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Recently a self-calibrating SMASH technique, AUTO-SMASH,
was described. This technique is based on PPA with RF coil
arrays using auto-calibration signals. In AUTO-SMASH, impor-
tant coil sensitivity information required for successful SMASH
reconstruction is obtained during the actual scan using the
correlation between undersampled SMASH signal data and ad-
ditionally sampled calibration signals with appropriate offsets
in k-space. However, AUTO-SMASH is susceptible to noise in
the acquired data and to imperfect spatial harmonic generation
in the underlying coil array. In this work, a new modified type of
internal sensitivity calibration, VD-AUTO-SMASH, is proposed.
This method uses a VD k-space sampling approach and shows
the ability to improve the image quality without significantly
increasing the total scan time. This new k-space adapted cali-
bration approach is based on a k-space–dependent density
function. In this scheme, fully sampled low-spatial frequency
data are acquired up to a given cutoff-spatial frequency. Above
this frequency, only sparse SMASH-type sampling is per-
formed. On top of the VD approach, advanced fitting routines,
which allow an improved extraction of coil-weighting factors
in the presence of noise, are proposed. It is shown in simula-
tions and in vivo cardiac images that the VD approach signifi-
cantly increases the potential and flexibility of rapid imaging
with AUTO-SMASH. Magn Reson Med 45:1066–1074, 2001.
© 2001 Wiley-Liss, Inc.
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The traditional method for reducing MRI acquisition time
has been the use of faster gradient hardware in conjunction
with shorter data acquisition periods. Recently developed
partially parallel acquisition (PPA) techniques (1–7) allow
an elegant and significant reduction in imaging time by
using the spatial information inherent in a multiple re-
ceiver coil array. In these rapid MRI techniques multiple
phase-encoded data are derived in parallel from a single
phase-encoded NMR signal.

The simultaneous acquisition of spatial harmonics
(SMASH) technique (3) was the first practical PPA
method. A factor of two to four savings in scan time has
been demonstrated in vivo using SMASH with commer-
cially available radiofrequency (RF) coil arrays, and up to
an eightfold increasing in imaging speed has been
achieved in phantoms using specialized RF hardware (8).
When applied to single-shot imaging, SMASH enables sin-
gle-shot images with increased spatial resolution without
increasing imaging time and without requiring increased
gradient performance or increased RF power deposition
(9). One notable limitation of the original SMASH imaging
technique was its demand on the measurement of compo-

nent coil sensitivities for spatial harmonic generation.
This can be a cumbersome, inaccurate, and time-consum-
ing procedure, which in the worst-case scenario can elim-
inate the time advantage of the SMASH technique, and
thereby limits potential applications of faster imaging with
SMASH.

To address these limitations, an internal calibration
technique for SMASH imaging, AUTO-SMASH (4), in
which coil sensitivity information can be detected during
the actual scan by an auto-calibration mechanism, was
developed. AUTO-SMASH has the major advantage that
the component coil-weights, necessary for SMASH recon-
struction, can be determined for each individual scan in-
dependently and without a significant increase in imaging
time. The advantages of this internal sensitivity reference
method are that no extra coil array sensitivity maps have to
be acquired, and it provides coil sensitivity information in
areas of highly nonuniform spin density.

However, AUTO-SMASH revealed a sensitivity to noise
in the experimental data (4), and to residual fold-over
artifacts due to mismatch and mixing between the spatial
frequency components of the image whenever there are
deviations from ideal spatial harmonics. We developed
two strategies to overcome these reconstruction imperfec-
tions. First, we implemented and analyzed a variable-
density (VD)-AUTO-SMASH approach to understand the
effect of allocating sampling density and to evaluate its
potential for artifact reduction. Second, we reduced coil-
weighting fit errors and corresponding image artifacts due
to an improved coil-weighting factor estimation. Details of
the acquisition, fitting, and reconstruction strategies and
their synergetic combination are provided below, along
with illustrative results from simulations and imaging ex-
periments. It is shown that the more relaxed requirements
in VD-AUTO-SMASH lead to a more reliable reconstruc-
tion, with reduced sensitivity to noise in the experimental
data and fewer imperfections in the spatial harmonic gen-
eration.

