends on the strength and duration of
the rf pulse. Common flip angles are 90°, where the
magnetization is rotated into a plane perpendicular to
B,, thereby creating transverse magnetization (M+),
and 180° where the magnetization is inverted or
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Figure 9.1: A schematic of a typical MR imaging system. The essential components

include the magnet producing the main magnetic field, shim coils, a set of gradient coils,
an RF coail, and amplifiers and computer systems (not shown) for control of the scanner
and data acquisition.

digned antipardld to B, . A vector diagram of a 90°
pulse is schematicaly shown in Figure 9.2. Once the
magnetization is deflected, the rf fidld is switched off
and the magnetization once again fredy precesses
about the direction of B,. According to Faraday's
Law of Induction, thistime dependent precesson will
induce a current in a receiver coil, the rf coil. The
resultant exponentialy decaying voltage, referred to
as the free induction decay (FID), condtitutes the MR
sgnd. The FID isshown in Fig. 9.3. Since precesson
occurs @ the Larmor frequency, the resulting MR
ggnd adso oscillates a a frequency equd to the
Larmor frequency.
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Figure 9.2: A series of vector diagrams illustrating the excitation of a collection of spins by applying an
alternating magnetic field, in this case a 908 radio-frequency (RF) pulse (represented here as By). Bp
indicates the direction of the main magnetic field. The first 2 vector diagrams are in a frame of reference
rotating with the radio-frequency pulse. Asaresult, the alternating magnetic field can be represented by a
vector in a fixed direction. Application of the RF pulse flips the magnetization into the transverse plane,
after which the magnetization continues to precess about the main magnetic field.
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Figure 9.3: The signa acquired after excitation in the
absence of applied magnetic field gradients is a decaying
sinusoid, called the free induction decay (FID). This signal
is characterized by two parameters — the amplitude and the
frequency, which depend on the number and type of spins
being studied and the magnetic environment that the spins
arein.

During the period of free precesson the magnetization
returns to its origind equilibrium date by a process
caled relaxation which is characterized by two time
congtants, T1 and T2. T1 and T2 depend on certain
physca and chemicd characteristics unique to tissue
type, therefore contributing subgantidly to the
capability of MRI to produce detailed images of the
human body with unprecedented soft tissue contrast.
A more thorough review of these time congants
follows.

9.2.1.3 Relaxation Phenomenon

Soin-L attice Relaxation (T1):

Radiofrequency stimulation causes nucle to absorb
energy, lifting them to an excited sate. The nucle in
their excited state can return to the ground dtate by
disspating their excess energy to the lattice. This
return to equilibrium is termed spin-lattice relaxation
and is characterized by the time congant, T1, the
spin-lattice relaxation time. The term l&ttice describes
the magnetic environment of the nuclei. In order for
the lattice fidld to be effective in trandferring energy
from the excited spins to the lattice, the lattice must
fluctuate and the fluctuations must occur at arate that
matches the precessona frequency of the excited
goins - the Larmor frequency. As energy is released
to the latice the longitudind magnetization

(magnetization dong the z-axis, M) returns to its
equilibrium vadue.  This reurn to equilibrium is
characterized by the time congtant T1. To better
underdand T1 relaxaion condder the following
example. Suppose in the equilibrium date Mg is
oriented dong the zaxis. A 900 rf pulse rotates Mg
completely into the transverse plane so that Mgz (the
z-component of Mg) isnow equa to zero. After one
T1 intervd Mz = 0.63 Mo. After 2 T1 intervals Mz

= 0.86 Mo and 0 on. Thus the T1 rdlaxation time
characterizes the exponentid return of the Mgz

magnetization to Mg from its vdue following
excitation.

The inversgon recovery sequence is the most common
pulse sequence used to measure T1. It condsts of a

1800 rf pulse followed by a dday, Tl, the inverson

time, which in tun is followed by a 900 rf pulse and
sgnd acquistion (AQ). It isdenoted by:

1800 - T1 - 909 - AQ (Eq. 9-2)

The experiment to measure T1 is described as
follows. At time t=0 Mg is inverted by a 180° pulse
after which M (= Mg) lies dong the negative z axis.
Because of spin-lattice relaxation Mz will increese in
vaue from -Mg through zero and back to its full
equilibrium vaue of +Mqg. A 900 detection pulseis
applied a atime Tl after the initid 1800 pulse. The

900 pulse rotaes the patidly recovered
magnetization, Mg, into the transverse plane resulting
in a detectable MR signa or FID. The FID reflects
the magnitude of Mz after atime Tl. The processis
then repested with a different inverson time. By
varying the TI, the rate of retun of Mz to its
equilibrium pogtion can be monitored, as shown in
Figure 9.4. If it isassumed that Mz isinitidly equd to
-Mgo dfter the 1800 pulse and recovers with an

exponential decay rate 1/T1, the equation describing
the recovery of Mzisgiven by:

MZAt) = Mg[1-2e°VT]], (Eq. 9-3)
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Figure 9.4: In an inversion recovery sequence, aninitial 180°
RF pulse flips the magnetization along the -z axis. The
magneti zation then relaxes back to its equilibrium state with a
time constant T1. At atime Tl after the 180° pulse, a 90°
pulse is applied, flipping the partially recovered
magnetization into the transverse plane. This acquired
signal (dotted line) is modulated by the T1 relaxation of the
tissue.

Spin-Spin Redaxation (T2, T2*):

Immediately after an rf pulse, the magnetic moments
(or sping) are in phase. Because of natural processes
that cause nucle to exchange energy with each other,
the moments begin to spread out in the transverse
plane and lose their phase coherence. As areault, the
net transverse magnetizetion (M) decays to zero
exponentialy with time, hence spin-spin relaxation.
This decay is characterized by the time congtant T2.
However processes other than inherent spin-spin
interactions also cause the spins to dephase. The
man magnetic fidd is not perfectly homogeneous
So, nude in different portions of the sample
experience different vaues of Bg and precess at
dightly different frequencies. Thisis described in more
detail later. When both natural processes and
magnetic imperfections contribute to My decay, the
decay is characterized by the time congtant T2*
whichislessthan T2. Typicaly, Both T2* and T2 are
much lessthan T1.

The spinecho pulse sequence was designed to
correct for the transverse decay due to fied

inhomogendties. It conssts of a 90° rf pulse
followed by a 1800 rf pulse and signd acquisition
(AQ):

900-1t-1800-t - AQ (Eq. 9-4)
Asillugtrated in Figure 9.5, following the 900 rf pulse,
spins experiencing the dightly higher fields precess
fager than those experiencing the lower fieds.
Consequently, the spins fan out or lose coherence.
Then & sometimet after application of the 900 pulse

an 1800 pulse is applied and the spins will be flipped
into mirror image postions, i.e. the fast spinswill now
trall the dow spins. So & atimet later thefast Spins
will have caught up with the dow spins so that dl are
back in phase and a spin echo is crested. The total
period between the initid 90° pulse and the echo is
denoted the echo time (TE = 2). Thus, the spin-
echo reflects the magnitude M+ after time TE.
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Figure 9.5: A series of vector diagrams illustrating the
formation of aspin echo. The diagrams are shown in aframe
of reference rotating with the resonance frequency of water.
The magnetization is excited by an RF pulse, flipping it into
the transverse plane (a). Due to magnetic field
inhomogeneities, the spins dephase, shown here as a
“fanning out” of the vector (b). At atimet (c), a 180 degree
RF pulse is applied that flips the spins to the other side of
the transverse plane (d). The spinsthen continue to precess
as before, but now the slower precessing spins are ahead of
the faster ones (€). The spins refocus, forming an echo of
the original transverse magnetization at time 2t (f).

Spins lose phase coherence not only because of field
inhomogeneities but aso because of the naturd
processes respongble for spin-spin relaxation. These
natural processes are irreversible and cannot be
refocussed. Therefore, the spin-echo signd amplitude
at time TE reflects T2 decay. Consequently, as the
vadue of TE is increased the echo amplitudes will



decrease. This is shown in Figure 9.6 and can be
samply described by:

MT(t) = Mge' VT2 (Eq. 9-5)

time —p

Figure 9.6: In a spin echo sequence, the amplitude of the
acquired signal (shown here as a spin echo) is modulated by
the T2 relaxation of the spins. Signals acquired at a longer
TE will besmaller.

9.2.2 Imaging Concepts

The basc god of MR imaging is to measure the
digtribution of magnetization within the body, which
depends on both the variation in the concentration of
water and the magnetic environment between different
tisues. In a completdy uniform field, dl of the
hydrogen protons of water resonate at the same
frequency. The RF coil used to detect the Sgnd, as
shown in Figure 9.1, is only sengtive to the frequency,
amplitude and phase of the precessng magnetization,
not to the spatid location. It cannot distinguish two
soins at different locations that are precessng at the
same frequency. It can only diginguish soins
precessing a different frequencies To make an
image it is necessary to make the spin’s precessiond
frequency depend on the location of the spin. Thisis
accomplished by superimposing linear magnetic fied
gradients on the main magnetic fidd. The term
"gradient” desgnates that the magnetic fidd is dtered
aong a sHected direction. Referring to the Larmor
Equation (Eq. 91), it can be seen that if the fidd is
vaied linearly dong a certain direction, then the

resonance frequency aso varies with location, thus
providing the information necessary for gSpatid
locdlization.

The conventiona method by which gradients are
applied to acquire a two-dimendond image ae
reviewed first. Understanding these principles will ad
in the undergtanding of more advanced techniques,
such as fast gradient echo and echo planar imaging,
described in the following sections.

Obtaining a two dimensond image requires three
deps. The firgt step is to excite only the spins in the
dice of interest, cdled “dice sdection.” The next
deps are to locdize the spins within that dice using
techniques cdled “frequency encoding” and “phase
encoding.” For convenience let “z’ denote the
direction for dice sdection, “x” denote the direction
for frequency encoding, and “y” denote the direction
for phase encoding. This desgnation is arbitrary and
is unrelated to the physica orientation of the x, y, and
Z gradient coils. These concepts are introduced by
buildng up a oconventiond spinecho imaging
sequence, which consgts of a combination of rf and
gradient pulses.

9.2.2.1 Slice Selection

The fird gep is the sdection of a dice, which is
achieved by applying a magnetic fidd gradient dong
the z-axis (Gz) during a 90° rf pulse d a specific
frequency bandwidth (period 1 of Figure 9.7). When
the dice sdect gradient, Gz, is gpplied adong the z
axis, the resonance frequencies of the protons
become linearly related to postion adong the zaxis.
Individual resonance frequencies correspond to
individud planes of nudea. In this example these
planes are oriented perpendicular to the zaxis.
When the frequency-sdective 90° pulse is applied
while Gz is on, only nude in the plane with
corresponding frequencies will be excited; thusadice
will be sdected. This is indicated as the dark gray
areain Figure 9.8. The frequency bandwidth of the
excitation pulse, together with the gradient, confines
the excitation to the nucle in the dice. No signas are



excited or detected from areas outsde the defined
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Figure 9.7: The sequence of RF power and gradient strength used for slice selection. To
excite only one slice, amagnetic field gradient is applied during the excitation RF pulse.
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Figure 9.8: The application of a magnetic
field gradient in slice selection creates a
stronger magnetic field at one end of the
sample than at the other end, shown here
as arrows of varying length. When the RF
pulse is transmitted into the sample, only
those spins whose precessional frequency
matches the frequencies in the RF pulse
are excited, shown here as a dark gray
slab.

The RF pulse that is transmitted to the patient
contains not just one frequency, but a narrow range,
or bandwidth, of frequencies. Quantitativey, the
thickness of the excited dice (Dz) in cm isrdated to
the gradient amplitude, Gz, and rf bandwidth Df as
follows
Dz = Df/gG, (Eg. 9-6)

If Df is increased such that more frequencies are
present in the rf pulse, then a larger dice will be
excited.  Alternativdly, when the drength of the
gradient is decreased, then more spins are resonating
in a given range of frequencies, and again a larger
dice is excited. Therefore the thickness of the dice
excited can be varied in two ways — ether by varying
the bandwidth of the tranamitted RF pulse, or by
changing the drength of the gradient, as indicated in
Figure 9.9. The location of the excited dice can be
vaied by trangmitting an rf pulse of a different
frequency, as shown in Fig. 9.10.
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Figure 9.9: The position of the excited slice can be varied by changing the frequency of
the transmitted RF pulse.
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Figure 9.10: The thickness of the excited slice can be varied either by (a) changing the

bandwidth of the transmitted RF pulse or by (b) changing the amplitude of the slice
selection gradient.

The dice-selection gradient, G, has two effectson  accumulated from the initid dice-sdect gradient
the MR signd, the desired one of aiding in spatid  thereby canceling its dephasing effects. This type of
localization and the unwanted one of dephasing the ~ gradient is often referred to as a time-reversa or
sgna (since the phase of the spinsisaso proportiond  rephasing gradient.

to field strength). Therefore, after the dice-sdection

gradient (period 1), a negative z-gradient follows

(period 2 of Figure 9.7) to compensate for the

dephasing effects of the dice-sdection gradient.

Idedlly, this gradient will result in an accumulated

phase that is equad and opposte to the phase



9.2.2.2 Frequency Encoding

After dice sdection, the next task is to distinguish
ggnd from different spatid locations within this dice.
This is accomplished in the xdirection by gpplying a
gradient  (Gy), the frequency-encoding gradient,
during the acquistion of the sgnd. (time period 3 in
Figure 9.11). Since the MR signd is sampled during
the time that G, is on, this period is aso commonly
referred to as the read-out period and G as the read
gradient. Thissgna can come from ether the FID or
a spin-echo, the latter of which is formed by applying
a 180° pulse a atime TE/2 &fter the 90° excitation
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pulse, as shown in Figure 9.11b. Sequences that
collect the Sgnd from the FID are known as gradient-
echo (GRE) sequences, whereas sequences that
collect the sgnd from the spin echo are known as a
gin-echo (SE) sequences. The two differ in the
contrast that they providee  Because of the
refocussing pulse, spin echo sequences, for example,
are less susceptible to magnetic fidd inhomogeneities
and thus reflect differences in T2 relaxation times
between the tissues, rather than T2*. These
differences will be discussed in detail later. The next
few sections will ded manly with the spin-echo
sequence.
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Figure 9.11: The sequence of RF power and gradient ampitudes used to excite one slice and encode the
positions of the spins within that slice into the signal. In this “frequency encoding,” the positions of the
spins encoded by applying a magnetic field gradient in one of the directions in the excited slice during the
acquisition. Note that the signal can come either from the FID (@) or from a spin echo (an echo of the FID)
(b). Sequences using signals from the FID are called ‘gradient-echo’ sequences, while sequences using
signals from the spin echo are called ‘ spin-echo’ sequences.

The way in which the linear gradient encodes the
goatid information can be more easly seen by
consdering a sample conggting of 2 vids of water,
digned with the y-axis and placed some distance
apart in the xdirection. Please refer to Figure 9.12.
All of the Sgna comes from these 2 sources of water.

If 9gnd from this sample is collected without the
gpplication of any gradients, both aess ae
precessing at the same frequency. Consequently the
sgna will appear as a pure snusoid, and applying a
mathematica process caled the Fourier transform will
show that it contains only one frequency. (Whereas



the FID represents the time evolution of My, the
Fourier Trandform of the sgnd represents its
frequency didribution)  The amplitude of this
frequency peak corresponds to the tota amount of
water from both vids. If a gradient is goplied during
the acquigtion of the sgnd, however, the spinsin one
vid arein adightly higher magnetic fidd than those in
the other vid. According to the Larmor relaion, one
group of spins will precess faster than the other
group, and the signa will be an interference pattern,
or combination, of both of these frequencies. If a
Fourier transform is gpplied to this sgnd, thesgnd is
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found to contain two didinct frequencies. Since a
goatidly linear gradient was applied, the frequencies
of these peaks exactly correspond to the postion of
the vids Also, the amount of sgnd a a given
frequency is determined by the number of spins
precessing a that frequency, and is thus directly
related to the amount of magnetization a a given
location. In other words, the Fourier transform of the
ggnd is dmply a projection of the digtribution of
meagnetization onto the frequency encoding axis.
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Figure 9.12: A series of steps illustrating the concept of frequency encoding to distinguish the signal
coming from two point sources of magnetization, e.g. small vials of water, in an object.

