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Parallel Imaging Techniques in Functional MRI
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Abstract: Originally developed for increased scanning velocity in
cardiac imaging, parallel imaging (PI) techniques have recently also
been applied for the reduction of artifacts in single-shot techniques. In
functional brain imaging (fMRI) techniques, PI has been used for sev-
eral purposes. It has been applied to reduce the distortions caused by
the length of the echo-planar imaging readout, diminution of the gra-
dient-related acoustic noise, as a means to increase acquisition speed
or to increase the achievable brain coverage per unit time. In this ar-
ticle, the different applications of PI techniques in fMRI are reviewed,
together with the basic theoretical background and the recently devel-
oped hardware necessary to achieve rapid, high signal-to-noise ratio
PI-fMRI.
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PARALLEL IMAGING IN BLOOD
OXYGEN-LEVEL DEPENDENT (BOLD) FMRI

Dedicated Hardware
In the first papers that described the use of parallel im-

aging (PI) for neurologic applications, ad hoc arrays of re-
ceiver coils were used, manually assembled from surface coil
elements placed around the head. Usually, the number of coils
was limited (from three to six).1,2 These setups were useful in
getting preliminary PI images of the brain but were suboptimal
in many ways.

Initially, these phased array coils were using rather large
individual elements placed relatively far away from the tissue
of interest. Results from simulations and experiments suggest
that when sample noise is the dominant noise source, the image
signal-to-noise ratio (SNR) increases with the number of coil
elements3,4 for arrays of surface coils fully covering an object
of interest. This increase in SNR is mainly found in the periph-
eral brain, whereas SNR in deeper brain structures stays virtu-

ally constant. Therefore, PI seems to be a useful tool for brain
imaging, as head geometry allows a very good coverage of the
region of interest with a relatively large number of small sur-
face coils that can be nicely arranged around the head.

Over the last few years, a number of different coil de-
signs have appeared, all aimed at maximizing both SNR and
the achievable PI acceleration factor R. De Zwart et al. dem-
onstrated the use of a dedicated phased array coil with either
eight3 or sixteen5 elements for 1.5 T and 3.0 T imaging, respec-
tively. The coil elements were placed around the head in a
single row. In this particular design, the anterior coil elements
were designed shorter than the posterior elements to achieve
whole brain coverage while maintaining the largest possible
visual field for the subject. With the 8-element design, a 2.7-
fold improvement in SNR was achieved compared with the
standard quadrature birdcage transmit/receive coil and the av-
erage geometrical noise amplification factor (g factor, always
�1.0, best if = 1.06) was of 1.06 and 1.38 for SENSE6 reduc-
tion factors R = 2 and R = 3, respectively, at 1.5 T. At 3.0 T, the
increase in SNR was 1.87-fold for the 16-element array when
compared with a simulated single-element coil with the same
geometry, and ranged from 2- to 6-fold when compared with
the standard birdcage. However, results from their simulations
show that the increase in SENSE performance is limited for
SENSE reduction factor R = 2 when going from 8 to 16 chan-
nels. On the other hand, the use of 16 channels versus 8 chan-
nels is significantly more beneficial for higher acceleration
factors (such as R = 3 and above).

Moving to an even larger numbers of coils, Yang et al.7

simulated and built a 12-receiver “dome-like” head coil opti-
mized for PI at 3.0 T. By comparing the g maps at high accel-
eration factors using a 6- or 12-element phased array coil, they
concluded that more coils are preferable to keep the average g
factor low, in good agreement with de Zwart et al.5

The same group also studied the possibility of building
an 8-channel hybrid transmit/receive phased array coil suitable
for head imaging at 3.0 T and 4.0 T whole-body MRI systems.8

In this design, while the transmit coil is electrically separated
from the receive coils, they are physically integrated into a
single package. The transmitter portion of the coil is comprised
of a 16-leg birdcage resonator, while the receiver part of the
coil consists of 8 nonoverlapping mutually decoupled ele-
ments in the shape of an open dome design. The average g
values varied from 1.15 for R = 2 to 4.09 for R = 4 at 3.0 T, and
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from 1.09 for R = 2 to 3.19 for R = 4 at 4.0 T. The authors
explained the slight improvements at 4.0 T by the larger phase
variations of the B1 field at higher field strength.7 In similar
fashion, Wiggins et al.9 used a detunable Transverse Electro-
Magnetic (TEM) coil combined with a separate flexible 8-el-
ement array.