THEORY

SMASH/AUTO-SMASH Techniques

To highlight the key features of the VD-AUTO-SMASH
approach, we first summarize the basic SMASH/AUTO-
SMASH techniques by reviewing some results from Refs.
3 and 4.

In the original SMASH study (3), it was shown that it is
possible to reconstruct many lines of k-space from a single
acquired line. SMASH achieves this encoding efficiency in
that it uses combinations of signals from an array of sur-
face coils to directly mimic the spatial-encoding normally
performed by phase-encoding gradients. In this approach,
signals from the various array components are combined
by appropriate linear combinations of component coil sig-
nal with different linear weights nl

(m), to generate compos-
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ite sensitivity profiles Cm
Comp with sinusoidal spatial sen-

sitivity variations (spatial harmonics of order m) on top of
the original profile C0

Comp:

Cm
Comp~x, y! 5 O

l51

L

nl
~m!Cl~x, y! 5 C0

Compexp$imDkyy%. [1]

Here Cl is the coil sensitivity function of coil l at position
(x, y), where l 5 1, . . , L for an L-element array coil, m is an
integer that specifies the spatial harmonic number, i 5
=21, and Dky 5 2p/FOV denotes the minimum k-space
interval corresponding to the desired field of view (FOV).
If the composite sensitivity profiles generated in this way
match the spatial harmonic modulations of phase-encod-
ing gradients, the result is a k-space distribution shifted by
precisely the same amount (mDky) as would have resulted
from a traditional gradient step:

Sm
Comp~kx,ky! 5 EEdxdy Cm

Compr~x,y!exp$ikxx 1 ikyy%

5EEdxdy C0
Compr~x,y!exp$ikxx 1 i~ky 1 Dky!y%. [2]

For accurate reconstruction, the SMASH technique relies
upon accurate knowledge or estimation of the relative RF
sensitivities of the component coils in the array in order to
determine the optimal complex weights nl

(m). Therefore,
the most important step in a practical SMASH implemen-
tation is to measure the sensitivities of the various array
elements. This is a nontrivial problem in vivo, since many
factors affect the NMR signal besides coil sensitivity vari-
ations, making extraction of coil sensitivity information
difficult. There may be additional effects of coil loading
that are subject dependent, which can not be easily mod-
eled and may result in unpredictable behavior. In general,
in vivo coil sensitivity calibration can be a problematic,
inaccurate, time-consuming procedure in many cases—
especially in cases with low signal-to-noise ratio (SNR)
and tissue motion. This problem occurs in all PPA meth-
ods based on the SMASH or the sensitivity encoding
(SENSE) (5) approaches.

The AUTO-SMASH approach avoids these limitations
by recording a small number of additional autocalibration

signals (ACS) during the actual scan. The ACS lines are
added to the acquisition, which is shown schematically in
Fig. 1 for reduction factors of 2–4 (Fig. 1a–c). In general, if
R stands for the reduction factor, (R –1) extra navigator
ACS lines are acquired, which are exactly shifted by an
amount of mDky (m 5 1, . . . , R – 1). Thus the ACS navi-
gator signals represent lines at intermediate positions in
k-space, which are phase encoded in a conventional man-
ner using the phase-encoding gradient. The relation be-
tween these navigator reference lines Sl

ACS and the usual
SMASH signal data lines Sl is then used to “train” SMASH
reconstruction directly in k-space. The set of linear
weights nl

(m) can be determined automatically, without the
intermediate step of coil sensitivity measurements, by us-
ing the relations between the conventional SMASH data
set and the extra acquired ACS data. A schematic depic-
tion of this procedure is shown in Fig. 2 for a four-element
array. The desired optimal complex weights nl

(m), are de-
termined from the following fit function:

SComp~ky 1 mDky! 5 O
l51

L

nl
~m!Sl~ky!