(left) When no gradient is applied, both sources of magnetization resonate at the same frequency and the
signal is a simple decaying sinusoid. When this signal is Fourier transformed, the signal is shown to

contain only one frequency.

(right) When a gradient is applied, one of the sources of magnetization precesses at a higher frequency
than the other. The resulting signal is an interference pattern of the two frequencies and is shown to
contain by Fourier transformation to contain two distinct frequencies. Notice that the Fourier transformed
signal is the projection of the amount of magnetization along the axis along which the gradient was applied.
That is, in this one dimensional case, the frequency content of the signal istheimage.



Figure 9.13 shows the phases of the magnetization
vectors in one dice a three time points during
frequency encoding. The presence of the gradient
causes pins a one end to precess faster than those at
the other end, causing an increasing amount of phase
shift dong this direction. As time progresses (when
the gradient has been applied for a longer duration)
the amount of “phase twiding” is increased. One
effect of thisis tha the pesk of the Sgnd (when it is
least dephased) will be a the beginning of the
acquisition. To move the peak sgnd to the center of

13

the acquigtion window, a negative gradient lobe
(sometimes referred to as a time reversal gradient)
with exactly haf the area of the frequency encoding
gradient is gpplied just before the frequency encoding
gradient. This initidly dephases the spins, which are
then brought back in phase by the applied frequency
encoding gradient. (See Figure 9.14) In the spin
echo sequence the gradient lobe is postive and
occurs before the 180° inverson pulse.
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Figure 9.13: At each timeincrement when the signal is acquired in frequency encoding, the gradient has
been applied for alonger period of time. This causes an increasingly greater variation in the phase in the

direction in which the gradient was applied.
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Figure 9.14: Diagrams showing the gradient amplitude, phase of two spins subjected to these gradients,
and the profile of the resulting signal. When aninitial negative gradient is applied asin (b), the spinsarein
phasein the center of the acquisition window. Thisleadsto agreater net signal.



The detalls of the frequency encoding procedure
dictate the fidd of view (image szein cm) dong the
x-axis (FOVy):

BW

FOVy = .y

(Eg. 9-7)

where BW is the receiver bandwidth. Note that the
receiver bandwidth should not be confused with the
excitation rf bandwidth, which dictates the dice
thickness (Eq. 96). Here the BW is the effective
range of frequenciesthat can be properly detected (as
determined by the Nyquist criterion?. The BW is
controlled by the digitd sampling rate, which in turn is
determined by the number of points on the Sgna to
digitized (Ny) and the length of time the recelver ison,

the acquistion time (AQ):

N
BW = —~

AO (Eq. 9-8)

Accordingly, from these two equations, the pixel sze
aong the frequency encoding axis can be derived:

FOVx 1
Nx  dGAQ

pixd 9ze =

(Eq. 9-9)
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9.2.2.3 Phase Encoding

The finad spatid dimenson can be encoded into the
sgnd by applying a programmable phase-encoding
gradient, Gy , smultaneous with the rephasing
gradient in period 2, in the time between the excitation
and the acquigition, as shown in Figure 9.15. During
the phase encoding period, nucle in each column of
voxes dong the y direction experience different
magnetic fidds. Nucle subjected to the highest
megnetic field precess fastest. This is no different
from the effect of the frequency-encoding pulse.
However, the state of magnetization during the phase-
encoding pulse is less important the phase hift
accumulated after the phase-encoding gradient has
been turned off. When the gradient is on, the nucle
that experience the highest field advance the farthest
and therefore acquire a phase angle, f y, that islarger
than tha in voxds experiencing smdler magnetic
fidds. After G, isturned off, the nuclei revert to the
resonance frequency determined by the man
magnetic field. However, they "remembe™ the
previous event by retaining their characteristic y-
coordinate-dependent phase angles. Similar to Eq.
9-9, the field of view in the ydirection (FOVy) is
quantitetively defined as

1
9 Ty Gymax

where Ty is the duration and Gma is the maximum
amplitude of the phase-encoding gradient.

FOVy = (Eq. 9-10)
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Figure 9.15: A complete pulse sequence diagram for the spin echo sequence. Spatial locations of the spins
are encoded into the signal by applying three orthogonal gradients, techniques that are called slice
selection, frequency encoding, and phase encoding. In period 1, a 90 degree pulse and a slice selection

gradient excite one slice.

In period 2, the initial frequency encoding gradient and the phase encoding

gradient are applied. In period 3, a 180 degree pulse is applied, along with a slice selection pulse (such that
only the spins in the same excited slice are “flipped,”) and in period 4 the frequency encoding gradient is
applied and the signal isacquired. The sequence shown hereis repeated numerous times (128, 256, 512, etc.
depending on the desired resolution) each time with a different strength of the phase encoding gradient.

Although the 9gnd obtaned from one acquidtion
(dice <dection, phase encoding and frequency
encoding) contains information from dl voxds in the
imaging dice, the informaion gathered from one
iteration of this sequence is not sufficent to
recongtruct an image. Consequently, the sequence
has to be repested with different settings of the
phase-encoding gradient Gy.

When a phase encoding gradient of a particular value
has been applied, the effect of that gradient is to shift
the phases of the spins by an amount depending on
their podtion in this case in the ydirection and the
amplitude of the phase encoding gradient. Spins near
the isocenter, for example, experience no phase shift,

whereas spins a positions off center are shifted by a
certain amount depending on their distance from the
center. The net result of this spin dephasing is Smply
a decrease in the dgnd. It is only by vaying the
amount of this dephasing (thus varying the amount of
sgnal decrease) by stepping through phase encoding
gradient’s range of amplitudes that the location of
sructures dong the phase encoding gradient can be
identified.

If the data a each cycle of the Gy setting were
plotted, it would show Snusoidd curves with a
frequency dictated by the rate of phase change
(between each iteration of the pulse sequence),
which, in turn, depends on location. A curve much



like that is derived during frequency encoding, but
with a difference  each sample dong this curve
originates from a different MR signd. Each of these
MR dgnds follows a phase-encoding gradient pulse
of different amplitude. However, smilar to frequency
encoding, the frequency components of the curve are
identified by the Fourier trandform, and the
magneti zation ascribed to a given location.

In summary, for a matrix of size Ny Ny the required
number of iterations is Ny. The N, sgnds each
corresponding to a different value of Gy, are sampled
Ny times during the read period. Subsequent two-
dimensond Fourier Trandormation yidds the
intengity values of each of the Ny*Ny pixels

9.22.4 Image Formation Mathematics. K -

Space

The key to image formation is encoding the location
of the magnetization in the phase of the MR sgndl. It
isworthwhile to look at this encoding process in more
detall. Consider the encoding of spatid information
adong one dimenson within the plane after the dice
has been excited. A collection of spins aong one
dimension can be thought of as a column of vectors,
as shown in Figure 9.16. After the dice has been
excited, dl of the spins within the dice are in phase.
Once a magnetic field gradient is gpplied, the spins at
will precess at different frequencies, depending on
ther location. At any given point in time, certain spins
will have accumulated more phase than others. These
gradients can thus be thought of as “twising” the
initidly digned column of spins. This “twiging” of the
magnetization vectors by the gradients can be
expresed as a rotation of the magnetization by an
angle f which depends on the drength of the
magnetic fidd that the magnetization at thet particular
location experiences.

) -i Qp Bdr
M= M(xy)e' = M(xye °

(Eg. 9-11)
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At each point in time, the rf coil integrates this
megnetization over the entire volume, and thus the
sgnd at agiven point in time can be expressed as,

t
-i Qg Bdt

St)= (M (x,y)e °  dxdy

(Eq. 9-12)

For imaging linear gradient fidds are gpplied,
therefore magnetic fied, B, experienced by the spins
can be rewritten as,

B = G, dx + OG, dy
= Gx+Gy (Eq. 9-13)

If it is assumed that the position of the magnetization
with respect to the coils does not change with time
(patient does not move), then the signal can be written
as,

. —i(xgtOGth'+ygt63ydt')
S(t) = (M (x,y)e ° ’
(Eq. 9-14)

If the following subdtitution is meade,

t
k. =g OG, d'
0
t
k, =906, d
0 (Eq. 9-15)
then Eq 14 becomes,
S
S(ke k) = ( M (X, ) e h Y dxdy
(Eq. 9-16)

Thisggnd is a Fourier transform of the magnetization,
by virtue of the gradients applied. A measure of the
magnetization, M(X,y), can be obtained by taking a 2-
dimengond Fourier transform of the Sgnd.
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Figure 9.16: The application of a magnetic field
gradient can be thought of as twisting the initially
aligned column of spins. These spins are then
summed at every point in time using the RF cail.

Because of the way the gradients are applied during
the imaging scan, it is naturd to think of the MR sgna
as being collected in spatid frequency space, or “k-
space"3'5, asimplied by the terms in Equation 9-15.
This representation is often much more convenient in
discussng the detals of pulse sequences. In this
goace, usudly plotted in 2 dimensons, each point
describes the amount of a particular spatid frequency
present in the imaged object.

The strongest Sgnd of imaged objects is typicdly in
the center of k-gpace, where dl gradient values are
equa to zero. The regions father out in k-space
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correspond to higher spatid frequencies, which are
especidly important in discerning sharp differences in
sgnd, such as at edges. Therefore, the highest spatia
frequency sampled (or the furthest sample from the
center of kgpace) determines the resolution of the
find image. The further out, the higher resolution. In
contradt, the interval between the samples in k-space,
or the resolution in kspace, determines the field of
view of the image — in other words, the largest spatia
extent that can be acquired. The smalest sample
interval corresponds to a large fidd of view. Care
must therefore be taken to acquire samples both findy
enough such that the entire region of interest is
imaged, and far enough out in k-space to obtain the
desired resolution.

Sampling different points in k-space is accomplished
by applying magnetic field gradients, as demonstrated
in Eq. 9-15. The center of k - space corresponds to
the time immediatdly after excitation and immediately
prior to the gpplication of magnetic fiedld gradients.
Application of a magnetic field gradient causes the
phases of the spins to twist by an increasing amount
corresponding to the amplitude and duration of the
gradients, asimplied by equation 9-15. Collecting the
ggnd a this time will cause incressingly higher spatid
frequencies to be sampled. In other words, the
gradients dlow movement in kspace, as shown in
Figures 9.17 and 9.18.
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Figure 9.17: A k-space diagram showing the path through
k-space taken to acquire the signal for the gradient echo
(GRE) sequence described above. For each excitation, the
phase encoding gradient moves us a fixed distance in the
negative ky direction and the initial negative frequency
encoding gradient moves us the in the negative kx-direction.
The signal is then sampled moving in the positive kx-
direction as the frequency encoding gradient is applied. The
signal is then allowed to relax, and the sequence is repeated
with a different value for the phase encoding gradient. In
this manner, a sufficient range of k-space can be scanned.
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Figure 9.18: A kspace diagram for the spin-echo (SE)
sequence. After the spins are excited, gradients in the
positive x and y directions are applied, moving us in the
positive-kx and positive-ky direction. The 180 degree pulse
flips us through the center of kspace to the negative-kx,
negative-ky direction, after which the positive frequency
encoding gradient moves us in the positive-kx direction,
alowing us to sample the frequencies as before. This
sequence of steps is repeated with different values for the
phase encoding gradient.

Described is a brief example of how pulse sequences
are commonly described in the context of k-space. In
the gradient-echo sequence described earlier, we
darted at the origin of kspace after the excitation.
The initid negetive xgradient lobe moves us to the
left (negative x frequency) and the phase encoding
gradient moves us a specific amount in the y direction
of k-space. The final application of an xgradient
moves us in the postive x direction during which time
we acquire the sgnal. The sgnd is then dlowed to
relax, and with the next excitation, the vaue of the
phase encoding gradient is changed, dlowing us to

scan a different line in kspace. (See Figure 9.17)
For the spin-echo sequence, the initid pogtive x-
gradient lobe moves usin the postive x-direction, and
the initid phase encoding gradient moves us a
gpecified amount in the pogtive y-direction. The
application of a 180° RF pulse flips us through the
origin of k-gpace to the negative-x, negative-y
direction, after which point the sgnd acquistion
occurs just as in the gradient echo sequence. (See
Figure 9.18) In this manner a large range of spatia

frequency spaceis sampled.



9.2.2.5 Image Contrast

Though T1, T2 and proton density are intringc tissue
parameters over which the user has no contral, the
operator can dter tissue contrast and signd to noise
(SN) by the choice of the pulse sequence
parameters. Specificaly, images can be obtained in
which tissue contradt is primarily determined by (i.e,
weighted toward) T1, T2 or proton densty
characterigics.  For example, with the spin-echo
imaging sequence the type of image weghting is
determined by the repetition time (TR) and the echo
time (TE). The effects of TR and TE on image
weighting is depicted schematicdly in Figure 9.19 for
the case of two tissues with different T1 and T2
relaxation times. TR determines the extent of T1
relaxation. The initid 90° rf pulse completely tips the
exising longitudind magnetization into the transverse
plane leaving zero longitudind magnetization. If the
Spins were again excited a this time, no sgna would
be produced. Therefore, a time interva (TR) is
dlowed to elgpse between excitations, so that the
Spins can undergo T1 relaxation and recover & least
part of their longitudind magnetization. It is gpparent
from Fgure 9.19 that the maximum T1 contrast
between tissues occurs when TR is greater than 0 and
less than some time when both tissues have
completely recovered their longitudina magnetization.
A long TR (>> 5T1) dlows enough time to dapse so
tha admost complete T1 relaxation occurs and
therefore sgnd intengty is not a function of T1. The
maximum magnetization to which the sgnd returnsis
determined by proton dendty. Likewise, the amount
of T2 contrast is dictated by the choice of TE. The
longer thetime interva TE the greater the extent of T2
relaxation. Therefore, spin-echo images acquired
with short TR (TR ~ T1) and short TE (TE < T2) are
T1-weighted. With shorter TR values tissues such as
fa which have short T1 values appear bright ,
wheress tissues that have longer T1 vaues, such as
tumors and edema, take more time to relax towards
equilibrium and therefore appear dark. Theshort TE
vadue diminishes the importance of tissue T2
differences. Smilarly, images acquired with long TR
(to diminish T1 differences) and long TE (TE ~ T2)
ae T2-weghted. Therefore, tissues with long T2,
such as tumors, edema, and cysts, appear bright,
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wheress tissues that have short T2, such as muscle
and liver, appear dark. Images acquired with long
TR (TR >> 5T1) and short TE (TE < T2) are called
proton-dendty weighted images.  Tissues with
increased proton density appear moderately bright. It
should be noted that both T1 and T2-weighted
images are adways partly weighted toward proton
dengty aswdll.

Image Intensity

Figure 9.19: Schematic depicting the effects of TR and TE
on the weighting of image intensity. The solid and dashed
curves represent two tissues with different T1 and T2
values. The choice of TR (position of solid vertical ling)
dictates the degree of T1-weighting while the choice of TE
(position of dashed vertical line) determines the amount of
T2 weighting.

9.2.2.6 Sequence Timing

Conventiond spin-echo and gradient-echo sequences
are repeated a time intervas equa to TR, the
repetition time. The number of times the sequence is
repeated (for one average) is determined by the
desired spatid resolution (proportiona to the number
of voxels) dong the phase encoding direction and is
equa to the number of phase encoding steps (Ny).
For NEX (number of excitations) averages the tota
time required to obtain an image diceis
TR X Ny x NEX (Eq. 9-17)
Typicd parameters for conventiona pin-echo
sequence are a TR of 2.0sec, 128 phase encoding
deps and 2 averages giving atotal acquisition time of
8.5 minutes.



