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Abstract

Purpose—Spatio-temporal encoding (SPEN) can deliver single-scan MR images without folding 

complications and with increased robustness to chemical shift and susceptibility artifacts. Yet it 

does so at the expense of relatively high Specific Absorption Rates (SAR), owing to its reliance on 

frequency-swept pulses. This study describes SPEN implementations aimed at full 3D multi-slice 

imaging, possessing reduced SAR thanks to an implementation based on new 2D RF pulses.

Methods—Fully refocused spin- and stimulated-echo SPEN sequences incorporating 2D spatial/

spatial swept RF pulses were implemented at 3T, and compared to EPI. The use of effective 90° 

slice-selective excitation pulses enabled the scanning of 3D volumes with a low SAR.

Results—Experiments validating the theoretical expectations were carried out on phantoms and 

on human volunteers, including zooming and diffusion measurements. The chosen sequences 

showed much smaller SARs than EPI, while delivering similar sensitivities when targeting human 

brain and fewer distortions when targeting human breast.

Conclusion—2D RF pulses can exploit SPEN’s advantages while fulfilling the SAR and multi-

slice coverage demands required for clinical imaging.
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Introduction

Spatiotemporal encoding (SPEN) presents an alternative approach to k-space encoding, 

enabling the acquisition of multi-dimensional MR spectra, images, or combinations of 

thereof, in a single scan (1–5). SPEN targets spins throughout the region of interest (ROI) 

progressively, sequentially exciting or inverting them as a linear function of time. This 

causes a quadratic dephasing of the spin-packets throughout the object of interest (6–8); 

proper pulses and suitable gradients subsequently refocus spin-packets positioned 

throughout the targeted ROI at different instants throughout the acquisition, leading to an 

emitted signal whose magnitude is proportional to the spin magnetization at uniformly 

spaced locations. This rasterized acquisition provides an image while obviating the need for 

a Fourier Transform (FT), enabling the use of stronger gradients than k-space counterparts 
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like Echo Planar Imaging (EPI). Such stronger gradients are well suited for monitoring the 

low-bandwidth dimension of single-scan MRI scans –particularly at high fields or in 

challenging areas of the body (9–11). Thus, these experiments are usually carried out in a 

so-called “hybrid” mode where the SPEN is used to image what is usually EPI’s phase-

encoded dimension, while the orthogonal, read-out (RO) direction is scanned in a usual k-
space fashion. Additional image faithfulness may arise by executing hybrid SPEN under 

“fully refocused” conditions, whereby contributions to the final image arise devoid from T2* 

effects (11,12).

Despite these positive features, SPEN’s initial implementations faced substantial challenges. 

One of these concerned the sensitivity losses that as a non-FT method, SPEN suffered due to 

its lack of multiplexing. This effect was overcome with the development of super-resolution 

(SR) and other processing algorithms (3,5,11,13–15), which helped reinstate an EPI-like 

sensitivity. Another complication arose from SPEN’s initial use of chirped 90° excitation 

pulses for its encoding, an approach that limited experiments to single-slice 2D acquisitions 

or long 3D imaging times based on phase encoding the third dimension. Genuine multi-slice 

sequences where subsequently introduced where the initial chirp excitation was replaced by 

swept inversion pulses (16); by relying on dual flips of the non-imaged spins at each 

repetition, this provided SPEN with slice-selection (SS) capabilities. Still, this approach’s 

reliance on two 180° pulses –one of which is applied while in the presence of a dispersing 

gradient– leads to relatively high Specific Absorption Rate (SAR) values, exceeding by ca. 

10x its EPI counterparts. This in turn limits multi-slice SPEN investigations in humans to a 

relatively low number of slices (usually ≤16), or to relatively long TRs. A SPEN-customized 

2D RF pulse, imparting a slice-selective 90° nutation along one spatial dimension while 

imposing SPEN’s 1D quadratic spatial phase along an orthogonal axis, was proposed to deal 

with this limitation (17). Although successfully demonstrated in 3D multi-slice phantom 

images, this k-based pulse design lacked the robustness needed for in vivo acquisitions. A 

different approach for implementing 2D RF pulses based on discretized SPEN concepts and 

displaying an enhanced robustness vis-à-vis inhomogeneities, has been recently devised 

(18). This work explores the use of such discrete, SPEN-based 2D RF pulses, in the 

execution of in vivo multi-slice 2D SPEN MRI scans. Two slab-based pulse sequences are 

thus proposed based on these pulses, resulting in multi-slice images endowed with low SAR 

despite the use of conventional TRs. The enhanced robustness of these sequences to B0 

inhomogeneity and to chemical shift effects are here demonstrated on phantom and human 

scans, the latter in combination with diffusion-weighted imaging.