Adriany et al.10 proposed another version of strip-line
transceiver coils for ultra-high field (4.0 T and 7.0 T) PI-
imaging using either four or eight elements. Using their coil,
no resonance peak split was observed and the coils could be
tuned and matched individually for each subject. Furthermore,
by adjusting the transmit phase and amplitude of each coil
element independently, they were able to achieve good PI per-
formance while obtaining additional “radio frequency (RF)
shimming capabilities,” that is the possibility to increase the
local B1 homogeneity of the applied RF pulses by counterbal-
ancing the “dielectric effects,” which are more important at
these higher field strengths. At R = 3, they obtained an average
geometry factor of 1.41 when phase encoding was reduced
along the long axis and 1.65 when phase encoding was reduced
along the short axis with a four-channel array. The eight-
channel array achieved an average g factor of 1.28 for R = 4,
corroborating the fact that the maximum obtainable reduction
factor indeed increases with field strength. Recently, based on
their previous work on send-receive array coil designs for 7.0
T, the same authors increased the number of independent coils
to 32 and concluded that gains in SNR at high acceleration
factor R can still be realized in human head imaging at 7 T,
with R = 5 to 6 in one dimension or R = 8 to 12 in two dimen-
sions with acceptable g factors.11

Other groups have proposed different solutions for PI at
ultra-high field. For example, Zhang et al.12 exploited mi-
crostrip transmission line technology to design an RF coil ar-
ray characterized by an extremely broad frequency tuning
range from 115 MHz to 310 MHz in loaded condition. This
specific coil array could be used for proton MR applications at
different field strengths ranging from 3.0 T to 7.0 T and/or to
study both 1H and 31P nuclei at 7.0 T field strength. Using
another new technology, Junge et al.13 demonstrated the po-
tential of using current-sheet-antenna-array coils for high field
MRI. With this technology, increasing the number of array el-
ements is expected to yield additional benefits regarding SNR
and B1 homogeneity.

Finally, a few groups recently studied the potential of
using triangular shaped14,15 and other specially shaped multi-
coil elements16 to increase the benefits of using multidimen-
sional PI in the head with conventional axial acquisitions.17

The coils described above were developed for research
purposes with no or limited commercial availability. However,
all three major manufacturers of clinical imagers currently
support the use of the same FDA-approved 8-element phased
array coil18 as the PI-optimized head coil.

Use of Parallel Imaging for Artifact Reduction
in Fast Readouts

The first PI techniques published were developed in car-
diac groups as a means to increase scanning velocity.19,20 It
soon appeared that such techniques could also be used to re-
duce artifacts due to k-space blurring21,22 and off-resonance
effects23 incurred during long readout periods, such as during
EPI acquisitions. These effects are particularly pres-
ent in diffusion-weighted imaging, and for this reason, PI was
first implemented for this particular imaging technique.2,24

Furthermore, both effects scale with the main magnetic field
B0, making the transition to higher field strengths challeng-
ing.25 As an example of such geometric distortions at 3.0 T,
Figure 1 demonstrates the distortion reduction achieved in
single T2*-weighted images when going from no acceleration
factor (R = 1) to R = 2 and R = 3 on a mid-brain axial slice. Note
the reduction of the “elongation” effect with increasing accel-
eration factors.

The principal benefit of PI on the single-shot EPI readout
resides in the fact that by increasing the spacing of phase-
encoding steps in k-space, and subsequently reducing the num-
ber of steps required to cover a given area of k-space, it boosts
the speed of acquisition in the phase encoding direction. In this
fashion, it reduces the artifacts due to transverse relaxation and
spin diffusion through field gradients. Jaermann et al.25 re-
cently described theoretically the quantitative effects of PI on
both the averaged phase encoding gradient strength GPE and
the SNR efficiency in such sequences.

In short, it was found that since the spatial resolution in
the phase encoding direction is inherently limited by T2 (or
T2*), the blurring kernel should be equal to a filter, whose
width scales inversely with GPE. Therefore, PI should increase
the intrinsically achievable resolution in EPI by a factor equal
to the reduction factor R. As for susceptibility artifacts, the
distribution of frequency offsets within the reconstructed im-
age will result in a shift along the phase encoding direction,
leading to distortions and blurring effects. This shift will scale
with the ratio of the frequency offset over GPE. Hence, PI will
accordingly reduce it by a factor R.