To decrease imaging time one or more of these
parameters can be decreased.  Decreasing the
number of averages by two haves imaging time, but
has the additiona effect of decreasing the sgnd to
noise raio by 2 or 41% thereby increasing the
graininess of the image. Moation artifacts which are
aso decreased by averaging could become significant
if imeging time were decreased by decreasing the
number of averages. Decreasng the image mairix
size or the number of phase encoding steps decreases
imaging time a the expense of gatid resolution.
However, the larger pixes result in an increased S/N.
The smplest way to speed up an ordinary SE scan
would be to dradticdly reduce TR. However, the
sgna produced depends on the amount of T1
relaxation that occurs during the intervd TR, and
therefore the available sgnd for the next excitation.
A short TR dative to T1 would result in dgnificant
sggnd losses. Consequently, the T1 relaxation times of
tissue protons limit the degree to which the pulse
repetition times (TR) can be shortened. Two
techniques which overcome TR limitations incude
gradient echo (GRE) and echo planar imaging (EM!)
techniques. These fast imaging sequences are
discussed in the following sections.

Alternatively, to speed up the acquisition of spin-echo
images a procedure was developed in which severd
180-degree pulses follow each 90° RF excitation
pulse cregting severa spin-echoes, with each echo
differently phese-encoded.  Consequently, if four
gpin-echoes follow each 90° excitation pulse the totdl
acquidtion time would be 1/4 of what it is usang the
conventional agpproach of acquiring one phase
encoding step per excitation pulse.  This principle
underlies the RARE (rapid acquisition with relaxation
enhancement)  imaging technique6. Obvioudy,
acquidtion of sgnds at different effective echo times
lends strong T2 weighting to RARE images.

One find note, in conventiond spin-echo imaging,
when a profile is measured after the excitation of a
dice, one has to wait until the spins are in equilibrium
again, for that dice. Thiswaiting timeisabout 3x T1,
which is on the order of seconds. Yet, the technica
minimum time between excitations is the time needed
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to collect one profile; the echo time plus the second
half of the acquigtion time and the firg hdf of the
sdection pulse. It is therefore possble to collect
many profiles in one TR period. This procedure, in
which more than one dice is measured per TR, is
cdled interleaved multi-dice imaging. If the time to
collect the desred number of dice profiles does not
exceed the difference between TR and the minimum
time between excitations, then multi-dice imaging
does not add any additiond time to the tota
acquigtion time.

9.2.3 Pulse Sequence and Contrast Topics
9.2.3.1 Fast Gradient-Echo I maging

In its most basic form, the GRE pulse sequence, as
shown in Figure 9.11a, congsts of one rf pulse with a
flip angle a, followed a some time later by the
acquistion of the gradient echo. The time between
the excitation and the acquisition of the gradient echo
IS defined asthe echo time, TE:

a degrees-- TE-- (gradient-echo)
(Eg. 9-18)

Because GRE sequences lack a 180° refocussng
pulse, images generated with these sequences are
sndtive to  atifacts from  maegnetic  fied
inhomogeneitiesi.e.,, T2* effects.

Gradient echo sequences are typicaly used as fast
sequences because data are acquired before the
dephasing of spins from previous gpplication of the
pulse sequences is complete, i.e. T2* decay is not
complete. In mogt cases, the TR is less than the time
for more than 90 percent of the spins to dephase (3x
the T2 time). Consequently, GRE sequences may be
further divided into two categories according to how
they handle the resdua magnetizetion after the data
acquidtion:  those that atempt to maintain it in a
steady-date condition and those that diminate it.
Those that maintain it (e.g., refocussed FLASH (fast
low angle shot) FISP (fast imaging with steedy-<tate
precession); or GRASS (gradient-recdled



acquisition steady State)) rephase spins dong one or
more axes prior to regpplication of the next RF pulse.
GRE sequences that diminate the resdud transverse
magnetization (eg., spoiled FLASH or spoiled
GRASS sequences) typicaly use a "spoiler™ pulse to
accderate the dephasing (Fig. 9.20). Specificaly, a
high-amplitude, long-duration gradient ruins, or spails,
the resdud transverse magnetization by disturbing the
locad magnetic fidd homogeneity. The best results

RF
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occur when the spoiler gradient is agpplied across the
dice-sdection direction. Other spoiling schemes
include the use of random RF pulse phases (if

pailing), and variable TR. See reference’ for amore
thorough review of these and other fast gradient echo
sequences.

Slice

Selection
Gradient

Frequency

Encoding
Gradient

Phase

Encoding
Gradient

Signal

Acruisition

Figure 9.20: A complete pulse sequence diagram for agradient echo sequence. Spatial locations of the
spins are encoded into the signal by applying three orthogonal gradients. The sequence shown here is
repeated numerous times (128, 256, 512, etc. depending on the desired resolution) each time with a different
strength of the phase encoding gradient. The gradient echo sequence has an advantage over the spin echo
sequence for fast imaging in that it does not use a 180° pulse, and since it does not rely on a 90° excitation

pulse.

9.2.3.2 Gradient-Echo I mage Contrast

In SE imaging, tissue contrast may be manipulated by
changesinthe TR and TE, as described above. With
GRE sequences the image contrast is varied by

changing TR, TE and the flip angle (a), depending on

the pulse sequence8. The amount of T2-weighting is
dictated by the TE, TR and type of sequence. A
short TE, long TR and transverse-spoiled sequence
al serve to decrease the degree of T2-weighting.
Low flip angles increase proton density weighting,
while high flip angles increase T1 weighting dl & a



given TE. At very short TR's however, the images
become weighted toward T2/T1.,, i.e, structures with
larger T2/T1 ratios (e.g.. liquids) appear bright. Yet,
with very fast GRE sequences (TR ~ 3ms) and a <

59, soft tissue contrast amost di saopearsg. Thesgnd
becomes dominated by spin densty. However, if
conventional MR experiments are placed before the
whole GRE imaging sequence, images of any desred
contrast can be achieved without changing the
messuring  time. The turbo-FLASH imaging
technique is one such technique that implements this
idea.

The turbo-FLASH method employs an initid 1800 rf
pulse to invert the spins. Next, an inverson deay

(T1) is dlowed to dapse, during which differences in
longitudind magnetizetion (T1 contrast) evolve
depending on the T1 relaxation times of various
tissues. Findly a very rgpid gradient-echo acquisition
using an ultrashort TR (e.g., 4 msec) and an ultrashort
TE (eg., 2 msec) is peformed. The totd time for
data acquigtion (32 phase-encoding steps) is on the
order of 100 msec. When using a contrast agent, an
gppropriate Tl value can be sdected so that sgna

from the tissue that does not receive contrast agent is
eliminated s0 washrin of a contrast agent can be

eesily visualized 0.
9.2.3.3 Gradient-Echo Timing

Like the spin-echo sequence, the GRE sequence is
repested a time intervals equd to TR, with the tota

time required to obtain an image dice being TR x Ny
x NEX. However, because the TRs used in GRE

imaging are typicaly very much shorter (~10ms) than
those used in SE imaging (~1sec), GRE images can

be acquired in seconds rather than minutes. For
example, for an image matrix of 128 x 128, a
TR=10ms, and 2 averages the total image acquisition
time is 2.56 seconds. However, because the often
used very short TRs preclude an interleaved multidice
acquigition, as discussed for spin-echo imaging, there
gmply is not enough time within TR for
excitation/detection in other dices. Therefore the totdl

acquigtion time for multi-dice imaging is defined by

the following product:
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Number of dices x Number of views per dice
XNEX X TR
(Eq. 9-19)

9.24 EchoPlanar Imaging Sequences

Echo planar imaging (EP1) is dgnificantly different
from sandard two-dimensond Fourier transform
(2DFT) imaging methods. With 2DFT methods, only
one projection (or linein k - space) is acquired with
eech TR intervd, so that the image acquistion time is
relatively lengthy. In contrast, the EPI method
acquires k-space lines needed to creaste an image
dter a gangle rf excitation (hence, one “plang’ is
acquired with one rf excitation and subsequent
“echo”). Fird, as in a 2DFT SE sequence, a spin
echo is produced by application of a 90° and 1800 rf
pulse, with the echo pesking at the echo time (TE).
However, rather than apply a single phase-encoding
gradient and a constant frequency-encoding gradient,
the frequency-encoding gradient is rapidly oscillated
during the build-up and decay of the spin-echo. A
series of gradient echoes are thereby produced, each
of which is separately phase-encoded by application
of a vey brief phase-encoding gradient pulse.
Because dl of the data are acquired after a single rf
pulse, the images are free from T1 weighting and can
be srongly T2 weighted, with the degree of T2
weighting dependent on the vaue of TE.

In addition to spin-echo EPI images, it is possble to
obtain gradient-echo EPI images. The acquisition
method is dmilar to that for spin-echo EPI, except
that the series of separately phase-encoded gradient
echoes are acquired under the envelope of a gradient-
echo sgnd produced by asingle rf pulse.

The measuring time of EPI methods lies between 32
and 128 ms. EPI requires special hardware to alow
for rapid gradient switching whereas gradient-echo
techniques can be readily implemented on standard
imaging systems. EPI sequences will be described in
considerably more detail in Section 9.3.



9.2.3.5 Other Factors Affecting The MR Image

There are severad additiond intrindc and extringc
factors that influence the MR image. A few of the
more common factors follow.

Diffusion, macroscopic flow

Water molecules, which make up approximately 70%
of the body, are in congtant random motion cdled
diffuson. Diffuson senstivity on MR images can be
obtained by applying a pair of maiched gradientsll.
Consequently, the amount of sgnd loss caused by
diffusonsendtizing gradients increeses with the
amount of molecular motion.  Protons with dow
diffuson will show little change in dgnd intengty,
those with high diffuson will show more sgnificant
sgna decreases, and bulk flow shows the most signd
dtenuation. The drength and duration of the
diffuson-sengtizing gradients tends to be grester than
those used for dandard imaging Sequences.
Unfortunatdly, the diffuson gradients dso make the
Sequence sendtive to any motion, resulting in artifacts
as wdl as an overestimation of the apparent diffuson
coefficient. However, with ultrafast and EPI diffuson
sequences  excdlent results in - quantification  of
diffuson despite motion and pulsation artifacts can be
obtained.

Flowing blood can result in both increased and
decreased ggnd  intengties. Decreased  Sgnd
intengty, often cdled aflow void, will result with high
veocity, turbulence or dephasing while increased
sgnd will result with an approach termed even-echo
rephasing, flow-rdated enhancement and diastolic
pseudogating As an example of decreasesin sgnd
intengty congder imaging high-veocity flow with a
gin-echo sequence.  For maximum signd, protons
must experience both the 90° dice-sdlective pulse
and the 180° refocussing pulse. Protons that acquire
the 90° pulse and leave the section before acquiring
the 180° pulse emit no sgnd, resulting in aflow void.
Smilarly, protons flowing into the section following
Sective 90° pulse ds0 emit no dgnd. The
magnitude of the signd |oss therefore depends on the
flow vdocity, dice thickness and echo time
Conversy, as an example of flow-rdaed sgnd
increases, when usng a multi-echo spin-echo
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sequence with steedy laminar flow, dephasing due to
flow seen at the first echo can be recongtituted on the
second echo. These effects are covered in more

detail dsawherel2-15

Susceptibility

Magnetic susceptibility, the source of contrast in much
of functiond MRI, represents the tendency of a
Substance to become magnetized. The susceptibility is
primarily determined by the magnetic properties of the
electrons, which have magnetic moments 1000 times
greater than protons. There are severa types of
magnetic susceptibility: diamagnetic, paramagnetic,
superparamagnetic and ferromagnetic. Diamagnetic
substances, which contain paired edectrons only,
weskly repd the main magnetic fidld. Although most
tisues are diamagnetic, changes in ther sgnd
intengty due to this factor are overwhemed by much
larger effects from other sources, such as relaxation
parameters. Paramagnetic substances, which
contain unpaired dectrons aign with the magnetic
fidd. Paramagnetic agents have received the most
attention as useful contrast agents. (Contrast agents
are exogenous agents which dter the naturd tissue
contrast.) In addition, oxygenated blood, which is
diamagnetic, becomes  paramagnetic  upon
deoxygendtion. This endogenous contrast mechanism
underlies the signa changes used to detect functiona

brain activetion, as described in more detail below.

Superparamagnetic substances more strongly aign
with the magnetic fidd. They, therefore, have more
potent magnetic effects than do paramagnetic
subgstances. An example of a naurdly occurring
Superparamagnetic substance is hemosderin.  In
addition, exogenoudy adminisered iron oxide
contrast agents, which are dso superparamagnetic,

ae currently coming into greater use in MR

imagingl6. Findly ferromagnetic substancesremain
permanently magnetized after being removed form a
meagnetic fidld. These substances include a number of
iron and cobdt-containing metd dloys  Like
Superparamagnetic agents, ferromagnetic agents dign
srongly with the magnetic fidd.

Variations in magnetic susceptibilities within a voxe
produce loca inhomogendities in the magnetic fied.
These inhomogeneities produce dephasing, which in



tun results in signd loss and image ditortion’” .
Signd loss dso occurs a the border between two
regions with differing magnetic susceptibilities, such as
between tissue and air-containing snuses.  Although
susceptibility differences can be a source of artifacts,
they are dso ussful in the imaging of brain activaion
changes, which rely on the susceptibility effects of
deoxygenated blood, as described below.

Contrast Agents

Exogenous substances which dter naturd tissue
contrast are contrast agents. In MR, contrast agents
are used to enhance image contrast between normal

and diseased tissue and/or indicate the status of organ
function or Hood flow. There are severd types of

contrast agents in clinical use or under development.

These include T1-active agents (agents that primarily
shorten T1), T2-agents, which predominantly shorten
T2 and non proton agents that contain no hydrogen.

Paramagnetic agents have received the most atention
as useful contrast agents. These agents, enhance both
T1 and T2 decay, with a predominant effect on T1 at
low doses, and T2 or T2* a high doses when it is
adso compatmentdized. The meagnitude of the
changes in rdaxaion times is influenced primarily by
the magnetic fidd drength and concentration of the
paramagnetic agent.

Gadolinum  agents such a  gaddlinium
diethylenetriamine pentaecetic acid [Gd-DTPA]
(Magnevist, Berlex Laboratories, Wayne, New
Jersey), which are paramagnetic, are the most widdly
used clinicd MR contrast agent. More recently,
uperparamagnetic contrast agents, which primarily
affect T2 decay, are coming into greater use in MR

imaging16.

Shortening of both T1 and T2 by paramagnetics
creates very complex changes in the MRI signd,
which is dependent on the chosen rf pulse sequence.
In addition, unlike eectronabsorbing contrast agents
used in nuclear medicine, the contrast agents used in
MRI ae not directly imaged. Rather, it is ther
indirect effect on NMR relaxation raes that is
detected in the images as MRI dgnd intengty
changes. As a reault the rate of motion of water
within and between tissue compartments can have
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ggnificant effects on the resulting image contrast and
accordingly the accuracy in quantification of tissue
parameters using contrast agent 5.

9.3 FUNCTIONAL MRI

The human brain is likely the most complex and least
understood system known. The understanding of its
workings is a naurdly inspiring god, and the
devdopment of new methods to further this
underganding is fundamental to the pursuit of this
god.

New methods for understanding human brain function
can be extensvely gpplied. Clinicdly, these methods
can dlow for faster, cheagper, and more effective
diagnoses and trestments of neurological, cognitive,
or neurophysiologic pathologies. In neuroscience
research these can complement and add to the vast
current efforts towards understanding the human brain
- ranging from molecular to sysems levels. Imaging of
the hedthy human brain during learning, reasoning,
visudization, language, and credtive functions may
give indghts into the dynamic dructures of these
emergent processes, therefore helping to uncover
principles of cognition.

