
EDUCATION EXHIBIT 1279

Parallel MR Imaging:
A User’s Guide1

James F. Glockner, MD, PhD ● Houchun H. Hu, BME ● David W.
Stanley, BS ● Lisa Angelos, PhD ● Kevin King, PhD

Parallel imaging is a recently developed family of techniques that take
advantage of the spatial information inherent in phased-array radiofre-
quency coils to reduce acquisition times in magnetic resonance imag-
ing. In parallel imaging, the number of sampled k-space lines is re-
duced, often by a factor of two or greater, thereby significantly shorten-
ing the acquisition time. Parallel imaging techniques have only recently
become commercially available, and the wide range of clinical applica-
tions is just beginning to be explored. The potential clinical applica-
tions primarily involve reduction in acquisition time, improved spatial
resolution, or a combination of the two. Improvements in image qual-
ity can be achieved by reducing the echo train lengths of fast spin-echo
and single-shot fast spin-echo sequences. Parallel imaging is particu-
larly attractive for cardiac and vascular applications and will likely
prove valuable as 3-T body and cardiovascular imaging becomes part
of standard clinical practice. Limitations of parallel imaging include
reduced signal-to-noise ratio and reconstruction artifacts. It is impor-
tant to consider these limitations when deciding when to use these
techniques.
©RSNA, 2005

Abbreviations: FOV � field of view, GRAPPA � generalized autocalibrating partially parallel acquisition, SE � spin echo, SENSE � sensitivity en-
coding, SNR � signal-to-noise ratio, SPGR � spoiled gradient echo, 3D � three-dimensional, TR � repetition time, 2D � two-dimensional
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Introduction
The recent history of magnetic resonance (MR)
imaging has in large part been devoted to finding
ways to increase acquisition speed. Although im-
pressive gains have been made and the acquisition
times of many sequences have been reduced from
minutes to seconds, some fundamental limita-
tions have been reached due to technical and
physiologic problems associated with rapidly
switching gradients. Recently, parallel imaging
has emerged as a technique that can surmount
many of these obstacles. Instead of relying on
faster and stronger gradients for improvements in
acquisition time, the inherent spatial sensitivity of
the phased-array coils is used to provide some of
the spatial information in the image that would
otherwise be obtained in the traditional manner
of Fourier transform MR imaging. In other
words, parallel imaging allows a reduction in the
number of phase-encoding steps while still pro-
ducing images of reasonable quality and spatial
resolution. Parallel imaging increases the acquisi-
tion speed by factors of 1.5 to 3 in most commer-
cially available applications. In theory, much
higher gains are possible, but they are currently
limited by artifact and signal-to-noise ratio (SNR)
considerations.

The most obvious clinical application of paral-
lel imaging is simply to shorten the acquisition
time of a sequence. This is particularly important
for body and cardiovascular imaging, where
breath holding is both frequently required and a
frequent source of patient complaint. Certainly,
the distinction between an acquisition beyond a
patient’s endurance and one comfortably within
his or her breath-hold capacity is a critical one in
terms of image quality. However, these gains in
acquisition speed can also be used for other pur-
poses; for example, instead of decreasing the ac-
quisition time, the increased speed can be used to
improve spatial resolution in the same amount of
time. Likewise, fast spin-echo (SE) and single-
shot fast SE sequences can be improved by reduc-
ing echo train lengths and thereby diminishing
image blurring. Parallel imaging is highly flexible
and can be combined with virtually any pulse se-
quence. The combination of parallel imaging with
other fast imaging methods is also possible, and
these techniques will be useful for applications in
real-time and interventional MR imaging.

This article provides a brief explanation of the
fundamental concepts of parallel imaging and
then illustrates some of the potential clinical ap-
plications of this technique. Body and cardiovas-
cular applications are emphasized.

Background and History
Phased-array coils were initially developed to im-
prove SNR in MR imaging by reducing coil size
and sensitive volume, which effectively reduces
the amplitude of the noise detected. Multiple
overlapping small coils can cover the same vol-
ume as a larger coil, and when the signals from
individual coils are combined, the noise is sub-
stantially reduced and SNR is significantly im-
proved.

Soon after the introduction of phased-array
coils, however, it was recognized that they could
also be used to reduce acquisition time by sam-
pling the MR signal in a parallel fashion (1–5).
The basis of these techniques is the concept that
acquisition time is proportional to the number of
phase-encoding lines in a Cartesian acquisition.
Increasing the distance between phase-encoding
lines in k-space by a factor R while keeping the
spatial resolution fixed reduces the acquisition
time by the same factor. This also decreases the
field of view (FOV), resulting in aliasing or wrap-
around artifact. In parallel imaging, the spatial
dependence of the phased-array coil elements is
used to remove or prevent the aliasing.

Simultaneous acquisition of spatial harmonics
(SMASH), described by Sodickson and Manning
(6), uses the sensitivity profiles as basis sets to
generate spatial harmonics and eventually recon-
struct the image in the Fourier domain; in other
words, the missing k-space lines are restored prior
to the Fourier transform. Generalized autocali-
brating partially parallel acquisition (GRAPPA) is
a variant of SMASH in which a small number of
additional lines of k-space are acquired during the
acquisition, eliminating the need for a separate
coil sensitivity calibration acquisition (7). The
GRAPPA reconstruction algorithm also provides
improvements in SNR and elimination of certain
artifacts relative to SMASH. Pruessmann et al (8)
described an alternative image-based parallel im-
aging reconstruction (sensitivity encoding [SENSE]).
In this method, the data are first Fourier trans-
formed, resulting in aliased images. The images
are then “unwrapped” by using the spatial infor-
mation from the coil sensitivity profiles.
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Since the introduction of parallel imaging, a
number of different reconstruction techniques
and strategies have been introduced; however, the
most widely available techniques include SENSE,
mSENSE (an autocalibrating version of SENSE),
and GRAPPA. In the next section, a basic expla-
nation of image-based parallel imaging (SENSE)
is presented, followed by a brief discussion of the
advantages and disadvantages of the image-based
and k-space–based techniques.

