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Abstract

Purpose: To design and implement a multi-slice MRSI method for fast spectroscopic imaging, 

employing a modified version of Echo Planar Spectroscopic Imaging (EPSI) that offers higher 

spectral width (SW) and/or shorter scan time.

Methods: EPSI suffers from inconsistencies between readout lines acquired with gradients of 

opposite signs, which has typically been addressed by reconstructing the “positive” and “negative” 

datasets separately and averaging the two. Nevertheless, consistency between the readout lines of 

each phase encode (PE) can be achieved by interposing the EPSI readouts with alternating 

“blipped” PE gradients. This method exchanges inconsistencies along the temporal dimension 

with inconsistencies along the PE dimension, which are straightforward to correct, as is 

conventionally done in various EPI reconstruction schemes. Such consistent k-t-space EPSI 

doubles the SW in comparison to EPSI, or – in an alternative realization, yields the same SW as 

EPSI, but at half the acquisition time. In this work, multi-band CAIPIRINHA slice selection was 

integrated with consistent k-t-space EPSI to further accelerate the measurement two-fold.

Results: The feasibility of a consistent k-t-space EPSI was demonstrated in both phantoms and 

in-vivo brain imaging at 3T and four pulse scheme variants were evaluated. It was demonstrated to 

be useful in optimizing the SW and scan acceleration, both of which are limiting factors in-vivo. 

Dual-band implementation was shown to shorten the duration of the scan 4-fold.

Conclusion: The consistent k-t-space EPSI can be used to accelerate MRSI or, alternatively, 

double its spectral width. Adding dual-band CAIPIRINHA further accelerates the acquisition by 

factor two.
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Introduction

In-vivo proton magnetic resonance spectroscopy (1H-MRS) conveys important physiological 

information that is beneficial in contemporary structural and functional research1–5, as well 

as the clinical assessment of multiple disorders6–10 including Alzheimer’s disease, 

schizophrenia, depression and cancer11–12. Magnetic Resonance Spectroscopic Imaging 

(MRSI) provides spatial and spectral information, capable of simultaneously visualizing the 

spatial extent of disease. Many common methods of MRSI are based on the phase-encoded 

chemical shift imaging method13 and require long acquisition times, especially when high 

spatial resolutions are required. To address this shortcoming, several methods using time-

varying readout gradients have been proposed, including, among others, Echo Planar 

Spectroscopic Imaging (EPSI)14, spiral15, concentric rings16 and rosette17 schemes. While 

efficient, these methods still often require additional acceleration when very high resolution 

(~0.5 cm3 voxels), large coverage, “whole-brain” 3D acquisitions are desired. Thus, these 

schemes have been combined with k-space undersampling schemes, including parallel 

imaging, compressed sensing18–20, and multiband schemes (SMS) including the method of 

“controlled aliasing in parallel imaging results in higher acceleration” (CAIPIRINHA)20,21.

EPSI14,22,23, mentioned above, is an established fast spectroscopic imaging technique, in 

which an alternating readout gradient is used to simultaneously acquire 1D spatial and 1D 

spectral information within a single shot. Additional spatial dimensions are encoded using 

“slow” phase encoding (PE) gradients. The EPSI acquisition traces a zigzag trajectory in k-t 

space, implemented with alternating positive and negative readout gradients (Fig 1a). One 

drawback of EPSI is its restricted spectral-width6 (SW) – limited by the available gradient 

amplitude and slew-rate – making it difficult to cover the full spectral range of protons, 

especially at ultra-high fields (≥7T)24–27, where the full SW exceeds 2 kHz, or when 

imaging hyperpolarized 13C compounds, which span a wide spectral range of several dozen 

ppm28–30. Furthermore, the positive and negative lines in the nonuniform zigzag sampling 

pattern are often analyzed separately and eventually averaged, which doubles the effective 

echo spacing (TES) and halves the already-limited SW – an approach we refer to as 

“even/odd sum” (E+O) EPSI. Even if this zigzag behavior is accounted in the reconstruction 

(e.g., by a nonuniform Fourier transform), any misalignment between the positive and 

negative gradient echoes – e.g., due to B0 inhomogeneity and gradient hardware 

imperfections – would lead to ghosting artifacts along the spectral dimension. These 

ghosting artifacts are analogous to those typically observed in non-spectral Echo Planar 

Imaging (EPI) along the uniformly-sampled phase encoding axis31, where simple solutions 

to correct them exist31–33. Such solutions are only partially applicable to EPSI, due to its 

non-uniform sampling pattern.