9.3.1 Brain Activation

Brain activation fundamentally conssts of an increase
in the rate a which action potentias are generated.
The action potentia, the unit of information in the
brain, is atrangent and cascading change in neurond
membrane  polaiity. At neurond  junctions,
neurotransmitter synthesis, release, and uptake takes
place, causng modulaion of the action potentia

propagamionlg'21. When a population of neurons
experiences these membrane polarity changes during
activation, measurable dectricd and magnetic

changes in the brain are created!®-25. Because of
the energy requirements of membrane repolarization
and neurotransmitter synthes's, brain activation adso
causes a messurdble increese  in neurond



metabolisn9-21,  26-31 Through  incompletely
understood mechanisms!®: 32-43 these changes are
accompanied by changes in blood flowl9-21,32-49

volume®0-93, and oxygenation'52‘56. All techniques
for assessng human brain function are based on the
detection and measurement of these dectricd,
magnetic, metabolic, and hemodynamic changes that
are spaidly and tempordly associated with neurond
activation.

The most recently developed brain activation imaging
methods to emerge have been those which use
magnetic resonance imaging (MRI). These MRI-
based techniques have been collectivdly termed
functiond MRI (fMRI).

Use of fMRI has grown explosvely snce its inception

51, 57-60 Among the reasons for this explosive
growth are the non-invasveness of fMRI, the wide
availability of MR scanners capable of fMRI, and the
relative robustness and reproducibility of fMRI
results. With these reasons for usng fMRI came a
proportiona need for caution. The technology can be
eadly misused and results can be over - interpreted.
A solid undergtanding of the basics of fMRI is
necessary. In this section, basc concepts behind of
fMRI are darified, severa practicd issues related to
its use ae discussed, and potentid innovations
regarding fMRI use are suggested.

This section of the chapter is organized into five parts.
Fird, an introduction to magnetic susceptibility
contrast is given. Second, the types of hemodynamic
contrasts observable with fMRI are described. Third,
ongoing issues of fMRI implementation are discussed.
Fourth, severa of the most common platforms for
performing fMRI are described. Lastly, current fMRI
goplications are mentioned.

9.3.2 Magnetic Susceptibility Contrast

MRI emerged in the 1970's and 80's as a method by
which high—resolution anatomical images of the human
bran and other organs could be obtained non-

invagvdy 1, 61-64 The firg types of image contrast
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used in MRI were proton dendty, spin-attice
relaxation (T1), and spin-spin relaxation (T2) contrast
65-69 The large number degrees of freedom in MR
parameter space has alowed MR contrast types to
expand from physicd to physiologica 70, The types
of intringc MRI physologica contrast that have since
been discovered and developed have included blood

flow 70-73’ diffuson 11, 70, 74-77’ perfusion 70,

584 and magnetization trandfer 70, 85, 86,
Chemicd <hift imaging has been dble to provide
information @out rdative concentrations and

distributions of several chemical species 70, 87, 88,

The effects of endogenous and exogenous
paramagnetic materids and, more generdly, of
materids having different susceptibilities, have dso
been characterized. An understanding of susceptibility
contrast is an essentid prerequisite to the exploration
of fMRI contrast mechanisms.

Magnetic susceptibility, ¢, is the proportionaity
constant between the strength of the applied magnetic
field and the resultant magnetization established within

the material 89. In most biologic materials, the paired
eectron soins interact weskly with the externdly
applied magnetic fidd, resulting in a smdl induced
magnetization, oriented opposte to the applied
magnetic field, that causes areduction of fidd strength
indde the materid. These materids are diamagnetic,

and have a negative magnetic susceptibility.

In materias with unpaired spins, the eectron magnetic
dipoles tend to align pardld to the applied fidd. If the
unpaired spins are in sufficient concentration, this
effect will dominate, causng the induced
magnetization to be digned pardld with the applied
field, therefore causng an increase in magnetic fidd
drength indde the materid. These materids are
paramagnetic. Figure 921 is an illudration of
megnetic  fidd flux through diamegnetic and
paramagnetic materiads.



B

Figure 9.21: Illustration of the magnetic field flux through A.

diamagnetic and B. paramagnetic materials. Within
diamagnetic materials, the net flux is less. Within
paramagnetic materials, the net flux is greater. Magnetic field
distortions created around the material are propotional to the
object geometry and the difference in susceptibility between
the object and its surroundings.

As mentioned earlier in this chapter, because of the
Larmor reaionship, spins will process a a faster
frequency when experiencing a higher magnetic fied.
In the presence of a magnetic fidd perturber having a
different susceptibility from surrounding tissue, spins
will process at different frequencies, depending on
their location, relative to the perturber. In such a
gtuation, the spins will rgpidly become out of phase
and the MRI sgnd will resultingly be decressed.
When the susceptibility differences between the
perturber and its surroundings are large, the fidd
digortions are large. Correspondingly, when the
susceptibility of the perturber becomes more similar
to its surroundings, the fidd digtortions decrease,
therefore causng more protons to have smilar
processon frequencies - dlowing them to day in
phase longer. Increased phase coherence increases
the MRI signa by decreasing the T2* and T2 decay
rate. As an example, Figure 9.22 shows two plots of
MRI ggnd intengty, usng the smplified gradient-
echo ggnd intendty rdationship STE) = Sg e -

TETZ* \where S (TE) is the Signd as a function of
echo time (TE). T2 isthe sSgnal decay rate. Here, the
two T2* vaues used are 48 and 50 ms. R2* =
UT2*.
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Figure 9.22: Plot of Signal vs. TE. The two curves represent
typical values of R2* in the brain. The difference in
relaxation rates represent typical differences between resting
(20.8 s1) and activated (20.0 s'1) R2* in the brain (-0.8 s1).
These signals are referred to as Sr (resting signal) and Sa
(active signal) in the discussion below. MR signal, in
general, isS.

Congdering that:
Ln(S) = TE/T2* (Eq. 9-20)
Ln(S)/TE = UT2*= R2*, (Eq. 9-21)

R2* may be obtained by the dope of Ln(S) vs. TE,
as shown in Figure 9.23.
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Figure 9.23: Ln(S) vs. TE. Transverse relaxation rates (R2
and R2*) are measured by applying a linear fit to curves



such as these. Here, activation—-induced changes in So are
considered zero and single exponential decays are assumed.

Assuming that sgnd changes are affected by changes
only in R2*, the change in relaxation rate, DR2*, may
be estimated by measurement of S and Sa a single
TE vaues and using the expression:

-Ln(Sa/Sr)/TE = DR2*. (Eq. 9-23)

The expression relaing percent change to DR2* is:

percent signal change = 100 (e -DR2* TE . 1)
(Eq. 9-24)

Figure 9.24 is a plot of the percent sgnd change vs.
TE between the synthesized resting and activated
curves. An gpproximately linear fractiond sgnd
increase with TE is demongtrated.
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Figure 9.24: Percent change vs. TE from the same
synthesized data set as shown above. Given a DR2* value
typically obtained, alinear dependence of percent change on
TE isobserved in the TE range typically used.

If DR2* is smdl relative to R2*, the Sgnd difference
between the two curves will be maximized & TE ~
T2* (gradient—echo) or T2 (spinecho), as
demongtrated below. Contrast between two signd
intengties (Sa and ), having a difference in
relaxation rate equa to DR2*, can be approximated
by:
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Sa-S =e -TE (DR + R2r) _ o -TE

(R2*r) (Eq. 9-25)
where RZ2*r is the relaxation rate associated with a
messured S a a given TE vaue The TE vaue &
which Equation 9-25 is maximized is given by:

TE = Ln( (DR2* + R2*r )/IR2*r )/ DR2*.
(Eq. 9-26)

In the limit that DR2* approaches 0, the TE value at
which contrast is maximized gpproaches 1/R2*r or
T2*r. A graphicd demondration of this contrast
maximization is shown in Figure 9.25 Even though the
percent change increases, as shown in Figure 9.24,
the contrast or sgnd difference does not increase
monotonicaly with TE.
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Figure 9.25: Plot of DS vs. TE from the same synthesized
data sets as shown in the previous figures. A maximum is
reached at TE ~ T2*r (~48 ms).

Bulk susceptibility changes (either endogenous or
exogenous) lead to MRI sgnd changes primarily in
the manner described above. A more detailed
description of the precise effects of susceptibility
perturbers will be provided later in the chapter.

In a typicd 70-kg human body, paramagnetic
materids include iron (3-5 g), copper (70-120 mg),
manganese (12 mg), nickd (10 mg), chromium (2



myg), cobdt (0.3 mg), vanadium (2 mg), molybdenum
(13 mg), and tungsten (trace). Iron is gpproximeately
30 times more abundant than dl the other trangtion
dementsin atypicd human body. Much of theiron is
contained in red blood cdls. In biological tissues,
additiond sources of paramagnetism  include
materids, which because of peculiarities in ther
chemical bonding, have unpaired spins. These include

oxygen, O2, and nitric oxide, NO 89,

9.3.2.1 Endogenous Susceptibility Contrast

One of the three fMRI contrast mechanisms
described in this section, (blood oxygenation leve
dependent contrast: BOLD) is based on the
underganding that blood has oxygenation-senstive
paramagnetic characterigtics 89-92 Hemoglobin is
the primary carier or oxygen in the blood.
Hemoglobin that is not bound to oxygen, caled
deoxyhemoglobin (deoxy-Hb), contains paramagnetic
iron, while hemoglobin that is carrying oxygen, caled
oxyhemoglobin  (oxy-Hb), contans diamagnetic
oxygertbound iron 89-92 The modulation in the
megnetic  susceptibility of blood by oxygendtion
changes is the bass of BOLD contrast. Usng MR
susceptometry B the susceptibility of completely
oxygenated red blood cdls was measured to be -
0.26 + 0.07 x 106 (cgs units). With this technique,
blood susceptibility was aso shown to be linearly
proportional to blood oxygenation (it decreases
linearly as oxygendion increases). The susceptibility
of completely deoxygenated red blood cellsis 0.157+
0.07 x 10-6. The susceptibility difference between
completely oxygenated and completely deoxygenated

red blood cdls is therefore 018 x 10°6. The
profound effects of blood oxygenation changes on
MR ggnd intendty have been demondrated since
1981 91-102 The precise mechanisms for this effect
on MR signd will be described later in the chapter.
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9.3.2.2 Exogenous Susceptibility Contrast

Exogenous paramagnetic substances, which incdude
Gd(DTPA) and Dy(DTPA) can give usful
information regarding severa aspects of organ

function 103, In the brain, these intravascuar agents,
when injected, can give information on blood volume

and vascular patency 93, 102-109, The efects of
these agents on tissue T1, T2*, and T2 are highly

dependent on  chemicd  environment  and

compatmentdiza-tion, as has been observed 93,
102-109 gnd modeled 103, 105-108, 110-123

One mechanism of action for these compounds is
dipolar interaction, having an effect on intringc T1 and

T2 relaxation times 103, 105, This effect relieson the
direct interaction of water with unpared spins.
Homogeneous didtributions of solutions containing
paramagnetic ions digplay relaxivity changes that can
be predicted by the classca Solomon-Bloembergen
equations 105 put in the hedlthy brain, these agents,
upon injection, remain compartmentalized within the
intravascular space, which contains only about 5% of
totd bran water. The extent of agent—proton
interaction is reduced by the limited rate a which
diffusng or exchanging protons in the other 95% of
bran water pass through the intravascular space,
which is aso less accessible due to the blood brain
barrier. These combined effects greatly limit the
agent—induced T1 effects, which rely on direct
interaction of protons with the paramagnetic agents.
Inthis case, T2* and T2 shortening effects, caused by
contrast agent induced bulk susceptibility differences

between intravascular and extravascular space 105

108, 110-119 dominate over classcad i polar
relaxation effects. A detailed description of T2* and
T2 shortening effectsis given below.



9.3.2.3 Exchange Regimes

The effect on transverse relaxation by magnetic field

inhomogeneities can be characterized by 102, 106-
108, 110, 111.

UT2* =UT2+ UT2 (Eq. 9-27)
The relaxation rate, 1/T2*, dso termed R2*, is the
rate of free-induction decay, or the rate at which the
gradient-echo amplitude decays. The relaxation rate,
VT2, dso termed R2, is the rate a which the spin-
echo amplitude decays. The relaxation rate, 1/T2,
dso termed R2, is the water resonance linewidth,
which is a measure of frequency didribution within a
voxd. The key concept to understand is that the
relative magnitude of R2' is not only proportiona to
the susceptibility of the magnetic fidld perturber, but
to the dimensions of the perturber relative to the loca
proton dynamics.

More specificaly, in the presence of a magnetic fied
perturber, the relative R2 and R2* relaxation rates
depend on: the diffusion coefficient (D) of spinsin the
vicinity of induced fiedd inhomogeneities, the radius
(R) of the fidd perturber, and the varidion in the
Larmor frequency at the surface of the perturber 102,

106-108, 110-113  Thee two physica
characterigtics (R and D) can be collgpsed into one
term, the proton corrdation time, t, which can be
described as.

t = R2/D. (Eqg. 9-28)
The vaiation in the Lamor frequency (dw), at the
perturber surface is:

dw = g(Dc)Bg , (Eq. 9-29)
where g is the gyromagnetic raio, Dc is the
susceptibility difference, and By is the srength of the
goplied magnetic fiedd. Depending on the rdative

vaues of these varidbles, intravoxel dephasing effects
are commonly described by three regimes, termed the
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fadt, intermediate, and dow exchange regimes 102,
106-108, 110-113

The exchange regimes are summarized in Table 9.1
and shown graphicaly in Figure 9.26.

dow t (dw)>>1 DR2* >> DR2

exchange DR2' ~ DR2*

intermediate | t (dw) ~ 1 DR2* > DR2

exchange DR2 < DR2*

fest exchange | t (dw) << 1 DR2* ~ DR2
DR2 ~0

Table 9.1: Summary of the exchange regimes commonly
referred to when the effects of magnetic field perturbations
on transverse relaxation rates are described.

Exchange Regimes

Fast Intermediate Slow

A

’R2

>> 1

<<1]

[B1la(z¢)Bq]

Figure 9.26: Plot of typical DR2* and DR2 due to
susceptibility perturbations. The essential variables are the
radius of the perturber (R), the proton diffusion coefficient
(D), and the frequency shift caused by the perturber (gDBo).




In the fast exchange regime, the ratio of DR2* to DR2
approaches 1. In the slow exhcange regime, the ratio is
greater than about 10.

In the fast exchange regime 110, 111, 113-119 the
high diffuson rate causes dl spins to experience a
gmilar range of fied inhomogendties within an echo
time, therefore causing a smilar net phase shift of al
gpins, and a minimal loss of phase coherence as well
as a dmilar loss of phase coherence between
gradient—echo and spin—echo sequences. The fast
exchange regimeisrelevant in two particular cases.

In the human brain, the dephasing experienced in the
presence of susceptibility—induced gradients in the
vicinity of capillaries and red blood cdls has been
described as being in the fagt exchange regime 102,
107,111

In the dow exchange regime, the magnetic fidd
experienced by any spin can be gpproximated as a
linear gradient or, in the extreme case, an off-
resonance datic field. This exchange regime would
aoply to Stuations where magnetic fidd gradients are
crested a large intefaces of tissues having
susceptibility differences (e.g. bone, air, tissue), or in
the space surrounding large vessdls or trabecular
dructure. Because of the large spatid scale of the
frequency offset, spin diffuson distances n an echo
time would be rdivey inggnificant .