Theory
Image formation in MR imaging is based on the
traversal of k-space in two or three dimensions in
a manner determined by the pulse sequence. Al-
though acquisition of data in the frequency-en-
coding direction is typically rapid and on the or-
der of several milliseconds, a separate echo col-
lected with a slightly different value of the applied
phase-encoding gradient is required to sample
each value of ky along the phase-encoding axis.
The sampling of k-space through a prescribed
number of phase-encoding steps therefore ac-
counts for the majority of the acquisition time in
most MR imaging acquisitions.

The development of parallel imaging is moti-
vated by the need to shorten acquisition time,
typically through the undersampling of k-space
along the phase-encoding direction (1–13). Gen-
erally, the number of sampled phase-encoding
views is reduced by an acceleration factor R,
thereby shortening the acquisition time by the
same factor. For example, when R � 2, every
other phase-encoding view, or only half of
k-space, is sampled. As a result, the acquisition
time is shortened by a factor of two. When R � 3,
only a third of k-space is sampled and the acquisi-
tion time is reduced threefold. According to the
SENSE algorithm, R can theoretically assume
values up to the number of elements employed in
the phased-array coil. In practice, however, most
MR imaging vendors use R values ranging from
1.5 to 3, whereas the number of coil elements
varies from four to 12.

Two parameters are of particular interest when
implementing SENSE. First, the range of sam-
pled values along the ky axis (ky-max) determines
the spatial resolution along the phase-encoding
direction. As the total number of sampled views
(Ny) increases, higher k-space spatial frequen-
cies are acquired, resulting in improved spatial

resolution along the phase-encoding axis. Sec-
ond, the separation between successive views
along the ky axis (�ky) determines the corre-
sponding FOV (FOVy) in the image domain.
When the SENSE algorithm is applied to reduce
acquisition time, the number of sampled phase-
encoding views (Ny) is reduced by R (Ny/R),
whereas the maximal sampled values of ky

(ky-max) are not changed. This approach allows
the SENSE-acquired image to have the same
spatial resolution as the reference acquisition
but at the expense of an increase in �ky. Owing
to the inverse relationship between FOV and
�ky (Eq [1]),

�ky � 1/FOVy, (1)

the resultant FOV along the phase-encoding axis
in the SENSE acquisition is also reduced by R.

The consequent reduction in phase FOV with
the SENSE technique typically introduces alias-
ing or wraparound artifacts in the raw Fourier
transformed images. The SENSE reconstruction
algorithm addresses this problem by using spatial
information available from another source: indi-
vidual elements from the phased-array surface
coil assembly. Normally, the signals received from
each phased-array element are summed to gener-
ate a composite image with improved SNR. In
SENSE, the spatial sensitivity profile of each indi-
vidual element is exploited to restore the original
FOV.

The signal strength at a particular point varies
as a function of the distance from the receiver
coil. In theory, if the sensitivity profile of each coil
element in the phased array can be obtained, then
the signal intensity differences between each ele-
ment at any given pixel in an image can be related
to the spatial location of that point. This relation-
ship in turn is used in the SENSE technique to
unfold and remove the aliased artifacts from the
raw SENSE-acquired images. The principal basis
of SENSE is therefore to undersample k-space by
using a reduced FOV and a smaller number of
phase-encoding views, which typically introduces
wraparound artifacts in the raw images, but to use
previously calibrated coil sensitivity maps to ac-
count for this in the reconstruction.
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The SENSE algorithm has been previously
explained in detail in the literature (8–10). A sim-
plified schematic of the method is shown in Fig-
ure 1 for R � 2. In Figure 1a, a reference full-
FOV non-SENSE image from the body receiver
coil is shown. In Figure 1b, the same image is
shown as the sum-of-squares from two individual
coil elements, which are placed above and below
the object along the y axis. A corresponding refer-
ence k-space containing a total of 20 phase-en-
coding views is also shown for illustration simplic-
ity. The image has not been intensity corrected to
illustrate the heterogeneous distribution of signal
intensity across the object. Spins at spatial loca-
tions closer to the coil elements exhibit higher
signal levels than those that are farther away.

The SENSE implementation begins with Fig-
ures 1c and 1d. First, low-resolution full-FOV
images are obtained to calculate the complex sen-
sitivity profiles of each coil element. Second, the
reduced-FOV SENSE acquisition is performed.
This leads to raw images from each of the coil
elements with extensive wraparound artifacts
along the superior-to-inferior phase-encoding axis
(Figure 1e, 1f). Using the previously measured
complex sensitivity data, the reconstruction algo-
rithm unfolds the aliased images by solving a set
of linear equations to determine true pixel values
in the desired full-FOV image. These equations
represent the relationship that each wraparound
data point [a] in the aliased images is the result of
a linear superposition of unaliased pixels [p], cor-
respondingly weighted by the sensitivities [s] of
each coil element at each spatial location.