5 O
l51

L

nl
~0!Sl

ACS~ky 1 mDky!. [3]

In Eq. [3], SComp stands for the composite ACS, which is
shifted precisely mDky from the SMASH signal Sl (ky). This
expression can be written in matrix form, which leads to
the following equation for a four-element coil array:

SComp~k1, . . . , kNx, ky 1 mDky!

5 ~n1
~m!n2

~m!n3
~m!n4

~m!!1
S1~k1, . . . , kNx, ky!
S2~k1, . . . , kNx, ky!
S3~k1, . . . , kNx, ky!
S4~k1, . . . , kNx, ky!

2 . [4]

SComp and Sl now indicate vectors with Nx elements,
where Nx is the number of sampled data points in the read
direction. The determination of the unknown coil weights
from this overdetermined linear equation system is called
an “inverse problem.” The solution of this inverse problem
can be obtained, for example, with the “pseudoinverse”:

FIG. 1. k-Space sampling scheme for AUTO-
SMASH. Measured k-space lines are indicated by
solid lines, missing k-space lines are indicated as
small-dotted lines, and the additional measured
ACS lines at intermediate position are indicated as
large-dotted lines. a: For a reduction factor R 5 2,
only every second line plus one single ACS line is
measured. b,c: The sampling scheme for reduction
factors R 5 3 and R 5 4.
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nl
~m! 5 SCompS*l~SlS*l!21. [5]

In Eq. [5], nl
(m) stands for the vector of the l complex

coil-weights, SComp is the vector of the composite ACS,
and S*

5l
is the transposed complex conjugate matrix of the

l-SMASH data lines. Implementation of the problem in
this way also facilitates the incorporation of numerical
conditioning into the process. The pseudoinverse that was
implemented for this work included numerical condition-
ing using a singular value decomposition, followed by a
singular value threshold.

In summary, the AUTO-SMASH self-calibration proce-
dure replaces an experimentally cumbersome and poten-
tially inaccurate coil sensitivity measurement with a tar-
geted acquisition of a few extra lines of NMR signal data.
Acquisition of the extra (R – 1) navigator lines adds only a
very small amount to the total acquisition time, and allows
direct “sensitivity calibration” for each image, even in
regions of inhomogeneous spin density and regardless of
coil loading. If flexible coil arrays are used, AUTO-SMASH
can provide accurate calibrations even if array positions
change from scan to scan.

However, both AUTO-SMASH and SMASH presume
that the coil-encoding procedure provided by the under-
lying array matches the conditions of Fourier encoding
precisely. Thus, these PPA techniques presume that the
necessary spatial harmonics may be faithfully represented
by linear superposition of component coil sensitivities. In
situations where the combined sensitivities deviate from
ideal spatial harmonics, reconstruction artifacts occur as
residual fold-over artifacts in both AUTO-SMASH and
SMASH reconstruction. Thus, AUTO-SMASH and
SMASH share the same operating limits in that they re-
quire the sensitivity functions of individual coils in an
array to generate spatial harmonics for a given FOV and
slice position. In addition, the coil sensitivity fitting pro-
cedure in SMASH and the self-calibration approach in
AUTO-SMASH are both affected by noise in the experi-
mental data, resulting in significant reconstruction arti-
facts in the low-SNR regime (4).

VD-AUTO-SMASH: Principles

The concept of improving the image quality by using a
variable-density approach is based on the assumption that

some parts of k-space can be measured with more accuracy
than others. In most imaging situations, the importance of
k-space lines decreases with increasing phase-encoding
values. This is the essential basis for many imaging con-
cepts and also the essential basis for the VD-AUTO-
SMASH approach. VD-AUTO-SMASH is, in spirit, similar
to the work presented by Luk et al. (11), who addressed
flow artifacts in echo-planar imaging; Weiger et al. (12),
who examined respiratory motion artifacts; and Tsai and
Nishimura (13), who addressed aliasing artifacts using a
VD k-space sampling trajectory. Since AUTO-SMASH is a
k-space related PPA technique, it is well suited to VD
sampling. In this approach we reduce residual aliasing
artifacts by exploiting the fact that in most images the
energy is concentrated around the k-space origin.