The effects of off resonance effects near large
interfaces of materids having different susceptibilities,
have been characterized and imaged 17, 123-127,
Dephasing effects created by susceptibility—induced
gradients in the vicinity of bone trabecular structure
and generdized structures have been modeled 128-
133, and experimentally studied 134 135, The R2*
of bone was found to be proportiona the trabecular
densty 134, 135 A decrease in R2* with age and
with osteoporosis was aso demondtrated 134 Given

a change in trabecular dendity, the change in R2 was
not perceptible, while the change in R2* was

pronounced 135 The gradients induced in the vicinity
of the trabecular structure, which contribute to a large
R2' effect, are do likely to be the reason why bone
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is brighter in spin-echo images having dmilar
parameters as gradient—echo images. All dephasing
effects that occur are refocussed, when using a spin-
echo sequence, by the 180° because no sgnificant
irreversible diffuson reated dephasing occurs. These
dow exchange regime effects have been aso modded
in the context of susceptibility differences between

lung tissue and air 136,

Because the assumption is made, in the dow
exchange regime, that spins ether diffuse through
linear gradients or experience a shifted resonance
frequency, anaytic expressons for these effects on
decay rate have been derived 112, 131 The effects
have dso been smulated 110, 117, 118, 120-122,

132, 137 The dependence of relaxation rate change
upon induced frequency shift has been found to be

linear 131,

In the intermediate exchange regime, diffusng spins
neither completely experience nor minutely sample the
complicated gradients induced by the field perturbers.
Andytic solutions are difficult to derive due to the
large spatid heterogeneity of the induced fidd
gradients. Therefore numericd smulation methods are
required. These have included Monte Carlo
techniques!10, 117, 118, 120, 121 and deterministic

methods 122, 138,

The dephasing effects of spinsin the vicinity of much
of the human micro-vasculature, which has vessdls
ranging in radius from 2.5 um in capillaries to 100 um
in pid vesHs 43, 139 have been described as being
within the intermediate exchange regime 102, 106-
108, 110, 117, 118, 120-122, 138



9.3.3 Hemodynamic Contrast

Severa types of cerebrovascular information can be
mapped usng MRI. The tomographic information that
can be obtained include: @ maps of cerebra blood
volume 21, 70, 106, 108, 140, 141 gnd cerebral

perfuson 79, 83, 142-146 ong b) maps of changes

in blood volume 51, perfusion 58. 82, 83, 143-145,
147, 148’ and oxygenation 57-60, 137, 149-155

Bdow is a dexription of how these various
hemodynamic properties are sdectively detected
usng fMRI.

9.3.3.1 Blood Volume

A technique developed by Belliveau and Rosen et d.

106, 108, 140 ilizes the susceptibility contrast
produced by intravascular paramagnetic contrast
agents and the high speed imaging capabiilities of echo
planar imaging (EPI) to create mgps of human
ceebra blood volume (CBV). A bolus of
paramagnetic contrast agent is injected (the technique
is dightly invasive) and T2 or T2* - weighted images
are obtained a the rate of aout one image per
second using echo-planar imaging (EP1) 83, 156-
158 As the contrast agent pases through the
microvasculature, magnetic  fidd didortions are
produced. These gradients, which last the amount of
time that it takes for the bolus to pass through the
cerebral vasculature, cause intravoxd dephasing,
reaulting in a sgnd atenuaion which is linearly
proportiona to the concentration of contrast agent

106, 108, 120 \which, in turn is a function of blood
volume.

Changes in blood volume that occur during
hemodynamic stresses or during brain activetion -
30% change) can then be observed by subtraction of
two maps. one crested during a “resting” state and
one created during a hemodynamic stress or neurond

activation 1. The use of this method marked the first

time that hemodynamic changes accompanying human
brain activation were mapped with MRI.
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9.3.3.2 Blood Perfusion

An aray of new techniques now exist for mapping

cerebrd blood perfuson in humans. The MRI
techniques are smilar to those applied in other
modalities such as podtron emisson tomography
(PET) and dgngle photon emisson computed
tomography (SPECT) in that they dl involve arterid
sin labeing. The MRI based techniques hold
consderable promise of high spatial resolution without
the requirement of contrast agent injections. They use
the fundamenta idea of magneticdly tagging arterid
blood outsde the imaging plane, and then dlowing
flow of the tagged blood into the imaging plane. The
RF tagging pulse is usudly a 180° pulse that “inverts’
the magnetization.

Generdly, these techniques can be subdivided into
those which use continuous aterid spin labeling,
which involves continuoudy inverting blood flowing

into the dice 142, and those which use pulsed arterid
spin labding, periodicaly inverting a block of arteria

32

blood and measuring the arriva of that blood into the
imaging dice. Examples these techniques are 1)
“echo planar imaging with dgnd targeting and
dternating RF,” (EPISTAR), scheméticdly illustrated
in Figure 9.27a which involves dternately inverting
dabs of magnetization above and below the imaging

dice 82 83 and 2) “flow-senstive dternding
inverson recovery,” (FAIR), schematicaly illustrated
in Fgure 9.27b, which involves the dternation
between dice sdective and non dice sdective
inverson. The latter was introduced by Kwong et d.
144, 148, 159 gnq referred to as FAIR by Kimet a.
143 Recently, a pulsed arterid spin labeing
technique known as “quantitative imaging of perfuson
usng a single subtraction,” (QUIPSS), has been
introduced 145 146 | the case of the pulsed
techniques, pairwise subtraction of sequential images,
illugtrated in Figure 9.27c with and without the
gpplication of the RF tag outside the plane gives a
perfuson reaed sgnd.

EPISTAR FAIR
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Figure 9.27: A. Schematic illustration of EPISTAR “echo planar imaging with signal targeting and
alternating RF.” First, the imaging slice is presaturated with a saturation pulse [1]. Second, protons above
the imaging plane and below the imaging plane are alternately inverted or tagged [2x and 2y]. Third, the
image is collected after a delay time, Tl, to allow the tagged protons to perfuse into the imaging plane [3].
Alternate images collected in the sequential time series correspond to either the tag below [2x] or above [2y]
the plane. B. Schematic illustration of FAIR “flow - sensitive alternating inversion recovery.” First protons
either within the plane or everywhere are alternately inverted or tagged [ 1x and 1y]. Second, the image is
collected after adelay time, T, to alow the tagged protons [1x] to perfuse in to theimaging plane. Alternate
images collected in the sequential time series correspond to either the tag everywhere [1x] or only within
[1y] the imaging plane. C. The method by which the time series of perfusion imagesis created from the pulse
seqguences shown in A. and B. The alternate images, x and y, are collected in time. These images, with
different tags applied, are different only in the degree to which flowing spins contribute to the signal.
Therefore, a perfusion-signal-only time series of imagesis created by pairwise subtraction of the images.

Vaidion of the dday time between the inverson or
tag outsde the imaging plane and the acquistion of
the image gives perfuson maps highlighting blood at
different dages of its delivery into the imaging dice.
Because there is necessarily a gap between the
proximd tagging region and the imaging dice, there is
a delay in the time for tagged blood to reach the
aterid tree, this delay time can be highly variable,
ranging from about 200 ms to about 1 sec for a gap
of 1 cm. At 400 ms, typicaly only blood in larger
arteries has reached the dice and the pulsed arterid
oin labding dgnd is dominated by focd ggnds in
these vessdls, while a 1000 ms, tagged blood has
typicaly begun to digtribute into the capillary beds of
the tissue in the dice. Images acquired a late
inversion times can be consdered quditative maps of
perfusion. Figure 9.28 shows perfuson maps created
a different Tl times usng both the FAIR and the
EPISTAR technique. As TI is lengthened, tagged
blood didributes from large arteries into smaler

and capillary beds. In
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Figure 9.28: Comparison of EPISTAR and FAIR at
corresponding Tl values. As Tl is lengthened, tagged
blood distributes from large arteries into smaller vessels
and capillary beds. In the capillaries, the tagged blood
water exchanges almost completely with tissue water.
Short TI's highlite rapidly flowing blood, and the long
TI’shighlight capillary bed perfusion.
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the capillaries, the tagged blood water exchanges
dmost completdy with tissue water. To quantify
perfuson usng these techniques, it is necessary to
more carefully modd the phenomena and relevant
variables43, 144, 160, 161 o quantification, a
minimum of two subtractions a different TI's are
required in order to caculate the rate of entry of

tagged blood into the slice (perfusion) 161,

For the gpplication of mapping of human bran
activation, (i.e. to only observe activation-induced
changes in blood perfusion), a more commonly used
flow sengtive method is performed by application of
the inverson pulse dways in the same plane. In this
cax, the intensty of dl images obtained will be
weighted by modulation of longitudind magnetization
by flowing blood and dso by other MR parameters
that normdly contribute to image intendty and
contrast (proton densty, T1, T2). Therefore, this
technique alows only for observation of changesin
flow that occur over time with brain activation. A
locd perfuson change of 50% (typicd with brain
activation) would create a T1- weighted MRI sgnd
change of approximately 2%. This technique was first

implemented by Kwong e 4. 58 {0 observe
activation - induced flow changes in the human brain.
In this semind paper, activaion - induced sgnd
changes associated with locad changes in blood
oxygenation were also observed.

9.3.3.3 Blood Oxygenation

In 1990, pioneering work of Ogawa et a. 137, 151,

152 and Turmer e d. 193 demongtrated that MR
ggnd in the vicnity of vessals and in perfused brain
tissue decreased with a decrease in  blood
oxygendion. This type of physologicad contrast was
coined “blood oxygenation level dependent” (BOLD)
contrast by Ogawaet d. 152,

The use of BOLD contrast for the observation of
brain activation was fird demondrated in August of
1991, a the 10'th Annua Society of Magnetic

Resonance in Medicine mesting 162 Thefirg papers
demondrating the technique, published in July 1992,



reported human brain activation in the primary visud

cortex 98 99 and motor cortex 27: 98, Two 97, 58
of the firgt three reports of this technique involved the

use of sngle shot EMl a 1.5 Teda The other 59
involved multishat “fast low angle shot” (FLASH)
imaging a 4 Teda Generdly, a smdl (2%) locd
ggnd increese in activated cortical regions was
observed using gradient echo pulse sequences —
which are maximaly sengtive to changesin the homo-
genaty of the main magnetic fidd.

The working modd condructed to explain these
observations with susceptibility contrast imaging is
that an increese in neurond activity causes locd
vasodilatation which, in turn, causes an increase in
blood flow (~50%). This results in an excess of
oxygenated hemoglobin beyond the metabolic need,
thus reducing the proportion of paramagnetic
deoxyhemoglobin in the vasculature. The oxygen
saturation of venous hemoglobin is thought to change
from 75% saturated to about 90% saturated. This
hemodynamic phenomenon was previoudy suggested
usng non-MRI techniques 53-55. A reduction in
deoxyhemoglobin in the vasculaiure causes a
reduction in magnetic susceptibility differences in the
vicinity of veinuoles, veins and red blood cdls within
veins, thereby causng an increase in spin coherence
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(increase in T2 and T2*), and therefore an increase in
sgnd in T2* and/or T2 - weighted sequences.

Presently, the most widdy used fMRI technique for
the nonrinvasve mapping of human brain activity is
gradient-echo imaging usng BOLD contrast. The
reasons for this are that a) gradient-echo T2* -
sendtive techniques have demondrated higher
activation-induced signa change contrast, by about a
factor of two to four, than T2 - weighed, flow-
sengtive, or blood volume-sengtive techniques, and
b) BOLD contrast can be obtained using more widdy
avalable high speed multi-shot non-EPI techniques.
c) While T2* - weighted techniques are senstive to
blood oxygenation changes in vascular structures that
include large vessds that may be spatialy removed
from the focus of activation, for most gpplications the
sacrifice in functional contrast to noise rio in
techniques more sengitive to microvascular tructures
does not outweigh the necessity for a for the highest
possible contrast to noise in functiona images. This
last issue will be discussed further below.

A summary of the cascade of hemodynamic events
that occur on brain activation and of their effects on
the gppropriatdy weighted MRI signd are shown in
Figure 9.29.
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Figure 9.29: Flow chart summarizing the cascade of hemodynamic events that occur with brain activation
and their corresponding effects on the appropriately sensitized MRI signal.



9.3.41ssuesin fMRI

Although progress is being repidly made, many issues
in MRI remain incompletely understood. Below is a
description of the current dtate of understanding
regarding some general TMRI issues, categorized into:
interpretability, tempora resolution, spatid resolution,
dynamic range, sengtivity, and some unknowns.

9.3.4.1 Interpretability

The question of interpretability regards the concern of
exactly what the rdaionship is between the fMRI

sgnd and underlying neurond activation. Two “filters’
Sseparate direct observation of neurona processes
usng fMRI. The firg is the rdationship between
neurond activation and hemodynamic changes, and
the second is the relationship between hemodynamic
changes and MR signd changes.

In the past five years, considerable progress has been
made in the characterization of the second
relationship: that between activation - induced
hemodynamic changes and the fMRI sgnd changes.
Below the issue of MRI - achievable hemodynamic
specificity is discussed. Also discussed are the upper
limits of tempord and gspatid resolution, ad the
dynamic range of fMRI.

A high priority in fMRI is to accurately corrdate
activation - induced MR dggnd changes with
underlying neuronal processes. It is generdly
accepted that perfuson and oxygenation changes in
capillaries are closer in both gpace and time to
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neurond activation than those arisng from arteries or
veins As mentioned, different pulse sequences can be
made sengtive to specific populations of vesse sizes,
blood flow velocities, and contrast mechanisms.

The fMRI pulse sequence tha gives the highest
functiona contrast to noise ratio is a T2*-weighted
gradient-echo sequence, which is likey to have
contrast weighting which indudes large draining vein
effects and, in the case of short TR — high flip angle
sequences (short TR values are required for non-EPI
fMRI sequences), large vessdl arterid inflow effects.
Sequences that may be able to more sdectively
observe capillary oxygenation or perfuson effects are
less robust. They have a lower functiona contrast to
noise raio, are generdly less time efficient, and may
not dlow extendve multidice imaging. The
tremendous need for high fMRI contrast to noise
ratio, high image acquisition speed, and high flexibility
such as multi-dice imaging has to date outweighed the
need, in most cases, for sdlective observation of
capillary effects for most applications. Enhancements
in fMRI sengtivity may alow these hemodynamically
selective pulse sequences to be more commonly used.
The drategies for achieving hemodynamic specificity
not only include pulse sequence modifications but aso
ample vein and artery identification drategies or even
activation draegies which remove draining ven
effects. Below, severa of the more common pulse
sequences and paradigm  drategies for obtaining
higher hemodynamic specificity ae liged in
aphabetical order and described. These methods can
be consgdered as relevant to the gods summarized in
Table9.2.
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Hemodynamic Specificity

Goal
Separ ation of flow and
oxygenation effects.
Identification of large arteries
and veins.
Reduction of large artery or vein

effects.

Method Number

flow: 6,15, oxygenation: 11, 10, 14,
both: 13, 18.
veins: 4,5,7,11, 14,
arteriesand veins: 1, 16, 19.

veins: 2,4,8,17, arteriesand veins:

9, 10.

Selective imaging of capillary

effects.

flow: 13, combination of 3 and 13.

oxygenation: 12, combination of 3

and 17.

Table 9.2: Goals regarding the achievement of hemodynamic specificity in fMRI and corresponding
methods that have been proposed in the literature. The method numbers correspond to the methods listed

bel ow.

1. Angiography: /3 163 Use of standard high
resolution angiographic techniques can identify rapidly
flowing blood. Advantages It can be performed
reldively quickly and independently of the functiond
imaging series. Disadvantages: Blood in larger arteries
are visudized but dowly flowing venous blood may
be missed.

2. Asymmetric spin-echo: 164 This technique
involves the use of a spin-echo, but with the readout
window shifted from the <spin-echo center
(asymmetricdly located) so that similar susceptibility
(T2) weghting as a gradient echo sequence is
achieved. Advantages. Rapidly flowing blood does
not experience the 180° pulse, applied about 40 ms
after the 90° pulse, therefore does not contribute to
the signal. This phenomenon aso reduces some of the
pulsatile fluctuations over time. Disadvantages: The
use of a spin-echo increases imaging time by about
100 ms, which may limit the number of dices (in
gpace) obtained in a TR using EPI. This time cost for
non-EPl sequences (with the possible exception of

fag spin echol69) is practicaly prohibitive This
sequence is dso as equdly sendtive as regular
gradient-echo sequences to intravascular effects (T2*

dephasing of the blood) from large vessdls that have
dowly flowing spins and to extravascular effects (oin
dephasing that occurs outsde of the veins as a result
of magnetic field gradients extending from the vessdls
due to the difference in magnetic susceptibility
between the vessals and tissue) of large vessals with
intravascular signd that has been removed by the
180° pulse.