Since [a] and [s] are known from separate ac-
quisitions and [p], as shown in Figure 1g, effec-
tively represents the desired unaliased image, a
unique solution to [p] can be determined through
mathematical formulation. By adopting the sym-
bols of Figure 1c–1f, an equation relating [a], [s],
and [p] can be formed for each coil element:

For coil 1,

a1 � s1,1 � p1 � s1,2 � p2. (2a)

For coil 2,

a2 � s2,1 � p1 � s2,2 � p2. (2b)

In Equation (2), R � 2, p1 and p2 denote the un-
known pixel values that are to be determined, and
two independent equations have been formed
from two coil elements. For simplification, Equa-
tions (2a) and (2b) can be written in matrix form:

�a] � [s] � [p]. (3)

Subsequently, a unique solution to the desired
full-FOV image [p] can be determined with the
following formula:

�s]�1[a] � [p], (4)

where [s]�1 represents the inverse matrix of [s].
To properly reconstruct the SENSE image,

Equation (4) must be performed for every pixel in
the aliased image set. Figures 1h and 1i illustrate
the SENSE-reconstructed image and the corre-
sponding intensity-corrected result. Compared to
the reference images shown in Figures 1a and 1b,
the reconstructed SENSE images exhibit similar
quality in terms of contrast and spatial resolution
(but reduced SNR) while having been obtained in
only half the acquisition time.

In principle, the SENSE reduction factor R
can be as large as the total number of phased-
array coil elements in determining a unique solu-
tion to [p]. In practice, however, many vendors
implement parallel imaging with an R factor
much smaller than the number of available coil
elements, partly to allow a robust and solid solu-
tion to [p]. There are also practical limitations to
the maximum reduction factor in parallel imag-
ing, and these restrictions have thus far prevented
the widespread application of SENSE with R fac-
tors greater than 2–3. For example, in cases
where SENSE is implemented to reduce acquisi-
tion time, as R increases, the SNR of the image
diminishes with the following relationship:

SNR � 1/�g � R1/2), (5)

where g is defined as a factor dependent on coil
geometry and is a measure of how well a particu-
lar coil arrangement can unwrap a particular
aliasing pattern. The geometry factor depends on
the distinctness or independence of each coil el-
ement’s sensitivity behavior over the aliased pix-
els. In addition to coil properties such as position-
ing and decoupling that affect the sensitivity be-
havior, the geometry factor also depends on the
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Figure 1. Example of the SENSE technique. Reference image of a phantom (a), obtained with the
body receiver coil. Sum-of-squares image (b) from two individual coil elements. Spins at spatial locations
closer to the coil elements (arrowheads) exhibit higher signal levels than those that are farther away (ar-
row). A corresponding reference k-space containing 20 phase-encoding views is shown at left. FT � Fou-
rier transform. Low-resolution full-FOV calibration images (c and d) for each coil, which were obtained
to calculate the complex sensitivity profiles of each coil element. Sensitivities (s1 and s2) of each coil ele-
ment are illustrated at two arbitrary points. Reduced-FOV SENSE images (e and f) from each coil ele-
ment contain extensive wraparound artifacts along the superior-to-inferior phase-encoding axis. a1 and a2
represent the signal intensities of the aliased images that correspond to the arbitrary points chosen in c
and d. Diagram of the unaliased image (g) with desired pixel intensities p1 and p2. These intensities can
be calculated because the sensitivities of the individual coil elements and the pixel intensities of the
aliased images are known. Unaliased image without (h) and with (i) intensity correction, which repre-
sents the SENSE-reconstructed image.
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imaging plane, FOV, reduction factor, and phase-
encoding direction.

Reduction in SNR can become critical for
large acceleration factors, particularly for pulse
sequences that are inherently low in signal. In
addition, as R increases, the aliasing artifacts oc-
cur to a greater degree as the raw SENSE image is
folded over an increasing number of times along
the phase-encoding axis. With greater R, errors in
the sensitivity measurement are more detrimen-
tal, resulting in more uncorrected aliasing. Conse-
quently, the determination of a solution to the
inverse matrix problem in Equation (4) becomes
more difficult. In practice, because of errors in
alias unwrapping and because of noise magnifica-
tion by the geometry factor, R is limited by the
number of coils separated in the phase-encoding
direction rather than the total number of coils.

Coil positioning and placement about the im-
aging object is also a critical factor in successful
implementation of SENSE. In the ideal situation,
it is desired that coil elements not only behave
independently but also have the highest spatial
sensitivity gradient along the direction in which
SENSE reconstruction is applied. For example, if
the phase-encoding direction is anterior to poste-
rior, it is more effective to position the coil ele-
ments on the anterior and posterior surfaces of
the patient rather than on the right and left. Coil
positioning and geometry become particularly
important, and more complex, when SENSE is
applied along two phase-encoding directions in
three-dimensional (3D) MR imaging acquisi-
tions. For a given acquisition time (given total R),
smaller reductions can be used in both Fourier
encoding directions for the 3D case than are
needed to achieve the same total R in a single di-
rection for the two-dimensional (2D) case. Since
the geometry factor increases rapidly with increas-
ing R, parallel imaging along two directions can

have a lower overall geometry factor for the same
total R. Many existing coils do not have element
orientation appropriate for parallel imaging in two
directions. This is one reason that many vendors
are currently designing coils specifically optimized
for parallel imaging.

A number of vendor-specific acronyms have
appeared regarding application of parallel imag-
ing. These are summarized in the Table. Al-
though demonstrated by using SENSE parallel
imaging, the application benefits shown in this
article can be realized with all parallel imaging
techniques.