If k-space is uniformly undersampled, then aliasing ar-
tifacts will be dominated by low-frequency components.
These low-frequency, high-energy artifacts can be avoided
in imperfect AUTO-SMASH reconstruction by sampling
the central k-space with a density corresponding to a stan-
dard full FOV acquisition. The sampling density above a
certain cutoff-spatial frequency (COSF) is then decreased
to a “standard” SMASH density, 1/R. In the outer parts of
k-space above the COSF the reduction factor is R, which
we now refer to as the outer reduction factor (ORF). The
new k-space sampling pattern for VD-AUTO-SMASH is
shown schematically in Fig. 3c. For comparison, the k-space
sampling scheme of a full time reference acquisition (Fig. 3a)
and the conventional AUTO-SMASH acquisition (Fig. 3b)
are shown. In the same figure the corresponding sampling
density functions are plotted on the bottom row.

Thus, in VD-AUTO-SMASH several ACS lines for each
harmonic are acquired in the center of k-space. In the
following, it is demonstrated that these extra acquired
lines reduce high-energy fold-over artifacts when they are
included in the final image reconstruction, while at the
same time they also allow an improved determination of
the coil weights. In general, the improvement with this VD
approach comes at the expense of a longer minimum scan
time, which adds (R – 1 1 Nextra) 3 T to the SMASH scan
time, where Nextra stands for the number of additional
acquired ACS lines in the center of k-space, and T repre-
sents the repetition time or interecho spacing of the ap-
plied imaging technique.

FIG. 2. Determination of the coil weights for a four-
element array coil. Here, measured SMASH lines
Sl(ky) are fitted to a single composite ACS line
SComp(ky1mDky), which is shifted by mDky, yield-
ing the desired coil weights.
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Improved Coil-Weighting Factor Estimation: Principles

In general, image quality in reconstructed SMASH/AUTO-
SMASH images depends on how well the coil-weighting
factors can be extracted from the experimental data. Thus the
issue of contaminating noise in the data has to be addressed,
since any large error in the fit procedure results in residual
aliasing in the reconstructed image (see, e.g., Ref. 4). One
important practical aspect of the VD-AUTO-SMASH acqui-
sition is the possibility of improved fitting, achieving a re-
duction in the variability of the coil-weighting factor estima-
tion. In the following we present an algorithm that allows one
to extract improved values of the coil-weighting factors from

noise-corrupted ACS observations. In the original AUTO-
SMASH approach, only one fit between two single lines was
used to determine the coil weights for the corresponding shift
in k-space. In the VD approach, the acquisition of extra ACS
lines provides the possibility of improving this fit by taking
advantage of the several additional fitting combinations. This
is shown schematically in Fig. 4 for VD-AUTO-SMASH ac-
quisitions with ORF 5 4, and six ACS lines in total. In the
original AUTO-SMASH approach, just one fitting combina-
tion would be used to determine the first coil weights (see
Fig. 4a). The more sophisticated VD-AUTO-SMASH scheme
shown in Fig. 4b enables seven additional fits (eight total).

FIG. 3. k-Space sampling scheme for (a) the ref-
erence scan, (b) an AUTO-SMASH acquisition with
reduction factor of 2 (one ACS line), and (c) the
VD-AUTO-SMASH approach with three additional
ACS lines. On the bottom row, the corresponding
density functions are plotted schematically.

FIG. 4. AUTO-SMASH/VD-AUTO-SMASH acquisi-
tion schemes. a: In AUTO-SMASH only the fit be-
tween the SMASH line and the corresponding ACS
line is used to determine the coil weights. b: The
improved scheme of the VD approach enables
seven additional fits. c: Graphical depiction of how
to combine the signals to generate the enlarged
matrix of the coil data sets (bright gray block) and
the enlarged vector of the composite signals (dark
gray block).
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One straightforward approach would be to simply aver-
age these eight sets of fitted coil weights. The main draw-
back of this approach is that the estimation of coil weights
with ACS lines from the outer part of k-space, with signif-
icantly reduced SNR, is strongly affected by noise (see Ref.
4). The weighted averaging scheme (Fig. 4b) used in this
work takes the signal energy content of each particular
k-space line into account. The two regularly measured
SMASH lines Sl (ky 1 mDky) (with m 5 0,) and the six ACS
lines Sl (ky 1 mDky) (with m 5 1,2,3,5,6,7) are composed
in such a way that these eight coil data sets built an 8 z Nx