3. Diffuson weighting 166, 167 Thjs technique
incorporates additiond magnetic fidd gradients
between RF excitation and data acquigtion to
sectively dephase dgnd  from faster moving
populations of spins. Blood having rgpid incoherent
motion (i.e. blood in larger vessds) within a voxd is
dephased, and therefore removed from contributing
to the fMRI signa change. Advantages. Intravascular
large vessd effects that cannot be seen using other
techniques (possibly because they may be subvoxd in
9ze) ae reduced with this technique
Disadvantages. The addition of diffuson weighting
reduces the image sgnd to noise ratio and the
functional contrast to noise ratio, and increases the
motion sengtivity over time. This technique can only
redigticaly be performed usng EPI. Also, while large
vess intravascular effects are not eliminated. Ladtly,



large vessdl extravascular dephasing effects (T2*
contrast) are unaffected and therefore may dill
contribute to fMRI signal changes.

4. High field strength 154, 163, 168, 169 |1 tne
context of fMRI, a field strength above 2 Teda is
congdered high. Advantages. Sgnd to noise
theoreticdly increases linearly with fidd drength.
BOLD based functional contrast may increase from

linearly or sublinearly 170 to dmost quadradicaly
121, 154 Because T1 relaxation rates become longer
a high field srengths, flow imaging techniques 82: 83,

142-146, 148, 160 49y pendit because of
decreased decay of the tag sgnd. Higher fidd
grength also alows detection of more subtle effects,
higher spatid resolution, and/or less need for
averaging over time. Also the T2* difference between
deoxygenated blood and gray matter becomes
greater dlowing clear identification of veins as dark
gpots in high resolution T2* - weighted images 163,
171 Disadvantages: High field magnets do not have
a large market, therefore are not as tried and true as
lower fidd dlinicd workhorses. (i.e. More
troubleshooting is needed.) The primary practica
problem at high fields is the increased field digtortion
due to magnetic susceptibility effects. This fied
digortion causes both image digtortion and sgnd
dropouts, but because, on a microscopic scae, it is
adso the mechanism of BOLD contradt, techniques
that are sengtive to BOLD contrast are inherently
sendtive to these other deleterious effects These
problems make magnetic fidd shimming more
important a high fieds. Because the fidld distortions
can only be partidly removed by shimming, they often
preclude whole bran imaging, and imaging of
dructures a the base of the brain. Ladly,
physologica fluctuations may increese with field
grength, which, if not filtered, can increase the noise
and nullify the inherent Sgnd to noise advantages of
high fidds Alternatively, an increase in physologicd
fluctuations may trandate to an advantage if the
fluctuations prove to contain useful physologic or
neurond information.
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5. Hypercapnia normalization 1725nce the
fractiond sgnd change usng BOLD contradt is highly
weighted by the digtribution of blood volume across
voxds, a uniform oxygenation increase, concomitant
with a hypercapnia - induced flow increase, would
cause the BOLD sgnd increase in each voxd thet is
in proportion to underlying hemodynamic variables,
and primarily venous blood volume. Maps of venous
blood volume digtribution can be made in this manner.
Assuming tha hypercgpnia and activation cause

amilar hemodynamic events 58, 102: one globd and
the other localized to neurond activation, then divison
of a“percent change during brain activation” image by
a “percent change during hypercapnia’ image would
give a raio map of task-induced sgnd activation
which is normdized to the dgnd change
accompanying globa vasodilatation.  Advantages:

This technique has the potentid for normdizing for dl
hemodynamic variaions over space that can modulate
the sgnd given a condtant oxygenation change — and
not just remove large vessd effects. Disadvantages:
Divison of pecent change images obtaned in
different imaging runs reduces the sgnd to noise
sgnificantly and 5 dso highly sengtive to systematic
vaiations over time. Also, giving a hypercapnic stress
before or after every fMRI study isimpracticd from a
time, convenience, and safety viewpaoint.

6. Inversion Recovery 58 As described above, an
inversonrecovery  sequence  dlows  maximum
sengtivity to activation - induced perfuson related T1
changes. Used with minimaly T2 or T2* sengtive
imaging (i.e shot TE spinrecho acquistion),
exclusve sendtivity to perfuson is achieved.
Advantages. Used with minimdly T2 or T2*
sengtive imaging (i.e. short TE spin-echo acquigtion),
exclusve sengtivity to flow changes is achieved.
Disadvantages. This technique can only be
practicaly used with EPI because the waiting period
(T1) is too long for sandard multishot fMRI
techniques. Also, it has lower sengtivity to functiona
changes than gradient-echo sequences.

7. Latency mapping 173 1t is thought that, on
activation, larger vessds “downdream” from the
activated region become oxygenated at a dightly later



time than capillaries or veinuoles. This technique uses
this vessdl gze-specific BOLD contrast latency to
identify draining veins. Advantages. This technique
can be applied in a post hoc manner, and is relaively
easy to implement. Disadvantages. Because of
functiond contras to noise limitations, latency
differences on the order of one second require
ggnificant averaging to be differentiated. The latency
differences between large veins and capillaries may
vary, and, in many cases be less than 1 or 2 seconds,
therefore making the technique somewhat unreliable.
Also, while unlikely, it is possible that, some neurond
processes may have latency differences (or
hemodynamicaly tranamitted latency differences) on

the order of a second 174, therefore confoundi ng the
technique.

8. Latency Tagging 175-178 Thisis usful for high
resolution mapping of subtle spatid differences in the
hemodynamic response as the cortical representation
of the simulus is continuoudy varied in time. This
technique lends itsdf to high resolution mapping of
contiguous cortical regions. Advantages. Large
vesHd effects may be reduced since the gimulus is
continuoudy “on” but spatidly modulated. Large
vesds, recaving flow from ardatively large area, will
be in a seadily more oxygensaturated state. The
“soillover” of oxygenated blood is constant, therefore
dlowing a higher functiond gpatid resolution by
having dl the “spillover” dfects subtracted out. The
highex fMRI “functiond” resolution reported has

been with the use of this technique 177. The
functiond contrast per unit time is optimized because
the entire time course has information embedded
within it. Disadvantages. This technique does not
lend itsdf to the mgpping of regions in which a
continuous variation in the stimuli does not cause a
continuous variation in the cortica regions activated.
(i.e. those corticd representations of a time varying
gimuli that do not vary continuoudly over Soace)

9.Long TR (high flip angle) or Short TR (low flip
angle) 179, 180 This is method by which arterid
inflow effects are minimized. Differences in deady -
date magnetization between the imaging plane and
outdde of the imaging plane are minimized. Effects
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elicited by changes in activation - induced inflow
(activation causes fresh un-RF-saturated spins to
enter the imaging plane at a higher rate) are reduced.
Advantages. These techniques ae smple to
implement and well understood. Disadvantages: The
long TR technique (TR > 1 sx) can only be
practically achieved usng EPI. Multi-shot techniques
generdly need use a short TR to collect imagesin a
practicaly feasble time. If a short TR is necessary,
reduction of the flip angle below the Erngt angle is sub
optima from asgnd to noise standpoint.

10. Outer volume saturation 181-183 Thjs
technique is amilar, in principle, as technique #9, but
indead of the difference in plane - out of plane
magnetization being decreasad by an increasein thein
plane magnetization, the out of plane magnetization is
reduced. This technique reduces sgnd not only from
inflowing arterid spins but dso inflowing large venous
vesd spins. Therefore only smdler (dower flowing)
ven intravascular BOLD effects and large (rapidly
flowing) vein extravascular BOLD  effects are
observed.  Advantages: Implementation IS
sraightforward. Disadvantages. The saturation dice
profile may interfere with the sgna from the dices of
interest. Repidly flowing blood ariving from outsde
of the saturation plane remains unaffected.

11. Phase shift mapping 184-186 ¢ asngle van
having a dngle orientation is located within a voxd,
then, during a change in oxygenation, the resonant
frequency within that vessd will change, causng a
coherent phase shift within the voxe, depending on
the TE. These phase shift effects are not present in
voxds containing only randomly oriented capillaries.
Visudization of resing date phase shifts or phase
dispersons and activation - induced phase shifts can
be used to identify large vessd effects. Advantages:
This technique is easy to implement. NMR phase
images smply need to be created. Disadvantages.
The technique works best with very smal voxds, but
may miss large vessdls due to its sengtivity to vessd
orientation.

12. Pre-undershoot “dip” 168, 187 several studies
have shown an initia decrease in the fMRI signd 0.5



187 t0 2 sec 168 Hter the stimulus onset but
immediately prior to the increese in dgnd thet is
typicaly observed. These changes are hypothesized
to be caused by an increase in oxidative metabolic

rate 99 183 andjor change in the ionic environment

of the neurons 187 occurri ng a the regions of
neurona activity prior to subsequent flow and
oxygenation increases. Advantages. Assuming that
the hypothesized origins of this sgnd behavior are
substantiated, observation of this sgnal would alow
locdization of neurond activity with a high degree of
gpatiad and tempora specificity. Disadvantages: This
transent sgna can only be observed with high speed
imaging (EPI) or by functiond spectroscopy.
Secondly, this is an extremdy subtle effect and has
not been extensvely reproduced. High contrast to
noise raio with extensve averaging and physiologic
noise reduction may be essentid to observe this. The
pre-undershoot has not yet been demondrated in any
other corticd region but visud cortex.

13. Spin Tagging Techniques 82, 83, 142-146,

148, 160, These indude the aray of techniques
mentioned in section |.B. Flowing spins are imaged by
inverting or saturating spins outsde the imaging plane,
waiting a time period for the tagged spins to flow into
the imaging plane, then imaging. Both resting sate
perfusion and activation - induced perfuson changes
can be imaged. Advantages. This is a non-invasve
and robugt technique by which quantifiable maps of
flow and flow changes can be created. The pulse
sequence can be adjusted so that capillary perfusion
is Hectivey imaged. Also, the flow images crested
are ingengitive to oxygenation effects, which trandates
to a potentially more direct measure of the degree of
neuronal  activation. Also, because par-wise
subtraction is performed, the images are sendtive to
motion occurring only in the brief interva (~ 2 sec)
between successve images, and much less sendtive
to typicaly problematic motion occurring on longer
time scdes Ladly, if each of the image pairs is
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oxygendion - sengdtive (i.e. T2* or T2 weighted),
oxygenation effects can be assessed by observation

of every other image in the time series 143, 146, 147,
therefore giving both flov and oxygenation
information smultaneoudy. Disadvantages:
Presently, only one or a very few imaging planes can
be imaged a onetime. This techniques dso involves a
relatively long waiting period (TR & least 2 s=C) for
each image, and requires that pairs of images are
subtracted, therefore reducing the contrast to noise
per unit time,

Figure 9.30 shows a comparison of a spin-tagging
technique (FAIR) with BOLD contrast functiond
imaging. Low resolution (64 x 64) and high resolution
(128 x 128) anatomica and functiona (correlation
maps) BOLD - contrast images (Gradient-echo, TE
= 40 ms) were obtained of an axia dice through the
motor cortex. Single shot EPl was performed using a

local gradient coil 189 and a 3T /60 Bruker Biospec
scanner. The images were 5 mm thick and the FOV
was 20 cm. The task was bilateral finger tapping.
Regting and active sate perfusion maps, crested using
FAIR (Tl = 1400, TR = 2 sec, spin-echo TE = 42
ms), are dso shown. A functiond correlation maps
using BOLD contragt a the two different resolutions
are compared with a functiond correlation map usng
the FAIR perfusion time course series. The magnified
images, shown in Figure 9.31, illudtrate that the areas
of activation obtaned usng FAIR and BOLD
contrast generdly overlegp, but dso have some
sgnificant differences. These atid shiftsin activation
are likdly to be due to the differences in hemodynamic
sengtizations of the two sequences. FAIR imaging
usng a Tl of 1400 ms is optimdly sendtized to
imaging capillary perfuson, as shown in the reging
and active state flow maps. BOLD contrast functional
images are drongly weighted by large draining vein
effects.
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E. F. G.

Figure 9.30: Comparison of perfusion-weighted and BOLD - weighted functional echo planar images at 3
Tesla. Echo planar imaging was performed using a Bruker 3T/60 scanner and a local head gradient coil. All
images were created of the same plane in the same experimental session. The slice thickness was 5 mm and
the FOV was 20 cm. An axia plane was chosen which contained the motor cortex.

A. 64 x 64 gradient - echo anatomical image (TE =50 ms, TR=8),

B. 96x 96 gradient-echo anatomical image (TE=50ms, TR =8),

C. Perfusion image created during the resting state using a FAIR time course series. (TI = 1400 ms,
Spin-echo TE=60ms, TR = 2 sec.)

D. Perfusion image created from the same time course series as C. during bilateral finger tapping.

E. 64 x 64 BOLD contrast functional correlation image created from the time series of images in
which image A. was the first of the series. Bilateral finger tapping was performed.

F. 96 x 96 BOLD contrast functional correlation image created from the time series of images in
which image B. was thefirst of the series. Bilateral finger tapping was performed.

G. 64 x 64 perfusion-only functional correlation image created from the same time series of
perfusion images from which the resting state and active state images (C. and D.) were created. Note the
difference in spatial location of the area of activation between the flow-weighted and perfusion-weighted
functional images. The “hot spot” in the BOLD contrast images is likely to be a draining vein which does
not appear in the perfusion-weighted functional image created using FAIR.



Figure 9.31: Magnification of selected images
displayed in Figure 9.30 to emphasize the differences
in the activation locations that appear with different
hemodynamic sensitizations.

A. Baseline 64 x 64 perfusion image (magnification of
9.30C).

B. 64 x 64 perfuson - only sensitive functional
correlation image (magnification of 3. G).

C. 64 x 64 BOLD contrast functional correlation image
(magnification of 9.30 E).

D. 96 x 96 BOLD contrast functional correlation image
(magnification of 9.30 F).

E 96 x 96 gradient-echo anatomical image
(magnification of 9.30 B.) Dark lines in the image
are likely to be due to deoxygenated veins (lower
T2* and phase difference from other tissue in
voxel, thereby causing dephasing).
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14. Tailored RF gradient-echo sequence 190 This
technique uses a tallored RF pulse that dephases
gdtic and flowing tissue in homogeneous fidds, but
does not dephase tissue in the presence of fied

inhomogeneities 191 crested around  vessls
containing deoxygenated blood. Advantages: When
used in conjunction with techniques requiring a short
TR, inflow effects are suppressed. It may be less
sengtive to mation because signd from ddtic tissue is
suppressed, therefore dight misregigtration of images
will not cause large 9gnd changes. Also, use of this
technique dlows direct visudization of subvoxe
inhomogendities, giving the potentid to directly
visudize veins. Disadvantages It is not clear how
implementation of this for fMRI is an improvement
over ample flip angle reduction for reducing inflow
effects. Since no functiond images using the technique
have yet been published, the robustness of the
technique has not been demonstrated.

15. Short TR, short TE spin-echo Thistechniqueis
a dmple method for achieving T1 weghting and
therefore flow-sengtive contrast. A short TE spin-
echo is minimaly sendtive to oxygenation changes
and a short TR gives increased sengtivity to flow
changes. Advantages: Thisis more time efficient than
inverdon recovery sequences. It is useful in multi-shot
imaging and when usng EP to sample trangent
hemodynamic events. Disadvantages. This technique
has hdf the flow sengtivity of inverson recovery

imaging.