Calibration Acquisitions
Many applications of parallel imaging involve a
separate calibration acquisition. This is a fast,
low-resolution acquisition (typically a fast gradi-
ent-echo sequence) that is subsequently used to
map the spatial sensitivity of each phased-array
element. For breath-hold applications of parallel
imaging, the calibration acquisition should also
be performed with suspended respiration. The
calibration acquisition can be performed in any
plane orientation and should encompass all re-
gions that will be covered in the parallel imaging
acquisition. A large FOV is used to prevent alias-
ing in the calibration acquisition, which will intro-
duce errors in the reconstruction. The calibration
acquisition can be included within the parallel
imaging acquisition (autocalibration, self-calibra-
tion, GRAPPA); however, this results in slightly
longer acquisition times.

Choosing the Optimal
Parallel Imaging Method

Currently, the choice of the optimal parallel imag-
ing technique is limited to a certain extent by
commercial availability. Some vendors offer one
method, whereas others offer two or more op-
tions, although the number of available tech-
niques will undoubtedly increase in the near fu-
ture. The choice between a self-calibrating

Parallel Imaging Terms and Vendor Acronyms

Term Acronym Vendor

Sensitivity encoding SENSE Philips Medical Systems*
Array spatial sensitivity encoding technique ASSET GE Healthcare Technologies†

Integrated parallel acquisition techniques IPAT Siemens Medical Solutions‡

Generalized autocalibrating partially parallel acquisition GRAPPA Siemens Medical Solutions
Simultaneous acquisition of spatial harmonics SMASH . . .

*Best, the Netherlands.
†Waukesha, Wis.
‡Erlangen, Germany.
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k-space technique such as GRAPPA and the im-
age-domain SENSE requiring a separate calibra-
tion acquisition can rest on a number of factors. If
speed is the paramount concern, then the addi-
tion of extra self-calibration k-space lines may be
disadvantageous, and SENSE might be the best
choice. This is a more crucial concern for rela-
tively low-resolution images: As the image matrix
increases, the self-calibration lines of k-space oc-
cupy a smaller percentage of the total acquisition
time. A second advantage of SENSE is that in
general it provides slightly better image quality
with high acceleration factors.

On the other hand, there are situations where
GRAPPA may be the preferred technique. In re-
gions where accurate coil sensitivity maps are dif-
ficult to obtain (eg, the lungs), the GRAPPA al-
gorithm may provide a more robust reconstruc-
tion. In breath-hold applications of parallel
imaging, some patients may have difficulty sus-
pending respiration in a reproducible manner,
leading to discrepancies between the calibration
acquisition and the parallel imaging acquisition,
which in turn can result in reconstruction arti-
facts. In this case the autocalibration technique
may be preferred, but only if the acquisition time
remains within the patient’s breath-hold capacity.

A second advantage of GRAPPA has to do
with the imaging FOV. In SENSE-like image-
based techniques, if the full FOV is smaller than
the object, artifacts can be generated in the recon-
structed image. The solution is to ensure that

there is no aliasing in the reconstructed image.
On the other hand, GRAPPA is able to generate
partially aliased reconstructed images without
significant artifact, so that a smaller FOV can be
chosen when spatial resolution is an important
consideration.

Artifacts
A number of artifacts can be encountered in par-
allel imaging. Many of these can be eliminated
with careful attention to technique; however,
some are unavoidable. Ghosting artifacts may
appear when the calibration acquisition and par-
allel imaging acquisition are not performed with
the patient in the same position. This can occur if
the calibration acquisition was not performed
during suspended respiration or if the breath-
holding position was different between the two
acquisitions. This problem can be eliminated with
techniques that include the calibration acquisition
in the parallel imaging acquisition, at the cost of a
slight increase in acquisition time. If the calibra-
tion acquisition does not include a region that is
subsequently imaged in the parallel acquisition,
this region cannot be reconstructed, and a void
will appear in the image.

Another result of inadequate calibration vol-
ume coverage is uncorrected aliasing that arises
from locations outside the calibration volume that
alias into the calibrated locations. This problem
can occur with highly oblique planes, for example
in cardiac imaging with short-axis acquisitions.
This can be remedied by including all regions
covered by the coil in the calibration acquisition.
Poorly positioned calibration acquisitions may
generate aliasing within the calibration acquisi-
tion that will cause additional artifact in the re-
constructed images. Careful centering of calibra-
tion acquisitions and use of a large FOV will gen-
erally eliminate this artifact.

Artifacts may also appear when the FOV is too
small in the parallel acquisition. When this oc-
curs, uncorrected aliasing artifacts may arise from
structures separated by the aliasing distance in the
phase-encoding direction (eg, half the FOV for
the R � 2 case). Unfortunately, this often has the
effect of placing wraparound artifact at or near
the center of the image (Fig 2). This can be cor-
rected by increasing the FOV so that no aliasing
will appear in the reconstructed image.

Finally, artifacts can appear in regions of low
SNR, for example, in the center of a large patient

Figure 2. Axial contrast-enhanced 2D spoiled gradi-
ent-echo (SPGR) image obtained with SENSE (accel-
eration factor � 2, applied in the anteroposterior
phase-encoding direction) shows extensive artifact in
the center of the image due to uncorrected aliasing.
This artifact could be reduced by increasing the FOV
in the anteroposterior direction.
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relatively distant from any surface coil (Fig 3).
Noise in parallel imaging is not evenly distrib-
uted, and in regions of suboptimal coil geometries
(ie, high g factors) it may be amplified. These arti-
facts can be reduced to a certain extent by maxi-
mizing achievable SNR; however, some artifacts
may be unavoidable in these cases, particularly
when high R values are applied.