Methods

RF pulse design

While the properties of SPEN-based 2D RF pulses were described in (18), we briefly depict 

their basis and modifications that were here taken. SPEN-based 2D pulses are, like their k-

based counterparts (19–21), composed of discrete RF sub-pulses played out while in the 

presence of a bipolar oscillating gradient. In the present study these were chosen as sinc RF 

pulses, which collectively excited a rectangular slice or slab. In between these oscillating 

gradients, an orthogonal gradient was blipped in order to simulate the constant gradient 

Liberman and Frydman Page 2

Magn Reson Med. Author manuscript; available in PMC 2017 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



effects present during SPEN’s 90° excitation; furthermore, to each RF sub-pulse, a suitable, 

quadratically-incremented phase was added, which mimicked the corresponding effects that 

would be imparted by a chirped pulse. In order to aim for the lowest possible SAR this 

blipped gradient was relatively weak; this placed the excitation sidebands that these 

discretized 2D pulses will originate (18), outside the targeted region of interest (ROI). This 

moving-out of the excitation sidelobes also requires setting a sufficiently large number of 

sub-pulses; in the experiments here presented these were ≥80, applied on both positive and 

negative lobes of the oscillating gradient defining the slice-selective excitation. Although 

this allowed us to shorten the overall excitation time, the fact that the rise-up and fall-down 

times within the oscillating gradient train amounted to up to 70% of the total pulse time, 

placed undue demands on the overall excitation length. This was handled by shaping the 

sinc’s timing within the oscillating gradients as per the VERSE approach (22), which allows 

one to pulse within the ramps of the gradients. This enabled us to reduce the overall duration 

of the excitation –which was set in turn equal to the acquisition time to fulfill the demands 

of fully-refocused operation (16)– thereby attenuating T2-related losses. It also helped to 

yield thinner excitation slabs, which were otherwise limited by the maximum achievable 

gradient amplitude and longest affordable period of the bipolar oscillating gradient blocks. 

Even with all these provisions, the strength of these slice-selective gradient amplitudes could 

not be increased to the point of allowing our clinical scanner to excite sufficiently narrow 

individual slices. The manner in which this was dealt with, is further detailed below.

Sequence variants

Numerous versions of fully-refocused SPEN have been described in the literature (2,16,23), 

involving either excitation- or refocusing-based encodings. Out of the five variants 

introduced in Ref. (11) we focused on two that involved solely swept excitations; this was 

done for the sake of minimizing SAR, as all the other variants involve higher-powered 

inversion pulses. These two sequences are illustrated in Figure 1; in them, the sequences’ 

original 90° swept pulses are replaced by swept variants based on the 2D spatially-selective 

pulses. These sequences include a fully-refocused spin-echo (SE) hybrid experiment (Fig. 

1A), and a stimulated-echo (STE) SPEN version (Fig. 1B). Due to the gradient limitations 

mentioned above, none of the 2D RF pulses in these sequences aimed at exciting a single 

slice; rather they were assigned the excitation of a “slab”, that would eventually be 

composed of several (≈2-5) slices. In the simple SE variant (Fig. 1A) this restriction was 

dealt with by locating the center of the first excited slab underneath the first targeted ROI, 

and tuning the 180° slice-selection echoing pulse so as to refocus only the latter. Then, as 

indicated in the cartoon shown underneath the sequence, ascending the encoded slab 

together with the refocusing pulse by an offset equating to a slice’s width, allowed us to 

acquire solely images of the targeted ROIs in a multi-slice fashion –with no saturation or 

contamination effects. We henceforth refer to as “slab factor” to the number of slices that 

each slab contained in these experiments. In the STE variant a different approach was 

adopted: here the 2D pulse was designed so as to encode a slab containing multiple slices of 

interest; following a suitable storage, these slices were then read out in an individual, 

consecutive fashion by bringing them out of storage one-by-one. Operating with these 

combined slab / slice manipulations, allowed us to reduce the required slice-selective 
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gradient amplitudes without lengthening the associated encoding pulses. These sequences, 

including the pulse-generating algorithms, are available upon request

Experimental Details

Experiments were performed using a 3T Siemens whole-body scanner (Siemens Healthcare, 

Erlangen, Germany). Phantom experiments were run on an ACR cylindrical phantom (20 cm 

in diameter). Breast imaging scans were run on two healthy volunteers (26 and 29 years old) 

using a 4-channel breast coil. This protocol included the acquisition of T2 weighted images, 

of multislice SPEN scans and of EPI scans –the latter two with similar ROIs, number of 

slices and resolution. One of the volunteers was scanned by Diffusion Weighted Imaging 