16. Small voxels with high SNR Reduction of the
voxd dze make it more likdy that a large vein will
completely fill one or severd voxds (100% blood
volume), while the blood volume per voxd from
cpillaries remains the same (2% to 5% blood
volume). With higher resolution and with high enough
ggnd to noise a high resolution to visudize subtle
cpillay effects (~ 1% sgnd change a 1.5T), a
gregter dratification of vesse effects (increase with
higher resolution!®2) from capillay  effects
(insengitive to resolution) is achieved. Advantages: It
is rddively easy to interpret high resolution and high
functiond contrest to noise functiond images.
Disadvantages. Because of sgnd to noise demands,



this technique is likely to be achievable only a higher
field strengths or with Sgnificant data averaging.

17. Spin-echo with long TE 165, 193 |ngtead of
sggnd being collected immediatdly after the 90° pulse
(during the free induction decay (FID)), data is
collected during the echo that occurs dfter a
refocussing (180° degree) pulseis gpplied. Activation
- induced changes in T2 instead of T2* are imaged.
Macroscopic susceptibility gradients are refocussed
by the spin-echo but susceptibility gradients on the
goatid scade of the digance that a water molecule
diffusesin an echo time (~ 10 pum) are not refocussed.
It is for this reason that spin-echo sequences are
thought to be sengtive to susceptibility gradients (and
activation-induced changes in susceptibility gradients)
caused by smdl compartments such as red blood
cdls and capillaries. Advantages: Extravascular large
vessH effects are not seen because the refocussing
pulse diminates the effect of gradients on a spatid
scde dggnificantly larger than large vessds This
technique aso has the same advantages as technique
#2. Disadvantages: With this technique, activation
induced intravascular Sgnd from blood in large
vesds flowing dow enough to gill experience the
180° pulse remains present. Secondly, the functiond
contrast to noise of this technique is about 1/4 that of

gradient-echo sequenceslg& 194

18. TE stepping 163, 193, 195, 196, Thistechnique
involves the systematic incrementation of the echo
time, dlowing acquigtion of two types of
hemodynamic information Smultaneoudy. TE stepping
alows direct measurement of R2* (from the dope a
monoexponential  fit to the decay curve) and
measurement of inflow effects (from the intercept of
the monoexponentid fit to the decay curve).
Advantages. The  sSmultaneoudy  provided
information is useful in that systematic erors that
come from nmessures across trials are avoided. Thisis
useful for studies which require direct registration of
individua voxds and for sudies in which successve
course series can never be identica - such as those
involving a hemodynamic stress such as hypercapnia
Disadvantages: The time cog for this technique is
high. The sengtivity of the technique for measuring
flow (TE = O intercept of R2* curve) islow.

19. Variance imaging and Frequency analysis
197, 198 Thjs technique involves the collection of a
time course series of echo planar images, then
ingoecting the series, in a voxd-wise manner, for
noise characteristics. Large vessdls seems to cause
large MR dgnd intendty fluctuations at the cardiac
and respiratory cycle rates, and ae therefore
identifidble. Advantages: It is rdatively easy to
implement. Disadvantages. The specificity of the
technique is unrdiable in that many regions other than
large vessds (cerebrd spind fluid) can show large
pulsatile effects. Also, Fourier andysis is performed
best in conjunction with only the rapid sampling rate
of EPI.

Improvements in functiona spatid and tempord
resolution are ill being rapidly made at this stage.
The maximum tempora and spatid resolution of fMRI
can only be fully redized by the combination of: @ a
high contrast to noise ratio, b) hemodynamic
Specificity, ¢) sgnificant motion and artifact reduction,
and d) wdl controlled and carefully executed
experiments. Bdow is a summary of the issues in
achieving high tempora and spatid resolution in
fMRI.

9.3.4.2. Temporal Resolution

Two separate time scales are present and separately
measurable: the time for the Sgna trandtion from one
date to another; and the accuracy to which the
location of the trangtion can be measured. Because
the fMRI sgna change arises hemodynamic changes,
the practicd upper limit on functiond tempord
resolution is determined by the functiond contrast to
noise retio and by the variation of the hemodynamic

response |atency in space and in time 173, 184, 199-
201 These variations may be due to differences in

neuronal activation characteristics across tasks 174,
but are more likely to be due to differences in vess

sze 173 or to regiond differences in the vascular
trangt rate. The latency of the hemodynamic response
has been described as a shifting and smoothing

transformation of the neurond input 202 \While this



smoothing crestes a transtion between activation
dtates on the order of 5 to 8 sec, the accuracy in the
measurement of the location of this trangtion can be
much greater, and is limited primarily by variations in
the hemodynamic response. The upper limit of
tempora resolution discrimination has been

empirically determined to be on the order of one

second 203 or less 200,

The type of neurond andlor hemodynamic
informeation that may be obtained from sgnals dicited
from brief stimuli paradigms may be quditatively
different from the information dicited by longer
duration eactivation times. Trandent activation
durations (<1 sec.) ae detectable as MR signd
changes which begin to incresse 2 sec after the
activation onset, and plateau a 3 to 4 sec. dfter

activation 201, 204, Figure 9.32 shows BOLD
contrast dynamics related to activation durations
lasting only 2 sec. Single shot gradient-echo EPl was
performed using the same setup as described above.
The FOV was 20 cm, and dice thicknesswas 5 mm.
Matrix sze was 96 x 96. A time course series of
1000 axiad images (TR = 500 ms, TE = 40 ms)
through the motor cortex was obtained during witch
the subject performed bilaterd finger tapping for 2
sec. followed by 18 sec. rest. This cycle was
repested for 500 sec. Figure 9.32a shows the time
course from the motor cortex averaged across over
time. This plot demongtrates that one limiting factor in
upper tempora resolution is the stlandard deviation of
the sgnd a each point. This variation may be due to
the system noise of the hemodynamic varigbility over
time. This plot was then used as the reference function
for subsequent corrdation analyss. The hisogram of
the latencies, shown in Figure 9.32b demondtrate that
a “goread” of 4 sec in latencies occurs over space.
This spread is a second determining factor in of the
upper tempord resolution. The areas that show the
longest latency are likely to be “downstream” large
draining vein effects
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Figure 9.32: Demonstration of the limits of fMRI temporal
resolution. Echo planar imaging was performed at 3 Tesla
using a Bruker Biospec 3T/60 equipped with a local head
gradient coil. An time course series of axial images (matrix
size = 96 x 96, FOV = 20 cm, TE = 40 ms, TR = 500 ms, flip
angle = 80°) through the motor cortex was obtained. Bilateral
finger tapping was performed for 2 sec., alternating with 18
sec. rest. These figures demonstrate that the upper temporal
resolution is determined by the variability of the signa
change in time and space.

A. Time course of the signal elicited by tapping
fingersfor 2 sec. The standard deviation at each point wasin
the range of 1 to 2%. The standard deviation of the
hemodynamic change, in time, is in the range of 200 ms to
500 ms.

B. Histogram of relative hemodynamic latencies of
the hemodynamic response across active voxels in motor
cortex.

Delay (sec)



For many types of investigations it may be desrable
to use experimental paradigms smilar to those used in
event related potentia recordings (ERP) or magneto -

encephaography (MEG) 205 i which multiple runs
of trandent stimuli are averaged together. For this
type of paradigm, requiring rapid sampling, EPI is
optimal. As a dde note, because of the brief
callection time of EPI rddive to typicd TR vaues
(e.g. 50 ms relative to about 1 sec), the between+
image waiting time dlows for performance of EEG in
the scanner during the imaging sesson without

eectricd interference from MR pul se sequences 206,

9.3.4.3. Spatial Resolution

The upper limit on functional gpatia resolution, Smilar
to the limit on tempora resolution, is likely determined
not by MRI resolution limits but by the hemodynamics
through which neurond activation is transduced.
Evidence from in vivo high resolution optica imaging
of the activation of ocular dominance columns ©4-56
suggests that neurond control of blood oxygenation
occurs on a spatid scale of less than 0.5 mm. MR
evidence suggests that the blood oxygenation
increases that occur on brain activation are be more

extensve than the actua activated regions 173, 180,

192, 207, 208 |n other words, it is possible that,
while the local oxygenation may be regulated on a
submillimeter scde, the subsequent changes in
oxygenation may occur on a larger scae due to a
“goill-over” effect. An effective counter-measure for
the “saill-over” is mentioned in technique #8 (latency
- tagging), which maintains a congtant “ spill - over” by
aways keeping gimuli “on” yet spatidly modulated
within a region - therefore discriminating subtle
differences in activation within a large and less
locaized “umbrelld’ of increased oxygendtion.

In generd, to achieve the god of high spatid
resolution fMRI a high functiona contrast to noise and
reduced sgna contribution from draining vens is
necessary. Gregter  hemodynamic  specificity,
accomplished by proper pulse sequence choice
(sdective to capillary effects), innovative activation
protocol dedgn (phase-tagging), or proper
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interpretation of dgnd change laency (latency
mapping), may dlow for greater functiond gpatiad
resolution. If the contribution to activationinduced
sgnd changes from larger collecting veins or arteries
can be easly identified and/or eliminated, then, not
only will the confidence in brain activation locdization
increase, but dso the upper limits of spatid resolution
will be determined by scanner resolution and
functiond contrast to noise rather than varidaions in
vesse architecture,

Currently, voxel volumes as low as 1.2 microliters
have been obtained by functiond FLASH techniques

at 4T 169 and experiments specificaly devoted to
probing the upper limits of functiond gpatid
resolution, using spiral scan techniques, have shown
that fTMRI can reved activity localized to patches of

cortex having a Sze of about 1.35 mm 177 These
dudies and others using similar methods 179-177,

199, 209 nhave observed a close tracking of MR
dgnd change dong the cdcaine fissure as the
location of visud stimuli was varied.

The voxe dimengons typicdly used in Sngle - shot
EPI sudies are in the range of 3 to 4 mm, in plane,
and having 4 to 10 mm dice thicknesses. These
dimengons are determined by practical limitations
such as readout window length, sampling bandwidith,
limits of dB/dt, SNR, and data storage capacity.
Other ways to bypass the practica scanner limitsin
gpatia resolution include partia k space acquisition
158 and multi - shot mosaic or interleaved EPI 198,

210, 211 | many fMRI stuations, multishot EPI
may be the optimum compromise between spatia
resolution, SNR, and tempora resolution for fMRI.

9.3.4.4. Dynamic Range

Whileit isimportant not to interpret spatia differences
in fMRI dgnd change magnitude as indications of
differences in the degree of neurond activation
(because the dgnd is highly weghted by
hemodynamic factors such as the digtribution of blood
volume across voxels), observation of differences in
the fMRI signd change in the same regions but across



incrementally modulated tasks is possible and may be
a ussful method for extracting more direct neurona
information from the fMRI time course series.

The firg demondration that fMRI response is not
amply binary was made by Kwong et 4. 58 Both
flow and oxygenation sendtized MR sgnd in V1
were measured as flicker rate was modulated. The
ggnd behavior corresponded closdy with that

obtained with a previous PET study 47 Other studies
have reveded a repongvity in higher visud aress to

contrast and flicker rate 178, 212 | the primary
motor cortex a linear Sgna dependence on finger

tapping rate has been demonsrated 213 In the
primary auditory cortex, a sublinear dependence on

gyllable presentation rate has been demonstrated 214

9.3.4.5 Sensitivity

Extraction of a 1% sgnd change, typicd of fMRI,
agang a backdrop of motion, pulsation, and noise
requires careful consderation of the variables which
influence the sgnd detectability. These varidbles
range from factors that increase Sgnd, increase MR
contrast, reduce physologic noise, and reduce
atifactud sgnd changes Bdow is a lig of some
sient varidbles that are important to consder in
relation to optimization of fMRI sengitivity.

1. Averaging. Averaging of sequentialy obtained
images increases the sgna to noise by the square root
of the number of images collected. A difficulty is thet,
if averaging is performed over too long of a period
(over about 5 minutes) systematic artifacts (i.e. dow
movement or drift) tend to outweigh the benefits
obtained from averaging for that duration.

2. Fidd strength. As previoudy discussed, sgnd to
noise and functiond contrast increese with fied
drength. Difficulties such as increased shimming
problems, increesed physiologic fluctuations, and
limitations on the possible RF coils used, aso increase
with field strength. It has yet to be determined if gains
in sengtivity and contrast obtained by increasing field
drength cannot be achieved by other methods at
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lower fidds, or if the gains in sengtivity and contrast
outweigh the disadvantages of imaging a high field
srengths.

3. Filtering In most fMRI sudies usng EF, the
noise over time is dominated not by system noise but
by physologic fluctuations. These fluctudtions are
correspond with specific frequencies (i.e. heart and
respiration rates). Filtering out of these frequencies
can increase the functional contrast to noise rétio, or
a leest make the noise closer to Gaussan o that
parametric statistical tests can be applied.

4. Gating Gating is a technique with one serious
drawback that has one potential solution. Gating
involves triggering of the scanner to the heart beat so
that an image is dways collected at specific phase of
the cardiac cycle. This is advantageous because a
primary source of noise is collection of images a
different phases of the cardiac cycle causng head
migregidration (The bran moves with every heart
beet) and pulsatile flow artifacts. Image collection a a
dngle phase would diminated this misregidration,
thereby reducing the noise and potentidly increasing
the spatid resolution of fMRI (i.e. The brain would be
imaged & a dngle pogtion dl of the time). The
drawback to gating is that if the heart rate changes
during the collection of images, the MR sgnd intengity
aso changes, depending on the tissue T1 and the
average TR used. This generdly causes very large
fluctuations in the data - meking gaing rddivey
worthless in the context of fMRI. A technique has
recently been developed to correct for the global

fluctuations that occur with heart rate changes 215
therefore making gating a feasble option in fMRI.
Gaing would be egpeddly useful for identifying
activation in structures at the base of the brain since
that is where pulsatile motion is greatest, where
activation is most subtle, and where activated regions
are the smallest - requiring the most congstent image
to image regidration.

5. Paradigm Timing The choice in fMRI timing is
usudly determined by the duggishness of the
hemodynamic response (It usudly not useful to go
much fagter than an on - off cycle of 8 sec on and 8
sc off), the paticular brain sysem that is being



activated (cognitive tasks may have a more delayed
response), and the predominant frequency power of
the noise. As arule of thumb, the god is to maximize
both the number of on - off cyces and amplitude of
the cycle to maximize the power of pogt-processing

techniques such as correlation andyss 216 10 extract
functiond information. Generdly, contrast to noise
ratio is maximized and artifact is minimized by cydling
the activation a the highet rate tha the
hemodynamics can keep up with and by having atime
course series no longer than about 3 to 4 minutes
long.

6. Post Processing Many approaches have been
used to extract from fMRI data estimates of the
ggnificance, amplitude, and phase of the functiond
response, and there is dill surprisingly little agreement
on the gppropriate techniques. If one knows exactly
the shape and phase of the expected signa response,
a matched filter (i.e. corrlaion) approach may be
optimd. If the shape is unknown, use of a dngle
expected response function, be it a boxcar function or
asne wave, may miss unique activation patterns. The
chdlenge of accurady determining regions of
ggnificant activation from fMRI datais non-trivia and
has yet to be solved. Some of the developments
addressng this issue include: @ the development of
accurate and robust motion correction 217, 218
and/or suppression methods, b) the determination of
the noise distribution 197, 199, 219 ¢) the
determination of the temporal 202 and spatial 220
correlation of activation-induced MR sgna changes,

and of basdine MR sgnd, d) the characterization or
asessment of the tempord behavior or shape of

activation-induced signd changes 199, 203, 214,
221, 222 g €) the characterization of how the
above-mentioned factors vary in time, space 173,
184 across tasks 199, 221, 222 onq with different
pulse sequence parameters 58,

It is generdly important to aways inspect the data for
motion, and not to assume too much about the
expected response, yet, at the same time, use al of
the current a priori information about hemodynamic
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respponses and neurond activation to extract
meaningful information.