Clinical Applications
One of the most important advantages of parallel
imaging is its wide applicability: Parallel imaging
can be applied to nearly any pulse sequence, and
the gains in acquisition speed can be used in a
number of different ways, as illustrated in the fol-
lowing sections.

MR Angiography
Contrast-enhanced 3D MR angiography has be-
come the standard technique for body and pe-
ripheral MR angiography by virtue of its speed,
high SNR, minimal artifacts, and relatively high
spatial resolution. Nevertheless, examinations are
not always ideal, and perhaps the most frequently
encountered problem is an acquisition time that
exceeds the patient’s breath-hold capacity. Paral-
lel imaging can directly address this by reducing
the acquisition time by a factor of two or greater

(Fig 4) (12–19). Parallel imaging not only helps
reduce motion artifact but can also diminish ve-
nous contamination, particularly in regions where
there is rapid venous return, such as the renal and
carotid arteries (20) (Fig 5).

Venous contamination is also a frequent prob-
lem in lower extremity runoff examinations. Im-
aging the upper stations is relatively time-con-
suming; when the most distal station is reached,
the acquisition may be far enough behind the
contrast material bolus that venous contamina-
tion is seen. Parallel imaging has been used at one
or more of the upper stations to ensure that the
most distal station is reached quickly enough to
minimize venous contamination (15). In one
study (19), it was noted that SNR and contrast-
to-noise ratio were actually improved at stations
where SENSE was used. The explanation for this
is not entirely certain but may be related to the
ability to inject contrast material at a higher rate
or to capture the first pass of the contrast material
bolus more efficiently.

By combining higher acceleration factors with
lower spatial resolution, time-resolved MR an-
giography can be performed with temporal reso-
lution on the order of a few seconds. This can be
useful for resolving flow dynamics through a par-

Figure 3. (a) Standard axial 2D steady-state free
precession image of the liver. (b) SENSE image (accel-
eration factor � 2, applied in the anteroposterior
phase-encoding direction) obtained with the same FOV
as in a. Noise and reconstruction artifacts in the middle
of the FOV limit the diagnostic quality of the image.
(c) SENSE image (acceleration factor � 2) obtained
with an increased phase FOV in the anteroposterior
direction shows that the artifacts have been eliminated.
Note that the phase ghosting artifact due to aortic pul-
sation in the standard image has been significantly re-
duced in the SENSE images.
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Figure 4. Partial volume maximum intensity projection images from 3D contrast-enhanced renal MR an-
giography. The images were obtained in the right (a, c) and left (b, d) lateral oblique projections without (a, b)
and with (c, d) SENSE (acceleration factor � 2, applied in the in-plane right-left phase-encoding direction).
Note the improved visualization of segmental renal arteries in the SENSE images. The patient was short of
breath and had difficulty suspending respiration for the standard acquisition time. Parallel imaging was used to
reduce the acquisition time from 19 seconds to 10 seconds.

Figure 5. Partial volume maximum intensity projection images from renal MR angiography of a patient with
fibromuscular dysplasia, obtained without (a) and with (b) SENSE (acceleration factor � 2, applied in the in-
plane right-left phase-encoding direction). In the standard image, early filling of the left renal vein limits visual-
ization of the left renal artery. Venous contamination is eliminated in the SENSE image, which was obtained
with the acquisition time reduced by half. Collecting system activity in the SENSE image is due to excretion of
contrast material from the first non-SENSE acquisition.
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Figure 6. Time-resolved pulmonary MR angiog-
raphy performed with SENSE (acceleration fac-
tor � 2.4) in a patient suspected to have a pulmo-
nary embolus. A 5-mL dose of contrast material was
injected at 4 mL/sec, and images were acquired
from five phases with a temporal resolution of 2.4
seconds. Maximum intensity projection images from
successive frames show minimal contrast material in
the right ventricle and outflow tract (a), optimal dem-
onstration of the pulmonary arteries (b), mixed signal
from the pulmonary arteries and veins (c), optimal
demonstration of the pulmonary veins (d), and the
aorta (e).
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ticular vascular territory (Fig 6) (16–18) and also
is an alternative technique to standard MR an-
giography in patients who are very short of
breath.

The gains in speed achieved with parallel imag-
ing can alternatively be applied to improve spatial
resolution. If the acquisition time is kept con-
stant, additional phase-encoding steps can be ac-
quired, thereby increasing resolution in the
phase-encoding direction (Fig 7). However, the
combination of parallel imaging and increased
spatial resolution will usually result in a signifi-
cant reduction in SNR. Therefore, it is important
to ascertain that the signal intensity is high
enough in the reconstructed images to achieve a
diagnostic examination.

The latter problem can be alleviated by careful
attention to maximizing SNR. This includes use
of eight-, 12-, 16-, and 32-channel coils, position-
ing the patient so that the region of interest is in
the center of the phased-array coil, and optimiz-
ing imaging parameters in the MR angiography
sequence. (Unfortunately, most of the choices
leading to higher SNR also increase the acquisi-
tion time.) If the application of parallel imaging
results in a reduced acquisition time, the contrast

material injection rate can be increased, since the
optimal length of the bolus injection is related to
the acquisition time. By injecting the same vol-
ume of contrast material more quickly, a higher
intraarterial first-pass concentration can be
achieved, resulting in increased signal intensity.
This approach may alleviate some of the SNR
reduction caused by the application of parallel
imaging. Another approach to the SNR problem
is to image at higher magnetic field strengths; 3-T
clinical systems have recently been introduced by
most vendors, and several authors have demon-
strated that MR angiography is particularly suited
to this environment (21,22). The combination of
3-T imaging and parallel imaging techniques is
therefore very attractive and may become a com-
mon clinical technique in the future.