As for SNR efficiency, taking into account the potential
increase in SNR due to a reduced echo time in such sequences,
it was found that the SNR in diffusion-weighted EPI can be
expressed by25:

SNRPI =
exp�−

tacq �1�R − 1� + 2 � c � �R − 1�

T2 �
g�R

� SNRfull

(1)

with tacq being the total length of the EPI readout, while R is
the speeding (or reduction) factor, g is the geometry factor,20

and c is a constant term depending on the effective diffusion
weighting. The important message from this equation is
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that contrary to intuition, the SNR in PI does not have to be
smaller than that of full k-space acquisition. Different effects
will produce similar behavior in fMRI, during which multiple
volumes are acquired over minutes, and for which the SNR per
unit time becomes the most important factor in the statistical
analysis (see SNR Considerations and Statistical Analysis).

Several works have investigated the use of PI in fMRI,
with reductions in distortion as their primary goal.26,27 First,
Weiger et al.26 implemented a Spiral-SENSE28 technique and
used it in simple (visual and motor), as well as more elaborate

(taste) functional experiments. All the experiments were per-
formed using block paradigms. In their experiments, the SNR
and signal-to-fluctuation-noise ratio were generally dimin-
ished by 20% and 13%, respectively, when using a reduction
factor R = 2, shortening in such cases the readout window from
36 milliseconds to 18 milliseconds for an in-plane resolution of
3 × 3 mm. However, in their study, this SENSE reduction fac-
tor did not affect the detection power of the activation, and the
number of activated voxels remained more or less constant
over the experiments. An important result of their study was

FIGURE 1. Single-shot EPI without SENSE (A), with R = 2 (B), and R = 3 (C) at 3.0 T. Other parameters were: TR = 2000
milliseconds, TE = 30 milliseconds, FA = 90°, matrix = 80 � 80, slice thickness = 4 mm. Please note the reduction of the elongation
effect with increasing acceleration factor (arrows). Image a was reconstructed using a “SENSE factor 1” reconstruction to allow
better signal comparison and more homogeneous tissue appearance.
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the demonstration of the ability of PI to recover part of the
signal loss present in the deep orbitofrontal areas (involved in
the taste experiments) due to the reduced sensitivity to mag-
netic field homogeneity. Similar results were gathered more
recently using an odor-based stimulus with an optimized
SENSE sequence and a z-shim preparation gradient on a 30°
tilted acquisition.29,30 Finally, the Weiger et al. successful
combination of PI with spiral imaging opened up the route for
the recently developed reversed SENSE-spiral technique,
which was also used in a similar context.31

Preibisch et al.27 on the other hand used a more straight-
forward SENSE-EPI approach and performed a thorough
evaluation of the variation of the SENSE factor on the intrinsic
SNR as well as the detection power using simple motor tasks.
Their study was performed at 1.5 T on a standard clinical scan-
ner. Their results can be summarized as follows: At interme-
diate acceleration factor R = 2, they were able to increase the
number of slices per unit of time at high spatial resolution, as
well as decrease the distortions without significant loss in sta-
tistical power. At higher R factors, they experienced a rapid
loss in SNR. This result seems to be in line with the most recent
studies on the maximum achievable acceleration factors as a
function of field strength,20,32 which state that for high R val-
ues, the imaging performances will deteriorate, due to expo-
nential augmentation of the geometry factor g. The transition
from optimal to deteriorating imaging performance will take
place at an increased R for higher magnetic field strength B0,
and therefore allows a nearly linear increase in maximal R fac-
tor with respect to the main magnetic field.

In accordance with these theoretical studies, Schmidt
et al.33 and Morgan et al.34 used SENSE-EPI at 3.0 T and found
optimal acceleration factors between 2 and 3 at this magnetic
field strength, while Little et al.35 found no detrimental use in
activation detection with a reduction factor of 3 using a k-
space-based reconstruction method (GRAPPA36). Finally, it
was recently demonstrated that the acquisition of T2*-
weighted images with an acceleration factor R = 4 is possible at
7.0 T.37

Fast PI-fMRI Techniques for Spatial
or Temporal Resolution Increases

Generally speaking, the increase in coverage obtainable
by the use of PI in fMRI is limited in T2*-based fMRI meth-
ods, as relatively long echo times (TE) are used (typically
TE ∼ T2*) to obtain optimal sensitivity for BOLD changes.
This leads to a net delay between excitation and acquisition.
Significant gains can however be achieved in reverse spiral or
related sequences,31 or single-shot acquisitions at very high
spatial resolution.27 Note that, at higher field strength, this uti-
lization can become more important as the necessary echo time
to get T2*-weighted images reduces significantly. Also, T2*-
related blurring for a given readout duration will increase at
higher field strength. For this reason, several groups have per-

formed preliminary work on the use of PI to get high spatial
resolution single-shot EPI-based fMRI working at 3.0 T.38,39

However, to fully profit from the increase in speed delivered
by the reduction of echo-train length, one has to contemplate
another class of sequences, which make more efficient use of
the available time.