7. Pulse sequence As described in detail above,
pulse sequences that can be used for fMRI have a
wide range of sengtivities - with gradient-echo
sequences being the mogt sensitive and time efficient.
Standard clinica multishot techniques (i.e. FLASH or
GRASS) suffer from sgnificantly more motion related
noise than EP techniques or spira multi-shot

techniques 223-225 p\sp, aoplication of navigator

echoss 223, 226 o other types of image
recondruction - related post processng of multishot
data can sgnificantly reduce artifactud fluctuations.

8. RF cail choice The tradeoff here is regarding
goatid coverage vs. sengtivity. The smdler the coil

used, the less brain tissue it couples to. This gives a
higher sgnd to noise but much less brain coverage.
Larger RF coils give more brain coverage but lower
sgnd to noise. Where sengttivity is criticd, a surface
coll in a specific region may be dedrable. Where
whole brain imaging is dedrable, a whole brain
quadrature RF coil is optima 227. This coil is
generaly as close to the head as possible and couples
only to brain region. It should noted here that typical

whole head and neck coils used dlinicdly are sub
optima for whole brain fMRI, since they couple dso
to the face and neck regions (only adding noise) and
since they are generadly not as close a possible to the
head.

9. Voxd size The dgnd to noise is directly
proportiona to voxel volume. Functiond contrast to
noise is optimized by matching the volume of the
active region to the voxel volume. Since functiond
region Szes are not well characterized, and are likely
to vary widdy, the optima voxd sze is difficult to
predict. Many have generdlly matched the voxd dice
to the corticd thickness. Other groups have used a
dightly thicker dice to increase brain coverage given a
limitation in the number of dices obtaingble As
described above, spatid resolution may actudly be
reduced with the use of amdler voxes if the contrast
to noise is not high enough to detect more subtle
capillary effects. In such a case of low contragt to
noise, primarily downstream draining veins would be



primarily detected. This phenomenon may explain the
exclusve deection of lage vessds by La and

Haacke et . 192, 208 ygng gmall voxds Overdll,
gndl voxds are dedrable as long the sengtivity
remains high enough to detect a 1% sgnd changes.

9.3.4.6 Some Unknowns

While not directly rdaed to the practicd
implementation of fMRI, some unexplaned and
controversd fMRI data can give an indication of
possble directions tha fMRI research and
goplications may take in the future. Listed are four
“controversd”  results accompanied by the
hypotheses related to them.

1. Post - under shoot ©8: 228-230 After cessation of
activation, the BOLD -weghted fMRI ggnd is
commonly observed to undershoot the previous
basdine dgna intensty. The undershoot has been
observed to last between 30 seconds and 2 minutes.
The reasons for this are unclear. Two hypothess have
been suggested. The fird is that on cessation of
activation, neurondly - triggered flow returns to
basdine but oxidative metabolic rate continues for
sved minutes, causng a reduction of sgnd
(increased deoxyhemoglobin). The second hypothes's
is that on cessation of neurond stimulation, flow and
oxygenation return to basdine levels but blood
volume (possbly pooling in draining veins) takes
longer to return to basdine levels, causing the sgnd to
dip bdlow basdine for a smdl amount of time. As a
dde note, the post activation undershoot is not
obsarved usng T1-weighted (flow - weighted)

sequences 8.

2. Pre - undershoot 168, 187 Tphjs phenomena is
observed less frequently. Observations by Hennig et
a. show a dip a 0.5 sec. Observations of Menon et
a. show adip at 2 sec. in agreement with reports of
Grinvad et d. 9° using optical imaging. Menon & 4.
has put forth a hypothess tha is smilar to that of
Grinvald et d. - tha on activation, an increase in
oxidative metabolic rate occurs before a subsequent
increase in flow. The observations of Hennig et d. not
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only differ in rdaive timing but dso differ in the
hypothesized origin. The sgnd is found to be only
dightly T2* (oxygenation) related and primarily T1
related. The hypothesis is that changes in the ionic
environment of the neurons caused by the influx of

Nat may rapidly change the T1 of the tissue.

3. Long term effects 228, 231, 232 The effect on
sudaned activation on fMRI dgnd intendty is
controversd. Three sudies with differing results have

been reported. Hathout et al. 231 have suggested that
locd blood oxygendion returns from an initidly
elevated leve to basdine after about 15 minutes of

continuous  simulation. Frahm e d. 228 have
observed a return of oxygendaion sengtive MR signa
to basdine after about 1 to 2 minutes of sustained
activation, but has aso observed sustained blood flow
during the entire stimulation duration (233). Bandettini

e a. 196, 201, 232-234 e demongrated
sugtained flow and BOLD enhancement for entire
dimulation durations. Stimulation durations were up to
20 minutes long. Possble explanations for these
differences in results include differential effects of the
paticular sgimuli on metabolic, hemodynamic, or
neurond changes or differentid, and not fully
understood pulse sequence sengtivities.

4. Noise correlation 239 236 This obsarvation is
that the noise in the fMRI data obtained during a
resing sate shows tempora correlation across
regions that appear to be functionally connected (i.e.
motor cortex). The predominant frequency that shows
most correlation is in the 0.1 to 0.2 Hz. range. The
origin of these suggests an oscillaion in vascular tone
that is synched across amilar functiond units in the
bran. These findings may be dinicdly usgful in
determining vascular  tone  and/or  diagnosing
cerebrovascular pathologies.



9.3.5 Common fMRI Platforms.

In an atempt to bring much of what has been
mentioned together, this section describes some of the
most commonly used platforms for fMRI. The three
types of fMRI pulse sequences discussed are: EPI,
conventiona multishot imaging, and spirdl scanning.

9.3.5.1 Echo Planar Imaging

Echo planar imaging (EP), is an ultra faa MRI

technique 83, 156-158  tha has been and continues
to be ubiquitous in the ongoing development and
goplication of fMRI. In most of the growing number
of centers that have EPI capability, it is e fMRI
method of choice for most gpplications.

EPl has severd drawbacks (low spatid resolution,
high sengtivity to off - resonance effects, need for
specidized hardware, potentid for peripherd nerve
dimulation, and need for gpecidized image
recongruction agorithms). The advantages of EM
(high tempora resolution, high flexibility for imaging
severd types of physiologic processes, high stability,
low imaging duty cyde, low sengtivity to motion) ill
greatly outweigh the disadvantages for most purposes
related to fMRI. Below is a brief description of some
of these EPI characterigtics.

Spdtid resolution in single shot EM is limited ether by
the area of k-space that can be sampled in
approximately one T2* period or by the system

bandwidth 237. The area of k-space that can be
covered can be limited by the velocity in kspace
(gradient amplitude) or the accderation in kspace
(gradient dew rate) and istypicdly limited by both.

The requirement, with EPI, for strong and rapidly
switching gradients is satisfied by: 1) increasing the
gradient amplifier power or by usng a speed-up
circuit, 2) implementing resonant gradient technology,
3) reducing the inductance of the gradient coils such
that they can be driven by conventiond gradient
amplifiers, or 4) increasng the fidd of view and/or
lowering the resolution to match the speed a which
gtandard gradient amplifiers can keep up.
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The fird drategy is probably among the lesst
commonly used. The second drategy is likely to be
the most common EPI technique as of yet. Both
srategy 1 and 2 use whole body gradient coils, which
dlows peformance of EPI for functiona and/or
kinematic studies on the heart, lungs, digestive system,
kidneys, throat, joints, and muscles. In the context of
fMRI, whole body gradients dlow more accesshility
for patients with mobility problems and for easy
delivery of brain activation simuli.

The third dtrategy is used primarily by severd centers
that have home built gradient coils ( two examples

are. Nationd Ingtitutes of Hedlth 194, the Medicd

College of Wisconsin 189) and marketed by Medical
Advances, (using the coil design of E. C. Wong),
Advanced NMR, and Siemens, amnong others. This
drategy isimplemented by using a gradient coil thet is
locdized only to the head. The gradient fidds are
optimized for a region that usudly covers the brain
and/or the region of RF sengitivity.

Ladly, Sngle - shot EPI can be carried out on a
conventiond imaging system without the use of locd
gradient coils (using the whole body gradient coil) by
amply using alarge FOV and/or a smdl image matrix
size 238, Functiond MR usng EPI with voxe Szes
of goproximatdy 10 mm x 10 mm x 10 mm
(approximately the resolution of a PET scanner) have
been successfully performed on a standard GE 1.5T

Sgnasysem 198 with excellent resuits. This type of
echo planar imaging capability exigs on practicaly
every clinica scanner in the world.

A maor non-hardware reated limitation on gradient
dew rae is the biologicd threshold for neurond
dimulation due to time vaying magnetic fidds. At
present, high performance gradient sysems (ether
loca gradient coils or high powered whole body
sysdems) ae capable of exceeding the FDA
guiddines on gradient fidld dew rate (dB/dt). Thisisa
large determinant of the upper limit on the resolution
possible usng single shot EM to image humans.

The requirements for successful implementation of
EPI for fMRI are not limited to hardware. In most



cases, phase correction agorithms, gpplied during
image recondruction, ae usudly necessxy to
compensate for timing errors related to imperfections
in the gradients, gradient-induced eddy currents, or
dtic fidd inhomogeneities.

Because of the long sampling time and artifactud
phase modulation, EF! is sengtive two types of off-
resonance related artifacts in EPI: sgnd dropout, and
image digtortion. Signa dropouit is primarily due to
intravoxd phase digperson resulting from through
plane varidion of magnetic fidd. The problem of
ggnd dropout in gradient-echo sequences can be
reduced by reduction of the TE, reduction of the
voxe volume, and/or by locdized shimming. Also, this
effect is greatly reduced in spin-echo EPI because the
macroscopic off resonance effects are refocussed at
the echo time.

Image digtortion is caused by the an off resonance -
related phase modulation that occurs during data
acquistion. In EPI, this linear phase modulation
creates primarily alinear distortion of the image in the
phase encode direction. Several post-processing
methods have been put forward for correcting image

distortion in EP 239, 240,

With the use of EPI, gpproximately 10 images may be
obtained per second - giving the option to image the
entire brain in under 2 seconds or to sample asmaller
number of imaging planes to dlow a more dense
sampling of the time course. Another possibility in EPI
is to sample less densely in space but to cover alarge
volume in a sngle shat. This technique is known as

echo - volumeimaging (EVI) 156, 241,

A practica but sgnificant factor to be considered
when performing fMRI with EPI is the rapidity with
which large amounts of data are collected. This data
may then go through severd  additiond
transformations (adding to the tota required data
storage capacity) before afunctiona image is created.
If 10 dices having 64 x 64 resolution are acquired
every 2 sec. (typicd for multidice fMRI) then the data
acquisition rate is gpproximately 2 MB per minute.
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9.3.5.2 Conventional Multi-shot maging

High tempora resolution fMRI techniques developed
for use with conventiond gradients include multi- shot
FLASH 59, 181, 208, 242-245, turbo-FLASH 246’

low resolution EPI 190, 247, multi-shot or interleaved
EPl 210, 211 echo-ghifted flash 248, 249, keyhole
imaging 250, and fast spin—echo 165,

Only a few centers have been able to successfully
implement conventional multishot  techniques in a

routine and robust manner for fMRI 169, 181, 192,

242 The advantage to multishot techniques is the
ability to achieve rdativdy high in-plane spatid
reolution, less sengdtivity to off-resonance effects
from poor shim, the availability of the technique on
most clinica scanners. The disadvantages are: lower
tempora resolution, increased noise due to non
repested shot to shot misregistration of k-space lines

223-225 (from varidble sampling of low frequency
lines at different phases of the cardiac cycle), lower
ggnd due to the need for short TR and low flip
angles, reduced capability to perform multidice fMRI
as rgpidly as with EP, less flexibility or “dead time)”
(that comeswith along TR typicaly used for EF1) for
other types of pulse sequence manipulations. More
time - efficdent and stable multishot techniques include

fast spin echo 165 and spira scanimaging 223-225,

9.3.5.3 Spiral Scanning

Of nonEPl techniques multi-shot spird-scan
sequences, which involve traveling outward from the
center of k-space in a spird manner, and used in
conjunction with a dngle point phase correction
scheme have demonsgtrated the most tempora stability
224, 251 gpiral scanning aso involves oversampling
at the center of k-space — where the acquisitions are
intringcally gradient moment nulled - providing less
sengitivity to phase errors caused by brain, blood, or
cerebrd spind fluid pulsations with the cardiac cycle.

Spird scaning has been used for many fMRI



demondtrated, when used in conjunction with a phase
- tagging activaiion scheme, the highest functiond

resolution (1.35 mm)177 to date. In studies where
high spatid resolution is important or where EPI is
unavailable, spird scan appears to be the method of
choice.

9.3.6 Applications

Most sudies involving the development of fMRI from
a contrast mechanism, pulse - sequence, and post -
processing standpoint have used primary motor and
visud cortex activation due to the easlly dicited and
robust signa changes. Listed below are some of the
goplications of fMRI that have gone beyond smple
finger tgpping or visud dimulation. The auditory

cortex 174, 253, somatosensory cortex 254, 255 gand
cerebdlum 296 have been sudied. Detailed mapping
of regions activated in the primary motor cortex 179,
213, 257-260 5 visud cortex 175, 177, 199, 209,
261 have been performed as well. Activity icited in

the gustatory cortex has been mapped 262 other
dudies usng fMRI have observed organizationd

differences related to handedness 263, Activation
changes during motor task learning have been

obsarved in the primary motor cortex 264 and
cerebellum 26,

Cognitive studies in norma subjects have included
word generation 266-269 mental rehearsal of motor
tasks and complex motor control 270, 271 gy
processing 199, 272, 273’ speech percention 174,
253 semantic processing 174 274, 275 working

memory 220 visud recdl 276, and mental rotation
277

Studies have dso been performed involving specific
pahologies Changes in  organization in the
sensorimotor  area after brain injury has been
observed 299, One sudy has demonstrated larger
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fMRI s9gnd changes, on the average, in schizophrenic
patients 278, The anility to locdlize sdizure activity has

adso been demongtrated by fMRI 279, In addition,
preliminary data demondirating the effects of drugs on

brain activation have been presented 280,

The immediate potentid for clinicd application is
currently being explored. “Essentid” areas of the
sensory and motor cortex as well as language centers
have been mapped usng both fTMRI and eectrica

simulation techniques 298 281, 282 activity foci
observed across the two methods have shown a high
spatid corrdation, demondrating the potentid for
fMRI to compliment or replace the invasive technique
in the identification of cortica regions which should be
avoided during surgery. In the context of presurgica
mapping, fMRI has demondraied the &hility to
relidbly identify the hemigohere where language
functions reside 174, 269, 274, 275 potentialy
complimenting or replacing the Wada test
(hemisphere specific application of an anesthetic
amobarbitd) for language locdization that is dso
currently used dlinicdly prior to surgery 283

Severd review aticles and chapters on fMRI
techniques and applications are currently available
201, 205, 220, 272, 275, 284-291
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cap “Beg’, subscript zero

Greek nu, subscript zero

Greek gamma

superscript “one’, cap “H”

cap “em”, subscript "zero"

cap “em”, subscript "zero"

cap “em”, subscript cap "Tee"

cap “em”, subscript cap "Tee", forward parentheses, tee, backward parentheses
cap “em”, subscript "zee'

cap “Tee’, “one’

cap “Tee’, cap “Eye’

Greek tau

cap “Gee’, subscript “ zee”

Greek ddlta, “eff”

Greek ddta, “zeg”

cap “Gee’, subscript “ex”

cap “Gee’, subscript “y”

cap “Tee’, “two”, agterisk

cap “em”, subscript “ex”, subscript “y”

FOVy= cap “eff’, cap “Oh”, cap “vee’, subscript cap “ex”

Ny
Ny

Ty
Gymax
f

NEX

a
3x

Cw ] m”’ Sjbg:ri pt Cq) 1] e(”
cap “en”, subscript “y”

= cap“Tee’, subscript “y”

cap “Gee’, subscript “y”, subscript “em”, subscript “ay”, subscript “ex”
Greek phi

cap “en”, cap “ec”’, cap “ex”

Greek dpha

“threg’, “multiplied by”
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