Alternatives to 3D contrast-enhanced MR an-
giography may also benefit from parallel imaging.
Time-of-flight techniques are of limited value in
the chest and abdomen because the long acquisi-
tion times preclude breath-hold imaging. This
can be alleviated to some extent with parallel im-
aging. Phase-contrast sequences are also limited
by relatively long acquisition times, which can
similarly be reduced by the application of parallel
imaging. For example, cardiac-gated cine phase-
contrast sequences are useful in a number of clini-
cal situations to quantify velocity or blood flow.
In most thoracic and abdominal applications, ac-
quisitions during suspended respiration are desir-
able because they allow accurate tracing of vessel
borders free from respiratory motion artifact.

To achieve acquisition during suspended respi-
ration, most breath-hold cine phase-contrast se-
quences employ a segmented k-space acquisition
scheme in which a number of k-space lines, or
views per segment, are sampled for each phase of
the cardiac cycle every heartbeat. As the number
of views per segment increases, the acquisition
time shortens but the temporal resolution of ve-
locity sampling is reduced, and this may limit the
accuracy of measurements in regions of rapidly
varying velocity and flow. By reducing the total
number of sampled k-space lines, parallel imaging
offers additional freedom in balancing the de-
mands of relatively short acquisition times and
adequate temporal resolution. Steady-state free
precession sequences have been used as a nonen-
hanced bright-blood vascular technique; this

Figure 7. Image from 3D contrast-enhanced MR
angiography of the abdominal aorta performed with
SENSE (acceleration factor � 2, applied in the in-
plane right-left direction) to improve spatial resolution.
Forty 1.6-mm-thick sections were obtained in 21 sec-
onds with an in-plane matrix of 320 � 256 and a
32-cm FOV, yielding a high spatial resolution of 1.0 �
1.25 � 1.6 mm.
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method in combination with parallel imaging is
particularly effective for very rapid screening of
large veins or arteries in patients who are short of
breath or incapable of suspending respiration
(Fig 8).

Dynamic Contrast-enhanced Imaging
Contrast-enhanced 2D and 3D fat-saturated
SPGR sequences are commonly used to identify
and characterize parenchymal lesions in the liver,
kidneys, pancreas, and other organs. Achieving
complete coverage with adequate temporal and
spatial resolution can be challenging at times; this
is particularly true for lesions that enhance in the
arterial phase and rapidly wash out, such as small
hepatocellular carcinomas, focal nodular hyper-
plasia, and certain metastatic lesions. Parallel im-
aging can be used to reduce acquisition times,
thereby optimizing the length of the arterial phase
and minimizing motion artifact from poor breath
holding. Alternatively, spatial coverage can be
increased in the same acquisition time or spatial
resolution can be improved (Figs 9–11) (23,24).

Fast SE Imaging
Fast SE, single-shot fast SE, and fast-recovery
fast SE sequences are a mainstay of abdominal
and pelvic imaging. Single-shot fast SE sequences

are particularly useful for MR cholangiopancre-
atography but are occasionally limited by image
blurring, which is caused by the long echo train
length of these sequences (24,25). Parallel imag-
ing, by acquiring only half or fewer of the usual
number of phase-encoding steps, shortens the

Figure 8. Coronal 2D fat-saturated steady-state free
precession image of a patient with a metastatic pheo-
chromocytoma, obtained with SENSE (acceleration
factor � 2, applied in the in-plane right-left direction),
shows metastases compressing the intrahepatic inferior
vena cava. Twenty 2-mm-thick sections with a 224 �
256 matrix were obtained in a breath hold of 15 sec-
onds.

Figure 9. Contrast-enhanced fat-saturated SPGR imaging performed with SENSE (acceleration factor � 2) in a
patient with a renal cell carcinoma invading the right renal vein and inferior vena cava. (a) Coronal early venous
phase 3D image. Sixty 3-mm-thick sections with a 256 � 224 matrix were obtained in 18 seconds. (b) Axial 2D im-
age. SENSE was used to improve the spatial resolution (320 � 256 matrix) with only minimally increased acquisition
time.
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Figure 10. Axial arterial phase (a, b) and portal venous phase (c, d) fat-saturated 3D SPGR images of a patient
with a metastatic neuroendocrine tumor. The images were obtained with SENSE (acceleration factor � 2, applied in
the anteroposterior phase-encoding direction), with a and c acquired slightly superior to b and d. SENSE was used
to achieve both excellent temporal and excellent spatial resolution. In this case, achieving optimal timing and ad-
equate coverage in the arterial phase was crucial because many of the early enhancing hepatic and osseous metastases
could not be visualized on images from subsequent phases.

Figure 11. Axial contrast-enhanced fat-saturated 3D
SPGR image of a patient with renal insufficiency who was
suspected to have a pulmonary embolus. SENSE (accel-
eration factor � 2.2, applied in the anteroposterior in-
plane phase-encoding direction) was used to reduce the
acquisition time to 10 seconds because the patient was
moderately short of breath. Note the large embolus in the
left lower lobe segmental artery (arrow).
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echo train length significantly and thereby helps
reduce image blurring (Fig 12). Parallel imaging
also reduces the minimum repetition time (TR)
for single-shot fast SE, fast SE, and fast-recovery
fast SE sequences because the echo train length is
reduced by a factor of two or more, and this in
turn allows shorter acquisition times. The reduc-
tion in TR may not always be desired, but it is
occasionally useful for sequences requiring sus-
pended respiration that would otherwise have
prohibitively long acquisition times (Fig 13).