One such sequence that fulfills these criteria is the
PRinciples of Echo-Shifting with a Train of Observations
(PRESTO) sequence.40 This three-dimensional sequence com-
bines the echo-shifting technique40 with multishot EPI read-
outs. Because of the reduced readout duration, its sensitivity to
field inhomogeneities is reduced, as compared with conven-
tional single-shot EPI readouts. Its main benefits are directly
related to three-dimensional acquisition, which minimizes in-
flow artifacts41 as well as spin history problems.42 Further-
more, being a multishot EPI technique, PRESTO is less prone
to image distortions.22 On the other hand, the use of strong
dephasing gradients combined with a multishot acquisition in-
creases its motion sensitivity with respect to single-shot tech-
niques.43,44 Despite its advantages, PRESTO was never
widely applied, mainly because of its limited temporal resolu-
tion. Nonetheless, the benefits of this sequence render it an
ideal candidate for use with PI.1 It has been shown that two
distinct problems of PRESTO can be solved by combining it
with SENSE. First, reducing the number of readouts has made
PRESTO-SENSE the fastest BOLD fMRI sequence of its
time, with whole-brain fMRI being performed in 1 second.1

Then, reducing the number of shots of this sequence
to only one per kxky-plane rendered it less sensitive to motion
artifacts and effectively reduced the temporal fluctuations with
respect to the original PRESTO method. Figure 2 shows three
reformatted planes of the original acquisitions on one volun-
teer with and without SENSE. Note the slight increase in ap-
parent noise in the SENSE acquisition with respect to PRESTO.

Since the first paper, many people have worked on fur-
ther improvement of this sequence. By simple optimization of
the acquisition parameters, Arfanakis et al.45 managed to use a
very similar sequence at 1.5 T in a simple motor paradigm with
a temporal resolution of 896 milliseconds.

Furthermore, by combining it with partial Fourier en-
coding,46 Klarhofer et al. achieved an unprecedented temporal
resolution of 500 milliseconds for a whole brain volume ac-
quisition, with a temporal signal stability comparable to that of
a full-Fourier, full-FOV EPI sequence. This sequence recently
proved to be useful in detecting temporal differences among
several activation sites in a visual-motor task.47

The drive for fast imaging techniques in fMRI comes
probably from the fact that its sensitivity will depend on the
temporal noise characteristics of the signal, including both
slow and fast components. Very fast techniques provide the
added benefit of being able to sample this high frequency
noise, which can then be filtered out since it would be free from
aliasing effects.46 On the other hand, rapid imaging techniques
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suffer from temporal correlations, as well as an inherently
lower SNR. In a recent study, van der Schaaf et al.46 used a
Monte-Carlo analysis to demonstrate that the resulting inter-
play of these two effects turns out in favor of rapid techniques.
This is in all likelihood related to the temporal stability of any
fMRI series, which is mainly determined by the physiologic
noise48 (see also SNR Considerations and Statistical Analysis).

Finally, increased imaging speed can be essential when
non-PI imaging strategies result in a temporal resolution too
slow for a given application. One of the main problems in T2*-
weighted BOLD fMRI is related to signal loss due to intra-
voxel dephasing near the air–tissue interfaces.49 This effect
comes from the presence of unwanted local field gradients,
caused by magnetic susceptibility differences between tissue
and air. Such effects are predominantly found near the sinuses
and at the base of the brain. Several methods have been pro-
posed in which an additional gradient encoding in the slice-

