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Abstract

Recent studies described an alternative “ultrafast” scanning method based on spatiotemporal
(SPEN) principles. SPEN demonstrates numerous potential advantages over EPI-based
alternatives, at no additional expense in experimental complexity. An important aspect that SPEN
still needs to achieve for providing a competitive acquisition alternative entails exploiting parallel
imaging algorithms, without compromising its proven capabilities. The present work introduces a
combination of multi-band frequency-swept pulses simultaneously encoding multiple, partial
fields-of-view; together with a new algorithm merging a Super-Resolved SPEN image
reconstruction and SENSE multiple-receiving methods. The ensuing approach enables one to
reduce both the excitation and acquisition times of ultrafast SPEN acquisitions by the customary
acceleration factor R, without compromises in either the ensuing spatial resolution, SAR
deposition, or the capability to operate in multi-slice mode. The performance of these new single-
shot imaging sequences and their ancillary algorithms were explored on phantoms and human
volunteers at 3T. The gains of the parallelized approach were particularly evident when dealing
with heterogeneous systems subject to major T,/To* effects, as is the case upon single-scan
imaging near tissue/air interfaces.
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1 Introduction

One of Magnetic Resonance Imaging (MRI’s) most important aspects concerns the
development of schemes delivering the best possible images in the shortest acquisition
times. Fast two-dimensional (2D) imaging usually relies on either covering A-space on a
line-by-line basis using short repetition times TR [1-3], or scanning the full 2D k-space in a
single continuous acquisition. Echo Planar Imaging (EPI) [4] and its variants [5, 6] are
foremost choices to implement this second, “ultrafast” kind of single-shot scanning.
Although capable to deliver 2D images at multi-Hz rates, EPI involves tradeoffs in the
image’s spatial definition and in robustness to inhomogeneity- or shift-derived artifacts. EPI
is thus chosen when demanding high temporal resolution or avoiding motion-induced
blurring [7,8]. During recent years a single scan alternative has been discussed, based on a
spatiotemporal encoding (SPEN) of the spin interactions. In its original conception SPEN
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was proposed for acquiring multidimensional NMR spectra within a single scan [9, 10].
When extended to single scan imaging contexts [11-16] this modality was found akin to
earlier proposals developed by Kunz and Pipe [17-19], which tie the position of the spins to
distinct instants of excitation/inversion and of detection. SPEN achieves this by relying on
swept radiofrequency (RF) pulses that progressively excite or invert the spins, and on a final
acquisition gradient that locally unravels each location’s contribution. The resulting time
domain signal (FID) is proportional to the spatial spin density profile p being sought. This
FID(t) a p(r) condition avoids usual Nyquist constraints, and can endow SPEN with
significantly higher robustness to field inhomogeneities v7s-a-vis EP1 counterparts.
Additional advantages arise from the possibility of implementing SPEN in a “full
refocusing” mode that compensates all To*-related effects throughout the acquisition
[14,20], to examine restricted fields-of-view (FOVs) without suffering from folding artifacts,
and to extract spectral images of multiple chemical sites simultaneously at no additional cost
in experimental complexity [13,21]. Last but not least, initial bottlenecks pertaining low
spatial resolution or excessive specific absorption rate (SAR) values, could be circumvented
by using super-resolution (SR) reconstruction algorithms [22-24].

While these advances enable a wider range of ultrafast MRI SPEN applications,
fundamental sampling limits constrain further reductions in scanning times and ensuing
improvements in image quality. Parallel MRI (pMRI) may overcome these bottlenecks by
departing from the serial collection of the individual data points, and switching to a mode
whereby the different spatial sensitivities of phased- or multi-coil arrays [25-29] make up
for unfulfilled Nyquist demands. Several pMRI strategies have been proposed to skip ”
points in kspace —thereby reducing scan times by the same factor /- without suffering from
the penalties of k-undersampling [30-33]. The equivalences and differences between many
of these approaches have been extensively discussed in the literature [34,35]; regardless of
their specific form, the advantages resulting from pMRI have been unambiguously
demonstrated [31].

Stimulated by this background, and by the widespread availability of parallel receiving
facilities, this study explores a number of parallel imaging equivalents in the SPEN scenario.
In fact uses of pMRI in a SPEN-related approach known as RASER, have been reported in a
conference proceeding by Garwood et a/[36]. The main feature investigated in such study
concerned the pulse shaping approach needed for the implementation of parallel MRI in this
kind of method; a conclusion from that report was the important advantages that could be
gained, pending the resolution of a number of technical issues. The present study revisits this
problem, albeit with the use of different pulse shapes and of different image reconstruction
algorithms. Particular attention is paid on how to endow pMRI SPEN acquisitions with
multi-slice capabilities, and on incorporating onto the multiple-coil reconstruction super-
resolving algorithms. It is found that parallel SPEN imaging involving a multi-band linear
chirp pulse and data reconstruction by a suitably modified SR-enhanced version of SENSE,
benefits the ensuing single-scan images thanks to a substantial reduction of the excitation
and acquisition times. Phantom- and human-based MRI examples of the ensuing capabilities
and benefits are demonstrated; the advantages of relying in pMRI SPEN methods become
particularly evident when exploring inherently heterogeneous media —for example when
acquiring single-scan images next to air/tissue interfaces.
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2 Theory: SENSE and SR-Enhanced SENSE Reconstruction of Parallelized
SPEN Acquisitions

2.1 Parallelizing SPEN MRI by Imposing Multiple Stationary-Point (SP) Conditions

SPEN’s encoding is easiest to visualize in a single dimension, which for simplicity we will
denote as y, while ignoring chemical shifts or other kinds of offsets. In SPEN a chirp 90°
excitation or a post-excitation 180° swept inversion pulse is applied, sweeping at a constant

VG ez FOV

rate a targeted field-of-view of length FOV, between initial O;= — Y and final
VG exe FOV . I .
Op=— 5 offset values given by an excitation gradient G,y These sweeps,

lasting a time 7y, impose on the spins’ transverse magnetization a quadratic phase profile
of the form (24)

Geze (Y) :O‘2y2+aly+a0 (D)
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where as= — %, = — maTmE and ao= — Teze=—— for the case of a

2A0

. .  (1Ged)’Tiso _ 0;” . .
90° encoding; and o= — —————, a1 = 0, = — T180E for a 180° pulse encoding
(7190 being the duration of the swept 180° pulse). In these expressions AO= Of- O}, aq is a
linear term, and agq is an unimportant constant-phase term heretofore disregarded. SPEN’s
signal Sis acquired under the action of a field gradient G, acting over an acquisition time
Tacqr and adding a linear phase gac(V,0) = ¥ Gacgt- ¥ = K9 - 10 eq. (1). This leads to a
time-dependent signal:

SH)= [ p (y)eiéezs(y) ROy gy

_FOV
2

O]

Assuming that, if need be, an initial purging gradient 4, has shifted the minimum of eq
(1)’s parabola to the edge of the targeted FOV, G, will displace the vertex of the evolution
phase —/.e., the single coordinate fulfilling the stationary-point (SP) condition [24]

%[@Emc (y) + (kag—l—fyGvat) y]y:ySP =0 (3)

according to ysp(t) = -(FOV/2) + FOV(/Tacq). Given the destructive interference occurring
at all points other than those in the neighborhood of ysp(?), it follows that monitoring S(2)
can reflect the sample’s density p(y) in a point-by-point manner —not by Fourier transform,
but rather by direct measurement of ||S(t)||’s magnitude (24).
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Parallel MRI exploits the distinct spatial sensitivities { Cj} ;<j<nc available in an array of A,
receiver coils, to separate multiple signals that sparse sampling may have otherwise aliased
into one another. A reduction R in sampling time, R < N, can thus be achieved by skipping
measurement of every other R points in a k-<domain array, and FOV unfolding the image
distortions that this will incur in thanks to the use of A, independent coils to detect these
signals [3, 31]. One of the main considerations arising upon envisioning the use of pMRI in
SPEN-based acquisitions, is the fact that the latter are not based on Fourier principles. In
consequence, Fourier-based unfolding arguments will not apply in the kind of “rasterization”
that, according to eq. (2), SPEN makes of the spin density. Still, pMRI’s advantages could
manifest themselves in SPEN-based experiments, in a number of different fashions. Simplest
among these is probably the incorporation of parallel protocols with multi-slice excitations
tailored to parallel discrimination by distinct coils [37]. Still, the scenario that we consider in
this paper involves parallelizing the image-retrieval protocol along the SPEN dimension: as
is the case with EPI counterparts, speeding up acquisitions along this low-bandwidth
dimension offers added advantages in terms of a higher immunity to shifts and/or magnetic
field inhomogeneities, and therefore stronger signals and fewer distortions along the
corresponding plane. To achieve this pMRI will still require, as is the case with conventional
imaging, to simultaneously retrieve multiple portions of the image to be generated in the
real-space domain. This will in turn demand imparting, at the time of the SPEN encoding,
multiple stationary-point conditions. Multi-SPs can be achieved in a number of ways,
including multi-band hyperbolic secant excitation pulses [36], or the interspersing of pulses
with periods of RF-free evolution [38]. The present study implemented such multi-SP
conditions by synthesizing a single continuous waveform, made up by a vector sum of Ngp
chirp pulses sweeping multiple adjacent FOV/Ngp fields-of-view simultaneously. Assuming
that the sweep rates of these pulses as well as the gradient strength used in the acquisition
are kept as in a conventional SPEN scan, this would complete the encoding of the full field-
of-view in Ngpshorter times; a similar compression would affect the data acquisition
process. These two features could improve the resultant image quality by reducing To/Ty*
decays effects and limiting the effects of other decoherences during the excitation and
acquisition processes —this, provided that the final image is retrieved with minimal
reconstruction-related noises.

It follows that the experiments here proposed will rely on sweeping multiple frequency
ranges simultaneously, and hence imposing simultaneous parabolic phase profiles on
different parts of the sample. The amplitude and phase of the required RF pulse can be
summed up as

n=1

Nsp—1 +( 20
RF (t) :Bl (t) eism(t) (1+ Z e’l <N5p>n>
(4)

where B;(t) and ¢;(%) are the amplitude and phase of a “basis” chirp pulse, and AO = yGgyx,

AO
FOVis as in Eq. (1). As the spectral range of the “basis” pulse is kept at N—sp for all SP
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components, all sub-pulses will then impart profiles that are identical to one another yet
shifted in space. In other words, each parabolic phase will fulfill an encoding

d}u (Yn) :O‘g’yn2+a71lyn+0‘g (5)

FOV FOV < < FOV FOV N one
where =75 T N, (n—1)<yp<— 2 . My 1< n < Ngpi ag=0gfr g
or 0 (om?
parabolas, af=— ’yGemTwcﬁ with O]'=0,+ N (n—1), andaf=— Texcﬁ.

sp
During the course of the SPEN acquisition this pattern will originate a signal:

+EQY Ny | |
Sit)= [ Zp(yn) el¢2g,-c(yn)el.k(t)yndy
o ©)

Figure 1 displays excitation phase patterns imparted by such multi-band RF pulse
combination for the simplest Aigp= 2 relevant case, and illustrates the progression of the
parabolas thus imparted during the SPEN acquisition.

2.2 Reconstructing multi-SP SPEN MRI Data

The panels in Figure 1 indicate that, at any point over the acquisition time, the signal 5(2)
arising from the multi-SP excitation will reflect contributions from Ngp (>1) stationary
points. In this respect Nspplays a role akin to the /R acceleration factor in conventional
PMRI; both in terms of the number of image fold-overs, and of the factor by which the
original acquisition time is sped-up. Also as for pMRI, SPEN will need to rely on a parallel-
receive strategy to resolve the ensuing imaging ambiguities associated to multiple stationary
points. To carry this out we exploit the fact that the signal that any given coil jwill detect in
this kind of multi-SP experiments can be written as:

N.sp

Sé'm) (t X Ym,n) o ZCJ (Ym,n) Po (Ym,n) " PeacWmon) gtk (E)Ym,n @)
n=1

where n = 1,2..., Nspdenotes the number of imparted parabolas, the index 1 < j <A,
denotes a particular receiving coil, and m = 1,2,.. M reflects the discretization of the y-
coordinate being imaged. A single homogeneous coil fulfilling C; (5, ») = 1 does not allow
one to unravel the individual folded images. By contrast this opportunity does arise in SPEN
MRI, even though at the expense of the image’s spatial resolution. This is a consequence of
the different o factors corresponding to each of the imprinted parabolas; the mathematics of
the image reconstruction procedure in such instance, are further described in the Appendix
to this work. Although this single-coil multiband approach is of potential usefulness, we
focus here on a more common pMRI scenario, involving an array of coils possessing distinct
Cj (Vm,n) sensitivity profiles. A strategy that can then be adopted to exploit this information
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involves a straightforward use of the SENSE formalism, relying on the uneven spatial
sensitivity profiles of an array of detection coils to unravel the encoding imparted on specific
regions by the multi-SP procedure. Indeed, as the signals S;(z)in SPEN are a direct
reflection of the spin density at different points, their magnitude values /Sj(?)/is directly
equivalent to the /;()) images employed in a real-space SENSE reconstruction. In the spirit
of SENSE’s reconstruction one can then relate the signals originating in the different coils
with the spin density being sought as

Nap

ZCJ (ym,ﬂ) /3() (ym,n)

n=1

155 (1) =

(®)

where j=1,2,.....Nzand { ¥, » }mn bears the same meaning as in equation (7). This again
represents N, simultaneous equations with Nspunknowns; provided N, = Nsp, a pseudo-
inverse operation ,5 = 1S can reconstruct from this an unaliased image.