(DWI) (24) using a scanner-supplied twice-refocused SE-EPI sequence and the SE-SPEN 

sequence illustrated in Figure 1A; nominal b-values of 50, 150, 300 and 400 were applied in 

these experiments along three orthogonal directions. A healthy volunteer (female, 26 years 

old) was also subject to brain imaging using a head-only 12-channel transceive coil, in a 

protocol that included T2 weighted anatomical images, multi-slice SPEN and EPI. These 

studies were approved by the Institutional Review Board of the Wolfson Medical Center 

(Holon, Israel), and signed informed consents were obtained from all of the participants.

Data processing

SPEN images were reconstructed using an in-house super-resolution algorithm (11) written 

on Matlab® (Mathworks, Natick, MA); all other images were processed on the actual 

scanner. Signal-to-Noise ratios (SNRs) for the various images were calculated by taking the 

ratio of medians for foreground and background regions. These regions were obtained by 

thresholding the images with suitable values, chosen to produce a clear separation. Brain 

images were repetitively scanned, and SNR was calculated as the median, over a thresholded 

foreground map, of voxel-wise SNR values defined as the ratio between the mean and the 

standard deviation of the voxel’s signal over time. Apparent Diffusion Coefficient (ADC) 

were also calculated voxel-wise by fitting two parameters (signal magnitude at b0 and 

ADC), to data measured for a b0 = 50 s/mm2 image and for three b = 400 s/mm2 images 

involving orthogonal diffusion-weighting gradients. This least-squares fit was done using 

QR decomposition with column pivoting (25). The low imaging gradient amplitudes used in 

these measurements led to constant b-values across the images, rendering the consideration 

of imaging/diffusion gradient cross-terms (10) unnecessary.

Results

Mutli-slice SPEN images

Both sequences in Figure 1 were successfully applied to breast imaging. The in-plane 

resolution was set to 2x2 mm2, and the slice thickness to 2.5 mm. For the spin-echo variant, 

21 slices/slabs, with anywhere between n = 2-6 slices fitted in each slab, were acquired in 

3.3 sec. For the stimulated echo sequence –which can provide a higher number of slices per 

TR– 30, 36 and 35 slices were acquired using either 10/15, 9 or 7 slabs, respectively. This 

means that 2/3, 4 or 5 slices were fitted in each slab for these experiments, all of which were 

conducted in 3.4 sec. Figure 2 presents images acquired using these sequences, and 

compares them with SE-EPI results and with multi-scan T2-weighted images used as 
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references. The SE- and STE-SPEN images shown in Fig. 2A were collected with two slices 

per slab. SNR appeared constant across the various slices; notice as well the weaker 

distortions evidenced by SPEN close to the air/tissue interfaces (e.g., at the nipples) when 

compared to SE-EPI counterparts. The SNR of the SPEN images was also good –even if for 

some hitherto unclear reason, the SE-SPEN images showed a smaller SNR than either its 

SE-EPI or STE-EPI counterparts (Fig. 2A). Upon increasing the number of slices per slab, 

artifacts in the form of stripes became noticeable in the SE-SPEN images (Fig. 2B), 

probably as a result of ripples associated to an increased reliance on the edge of the sinc-
excited profiles. These were absent in the STE-SPEN images, yet decreasing intensities as a 

result of longitudinal relaxation losses (augmented perhaps by diffusion effects) were 

evidenced as the slices per slab increased (Fig. 2B). Most important, the objective of 

reducing SPEN’s SAR was amply achieved by these sequences: in comparison to a SAR 

value of 32% reported by the scanner for SE-EPI, all SPEN variants assayed achieved a 

much reduced SAR value of 2% (while the SAR values for the various SPEN variants surely 

were not identical they were all reported identical by the system, which conveys them in full 

percent units of the maximum allowable deposited power per kg).

Diffusion-weighted SPEN tests

SE-SPEN was applied to mapping ADC coefficients using the pulsed field gradient approach 

illustrated in Fig. 1A. The top row of Figure 3 compares thresholded breast SE-EPI and SE-

SPEN magnitude images arising from these DWI measurements, superimposed on T2–

weighted anatomical images. Notice SPEN’s reduced distortions in regions close to 

fibroglandular (water)/fat and tissue/air interfaces vis-à-vis SE-EPI, thanks to the former’s 

increased robustness to B0 inhomogeneity effects. Notice as well SPEN’s much lower SAR: 

~5% vs EPI’s 38% for similar TRs. The bottom panels in Figure 3 show multislice breast 

ADC maps obtained using SPEN from the same volunteer, also overlaid on anatomical 

images. These maps evidence minimal spatial distortions throughout the full breast, and 

yield mean values that quantitatively match those obtained from analogous EPI-based DWI 

scans.