Several solutions to EPSI’s limited SW exist. One such solution, called “flyback” EPSI 28,34, 

acquires data solely during the positive gradient lobes, while minimizing the time spent 

during the negative lobe by using the maximum slew rates and gradient amplitudes available. 

Its main drawback is lack of efficiency, since 30% or more of the readout time may be 

wasted during the reverse lobes, resulting in sub-optimal SNR. Another solution is temporal 

interleaving, in which the EPSI scan is repeated a number of times (N), delaying the 

Schmidt et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acquisition’s onset by an amount Δt = jTES/N j = 0, 1, …, N − 1 . The combined dataset 

offers a smaller effective echo-spacing1, given by TES/N, increasing the SW N-fold but at 

the cost of a concomitant N-fold increase in scan time. A third solution consists of repeating 

the acquisition with reversed readout gradients 35,36, from which one can extract two full 

datasets – one with only positive gradient readouts and one with only negative gradient 

readouts – thus doubling the SW, but at the cost of a two-fold increase in total scan time. 

The increased scan times are challenging when large coverage acquisitions are desired, as is 

often the case. Additional studies explored optimization of the SW and artifacts reduction by 

pulse schemes development and post-processing methods. The pulse schemes approach 

includes center-out EPSI with gradient-echo phase and time shifts corrections37. The post-

processing methods include interlaced FT and gridding techniques38–39.

One of the pulse scheme solutions that doubles the SW of EPSI without requiring any 

additional scan time was published by Webb et al. in 198940. This approach has been 

demonstrated in phantoms40 but not in-vivo. In this EPSI implementation, blipped PE 

gradients are added in between positive and negative readouts (Fig.1b), such that time 

consistent acquisitions are acquired for each PE line. This comes at the expense of 

introducing misalignment between echoes in the PE dimension. However, as mentioned 

earlier, such inconsistencies are straightforward to correct, as routinely done for EPI31–33.

In the current work, the feasibility of the consistent k-t space EPSI for in-vivo 3D MRSI of 

the human brain at 3T is demonstrated. An additional variation demonstrated by Webb40 

(Fig. 1c) is also examined. This variant only acquires the odd excitation lines of the above 

scheme, yielding the same SW as E+O EPSI at half the acquisition time (and with equal 

sensitivity – i.e., same SNR∕√T, where T is the scan time). In addition, since multi-slice 

MRSI imaging requires relatively long times, the consistent k-t space EPSI was combined 

with multi-band CAIPIRINHA for a multi-slice accelerated acquisition introducing two 

more pulse scheme variants. The combined sequences provide either a higher bandwidth or 

additional acceleration beyond those of EPSI. The four variants were evaluated and 

compared to more standard implementation of EPSI.

Methods

Sequences

Fig. 1 shows the pulse sequences compared in this study: E+O EPSI and four variants of the 

consistent k-t space EPSI – variant I) with maximal SW, variant II) with shorter scan 

duration, variant I and variant II combined with dual-band CAIPIRINHA into variants III 

and IV. The pulse scheme includes slice-selective excitation and refocusing, pre-phasing 

gradients and acquisition block. The acquisition block includes repeating positive and 

negative readout gradients with blipped PE gradients for the consistent k-t space EPSI 

schemes. No sampling occurred during gradient ramp up and down times. The different 

sequences are contrasted by their 2D sampling patterns in the PE-time plane, with the slice 

and readout axes omitted for brevity (a different graphical representation of the same 

sampling path can be found in Ref. 40). Left-to-right (blue) arrows and right-to-left (red) 

arrows indicate positive and negative readout gradients, respectively. The alternating arrows 
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along the temporal axis in EPSI (Fig.1a) are replaced in variant I (Fig.1b) by readouts that 

are represented by unidirectional arrows. Variant II (Fig.1c) consists of only the odd 

excitations of Variant I, while enabling acquisition of the full spatial dataset with a halved-

SW, the same as in E+O EPSI, but at half the number of excitations. Dual-band variants (III 

and IV) pulse schemes are shown in Figures 1d, 1e. In these schemes, the slice-selection 

pulses are replaced by dual-band pulses, while blipped gradients in the slice direction are 

integrated into the blipped PE gradients units as done in the blipped CAIPIRINHA 

method41. Blipped gradients in the slice direction for two-fold acceleration include 50% 

FOV shift41. Note that, when combining the blipped PE gradients with CAIPIRINHA, the 

blipped gradients in the slice direction need to be alternated in unison with the alternating 

PE blips (as shown in Fig.1d).