Breath-hold fast SE and fast-recovery fast SE
sequences are commonly used in hepatic imaging;
however, it is generally conceded that the conspi-
cuity of solid lesions is lower than that achieved
with respiratory-triggered fast SE sequences. This
is also at least in part related to the longer echo
train lengths needed to achieve adequate coverage
and spatial resolution within a breath hold. Paral-
lel imaging can be used to reduce echo train
lengths in these sequences without significantly
increasing acquisition times and thereby may im-
prove lesion conspicuity. The versatility of paral-
lel imaging therefore allows a number of different

approaches to modifying standard fast SE se-
quences: reduction in the minimum TR, in-
creased number of sections per acquisition at a
fixed TR, improved spatial resolution for a fixed
acquisition time, or even multiple signals aver-
aged during a breath-hold acquisition (26).

Cardiac Imaging
Cardiac MR imaging is particularly well-suited to
the application of parallel imaging (9,27–31).
Standard examinations generally consist of a large
number of breath-hold acquisitions; this can be
burdensome even under the best of circumstances
and is especially problematic in patients with se-
vere cardiac disease and shortness of breath. Par-
allel imaging can reduce the total number and/or
length of breath holds required in an examination
and thereby significantly reduce the total exami-
nation time. For example, complete coverage of
the heart with short-axis cine steady-state free
precession images can be achieved in three or four
breath holds rather than 10–12 (Fig 14). In fact,
the entire heart can be covered in a single breath
hold by employing higher acceleration factors and
making minimal compromises in spatial resolu-
tion. Black-blood double and triple inversion-
recovery sequences likewise have high SNR and

Figures 12, 13. (12) Coronal single-shot fast SE image obtained without (a) and with (b) SENSE (acceleration
factor � 2). Although the SENSE image has slightly diminished SNR, it also has slightly less blurring. (13) Maxi-
mum intensity projection image from 3D fast-recovery fast SE MR cholangiopancreatography. SENSE (acceleration
factor � 2) was used to reduce the acquisition time sufficiently so that an adequate volume could be obtained within
a comfortable breath hold.
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Figure 14. Short-axis cardiac steady-state free precession cine images (in end diastole) obtained
from apex to base by using SENSE (acceleration factor � 2). Three sections were acquired per
breath hold, allowing the total acquisition time to be considerably shortened.
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relatively long acquisition times; these sequences
also benefit from parallel imaging with reduced
acquisition times (Fig 15) (32).

Electrocardiographic gating is a frequent
source of frustration in cardiac MR imaging, par-
ticularly in patients with frequent premature ven-
tricular contractions or other arrhythmias. Paral-
lel imaging reduces the number of electrocardio-
graphic triggers needed to successfully acquire an
image and can thereby increase the probability of
success in patients in whom gating is difficult.
Parallel imaging also has something to offer for
the occasional patient in whom electrocardio-
graphic gating is completely unsuccessful: The
application of high acceleration factors and rela-
tively low spatial resolution has allowed ungated
real-time cine imaging to be performed with
frame rates as high as 20–30 per second (27,29,33),
which is more than adequate for quantification of
ejection fraction and cardiac volumes. This fast
real-time imaging capability will also be impor-
tant as interventional MR imaging moves into the
clinical arena.

Cine phase-contrast sequences are useful for
measuring blood flow in a number of circum-
stances, including quantification of intra- or ex-
tracardiac shunts and quantification of valvular
insufficiency. Breath-hold acquisitions allow
much better definition of vessel borders but are
somewhat limited by temporal resolution. As
noted earlier, parallel imaging should help im-
prove the temporal resolution of these techniques
and thereby improve their accuracy and reliability.

Coronary artery imaging remains a challenging
aspect of cardiac MR imaging. Coronary MR an-
giography techniques are often divided into breath-
hold and navigator-gated methods. Breath-hold
methods have the advantage of speed and the op-
portunity for use of intravenous contrast material,
but they are often limited by the spatial resolution
achievable within a reasonable breath hold. Paral-
lel imaging allows increased spatial coverage or
increased spatial resolution without increasing the
acquisition time, although at a cost of reduced
SNR (Fig 16) (34).

Breast Imaging
Dynamic contrast-enhanced breast MR imaging
is now a common clinical technique and has dem-
onstrated high sensitivity for detection of subtle
lesions often missed at mammography. Specificity
can be improved by evaluating the enhancement
characteristics of these lesions over time. Three-
dimensional SPGR sequences offer excellent spa-
tial resolution, but coverage of both breasts with
adequate temporal resolution has been problem-
atic. Parallel imaging offers a solution to this
problem, allowing increased spatial coverage
without increasing the acquisition time so that
both breasts can be evaluated with adequate tem-
poral resolution for distinguishing benign from
malignant enhancement patterns (Fig 17).

MR Enterography and Colonography
Interest in bowel imaging with MR has increased
dramatically in the past few years. The most com-
mon techniques generally employ 2D or 3D con-
trast-enhanced fat-saturated SPGR sequences in

Figure 15. Axial double (a) and triple (b) inversion-recovery images of a patient with lung cancer and mediastinal
metastases. SENSE (acceleration factor � 2) was used to reduce the acquisition time from 15 seconds to 8 seconds.
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conjunction with a low-signal-intensity intralumi-
nal contrast agent, as well as bright-lumen single-
shot fast SE and steady-state free precession im-
aging. A frequent problem with many of these
studies is peristalsis, which degrades images
through motion artifact. Parallel imaging can be
used to reduce acquisition times and thereby di-
minish the amount of motion artifact (Fig 18).