The procedure just described involves performing a SENSE reconstruction on a set of
signals arising from multiple coils, akin to the one that would arise in a “magnitude-mode”
SPEN image reconstruction —apart from potential differences in the receiving phases of the
various coils. It is known, however, that SPEN images obtained by magnitude signal
calculations might suffer a resolution penalty when compared against Fourier-transformed
(FT) images [16], unless acquired under strong excitation gradients or long encoding times
associated to high SAR values. As mentioned, these deficiencies can be alleviated by SR-
based algorithms [22] exploiting the oversampling occurring in this kind of experiments. SR
image improvements can also be exploited in the multi-SP parallel MRI framework just
introduced, once suitably incorporated into SENSE-type reconstructions. We refer the
ensuing formalism as SR-SENSE. Like its conventional single-SP counterpart, SR-SENSE
employs the extensive prior knowledge that the encoding and the acquisition parameters are
available in a SPEN experiment. Also in this case the SR algorithm will approach the data
arising from a multi-band chirp pulse leading to Ngpsignals emerging simultaneously from
adjacent fields-of-view, as an algebraic problem defined by an a priori known matrix A(ty),
that describes the phase modulation imparted by the action of the encoding pulses plus the
dynamic evolution arising from all encoding and decoding gradients, for each position y
within the sample. The signals Sj(?) collected by each coil can then be described as

JrF(lz)v Ngp—1

S(t)= f Z A(t:yn)cj(yn)P(yn)dy
—Fg n=0 ©

The point-spread-function of each encoded field-of-view fraction, A( y;,) will have periodic
quadratic phase profiles repeating in space, as depicted in the lower plots of Figure 1.
Because of the need to numerically solve for the density distributions arising from the p(y/;,),
it is convenient to describe each of these periodic distributions by a discrete index (/) rather
than by a continuous variable y; eq. (9) can then be rewritten in matrix-like form as
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S1 [ C1(Ym.0) Co(Ymo) -+ Cy, Umo) -‘ [ p(y
So C1(Ym,1) Co(yma) - Cy. (Ym,1) p(y
: (t): [ A(t, ym,O) A(taym,l) . A(t’ ymyN.@p*l) ] :m :m Ne : m \;
SNC 1 (ym‘Nsp—l ) Cs (ym,NSp—l ) """ CNC (%n,N_,,,ﬂ ) p(ym,
Alt, ym-,O)Cl (ym,o0)  Alt, ym,l)cl (ym,l) """ Alt, ym,Nspﬂ)Cl (ym,Nqu) P(ym,O)
| A Ym0)Caymo) Al yma)Co(yma) e At Y vy 1)C2(Yr w1 P(Ym.1)
A(tv ym,O)CNC (ym,O) A(ta ym,l)CNc (ym,1> """ A(t7 ym‘Nsp—l )CNC (ym.Nsp—l p(y"”-Ns[)*l )
(10)

The formulation is then akin to the classical SR formula S= Ap [22], except for the fact that
Alie. A(L ¥m,n)] is now weighted by the sensitivity profile C{y/y ). Such an extended SR
formulation can be written as Sayy= Aaxgoext [22], With Agyt= A(L Yimn) CJ Vim,p)- This kind
of equation can be inverted and the spatial density p can thereby be retrieved throughout
FOV, provided Agy;is well-conditioned —for instance, by using least squares criteria and

iterative regularization procedures to find Agy/s pseudoinverse matrix A .. In the present
case, and due to the relatively high condition numbers involved, solutions based on
pseudoinverse matrices were found to introduce artifacts. To get rid of these, and following
[22], a Gaussian weighting of the point-spread-functions Ay around their main diagonal and

a complex conjugation of the resulting Am (4’ *, which is the first iteration of Conjugate

ext !
Gradient formalism) were used for the spatial density reconstruction. To use Aewt*, however,
it is necessary to further normalize the coils’ different sensitivity contributions. This can be
appreciated from the simplest two-channels example: assuming an encoding based on Nsp=
2

A;zt+Sewt:A;zt+Aeztpext
A(t,Yymo) C1 (Ymo) At Ym1) C1 (Ym,1) Sy
A (t, ymﬁo) Co (ym,O) A (t, ym,l) Co (ym 1 S

A<tym¢>ca<ym1>] [<A<aymﬂ>ca(ymo> Alt, ymﬂ>ca<me>} { P,
A(
A

N

_ [ (t,Ym,0) C1 (Ym0

)
At Ymo) C2 (Ymo) At Ym,1) C2 (Ym,1) A(t,Ym,0) C2 (Ym,0) t,ym,1) Co (Ym,1) Prr
VﬂwM@mw@%MMmeAwQOm (tYm,1) C1 (Ym,1) m}
1, (ym,1> A (t ym,l) (ym 1) (t, ym,l) A (f ym,O) Cs (ym,O) A (t7 ym,l) Cs (ym,l) Prr
C+C3 €2 P,
€1 Cl2+022 |: Prr }
(11)

where g = Cl/(J/m,l)A/(l‘,J/m,l)A(l‘,J/m,O) Cl(,Vm,O)"'CZ/()/m,l)A/(f,J/m,l)A(l‘,J/m,O) G (Ymyp) and
&= C' Ymo)A (tYmo)AtYm1) CLm1)* C' Wm0 A  (£Ymo) At Ym1) Co(Vm1)- The e
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cross-terms appearing in eq. (11) complicate a stable calculation of the spatial densities
(Pmn=1.11- Since cross-terms of the A” x Ay type are very small, this complication was
bypassed by using

P - AI eztSe:ct
ext ‘dZ(J/g (A/ EItAE.’Et)| (12)

to invert eq. (11) and reconstruct the spatial spin density images throughout this study.