selection direction is used to refocus the dephased magnetiza-
tion,50,51 thus reducing the signal loss. Among those methods,
the GESEPI (Gradient-Echo Slice Excitation Profile Imag-
ing) technique has been shown to be capable of removing dis-
tortions in the T2* relaxation characteristics, thereby correct-
ing image-blurring and signal-loss-related artifacts. While
GESEPI provides good reduction of these two kinds of arti-
facts, the utility of this technique for fMRI is limited due to its
lengthy image acquisition time, as the through-plane gradient
needs to be updated stepwise while the same imaging sequence
is repeated. Recently, Yang et al.52 proposed the use of SENSE
to achieve a reasonable acquisition time (3.6 seconds for the
acquisition of a 7-cm-thick slab), while Heberlein and Hu53

demonstrated a similar utilization of PI using GRAPPA in a
single-shot z-shimming technique. In both cases, PI combines
particularly well with z-shimming methods, as it additionally
reduces the blurring by reducing the readout length of the
single-shot EPI readout.

Acoustic Noise Reduction with PI-fMRI
Modern MRI techniques rely on fast gradient switching

to encode the signal. Recent developments in MRI gradient
hardware have led to increases in the maximum achievable
gradient amplitude and slew rate. The switching of gradients
results in changing Lorentz forces on the gradient coil, leading
to high levels of gradient acoustic noise. Especially in EPI,
which is the most commonly used fMRI pulse sequence, the
readout gradient results in high levels of scanner acoustic
noise.54 High sound pressure levels (SPLs) not only lead to
patient discomfort and potential hearing damage but might
also affect functional imaging experiments, especially those
involving auditory stimulation.55,56

Various ways have been described in which SPLs in
(functional) MRI can be reduced. A recent review by Moelker
and Pattynama55 describes these developments and the effects
of acoustic noise in fMRI in detail. In brief, four different ap-
proaches can be distinguished: 1) The design of the gradient
coil itself can be altered,57 or SPL reduction can be achieved
through modification of the mechanical characteristics of the
gradient form by application of padding or alternative mount-
ing strategies (eg, in vacuum58) of the gradients in the magnet.
2) At the patient level, either earplugs/earphones or an active
sound canceling system59 can be used. 3) The fMRI stimulus
paradigm can be designed to avoid or minimize scanner acous-
tic noise interference, for example, through sparse temporal
sampling.56 4) Finally, MRI pulse sequences can be designed
to be quieter, specifically by altering the gradient wave forms
design for EPI60,61 or spiral readouts.62 One recent suggestion
within the scope of this paper is to use PI to achieve SPL re-
duction for a given acquisition window and spatial resolu-
tion.63 The application of PI-MRI for SPL reduction is based
on a significant reduction of the slew rate of the readout gra-
dients. In EPI, the readout gradient is the dominant source of

FIGURE 2. A, Conventional 3D-PRESTO images obtained at
a temporal resolution of 2 seconds per volume (TR = 24 mil-
liseconds, TE = 40 milliseconds, FA = 9°, 38 excited/30 recon-
structed slices, FOV = 240 mm, rFOV = 80%, acquisition ma-
trix = 64 � 48 � 38, two-shot EPI). B, PRESTO-SENSE images
with identical parameters, except that a single-shot EPI
readout/ kxky plane was used, resulting in a temporal resolu-
tion of 1s per volume. Both images are not averaged.
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gradient acoustic noise.61 If the target spatial resolution and
acquisition window duration remain the same, the ramp times
of the readout gradient and the sampling bandwidth will be
reduced by a factor of R for a rate-R SENSE acceleration fac-
tor. The factor-R reduced sampling bandwidth leads to a re-
duction of a factor R in readout gradient amplitude, therefore
reducing the gradient slew rate by a factor R2. Since the reduc-
tion in the number of samples is compensated by the decreased
acquisition bandwidth, the image SNR is not expected to drop
significantly, except for focal noise increase due to the SENSE
g factor, which can be smaller than 10% depending on the
number of coils, their configuration and the acceleration factor
R (see Dedicated Hardware, above). Another advantage is that
it can be used with virtually any scan technique and fMRI
stimulus paradigm. Averaged over 3 scanner platforms (a 1.5 T
Siemens and a 1.5 T and 3.0 T GE scanner), a SPL reduction of,
respectively, 11.3 dB(A) (R = 2 SENSE, 4-fold slew rate re-
duction) and 16.5 dB(A) (R = 3 SENSE, 9-fold slew rate re-
duction) was achieved.63 The average R = 3 SENSE SPL level
equaled that of the average SPL measured with the readout
gradient turned off completely, suggesting that the SPL in this
case was predominantly caused by the other imaging gradi-
ents, which were unaltered in these experiments. No signifi-
cant difference in both average t-value and temporal stability
was found between conventional and “quiet” R = 2 SENSE
fMRI experiments performed on 6 normal volunteers (10 ex-
periments in total). A finger-tapping paradigm was used in
these experiments, voxel size was 3.4 × 3.4 × 4.0 mm, and the
average SENSE g factor was 1.04.