Zoomed-in and interleaved SPEN acquisitions

Additional desirable features that have been demonstrated for SPEN include an ability to 

“zoom-in” along the low-bandwidth dimension without suffering from folding artifacts, and 

an ability to increase an image’s spatial resolution by utilizing interleaved acquisitions liable 

to joint processing without requiring ancillary navigator scans (11,26). These abilities were 

re-tested in sequences incorporating the new 2D RF pulsing modes introduced in Figure 1. 

Figure 4 evidences SE-SPEN’s ability to zoom-in without folding artifacts, using a simple 

phantom as test example. Different kinds of zoomed-in images were obtained in 25 sec TR 

with four interleaved segments, resulting in all cases in a sub-mm resolution along all spatial 

axes. The sequence’s ability to deliver these benefits in vivo is further illustrated in Figure 5, 

with images acquired on a volunteer’s occipital brain region. Zoomed-in two-scan 

interleaved SE-SPEN data collected with a slab factor n = 6, provided images with an in-

plane resolution of 1.1x1.1 mm2 and a slice thickness of 2 mm; 26 slices covering an ROI of 

150x103 mm2 were thus completed in 6.6 sec (i.e., with a pseudo-temporal resolution of 3.3 

sec) with a SAR <5%. Figure 5 compares these data with corresponding multi-slice images 
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arising from a standard 3 mm isotropic EPI acquisition with a similar ROI coverage (the 

number of slices in the EPI are thicker slices and thus their overall number is lower). The 

SPEN images provide a higher anatomical detail, while retaining their robustness to 

tissue/air interface distortions. The sequence allows repeated measurements, and the average 

SNR calculated from these measurements was ~8.1.

Discussion

This study introduced a new approach to multi-slice 2D SPEN acquisitions designed to deal 

with one of these experiment’s main obstacles: excessive SAR when assayed over dense, 

multi-sliced clinical acquisitions. Full-volume excitation limitations associated with the use 

of broad-band 90° chirped pulses had so far been dealt in such cases, by the use of 180° 

inversion/refocusing pulses. This alternative, which requires the use of a slice-excitation and 

two subsequent inversions, works very well in preclinical settings but has a heavy SAR tax 

when implemented on humans at short TRs. In an effort to alleviate this we had tried in the 

past to implement 90°-like encodings based on spatial/spatial 2D RF pulses designed on the 

basis of k-space algorithms; although acceptable in phantoms, we found these pulses 

insufficiently robust when attempting actual in vivo applications in either preclinical or 

clinical settings (17). The recent development of 2D RF pulses that also operate on the basis 

of spatio-temporal principles (18,27) prompted us to revisit this problem; this study 

discussed some of the resulting sequences for ultrafast, fully-refocused multi-slice SPEN 

imaging. These sequences were found versatile and capable of retaining previous SPEN-

related features including robustness to inhomogeneities, zooming-in abilities and 

interleaved operation without requiring ancillary reference scans; at the same time they did 

indeed deliver very low (2-5%) SAR values –even lower than those of standard EPI– while 

achieving good multi-slice volume coverage. This could make these sequences useful in a 

variety of diffusion, functional and other kinds of dynamic imaging needs.

Despite these capabilities, a number of improvements remain to be made on this excitation 

mode. A main obstacle arose from the limited gradient slew rates and values found in our 3T 

machine. As 2D SPEN pulses operate on the basis of an oscillating gradient train over whose 

constant-amplitude periods the slice selection is to be defined, these two factors become 

crucial in determining the minimal slice thickness that can be encoded. They also define the 

total excitation time –which in fully-refocused SPEN is also related to the overall acquisition 

time, and hence to image SNR. For the hardware used in this study, over 30% of the overall 

encoding time was dedicated to ramping up and down the slice-selection gradient, meaning 

that only a fraction of the gradient train was available for defining the slices’ thicknesses. 