3 Materials and Methods

To explore the potential benefits of SPEN pMRI, the 2D “Hybrid” SPEN/K-space
parallelized sequences displayed in Figure 2 were tested. In both of these sequences SPEN
replaces EPI’s phase encoding, whereas the high-bandwidth axes remain encoded in the
usual A-space. Also in both cases, the image acquisition process is parallelized along the
SPEN-encoded dimensions. To achieve this the sequence in panel (a) employs a multiband
90° frequency-swept chirp pulse and imparts slice selectivity along the third dimension by a
slice-selective sinc 180° pulse; the sequence in panel (b) adapts this hybrid experiment to
rapid 3D multi-slicing by replacing the initial 90° excitation with a slice-selective pulse,
implementing SPEN by an adiabatic multi-band 180° inversion of the excited spins, and
adding a second, hard 180° pulse restoring the magnetizations of all the non-excited slices
back to the +zaxis for preventing unnecessary saturation effects. The timing of the various
pulses was set as described in [20] in order to achieve full To* refocusing of all voxels
decoded along the SPEN dimension: 7y~ T4 for the 90° multi-band pulse, and
T180=Tacq/2 for the 180° multi-band pulse.

In order to implement the SR-SENSE algorithm described above, a variety of choices for
retrieving and combining the coil sensitivity maps were explored. For conventional SENSE
reconstruction several options are available [35], such as normalizing each channel image by
an additional body coil image, or normalizing each channel image by a “sum of square”
image combined from the channels maps. pMRI experiments were here normalized by the
“sum of square” channels image principle, for single shot SPEN, single shot EPI, and multi-

_S; Ne
shot spin-echo MRI. In the first case i © while for the two others

Cj:lj/ %Vg'l?

] , where S;is the signal measured in SPEN experiment and /;is the image
(after Fourier Transform) measured in the k-space-based experiments. The three options
were found operational without distinct differences in reconstructed phantom images; in all
phantom and human brain images that will be presented here the first choice was applied
(using SPEN R=1 for sensitivity maps), while for breast images the multi-shot scan was
used for sensitivity maps.

All the hybrid sequences here assayed were custom written and implemented on a 3T
Siemens TIM TRIO clinical system, using a 4-channels head, a 32-channels head and a 4-
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channels breast coil. The multi-sweep RF and gradient waveforms were synthesized based
on available Siemens software, modified for the sequences in Figure 2 purposes. Images
were reconstructed in all instances using custom-written MATLAB packages, which
included the possibility to process hybrid SPEN-/k-space data with/without super-resolution
along the SPEN dimension, while using FFT along the k-dimension. Data manipulation
before SR processing [22] included alignment of positive and negative readout echoes; zero-
filling, weighting and other routine procedures along the A-domain. In addition, a variety of
reconstruction pMRI scripts were written and applied within MATLAB, using as a basis and
test platform the PULSAR open source [39]. Experiments were then conducted first on
phantoms —the ACR MRI Accreditation Program Phantom when assaying the brain coil and
two bottles with NaCl saline solutions mimicking human tissue in the breast coil setup- to
test the method’s ability to provide quality single-scan spatial images. This phantom is also
ideally suited for a quantitative comparison on the relative SNR merits of conventional
SPEN vsits pMRI variant, as well as between SPEN and EPI. The performance of the pMRI
hybrid SPEN sequences and reconstruction algorithms was also examined with a series of /n
vivo experiments on human volunteers (n7 = 5), focusing on both brain and breast scans.
These two regions were chosen owing to their distinct imaging characteristics, with the
former characterized by high homogeneity and a relatively static nature, and the latter
encompassing tissue heterogeneities and unavoidable cardiac motions. All human imaging
sessions were performed according to procedures approved by the Internal Review Board of
the Wolfson Medical Center (Holon, Israel) after obtaining written consents, and focused on
both brain and breast scans.

As the mutli-SP approach discussed above involves the design and use of new RF pulses,
SAR estimations become relevant. In hybrid sequences of the kind illustrated in Figure 2 the
estimated energy delivered by conventional chirp pulses has been reported [16]. The RF

nutation for a 90° chirp is then v B1=27 x 0.27 X /7Gx 'OV /Teyc. Since the 2SP chirp
pulse is a sum of two individual chirp pulses, the maximal power level to reach 90° flip
angle by the two field-of-view parts (or SPs) is estimated to be proportional to

\/2 YGexe FOV [Tere (as was verified by running Bloch simulation). SAR values
proportional to [|B;|2dttherefore become higher, but given the amplitude intereferences
resulting from the multi-band pulse phase modulations this integral was <1.5x higher than
comparable single-band encoding pulses. This was verified experimentally prior to the /n
vivo scans, by running sets of power calibration tests.

4 Results and Discussion

Comparisons between results afforded by scanner-supplied pMRI EPI protocols and results
afforded by the hybrid SPEN/A-space parallel imaging sequence of Figure 2a, are illustrated
in Figure 3. These single-slice results were implemented on an ACR MRI phantom on the
3T scanner, and in the SPEN instance they relied on a shaped pulse involving two adjacent
bands that were simultaneously encoded by a dual-sweep chirp pulse. A two-fold reduction
in both the encoding and the decoding times were thus achieved; also in the EPI case,
undersampling with R=2 lead to a similar two-fold reduction in scan time. The data was
collected in both cases using a four-receiver head-coil array; two pairs of receivers thus
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contributed to the multi-SP sensitivity encoding along the SPEN dimension. In this latter
case, the SENSE algorithm summarized in eq. (12) was applied on data collected by these
four receivers after the latter was subject to 1D FT along the k-axis; these results are
presented with and without the use of the SR algorithm (i.e., in the latter case, involving a
final magnitude calculation). A comparison of the EPI and hybrid SPEN pMRI results
illustrates the good unfolding that the SENSE algorithm implements on both of these
methods. Unfolded images are also characterized by a higher robustness to inhomogeneity
due to shorter echo times, but still retain minor experimental artifacts in the form of “ghosts”
in the EPI case. A coarse, limited resolution characterizes SPEN images if relying on pure-
magnitude calculations (Figs. 3¢ and 3f). By relying on a super-resolved processing (Figs.
3d, 3g) the image improvement is clear. A comparison among the two SR-SPEN images in
Figure 3 serves well to illustrate the main features associated to pMRI: by acting over
adjacent regions in parallel, the full FOV can still be imaged while increasing the signal
intensity of some image regions by nearly five-fold at no expense in image resolution. At the
same time, a seam between the two bands involved in the chirp excitation pulse, is also
evident for the AMsp=2 case. The SNR ratios of R=1 and R=2 images was compared between
SPEN and EPI scans, and are summarized at Table 1. The comparison was conducted using
average signals measured at three areas — one at the edge of the object, second at its center
and last at another edge, and standard deviation outside the object for the noise estimation.
At the first image edge, the SNR ratios for EPI and SPEN were similar, while at the “first
excited” edge (the second area in Table 1) the T, signal losses in the Alsp= 2 SPEN image
are considerably reduced, and SNR consequently enhanced (similar reduced T, weighting
appears in the third region). Further evidence for this effect is evident in Figure 4, which
presents a comparison between SPEN phantom images acquired with the usual SPEN
strategy (/.e., R=1), against one acquired with an R = 4 acceleration factor. The more
homogeneous signal intensities that the pMRI approach achieves by shortening the
excitation/acquisition times and attenuating the T, losses, is evident.