The water suppression that was used in this study is based on an in-house 256 ms long 

optimized VAPOR-like model consisting of six frequency selective pulses. The multi-slice 

acquisition includes slice selective single-band and dual-band excitation and refocusing 

pulses, in variants I,II and variants III,IV, respectively. The single-band excitation and 

refocusing pulses used in Fig.1-c were SLR pulses with a bandwidth-time product of 18 and 

12 respectively and a duration of 3.8 ms and 8 ms respectively; whereas the dual-band 

excitation and refocusing pulses in Fig. 1d,e were SLR pulses with a bandwidth-time 

product of 12 and a duration of 6 ms and 8 ms, respectively.

Data Reconstruction and Evaluation

The data reconstruction steps employed for the consistent k-t space EPSI variants I-IV are 

shown in Figure 2. They consist of: i) reordering of the raw data, as each excitation step in 

variant I mixes information from two phase encodes; ii) applying a first order phase 

correction (with constant and linear terms) along the readout in image space to the even PE 

lines (due to the odd and even readout hardware inconsistencies, as in EPI31); iii) for variant 

II only, adding a linear phase to the even PE lines to correct for the even-to-odd echo spacing 

(Δteo) temporal shift relative to the odd PE lines; and iv) for dual-band sequences only, 

separating the two simultaneously excited slices using the coils’ sensitivity profiles41. The 

hardware inconsistencies of step ii) can be corrected using a range of methods developed for 

EPI sequences31–33,42. In this work we used the central region of the water reference data to 

extract a phase correction (see Fig.2 for formulas used) for the even PE lines (negative 

readout gradient). The correction consisted of a linear phase along the readout direction, 

including a constant component, and was applied to the even PE lines prior to the Fourier 

transform along PE. In addition, a MATLAB program (The Mathworks, Natick MA, USA) 

was used to interactively phase the spectra. The EPSI reconstruction included a separate FT 

of the even and odd line (along the temporal dimension), a FT along the k-space axes, and 

finally addition of the “even” and “odd” spectral images. Common to all EPSI based 

methods, the odd acquired lines were reversed before the reconstruction steps application.

The contribution of the coils to the signal was evaluated using a water reference scan43 and 

the final signal was estimated as i = 1
Nch Siwi, where Si is the signal of ith channel and wi is the 

weighting calculated as Si water /
i = 1

Nch Si water
2. The final result shows real component 
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spectra after zero- and first-order phase corrections. These spectra were fit in LCModel44 

(v6.3) using simulated basis functions obtained by solving the full Liouville equations using 

in-house MATLAB routines, which was used to estimate linewidths and relative 

concentrations. Metabolite images were created using straightforward integration over each 

of the metabolite spectra (the integration range is specified in the figure captions). Unlike 

LCModel fitting, direct integration is more sensitive to lipid contamination and ghosting 

artifacts and highlights their presence, and was therefore deemed more appropriate for visual 

presentation.

Phantom Experiments

All experiments were performed on a 3T system (Prisma, Siemens, Erlangen) using a 

commercial 20-channel head coil. Two phantoms were used to validate and compare the 

sequences shown in Fig. 1. For metabolites spectroscopic measurements an homogeneous 

spherical metabolite phantom was used, with a solution of 10mM L-Glutamic acid, 10mM 

Creatine 8mM myo-Inositol, 2mM GABA, 2mM Choline chloride, 5mM Sodium lactate 

12.5mM N-acetylaspartate (NAA) and 0.5mL Gd, all dissolved in water (T1,water= 625 ms). 

To evaluate the method’s voxel bleed we also examined, qualitatively, the spectroscopic 

imaging of an oil/water phantom, consisting of white cheese balls immersed in olive oil.

For SNR measurements, the consistent k-t space EPSI variant I was compared with EPSI 

(combined odd and even lines) and variant II with EPSI using only the odd lines, since these 

two sets represent equivalent SNR. The SNR ratios were calculated for both water and NAA 

images. The regions for signal and noise estimation in the phantom are shown in Figure 3a. 

In addition, the effect of the dual-band CAIPIRINHA acquisition on SNR was also 

examined. The geometry factor maps were calculated for two setups of FOV and object 

dimensions. In addition, the ACR MRI phantom45 was used to examine the reconstruction of 

high-resolution images for simultaneous acquisition of adjacent slices. The results of dual-

band CAIPIRINHA comparisons are summarized in the Supporting Information Figure S1.