SNR Considerations and Statistical Analysis
As described by Pruessman et al.,20 the image SNR in a

SENSE MRI experiment is reduced by a factor g√R when com-
pared with the corresponding conventional experiment. In an
fMRI experiment, however, the sensitivity for cerebral activa-
tion is only partially determined by the image SNR.48 Tempo-
ral stability, expressed here by the temporal standard deviation
(�t) ultimately determines statistical significance of the fMRI
activation. Both the image noise �i and the physiologic noise
(which is described here by the standard deviation of physi-
ologic fluctuations, �ph) contribute to �t. Here it will be as-
sumed that �i and �ph are fully independent and we can there-
fore describe �t as

�t = ��ph
2 + �i

2. (2)

Only �i is directly affected by the reduced sampling in a
PI-fMRI experiment, while �ph remains the same. As previ-
ously described, �i increases by g√R in a rate-R SENSE ex-
periment and therefore

�t,SENSE = ��ph
2 + �i,SENSE

2

= ��ph
2 + �g � �R � �i,conventional�

2, (3)

where �i,conventional is the intrinsic standard deviation in a given
experiment without SENSE, and �t,SENSE and �i,SENSE are the
temporal and intrinsic standard deviations in the correspond-
ing SENSE experiment. This indicates that the penalty for
SENSE use in fMRI depends on the relative contribution of
physiologic noise to the overall temporal standard deviation:

�t,SENSE

�t,conventional
=�1 + �g2 � R − 1� � ��i,conventional

�t,conventional
�2

(4)

Therefore, the penalty for SENSE use in fMRI might not
be as severe as one would expect based on a decrease in image
SNR. In an experiment in which temporal signal stability is
completely dominated by image SNR (and thus by �i), the
measured fMRI activation does indeed suffer the full g√R pen-
alty (�t,SENSE/�t,conventional = g√R, see Eq. 4). On the other
hand, if physiologic noise is the dominant noise source, appli-
cation of SENSE will not affect the sensitivity of the fMRI
experiment at all (�t,SENSE/�t,conventional = 1). This is demon-
strated by Figure 3, which shows the temporal standard devia-
tion increase in a R = 2 SENSE experiment for all voxels in the
superior part of the brain of a normal volunteer performing a
simple motor task.48 Data are plotted as a function of the rela-
tive contribution of �i to the temporal standard deviation �t.
The solid curve in this figure is the theoretical dependence of
�t,SENSE/�t,conventional on �i,conventional/�t,conventional according

FIGURE 3. Plot of the temporal signal stability penalty incurred
by the use of rate-2 SENSE for all pixels (�) in the superior brain
of a volunteer. The solid line shows the predicted dependence
of the relative contribution of intrinsic image noise to the over-
all temporal standard deviation as predicted by Eq. 4. In a
voxel in which the intrinsic noise is the dominant noise source
(right side of the plot), the penalty to the fMRI experiment is the
factor g√2 predicted by Pruessmann et al.,6 whereas fMRI sen-
sitivity is completely unaffected by SENSE in voxels that are
dominated by temporal instabilities (left side of the plot). Both
a conventional single-shot gradient-echo EPI dataset and a
similar rate-2 dataset were acquired with 3.4 � 3.4 � 4.0 mm
voxels, using a 4-element dome coil.
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to Eq. 4. This method can therefore be used to optimize spatial
resolution for any given fMRI experiment.

OTHER FMRI TECHNIQUES

Vascular Space Occupancy (VASO)
In their study on the use of PI in spiral imaging, Weiger

et al.26 pointed out that PI acceleration factors have proven to
be highly effective in reducing susceptibility artifacts at echo
times much shorter than those used conventionally in BOLD
fMRI. A technique was recently developed that allows nonin-
vasive measurements of cerebral blood volume changes upon
activation. This method, dubbed VASO,64 is based on a simple
nonselective inversion-recovery technique with an inversion
time optimized to null the blood signal. Because of partial vol-
ume effects, the average signal in a voxel will then vary in
amplitude depending on the amount of blood present in that
voxel. Therefore, upon neuronal activation, the measured
VASO signal will decrease due to the local vasodilation.64 In
such a method, one aims to use the shortest possible echo time,
as any T2 or T2* weighting will reduce the potentially detect-
able VASO signal change due to the presence of residual
BOLD effects,65 which would result in a local signal increase.
Therefore, partial Fourier acquisition is often used in conjunc-
tion with PI to get echo times well below 15 milliseconds.65