3 NCoil coil data matrix, where Nx is the number of sam-
pled points in the read direction and NCoil is the number of
coils in the array. This is shown schematically in Fig. 4c,
where the data sets of the above-described lines, which are
indicated by the bright gray block, are stacked into a ma-
trix. The vector of the composite signals is constructed in
the same manner, but every line is shifted by Dky (indi-
cated by the dark gray block in Fig. 4c). The estimation of
the coil weights is then performed with a fit between the
enlarged matrix and the enlarged vector. In this example,
the matrix and vector are eight times larger than those in
Fig. 2. In Fig. 4 only the estimation of the coil weights,
nl

(1), for a shift about Dky is indicated. However, it is
straightforward to apply the same procedure for larger
shifts in k-space. By computing the pseudoinverse in this
way, the relative contribution of the different lines is
weighted by the square of their intensity, which is equiv-
alent to the energy of the respective k-space lines.

METHODS

Simulated VD-AUTO-SMASH Imaging

The possible benefit of VD sampling was first explored
with computer simulations in order to have a well-con-
trolled imaging situation. First, simulated coil maps were
generated using an analytic integration of the Biot-Savart
equation, which was implemented in the Matlab program-
ming language (The Mathworks, Natick, MA). The geom-
etry of the underlying array, described below, is exactly
the same as for the in vivo experiments. For these simula-
tions, an image plane parallel to the plane of the linear coil
array, approximately 10 cm from the coil’s surface, was
assumed. Once simulated coil field maps were generated,
simulated VD-AUTO-SMASH imaging was performed in
the IDL programming environment (Research System Inc.,
Boulder, CO), using an image of the well-known Shepp-
Logan phantom. Simulated raw data sets with a matrix size
of 144 3 256 were generated with noise levels correspond-
ing to typical in vivo applications. The VD-AUTO-SMASH
images were reconstructed with various ORFs from 2 to
4 and a variable number of ACS lines in the center of
k-space.

In Vivo VD-AUTO-SMASH Imaging

For initial demonstration of the VD approach, VD-AUTO-
SMASH was also applied to routine cardiac scans that
were generated on a Siemens Vision 1.5 Tesla whole-body
clinical MR scanner (Siemens Medical Systems, Erlangen,
Germany). All raw data were obtained with a standard
gradient coil (rise time of 600 ms to a peak gradient ampli-

tude of 25 mT/m along all three axes) and the prototype
cardiac coil array described in Ref. 10. This array coil
consists of four overlapped component coils, with a total
spatial extent of 260 mm in the phase-encoding direction
and 230 mm in the read direction. The array extends in the
head–foot direction, and was used in a receive-only mode,
with the body coil providing homogeneous excitation.
During transmit, the array was actively decoupled from the
body coil. For imaging, a segmented turbo-FLASH with
nine lines per segment was used: flow compensation in the
slice and read directions, and an incremented flip angle
series (18°, 20°, 22°, 25°, 31°, 33°, 38°, 48°, and 90°). A TR
of 14.4 ms and TE of 7.3 ms resulted in an effective tem-
poral resolution of 131 ms. The images were obtained
during a single end-expiratory breathhold with the sub-
jects in a prone position above the coil array. The image
matrix was 144 3 256 for all reference scans. Healthy
volunteers were examined according to the guidelines of
the internal review board of the Beth Israel Deaconess
Medical Center. Informed consent was obtained before
each study1. Fitting of the coil-weighting functions and
image reconstruction were performed in the IDL program-
ming environment (Research System Inc., Boulder, CO).
To investigate the potential of the VD approach, data sets
with a varying number of ACS lines and ORFs from 2 to
4 were generated retrospectively by removing the appro-
priate number of k-space lines from the full time reference
data set.