Slabs in the order of a few millimeters were thus the thinnest that could be achieved; this, 

even when relying on a VERSE-like approach whereby pulses also played out over the 

course of the ramps, and even though utilizing a carefully calibrated gradient train that 

enabled pulsing on both the positive and negative lobes of the gradient’s oscillation. As a 

result of this, trade-offs had to be made for the sake of decreasing the slice width; in this 

study, these were done by slab-segmentation approaches. In the spin-echo version of the 

experiments, a “slab factor” was adopted whereby an integer number of slices could be fit 

into the encoded slab. By progressing the encoded slabs monotonically from one end of the 

ROI to another in slice-wide steps, it was possible to narrow the effective responses. 
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Alternatively, a stimulated echo approach whereby a full slab containing multiple slices was 

encoded but its constituting slices were recalled one-by-one, delivered a similar resolution 

enhancement. Unfortunately none of these approaches that “look inside the slab”, were free 

from penalties: in the spin-echo case these manifested themselves as stripped artifacts 

appearing at high slab factors; the stimulated-echo images were free from artifacts but 

showed a decreased SNR as the number of constituting slices per slab increased. Further 

improvement of these issues, including among other optimization of the 2D pulse 

performance and parallel transmission approaches, are under investigation.
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Abbreviations

ADC Apparent Diffusion Coefficients

DWI Diffusion-Weighted Imaging

EPI Echo-Planar Imaging

FID Free Induction Decay

FT Fourier Transform

MRI Magnetic Resonance Imaging

PE Phase-Encode

SAR Specific Absorption Rate

RF Radio frequency

RO Read-Out

ROI Region of Interest

SE Spin-Echo

STE Stimulated Echo

SNR Signal-to-Noise Ratio

SPEN Spatiotemporal Encoding

SR Super-Resolution

SS Slice Selection

TE Echo Time
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TR Repetition Time
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Figure 1. 
Pulse sequences utilized in this study, incorporating the encoding of single slabs (in dark 

grey) by 2D spatial/spatial SPEN pulses, and subsequent single-shot acquisitions on single 

slices (lighter grey, illustrated for a case where n=3 slices fit per slab). (A) Spin-echo 

version, incorporating (optional) stepped gradients for diffusion-encoding. (B) Stimulated-

echo version. This slab/slice operation was adopted in (A) owing to the scanner’s inability to 

excite sufficiently narrow slices; the targeted slice is thus selected by the 180˚ spin-echoing 

pulse. Notice that the incremented positions arrangements allows one to operate without 

saturation and/or interslab excitation delays; for these cases, the number of slabs excited 

equals the number of slices observed. The interleaved spatial disposition strategy adopted in 

(B) is meant to minimize “leakage” effects between consecutive excitations; in this case n 
slices are observed per excited slab.
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Figure 2. 
Multi-slice breast scans collected under various conditions. (A) Rows of T2, SE-EPI, SE-

SPEN (with a slab factor n = 2) and STE-SPEN (n = 2 slices per slab) images. Columns in 

these figures show representative slices, with every other scanned slice being shown. (B) 

Single-slice T2 and EPI images (top), compared against SE-SPEN and STE-SPEN images 

collected with different slab thicknesses (bottom). For SE-SPEN a signal reduction is visible 

as the slab factor increases, along with increased stripe-shaped distortions. For the STE-

SPEN a SNR reduction – but no artifact– is visible as the slices per slab increase. For all 

single-shot experiments: resolution = 2x2x2.5 mm3 with no gap; in-plane ROI = 

24x12.6cm2; see text for the number of slices.
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Figure 3. 
Top row: SE-EPI and SE-SPEN thresholded magnitude images collected using fat 

suppression (red), overlaid on T2-weighted multiscan images acting as reference (cyan). 

Brighter signals in the latter denote fatty tissue. Bottom row: ADC maps obtained using the 

SE-SPEN sequence in Fig. 1A, overlaid on bilateral T2-weighted anatomical images. 

Resolution = 2x2x2.5 mm3, ROI = 24x12.6cm2; 40 slices (n = 2); no gap.
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Figure 4. 
Top: T2-weighted reference multi-scan image (single-slice illustrated) collected on a 

manufacturer-supplied ACR phantom. Bottom: Multi-slice mages of the zoomed regions 

indicated by the blue and red rectangles (identical except for a 90˚ rotation), collected using 

the SE-SPEN sequence with four interleaves. Resolution = 0.67x0.7x0.8 mm3, ROI = 

21.6x11.4 cm2, 20 slices (n = 2, no gap), 25 sec total TR. SAR for zoom #1, #2: <5%.
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Figure 5. 
Demonstrating SPEN’s ability to zoom-in into a limited ROI while keeping low SAR thanks 

to the use of 2D RF pulses. Notice that while the entire acquisition for the two-scan-

interleaved 3D image took 6.6 seconds, a functional scheme relying on reconstruction from 

the interleaved segments could provide an image every 3.3 seconds.
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