Furthermore, because of the use of nonselective inver-
sion recovery pulses to null the blood signal, multislice imag-
ing is not as simple as in BOLD fMRI. Recently, the same
group came up with a method allowing Multiple Acquisitions
with Global Inversion Cycling (MAGIC)66 to render the
VASO technique multislice capable. In short, this method is
based on the repetitive use of nonselective inversion pulses to
keep the blood signal nulled, while the tissue signal will decay
from slice to slice with a time constant approximately equal to
T1.66 It is therefore imperative in this case to spend as little
time as possible per single-slice acquisition to limit the slice-
varying signal differences. In the first demonstration of its use-
fulness, MAGIC-VASO-SENSE was recently performed at
3T for retinotopic mapping in several volunteers.67

Arterial Spin Labeling (ASL)
Apart from BOLD, the other traditional technique used

to detect activation is ASL (for a review, see Golay et al.68).
For reasons similar to those discussed above for VASO, one
would like to use the shortest possible echo time in ASL to
avoid any contamination with residual BOLD signal.69 Al-
though this is not as crucial as in the VASO case, because of
the possibility to acquire BOLD and perfusion-weighted im-
ages in an interleaved manner,70 since the BOLD contributions
can be eliminated by subtraction. Furthermore, in some of the
most popular techniques available, such as the single-coil con-
tinuous ASL technique,71,72 the use of a body coil as a transmit
coil is seriously limited because of the necessary use of a long

RF-labeling pulse for the flow-driven adiabatic labeling of the
arterial magnetization. Therefore, the use of PI in ASL has
been limited so far. However, there is great potential for these
techniques at higher field strength,73–75 since ASL will suffer
then from the same problems related to magnetic field inho-
mogeneities as BOLD-based techniques.

The potential use of PI in ASL was recently demon-
strated with an experiment in which FAIR (Flow-sensitive Al-
ternating Inversion Recovery) was combined with VASO to
measure the cerebral blood flow and cerebral blood volume
changes in a graded visual activation experiment.76 A typical
activation map is shown in Figure 4 and overlaid onto the na-
tive VASO image in this case.

APPLICATIONS OF PI-BASED FMRI

Applications in Neuroscience
Apart from the studies mentioned earlier in this review

(all of them using mostly simple primary motor or sensory ac-
tivation), few studies have been published using PI-fMRI in
cognitive neuroscience. There are several reasons for this.
First, dedicated PI-optimized head coils have only recently

FIGURE 4. Example of a VASO-FAIR activation map, in which
the detected signal changes are overlaid on a native SENSE-
VASO image. The other parameters are: TR = 4 seconds, TI = 1
second (based on T1b = 1680 ms at Hct = 0.3890), TE = 5.6
milliseconds, FA = 90°, FOV = 240 mm, slice thickness = 5 mm,
matrix = 80 (reconstructed = 128), SENSE acceleration factor =
2, 60% reduced Fourier encoding, adiabatic (hyper-secant)
inversion pulse.
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made their entry into the portfolio of commercial MRI compa-
nies. Then, as demonstrated earlier, the direct benefits from the
use of PI in fMRI are not so evident when working at 1.5 T
using single-shot T2*-weighted EPI at the spatial resolution
commonly used for fMRI. Generally, distortions are relatively
small at this intermediate magnetic field strength and most
vendors have EPI sequences that work well, needing very few,
if any, corrections for distortions. However, with the recent
arrival of clinical 3.0 T magnets in the field, there is an aug-
mented concern about the increased spatial discrepancies be-
tween functional activation maps and the corresponding high-
resolution T1-weighted images used as anatomic reference.
Postprocessing techniques capable of reducing these distor-
tions have been developed, often based on the concurrent ac-
quisition of a B0 field map.77 However, in practice only few
publications mention the use of such algorithms as a means to
correct for distortions and blurring due to magnetic field inho-
mogeneities. PI allows neuroscience researchers to tackle the
root of the problem by reducing distortions during data acqui-
sition, therefore eliminating the need for heavy duty postpro-
cessing algorithms.