Artifact Power

The resulting images, at each of the different acceleration
factors for the simulations and the in vivo data, were
subjected to a quantitative evaluation of the total artifact
power P. P is defined as the overall power of an artifact
image Ia, which is obtained by the complex difference of a
VD-AUTO-SMASH image IVD and a hypothetical, i.e., ar-
tifact-free, image I. In detail, the total artifact power P is
the total power in the complex difference image, found by
subtracting the reference and the VD-AUTO-SMASH im-
ages and squaring the magnitude of the result, divided by
the total power in the reference image, found by squaring
the magnitude of the reference image. In this manner,
artifact power was evaluated using a full FOV reference
and various VD-AUTO-SMASH reconstructions. The ref-
erence image without any acceleration was generated us-
ing a simple phased-sum reconstruction as in Refs. 3, 4, 8,
and 14. The reader should keep in mind that the artifact
power could be artificially elevated due to noise, even
when the folding artifacts are completely removed.

The artifact power vs. the total number of acquired k-
space lines, which corresponds to the scan time, was plot-
ted to evaluate the dependence between artifact power and
acquisition time for different reconstruction methods. The
curves for the different ORFs always start with the mini-
mum amount of ACS lines for an AUTO-SMASH recon-
struction (see Fig. 1). The stepwise acquisition of addi-
tional ACS lines was done in a centric reordered manner.

1It should be noted that the raw scans used in this study were first used in a
recent study of cardiac imaging with AUTO-SMASH (4).
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This means that the distance of the ACS lines from the
k-space center was increased with the increasing number
of additional lines.

RESULTS

To demonstrate the effects of the VD approach in com-
bination with the improved coil-weight fitting proce-
dure, a number of phantom and cardiac data sets are
presented.

We first show that the operation of stacking and fitting
multiple ACSs in parallel leads to an increased accuracy
beyond that provided by a single ACS line. In Fig. 5 the
calculated artifact power vs. the total number of acquired
k-space lines is plotted. In Fig. 5 the results obtained (left
column) for simulations using the Shepp-Logan phantom
with an SNR of 40, and (right column) for simulations
using the in vivo data are shown. To investigate the influ-
ence of the fit, all acquired ACS lines were used only to
improve the fit by averaging the estimated sets of coil
weights. This means that the ACS lines were not used to
replace reconstructed lines in k-space, so the number of
measured and reconstructed lines in k-space used for im-
age generation stays constant. For the normal averaging
method (gray curves), there is first a rapid decrease in
artifact power within only a few extra ACS lines. However,

further acquisition of ACS lines leads to an increasing
artifact power, since the outer lines contribute more noise
than signal. In contrast, the weighted averaging method
(black curves) achieves a constant artifact power level after
a few ACS lines. Especially in case of the in vivo data, the
use of the weighted averaging method has two effects on
the artifact power curve. First, the minimum artifact power
level is significantly lower than that for the conventional
averaging. Second, the fall off the fit with increasing dis-
tance of the ACS lines is completely prevented. The most
important aspect of these simulations is that just a few
additional ACS lines are necessary to reach the minimum
level of artifact power.

To demonstrate the efficiency of the VD method in im-
age space, simulations for the Shepp-Logan phantom with
an SNR of 40 and an image size of 144 3 256 are shown in
Fig. 6. The conventional AUTO-SMASH reconstruction,
with a reduction factor R 5 2 and the minimum amount of
one ACS line (Fig. 6b), is suboptimal at this level of accel-
eration. The calculated acceleration factor is 1.97 in this
case, since data acquisition was performed in 51% of the
total reference scan time. Using an acceleration factor of
2.0, VD-AUTO-SMASH with ORF 5 4, and 33 additional
ACS lines, leads to the image in Fig. 6c. Compared to the
reference image (Fig. 6a) this VD-AUTO-SMASH image
shows essentially equivalent image quality. To highlight

FIG. 5. Artifact power vs. the total number of acquired lines. Left graph: VD-AUTO-SMASH acquisition with noise for the Shepp-Logan
phantom. Right graph: VD-AUTO-SMASH acquisition for the in vivo data. To investigate the influence of the fit, the ACS lines were used
only to improve the determination of the coil weights. For comparison, the results achieved with normal averaging (gray curves) and
weighted averaging (black curves) are plotted in the same graph.
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the remaining image artifacts, corresponding difference
images between the reference and the reconstructed im-
ages are shown in the bottom row.