Novel Applications
Although the idea is not intuitively obvious, paral-
lel imaging may be used to increase SNR. For
example, Weiger et al (35) have shown that paral-

lel imaging can be used to increase SNR in steady-
state gradient-echo sequences by allowing the
choice of a longer TR for the same acquisition
time. They advocate the concept of regarding par-
allel imaging as an additional degree of freedom
in optimizing SNR. Likewise, another strategy for
increasing SNR in fast gradient-echo sequences is
to use the time efficiency of parallel imaging to
decrease the receiver bandwidth, thereby improv-
ing SNR.

Parallel imaging may be used to image a small
FOV without wraparound artifact. Here the effec-
tive acceleration factor is 0, and the sensitivity
maps are used to reconstruct an image that was
acquired without reduced k-space sampling. Par-
allel imaging is also useful for reduction of spe-
cific absorption rate in pulse sequences with mul-
tiple echoes, high flip angles, and so on, particu-
larly at high magnetic field strengths.

By reducing the total number of radiofre-
quency pulses, parallel imaging can significantly
reduce the specific absorption rate; this is likely to
be particularly useful in 3-T systems. Parallel im-
aging offers additional advantages for high-field-
strength imaging (36). As the main field strength
increases, T2 and T2* generally decrease, leading
to increased image blurring and artifacts in se-
quences with long readout echo trains (echo-pla-
nar imaging, spiral imaging, single-shot fast SE).

Figure 16. Subvolume maximum intensity
projection image of the right coronary artery
from nonenhanced fat-saturated steady-state free
precession MR angiography performed with
SENSE (acceleration factor � 2). Both spatial
resolution and spatial coverage were slightly in-
creased over those achieved with the standard
acquisition.

Figure 17. Sagittal image of a patient with re-
sidual breast carcinoma after an excisional bi-
opsy, obtained with a dynamic contrast-en-
hanced 3D fat-saturated SPGR sequence. Use of
SENSE (acceleration factor � 2) allowed cover-
age of both breasts with adequate spatial resolu-
tion and adequate temporal resolution.

Figure 18. Coronal contrast-enhanced fat-
saturated 2D SPGR image of a patient with
Crohn disease shows mild thickening and en-
hancement of the terminal ileum. SENSE (accel-
eration factor � 2) was used to reduce the acqui-
sition time and thereby decrease motion artifact
caused by peristalsis.
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The use of parallel imaging techniques will mini-
mize these effects by reducing the echo train
lengths of these sequences. SNR limitations have
generally prevented the use of very high R factors
in parallel imaging. Wiesinger et al (37) examined
the concept of ultimate SNR in terms of the coil g
factor as a function of field strength and accelera-
tion factor R. For low and moderate field strengths,
the critical reduction factor (leading to exponential
growth in g and diminished SNR) lies between 3
and 4. At much higher field strengths (eg, 7 T),
the feasible range of acceleration factors increases
markedly, suggesting that at very high field
strengths parallel imaging may be even more use-
ful.

Parallel imaging has been used in a number of
ways to reduce motion artifact. For example, it is
standard practice to average the signal from mul-
tiple acquisitions to reduce the effect of motion
that is not consistent between acquisitions and
improve SNR. Of course, use of multiple signals
averaged adds considerably to the acquisition
time, which is problematic in breath-hold applica-
tions. However, a parallel acquisition with two
signals averaged can be performed in the same
time as a single conventional acquisition and may
reduce motion artifact. As noted earlier, image
blurring as well as artifacts related to magnetic
field inhomogeneities are prominent in long echo
train sequences and can be reduced by the use of
parallel imaging. A variant of parallel imaging has
been applied to multishot echo-planar imaging to
reduce artifacts, resulting in reduced distortion
from off-resonance effects and in-plane flow (38).

Although most clinical applications of parallel
imaging involve acceleration factors of 3 or less, a
few investigators have demonstrated that accept-
able image quality can be obtained with much
higher acceleration factors (39,40). For example,
Zhu et al (39) used a 32-channel coil to achieve a
16-fold acceleration while still preserving reason-
able image quality.

Limitations
Parallel imaging is a versatile technique with a
large number of useful applications, as described
earlier. However, it is not without limitations.
The significant loss in SNR means that sequences
with inherently low SNR are not good candidates
for parallel imaging. Likewise, SNR limitations
must be kept in mind when parallel imaging is
used to improve spatial resolution. Reconstruc-
tion artifacts are occasionally problematic. Al-
though many of these can be minimized by care-

ful attention to technique, some are unavoidable
and may significantly reduce image quality. Many
other techniques are available to reduce acquisi-
tion times, including partial Fourier, partial echo,
use of a partial phase FOV, and decreased spatial
resolution. These alternatives have their own limi-
tations, but it is often worth exploring one or
more of these options before resorting to parallel
imaging.

Conclusions
Parallel imaging constitutes a family of techniques
in which the number of sampled k-space lines is
reduced, often by a factor of 2 or greater, thereby
significantly shortening acquisition times. These
methods have a wide range of potential clinical
applications, primarily involving reduction in ac-
quisition time, improved spatial resolution, or a
combination of the two. Improvements in image
quality can be obtained by reducing echo train
lengths of fast SE and single-shot fast SE se-
quences. Parallel imaging is particularly attractive
for cardiac and vascular applications and will
likely prove valuable as 3-T body and cardiovas-
cular imaging moves into standard clinical prac-
tice. Limitations of parallel imaging include re-
duced SNR and reconstruction artifacts. It is
important to consider these limitations when
deciding when to employ these techniques.
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