The experiments illustrated in Figures 3 and 4 involved a 90° chirp SPEN sequence and a
four-channel head coil detector for R=2 and a 32-channel head coil detector for R=4
acceleration factors. Figure 5 illustrates results obtained utilizing the 180° -based sequence
in Figure 2b, as tested on a phantom using a breast four-coil array for Ngp=1, 2. This is an
environment which can benefit even further than the brain from an accelerated scan, given

its need to cope with usually high inhomogeneities in field. Figure 5 shows results reached
using this sequence when executed under full-refocusing conditions. Comparisons are here
made upon using single- versus dual-band inversion pulses to encode the SPEN FOV, as well
as upon processing the data by “magnitude-mode” calculation or after SR-SENSE. A one-to-
one comparison of these data confirms that the SR-SENSE pMRI always delivers the highest
image quality. The improvement brought upon by the fully refocused SPEN acquisitions vis-
a-vis their EPI counterpart in terms of the shape of the objects’ shapes —which compare
much better with the multi-scan references for the former than from the latter— are also
evident in these images.

To complete these tests, the performance of the sequences discussed so far was examined on
human volunteers. Figure 6 compares a number of brain scans, collected on 5 mm wide axial
slices chosen at two different positions. The top row focuses on a middle cross section of the
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brain; this is a region liable to very good shimming, where the performance of the R = 2
spin-echo EPI sequence proves best. In particular, a signal distortion near the seam line can
be observed for the SPEN R = 2 counterpart. The lower row, by contrast, focuses on a cross-
section near the eyes, which is usually more prone to distortions due to By inhomogeneities.
In this latter region a conventional single-sweep Hybrid SPEN scan based on a chirped 90°
excitation, shows already a significant image improvement compared to spin-echo EPI; its
ability to refocus field inhomogeneities under the executed full-refocusing conditions, is
particularly evident when comparing the characteristic shapes of the eyeballs. Parallelizing
the Hybrid SPEN experiment by dual-band 90° chirps improves this image even further,
ameliorating further the inhomogeneity effects while increasing the image’s SNR due to its
shorter encoding and acquisition durations.

Single-scan methods could be particularly relevant for breast imaging, as in combination
with diffusion weighting and diffusion tensor methods they can provide qualitative and
quantitative information about tissue lesion types [40]. A multi-slice test based on the
sequence in Figure 2b, lead to the breast images presented in Figure 7. These fat-suppressed
human volunteer studies compare EPI and SPEN with R=2, using SENSE for the former and
SR-SENSE for the latter reconstruction. Both give similar results, with much better
performance and higher SNR from the connective tissues than their R = 1 counterpart. The
fat signal that can be observed around the connective tissue is better suppressed in SPEN
than in EPI, although the same fat suppression technique was used in both instances. Still,
although a higher SNR is observed in the SPEN R=2 scan, this image still suffered from
more blurring than its EPI counterpart. These effects probably reflect an incomplete reversal
of the inversion procedure arising from the swept pulses; further improvements on this
matter are being sought.

5 Conclusions

The aim of this study was to translate pMRI’s advantages, within a SPEN-based single-scan
imaging context. As described in Ref. 36, a basic ingredient to enable the parallelization of
these experiments involves using multi-band swept pulses encoding multiple adjacent spatial
regions simultaneously —either during excitation, or by inversion. Different methods of
image reconstruction were explored, starting from conventional SENSE reconstructions of
“magnitude-mode” images and evolving to SR-based SENSE strategies. Major
improvements in spatial resolution were observed upon using this SR-SENSE algorithm;
two additional advantages worth noting upon employing this algorithm included the removal
of ripple image modulations occurring in simple SENSE, as well as a nearly seamless image
reconstruction of the region interfacing the various multi-band pulses. It is interesting to note
that, despite the approximations that are involved upon using Agx's pseudoinverse as matrix
solution of eq. (14), simulations indicate that our image reconstruction protocol in the pMRI
case is still imperfect —leaving ~15% signal distortions at the regions of inter-band
interfacing. While further research to eliminate this residual via regularization procedures is
in progress, it is already clear that the potential of pMRI to improve sensitivity and minimize
time-dependent distortions can also be ported to this real-space ultrafast scanning mode.
Further clinical implementations of these advantages are currently in progress.
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Image reconstruction by Fourier shift - Hybrid SPEN pMRI with a single coil

We describe here another strategy for reconstructing images encoded with multi-band
pulses, that does not depend on sensitivity information —but rather on the differing terms that
according to eq. (7), multiple stationary points will exhibit in the values of their linear

{af'} _ . terms. The method is based on performing a Fourier-based filtration of the
signals corresponding to each stationary point, based on these linear differences. For
example, for the Ngp = 2 case, the signal () in equation (8) can be written as:

reg
Sity= [ [P(ym,())A(ta ym,o)-f—P(me)A(t, Ym,1 )ldy

FOV

2 Al

The specific of a particular {p(V/n »)}n=12SP can then be carried out by multiplying the
signal 5(t) with A(¢, v, »)’s complex conjugate; it’s phase modulation would this be
canceled while the modulations of all other SPs will remain, and this could be the basis of
each SP’s signal separation. For example, multiplying the signal in A.1 by the phasor
corresponding to the 15t stationary point (n=0) leads to

) g o
=0 (y) =S (t)-A" (¢, Ym,0) = }JOV P (Ym,o0) + Z P (Ymn) A, Ymn) A (t, Ym,o) | dy
——a n=1
A2

This operation negates the quadratic phase-term, corresponding to the 15t SP. Similarly
multiplying with the phase of n" SP negates the phase of that SP. A Fourier transform along
the acquisition time/space variable (which in SPEN are equivalent) é”:o(ky) = F= )},
leads to a A-space signal composed of two kind of terms: one will be an amplitude-
modulated but centered at & =0 representing the contribution of the demodulated stationary
point; the second will be a series of amplitude and phase modulated terms, corresponding to
the remaining SPs and dispersed away from k& =0. Provided that the object being imaged can
be described by a reasonably-behaved real function, the first term will occupy the center of
k-space whereas the rest will be shifted from this low-frequency region. The central echo
can thus be isolated using a filtering window in the <. domain, whose width is determined by
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one over the spatial resolution desired along the SPEN domain. A final step composed by an
inverse Fourier transform of the filtered A-domain data back to the y~domain,

{P(m0)} =FT {efal (k) } =FT {&" (k) - W1 (By™)} 5

eliminates the image components arising from all the non-demodulated terms, yielding the
raw data associated with a single SP out of the multi-band, multi-SPs that were excited.
Each of these bands can then be separated by an analogous procedure, and they can be
recombined —following if needed suitable SR reconstruction— to deliver the full image being
sought. Always while relying on a single-coil acquisition.