The combination of improved coil-weighting factor es-
timation and full sampling density in the center of k-space
leads to the artifact power curve shown in Fig. 7 for the in
vivo data. Here the extra acquired data sets are used to
improve the fit and to replace reconstructed lines in the
center of k-space with the phased sum of these ACS lines.
This graph summarizes two major results. First, it is
clearly visible that the same artifact power level could be
achieved faster with the ORF 5 4 acquisition than with the
ORF 5 2 acquisition (indicated by the horizontal line
between position a-b in Fig. 7). This can be explained by
the increased area with full FOV sampling in the center of
k-space, where most of the k-space energy is located. Sec-
ond, at an acceleration factor of 2.0 (indicated by the
vertical line between position a-c in Fig. 7), the best result
(the least artifact power) is achieved with ORF 5 4. It
should be stressed that the obtained results were achieved
with data sets that were generated retrospectively from full
time reference data. Thus, additional benefits such as re-
duced motion artifacts could be expected from actual ac-
celerated acquisitions.

As demonstrated by these results, VD-AUTO-SMASH
allows a flexible trade-off between image quality and ac-

quisition time. To demonstrate the benefits and efficiency
of the combined VD approach in image space, a set of
representative in vivo images (image matrix 144 3 256) is
shown in Fig. 8, demonstrating the efficiency of the pro-
posed VD approach. The most remarkable aspect of VD-
AUTO-SMASH image is the lack of any large artifacts, as
demonstrated by the difference image in the bottom row
(see Fig. 8e). This image was obtained in just 50% of the
reference image scan time.

DISCUSSION

In general, PPA techniques are used to reduce scan time
beyond the limits of purely gradient-encoded imaging ex-
periments. However, at the same time it is necessary to
find an acceptable compromise between the desired scan
time reduction and the image quality obtained. Thus, the
PPA speed advantage should be optimized in such a way
as to obtain the best possible result. To achieve this goal,
we used the importance of the center of k-space to moti-
vate the sampling density in VD-AUTO-SMASH imaging.
In the present work, two types of improvement due to VD
sampling were investigated: 1) the reduction of image ar-
tifacts effects due to a more full coverage of important
low-spatial frequency data, and 2) the improved determi-

FIG. 6. Imaging results for the Shepp-Logan phantom simulations using a four-element array coil for two different acquisition schemes. a:
The reference image with a matrix size of 144 3 256, and 100% acquisition time. b: The conventional AUTO-SMASH image. A single set
of coil weights was used for the reconstruction; the acceleration factor is 1.97 (51% of the scan time). c: In the same scan time, a
VD-AUTO-SMASH image with 33 additional ACS lines is acquired; the acceleration factor is 2.0 (50% of the scan time). Bottom row: The
corresponding difference images (scaled to highlight the artifacts) (d) between the conventional AUTO-SMASH image and the reference,
and (e) between the VD-AUTO-SMASH image and the reference.
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nation of coil-weighting factors. The simulations and ex-
periments performed in this work clearly demonstrate the
capability of VD-AUTO-SMASH to obtain images with
significantly increased image quality compared to stan-
dard SMASH/AUTO-SMASH reconstruction. In this
study, we have demonstrated reductions of scan time by
30–70% with respect to pure Fourier encoding for in vivo
imaging using a four-element coil array. A reduction in
scan time of approximately 30–70% corresponds to the
range between positions c and a in the graph shown in Fig.
7. In addition, it was clearly demonstrated that comparable
artifact levels can be achieved faster with high ORF acqui-
sitions, since in this case more acquisition time is avail-
able to sample the low-spatial, high-energy k-space data.
On the other hand, VD-AUTO-SMASH can achieve re-
duced artifact levels in the same image acquisition time
using high ORFs.