In typical neuroscience applications of PI-fMRI, several
groups working on the 3.0 T system at the Kennedy Krieger
Institute (Baltimore, MD) have recently published cognitive
neuroscience studies using SENSE-EPI data that were ac-
quired with the following typical parameters78–80: TE = 30
milliseconds, FA = 90°, in plane resolution = 3 × 3 mm, 20 to
30 axial 3-mm-thick slices (depending on the required cover-
age), TR = 1.4-3.0 seconds. These studies were focused on the
role of the medial temporal lobe in the encoding and retrieval
of associative versus nonassociative memory,78 on the control
of object-based attention79 or on the differences in activation
between voluntary and stimulus-driven attentional control80 in
healthy volunteers.

Apart from these studies, other recent work has been
published using similar paradigms, although sometimes using
higher in-plane resolution. For example, Schmidt et al.33 also
used a learning paradigm to encode activation in the medial
temporal lobe using 2.7 × 2.7 × 4 mm3 resolution. Jansma
et al.81 used an even higher spatial resolution (1.75 × 1.75 × 3.5
mm3) applied to a study of attention in the visual cortex. Fi-
nally, using more conventional imaging parameters, Wang
et al.82 studied the role of the hippocampus in the encoding and
retrieval of short-term memory, Smits et al.83 used SENSE-EPI
at 3.0 T to study natural taste perception, while Peeters et al.84

used GRAPPA-EPI to map activation in the anterior temporal
lobe during semantic processing.

The common, interesting feature of almost all these stud-
ies is that their regions of interests are located near the base of
the brain, where most distortions occur. Therefore, it is not
altogether surprising to see such studies being among the first
few to use PI-fMRI as a means to reduce distortion.

Clinical Applications
The authors were unable to find a single published study

using PI-fMRI in the clinical environment. The reasons for this
are probably similar to those stated for cognitive neuroscience
studies, particularly the lack of an installed base of 3.0 T sys-
tems in clinical neuroradiological units that are factory
equipped with both the hard- and software required to perform
PI-fMRI studies. In the hospital of the National Neuroscience
Institute in Singapore, PI-fMRI has been used in a number of
cases over the course of the past year. In most cases, the para-
digms used were simple visual, motor, or basic language tasks
designed to locate the areas of activation in preparation for
surgical procedures. The patient populations studied include,
among others, patients with invasive tumors (mostly glioblas-
toma, grade III and higher) or patients with arteriovenous mal-
formations. In these patients as well as those with epilepsy and
hippocampal sclerosis, fMRI has been shown to be a useful
tool for presurgical planning to preserve function and mini-
mize patient morbidity.85–87 fMRI has also been able to dem-
onstrate reorganization and displacement of activated ar-
eas.88,89 In these cases, PI was able to reduce the even stronger
distortions due to magnetic susceptibility effects that are inher-
ent in the imaging of the abnormal brain, such as hemorrhages
and cavities. Imaging of inferior or basal structures like the
sclerotic hippocampus in epilepsy also benefit from the reduc-
tion of signal dropout. In Figure 5, two representative cases
imaged with PI-fMRI are shown, in which significantly acti-
vated areas are overlaid on either native EPI images or resliced
onto high-resolution anatomic images.

CONCLUSION
The application of PI in fMRI is a relatively recent de-

velopment and can still be considered to be in its infancy, as
compared with the literature existing on the use of PI in cardiac
imaging and other fields. However, recently available clinical
3.0 T scanners equipped with PI-capable hardware and soft-
ware are bound to replace part of the current base of 1.5 T
systems in most hospitals. This will lead to an increased appli-
cation of PI-based fMRI techniques in applied research as well
as in the clinical setting.

As summarized in this review, there are several benefits
of PI for fMRI: from reduced artifacts related to magnetic field
inhomogeneities in single-shot techniques to increased spatio-
temporal coverage through reduced scanner acoustic noise.
PI-fMRI appears to be an essential component to gather the
maximal benefits of fMRI at high field strength. Since the per-
formance of fMRI is limited by physiologic fluctuations as
well as intrinsic image SNR, the sensitivity penalty for PI ap-
plication in fMRI can be minimal. Depending on the applica-
tion, PI-fMRI can play a role in the acquisition of fMRI data at
the highest possible spatial or temporal resolution where
physiologic fluctuations are still the dominant noise source.
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