One important aspect of the FFT based algorithm just discussed, pertains is the efficiency of
the echo-separation procedure in the k,~domain. In order to optimize this process, the
different echoes should be well separated from each other. This requirement can be fulfilled
by suitably adjusting the experimental parameters used. With each echo’s location calculated
in advance, this separation process can be optimized. Still, a main drawback of this Fourier-
based multi-SP processing —and the reason why it is not pursued in further detail- pertains
its loss of information vis-a-vis the SR SPEN alternative discussed in the main text. This
limitation can be readily understood via the following example: taking Ng, = 2 and M = 64,
the echo-filtering process is carried out by isolating one of the echoes, locating it at the
center of the ky Fourier space, and then filtering out the rest half of the A-axis. This
decreases the number of data points in the filtered echo from 64 to 32, a number of pixels
that is preserved by the inverse Fourier transform. Repeating the same process of SP #2
eventually yields a 64 pixels image. This result is, however, problematic, due to the fact that
the original goal of acquiring M sample points using two SPs was to produce an image that
would have double that number of pixels; /.e., Ngp-M. Therefore, and at least as presented in
this Appendix, this method cannot gain resolution while shortening the excitation/
acquisition times. Its underlying concept may, however, be found effective for other needs —
for instance for shortening the encoding/decoding times, and thereby reduce T, and strong
intravoxel T,* effects.

Abbreviation

EPI Echo-Planar Imaging

FOV Field of View

FT Fourier Transform

MRI Magnetic Resonance Imaging
NMR Nuclear Magnetic Resonance
PE Phase-Encode

pMRI Parallel MRI

RF Radio frequency

Magn Reson Imaging. Author manuscript; available in PMC 2016 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmidt et al.

References
1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Page 14
RO Read-Out

SAR Specific Absorption Rate

SENSE Sensitivity Encoding

SP Stationary Point

SPEN SPatio-temporal ENcoding
SR Super-resolution

TE Echo Time

Haacke EM, Tkach JA. Fast MR imaging techniques and clinical applications. Am Roentgen Ray
Soc. 1990; 155:951-964.

. Chavhan GB, Babyn PS, Jankharia BG, Cheng HM, Shroff MM. Steady- state MR imaging

sequences — physics, classification, and clinical applications. Radio Graphics. 2008; 28(4):1147—
1160.

. Bernstein, MA.; King, KF.; Zhou, XJ. Basic pulse sequences. Handbook of MRI Pulse Sequences.

1st ed. Elsevier Academic Press; Burlington, MA, USA: 2004. p. 579-647.

. Mansfield P. Multi-planar image formation using NMR spin echoes. J Phys C. 1977; 10:L55-L58.
. Schmitt, F.; Stehling, MK.; Turner, R. Echo-Planar Imaging — Theory, Technique and Applications.

Springer-Verlag; Berlin Heidelberg New-York: 1998.

. Bernstein, MA.; King, KF.; Zhou, XJ. Echo train pulse sequences. Handbook of MRI Pulse

Sequences. 1st ed. Elsevier Academic Press; Burlington, MA, USA: 2004. p. 702-800.

. Charms RC. Applications of real-time fMRI. Nat Rev. 2008; 9:720-729.
. Basser PJ, Jones DK. Diffusion-tensor MRI: theory, experimental design and data analysis — a

technical review. NMR Biomed. 2002; 15:456-467. [PubMed: 12489095]

. Frydman L, Scherf T, Lupulescu A. The acquisition of multidimensional NMR spectra within a

single scan. Proc Natl Acad Sci USA. 2002; 99(25):15 858-15 862.

Mishkovsky M, Frydman L. Principles and progress in ultrafast multidimensional nuclear magnetic
resonance. Annu Rev Phys Chem. 2009; 60:429-448. [PubMed: 18999994]

Shrot Y, Frydman L. Spatially encoded NMR and the acquisition of 2D magnetic resonance images
within a single scan. J Magn Reson. 2005; 172:179-190. [PubMed: 15649744]

Tal A, Frydman L. Spatial encoding and the acquisition of high definition MR images in
inhomogeneous magnetic fields. J Magn Reson. 2006; 181:179-194.

Tal A, Frydman L. Spectroscopic imaging from spatially-encoded single-scan multidimensional
MRI data. J Magn Reson. 2007; 189:46-58. [PubMed: 17869559]

Ben-Eliezer N, Shrot Y, Frydman L. High-definition single-scan 2D MRI in inhomogeneous fields
using spatial encoding methods. Magn Reson Imag. 2010; 28(1):77-86.

Chamberlain R, Park JY, Corum C, Yacoub E, Ugurbil K, Jack CRJ, Garwood M. RASER: a new
ultrafast magnetic resonance imaging method. Magn Reson Med. 2007; 58:794-799. [PubMed:
17899612]

Tal A, Frydman L. Single-scan multidimensional magnetic resonance. Prog Nucl Magn Reson
Spectrosc. 2010; 57:241-292. [PubMed: 20667401]

Kunz D. Use of frequency-modulated radiofrequency pulses in MR imaging experiments. Magn
Reson Med. 1986; 3:377-384. [PubMed: 3724417]

Pipe JG. Spatial encoding and reconstruction in MRI with quadratic phase profiles. Magn Reson
Med. 1995; 33:24-33. [PubMed: 7891532]

Magn Reson Imaging. Author manuscript; available in PMC 2016 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmidt et al.