The most important key parameter for VD-AUTO-
SMASH optimization is the choice of the optimal COSF.
The COSF is difficult to quantify in general. The optimal
COSF is a complex function of many variables, including
the spin density of the object to be imaged and the perfor-
mance of the array. This also depends on the choice of the
imaging plane, the desired image quality, and the imaging
application. In general, the COSF should be large enough
to provide sufficient fold-over suppression but no larger
than necessary to preserve the speed benefits of PPA im-
aging. However, it should be stressed that in most imaging
situations, some level of image quality reduction is guar-
anteed compared to the full time acquisition, since there is
still important information in the periphery of k-space.

We are currently investigating optimum sampling den-
sities for various applications, since the spatial frequency
content for different applications may be quite distinct.
Therefore, it is clear that the density distribution should be

matched to the desired application. Further evaluation
and optimization of the k-space density distribution is
required. However, some initial insight concerning COSFOpt

can be gained from the plot of the integrated k-space en-
ergy vs. the k-space position. This kind of graph can lead
to a first guess concerning k-space energy and related
artifact power distributions. However, the first step in the
process would be for the user to decide on an acceptable
imaging quality for a given application and acceleration
factor. In cases in which optimal image quality is needed,
the corresponding VD-AUTO-SMASH will most likely de-
mand a high COSF factor. In applications in which a rapid
acquisition is the primary goal, a higher level of artifact
may be tolerated, and therefore a low COSF factor can be
used. In addition, there are many possible choices of sam-
pling densities that can be tailored to the specific applica-
tion of interest. For cases in which the most k-space energy
is expected in the low-spatial-frequency components, a
sampling density such as the one shown in Fig. 3c could
be used. On the other hand, for applications such as car-
diac tagging or angiography, a more homogeneous sam-
pling density might be optimal, since small objects contain
equal energy at all spatial frequencies. In general, arbitrary
sampling densities can be designed. Finally, a subtle yet
important result of this work is that the VD-AUTO-
SMASH approach works at arbitrary reduction factors be-
tween 1 and the number of coils used.

CONCLUSIONS

In the present work a new, improved approach for the
AUTO-SMASH imaging method using a VD acquisition in
combination with self-calibration signals was introduced
and examined. The features were compared with conven-
tional AUTO-SMASH and standard imaging experiments

FIG. 7. Artifact power vs. the total number of
acquired lines for in vivo VD-AUTO-SMASH ac-
quisition. The additional acquired ACS lines are
used to improve the fit and to replace the re-
constructed lines in the center of k-space. Fur-
ther details are described in the text.
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in simulations based on simulated and in vivo data. The
possible advantages are a significantly increased image
quality in moderately increased imaging times. The VD-
AUTO-SMASH approach allows one to find a good compro-
mise between scan time and image quality, which can be
adjusted freely to the imaging requirements. However, one
essential prerequisite for VD-AUTO-SMASH is the capability
of the underlying array to provide combined sensitivities that
match the conditions of Fourier encoding. Finally, the use of
additionally sampled calibration signals, as demonstrated
with VD-AUTO-SMASH, may play an important role in
other parallel imaging techniques, such as partially parallel
imaging with localized sensitivities (PILS) (6).
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FIG. 8. Cardiac imaging with VD-AUTO-SMASH using a four-element array coil for different acquisition schemes. a: The reference image
obtained in 16 cardiac cycles with 144 3 256 matrix size, and 100% acquisition time. b: The conventional AUTO-SMASH image. A single
set of coil weights was used for the reconstruction; acceleration factor is 1.97 (51% of the scan time). c: A VD-AUTO-SMASH image with
ORF 5 4 and 33 additional ACS lines; the acceleration factor is 2.0 (50% of the scan time). This result was obtained in the same time as
the conventional AUTO-SMASH image. Bottom row: The corresponding difference images (scaled to highlight the artifacts) (d) between the
conventional AUTO-SMASH image and the reference, and (e) between the VD-AUTO-SMASH image and the reference.
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