Page 15

19. Pipe JG. Analysis of localized quadratic encoding and reconstruction. Magn Reson Med. 1996;
36:137-146. [PubMed: 8795032]

20. Schmidt R, Frydman L. New spatiotemporal approaches for fully refocused, multislice ultrafast 2D
MRI. Magn Reson Med. 2013; doi: 10.1002/mrm.24714

21. Schmidt R, Frydman L. In Vivo 3D Spatial / 1D Spectral Imaging by Spatiotemporal Encoding: A
New Single-Shot Experimental and Processing Approach. Magn Reson Med. 2012; doi: 10.1002/
mrm.24470

22. Ben-Eliezer N, Irani M, Frydman L. Super-resolved spatially-encoded single-scan 2D MRI. Magn
Reson Med. 2010; 63(6):1594-1600. [PubMed: 20512863]

23.Chen Y, LiJ, Qu X, Chen L, Cai C, Cai S, Zhong J, Chen Z. Partial Fourier transform
reconstruction for single-shot MRI with linear frequency-swept excitation. Magn Reson Med.
2012; doi: 10.1002/mrm.24366

24. Cai C, Dong J, Cai S, Li J, Chen Y, Bao L, Chen Z. An efficient de-convolution reconstruction
method for spatiotemporal-encoding single-scan 2D MRI. J Magn Reson. 2013; 228:136-147.
[PubMed: 23433507]

25. Roemer PB, Edelstein WA, Hayes CE, Souza SP, Mueller OM. The NMR phased array. Magn
Reson Med. 1990; 16:192-225. [PubMed: 2266841]

26. Hutchinson M, Raff U. Fast MRI data acquisition using multiple detectors. Magn Reson Med.
1998; 6:87-91.

27. Kwiat D, Einav S. A decoupled coil detector array for fast image acquisition in magnetic resonance
imaging. Med Phys. 1991; 18:251-265. [PubMed: 2046612]

28. Kelton, JR.; Magin, RL.; Wright, SM. An algorithm for rapid image acquisition using multiple
receiver coils. Proceedings of the SMRM 8th Annual Meeting; Amsterdam. 1989. p. 1172

29. Ra, JB.; Rim, CY. Fast imaging method using multiple receiver coils with subencoding data set.
Proceedings of the SMRM 10th Annual Meeting; San Francisco. 1991. p. 1240

30. Sodickson DK, Manning WJ. Simultaneous acquisition of spatial harmonics (SMASH): fast
imaging with radiofrequency coil arrays. Magn Reson Med. 1997; 38:591-603. [PubMed:
9324327]

31. Pruessmann KP, Weiger M, Scheidegger MB, et al. SENSE: sensitivity encoding for fast MRI.
Magn Reson Med. 1999; 42:952-962. [PubMed: 10542355]

32. Griswold MA, Jakob PM, Heidemann RM, et al. Generalized autocalibrating partially parallel
acquisitions (GRAPPA). Magn Reson Med. 2002; 47:1202-1210. [PubMed: 12111967]

33. Griswold MA, Jakob PM, Nittka M, et al. Partially parallel imaging with localized sensitivities
(PILS). Magn Reson Med. 2000; 44:602-609. [PubMed: 11025516]

34. Blaimer M, Breuer F, Mueller M, Heidemann RM, Griswold MA, Jakob PM. SMASH, SENSE,
PILS, GRAPPA. How to Choose the Optimal Method. Top Magn Reson Imag. 2004; 15(4):223-
236.

35. Deshmane A, Gulani V, Griswold MA, Seiberlich N. Parallel MR Imaging. J Magn Reson Imag.
2012; 36:55-72.

36. Nguyen T, Goerke U, Moeller S, Ugurbil K, Garwood M. Parallel Imaging with RASER using
Multiband Frequency-modulated Excitation Pulses. Int Soc Mag Reson Med. 2009:17-2738.

37. Moeller S, Yacoub E, Olman CA, Auerbach EJ, Strupp J, Harel N, U_gurbil K. Multiband
multislice GE-EPI at 7 tesla, with 16-fold acceleration using partial parallel imaging with
application to high spatial and temporal whole-brain fMRI. Magn Reson Med. 2010; 63:1144—
1153. [PubMed: 20432285]

38. Dumez J-N, Frydman L. Multidimensional excitation pulses based on spatiotemporal encoding
concepts. J Magn Reson. 2012; doi: 10.1016/j.jmr.2012.10.010

39. PULSAR: Parallel Imaging Utilizing Localized Surface-coil Acquisition and Reconstruction.
http://www.ece.tamu.edu/~jimji/pulsarweb/

40. Paran Y, Bendel P, Margalit R, Degani H. Water diffusion in the different microenvironments of
breast cancer. NMR Biomed. 2004; 17:170-180. [PubMed: 15229930]

Magn Reson Imaging. Author manuscript; available in PMC 2016 October 26.


http://www.ece.tamu.edu/~jimji/pulsarweb/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmidt et al.

Angles (rad)

Angles (rad)

Comparison between the progression of the spins’ parabolic phase profile under a
conventional (top) and a parallel (Msp= 2, bottom) SPEN imaging experiment. (a, d) Post-
excitation phase profiles. (b, €) Mid-acquisition phase profiles (c, f) End-of-acquisition
phase profiles. The top panels (a-c) describe the phase imparted by a single 90° chirp pulses
for Nsp=1in a time Tacq. The bottom panels (d-f) represents the phases imparted by a
combination of two-band 90° chirp pulse, achieved in a time T,c4/2. Notice that the vertices
of the phase profiles cover the full FOV (assumed as 2.5 cm) during both signal acquisitions.
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a) 2D Hybrid SPEN/k-space Imaging
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Figure 2.

Sequences assayed for the Hybrid SPEN/k-space pMRI experiments. (a) Single-slice version
based on a 90° multi-band pulse encoding simultaneously adjacent spatial regions; slice
selection is done by the s/nc180° pulse (b) Multi-slice hybrid SPEN/k-space pMRI sequence
using a multi-band adiabatic 180 inversion pulse to simultaneously encode adjacent spatial
regions; a final 180° hard pulse serves to return all the magnetization that was not addressed
by the initial 90° slice-selective pulse, back to the +zaxis. The RF/ADC line displays both
the pulses and the timing of the acquisitions (ADC for Analogue-to-Digital Converter); Gro,
Gspen and Ggg rows display respectively the gradients applied along the readout, the
spatiotemporally-encoded and the slice-selective directions. The parameters of the scans are
as described in previous SPEN implementations [14. 20]; their novelty lies in the
replacement of the 90° and 180° swept pulses by multi-band swept analogues, and the
concomitant reduction of the encoding and acquisition times by a factor equal to the number
of employed bands. Main experimental parameters are: Taeq, Gacq —acquisition duration and
gradient strength associated to the slow SPEN dimensions; T,,, G, — acquisition duration
and gradient strength associated with the orthogonal k-space readout dimension; Ngjices,
Niines —number of slice-selective and of SPEN-decoded elements; Teyc, Gexc, T180, G180 —
chirp pulse duration and associated gradient strength in (a) and in (b), respectively; ko and
kspen— pairs of prewinding gradients flanking the adiabatic 180° inversion and imparting
~¥TGroTro/2 and ~TGyggT1g0 eNcodings respectively; Ger and Ggp —crusher and spoiler
gradients applied on all axes.
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Figure 3.

Phgantom images collected using a head coil on an ACR MRI phantom. (a) Reference multi-
shot image. (b) R=1 EPI image. (c,d) R=1 images SPEN collected with the sequence in Fig.
2a and reconstructed by magnitude-mode and super-resolved calculations, respectively.
Bottom row: (e) Pre- and post-SENSE reconstructed EPI R = 2 images. (f) Same as (e) but
for a hybrid SPEN acquisition (Fig. 2a) reconstructed using eq. (8) arising from the four-coil
signals. Notice that the “raw” images in (e) and (f) have been flipped in the figure for display
purposes. (g) SR-SENSE reconstruction of the raw data illustrated in (f). Illustrated for the
EPI and SR-SENSE SPEN images, are the regions chosen for the SNR comparison given in
Table 1 (yellow regions: the signals of interest; blue region: noise estimation area). Common
parameters: FOV = 22x22 mm?, slice thickness = 5 mm. Common parameters for the R=1
SPEN and EPI scans: acquired points 100x100, Taeq=57ms; in addition, for EPI TE = 63ms,
for SPEN TE = 5-94 ms, Geyc= 0.05 G/cm, Teyc=57ms. Common parameters for the R=2
SPEN and EPI scans: number of acquired points 100x50, Tacq=28.5ms; in addition, for EPI
TE=33ms and for SPEN TE=5-56ms, Ggyc= 0.07 G/cm, T¢y=28.5ms. Multi-scan
parameters: number of acquired points 384x384, TE=71ms, TR=1500ms.
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a) Reference multi-scan b) SPEN R=1 c) SPEN R=4

ra

Figure 4.
Images collected on a phantom involving three cheese spheres in water, using a 32-coil head

array. (a) Reference spin echo multi-shot image. (b,c) R=1 and R=4 SPEN images collected
with the sequence in Fig. 2a; (c) was reconstructed using SR-SENSE reconstruction.
Common parameters: FOV = 22x22 mm?, slice thickness = 5 mm. R=1 SPEN parameters:
acquired points 256x256, T5cq=300ms, TE = 5-385 ms, Geyxc= 0.03 G/cm, Texc=80ms. R=4
SPEN parameters: acquired points 256x64, Tacq=75ms, TE = 5-113 ms, Ggyc= 0.03 G/cm,
Texc=33ms. Multi-scan parameters: number of acquired points 384x384, TE=71ms,
TR=1500ms.
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e) SE EPI, R=2, Raw Image and SENSE f) SPEN Fig.2b, R=2, Raw Image and SENSE g) SR+SENSE

Figure 5.
Phantom images collected using a multi-receiver breast coil on a phantom made by two

saline solution bottles. The panels present analogous acquisitions as described in panels (a)-
(9) of Figure 3, but this time SPEN images were collected with the sequence in Fig. 2b.
Common parameters: FOV = 37x37 mm?2, slice thickness = 5 mm. Common parameters for
the R=1 SPEN and EPI scans: number of acquired points 160x160, Tacq=88ms; for EPI -
TE=94ms; for SPEN TE=56-144 ms, G1gp= 0.02 G/cm, T1gp=44ms. Common parameters
for the R=2 SPEN and EPI scans: number of acquired points 160x80, T,cq=44ms; for EPI
TE=48ms and for SPEN TE=32-76ms, G1gp= 0.06 G/cm, T1gp=22ms. Multi-scan
parameters were as in Figure 3.
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a) Reference multi-shot b) EPI, R=1 c) EPI, R=2 d) SPEN, Fig.2a, R=1 e) SPEN, Fig.2a, R=2
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Figure 6.

Si%gle—slice brain images of a volunteer scanned at two different locations. (a) Reference
spin echo multi-scan images. (b) Spin-echo EPI images for R=1. (c) Idem for R=2. (d)
Single-band hybrid SPEN, processed by SR and FT. (e) Parallelized Hybrid SPEN collected
using the sequence in Fig. 2a, R = 2, and processed by SR-SENSE. Common parameters:
FOV = 22x22 mm?, slice thickness = 5 mm. Common R=1 SPEN and EPI scan parameters:
number of acquired points 80x80, Tacq = 40ms; for EPI TE = 45ms; for SPEN TE = 5-68
mMS, Gexe = 0.05 G/ecm, Ty = 40ms. Common R=2 SPEN and EPI scan parameters: number
of acquired points 80x40, Taeq=20ms; for EPI TE = 30 ms and for SPEN TE = 5-42ms, Geyc
= 0.1 G/cm, Texc=20ms. Multi-scan parameters: number of acquired points 384x384, TE =
71ms, TR = 1500ms. Also shown are SNRr-/SNRr-; ratios measured for SPEN and EPI in
the (1)-(4) regions displayed in (a).
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Figure 7.
Comparison between multi-slice breast images of a volunteer collected using multi-scan

MRI (top row), EPI images with R=1 (2" row) and with R=2 (3" row), and SPEN R=2
images collected using the sequence in Fig. 2b (bottom). Common parameters: FOV =
28x28 mm?, slice thickness = 3 mm. For the R=1 EPI scan: number of acquired points
120x120, Taeq=66ms, TE=72ms. Common R=2 SPEN and EPI scan parameters: number of
acquired points 120x60, Taeq=33ms; for EP1 TE=38ms; for SPEN TE=42-72ms, G;87=0.07
G/cm, T1gg=17ms. Both the EPI and SPEN experiments used fat suppression; the multi-scan
acquisition did not. Other multi-scan parameters: number of acquired points 384x384,
TE=71ms, TR=1500ms.
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Table 1
SNR ratio comparison — SNRr=2/SNRg=; for SPEN and EPI (Figure 3)

SPEN SNRg-s/SNRr-; | EPI SNRges/SNRR-1

Region of interest in the image, edge #1 0.61 0.74
Region of interest in the image, center #2 | 1 0.64
Region of interest in the image, edge #3 1.14 0.65
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