The scan parameters employed for the metabolic phantom were: TR/TE 1500/15 ms, FOV 

and thickness 300×300×15 mm3, in-plane resolution 4.7×4.7 mm2, 0.33 cc voxel, spectral 

resolution 0.7 Hz (final time vector-size 512 for EPSI and variant II and 1024 for variant I), 

ramp time 50μs (slew rate 180T/m/s), readout duration 570ms, echo spacing 0.7 ms, SW 

=700 Hz for EPSI and variant II and SW = 1400 Hz for variant I, and a single average. The 

scan duration of EPSI and variant I was 96 seconds, while variant II scan duration was 48 

seconds. An additional non-water suppressed dataset was acquired for coil combination, 

phasing and signal normalization.

A two-fold accelerated variant IV was demonstrated on a metabolites phantom. Scan 

parameters were: TR/TE 1500/15 ms, FOV and thickness 300×300×15 mm3, 5.4cm gap 

between slices, in-plane resolution 4.7×4.7mm2, 0.33 cc voxel, spectral resolution 0.7 Hz, 

echo spacing 0.7 ms, SW=700 Hz, and a single average. The same parameters were also 

used for the oil/water phantom, apart from: TR/TE 500/15 ms, FOV 200×200 mm2, 2 Hz 

spectral resolution.

Schmidt et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In-Vivo Experiments

In-vivo applicability of the consistent k-t space EPSI variants was examined by scanning 

three human volunteers, who provided written informed consent and following procedures 

approved by the Internal Review Board of the Wolfson Medical Center (Holon, Israel). The 

protocol included a localizer (0:30 min), a Turbo Spin Echo (TSE) for anatomical reference 

(5 min) and the fast MRSI methods described above: EPSI and the variants I-IV. The MRSI 

scans imaged six slices.

The scan parameters common to all the in-vivo MRSI scans were: TR/TE 2000/20 ms, FOV 

and thickness 300×145×15 mm3, 1.8cm gap between slices, spatial resolution 5.5×5.5 mm2, 

0.45 mL voxel, and a single average. Additional scan parameters for EPSI, variant II and 

variant IV were spectral resolution 5.8Hz (final time vector-size 128 for EPSI and variants 

II, IV and 256 for variants I,III), ramp time 40μs (slew rate 180T/m/s), readout duration 

590ms, echo spacing 0.7ms and SW=750 Hz. For variants I and III these were: spectral 

resolution 4Hz, echo spacing 1ms and SW 1000 Hz. The latter parameters demonstrate the 

flexibility of the variant I which can achieve a higher SW than EPSI, despite a longer echo-

spacing. The dual-band acquisition excited adjacent slices, which is beneficial for reducing 

lipid contamination artifacts (see schematic explanation in Supporting Information Figure 

S2). The scan duration of EPSI, variant I and III were 1:48 min, while variant II and IV took 

54 seconds. Scan parameters of the TSE scan were TR/TE 4000/77 ms, FOV and thickness 

256×256×5 mm3 and in-plane resolution 1×1.4 mm2.

Despite the high in-plane resolution which minimized voxel bleed, lipid contamination 

persisted in the reconstructed datasets. To further mitigate it, in-plane k-space data was 

apodized using a 2D Hamming filter (Hamming window a0= 0.5) to reduce the PSF side-

bands. The linewidth of the NAA peak was compared between the three representative ROIs, 

for all five sequences (EPSI and four discussed variants).

Results

Phantom Experiments

Figure 3 shows a representative example comparing SNR and spectra quality between EPSI 

and the consistent k-t EPSI variant I and II. Supporting Information Table S1 includes a 

comparison of the SNR of variant I and II, each relative to EPSI (as a reference). The SNR 

ratio was calculated as 1.01, SNREPSIddlines/SNRvariant II with variant II acquired in half the 

time of the EPSI scan duration. The results confirm that the same SNR is provided by the 

two sequences – for example, comparing EPSI using odd lines only (equivalent to “flyback” 

EPSI) and the variant II. Figure 3 also shows that the variant II spectrum has the same 

linewidth as in the EPSI spectrum (5.3 Hz for NAA). The ghost artifacts that occur in the PE 

direction due to the inaccuracies of the even/odd PE lines reconstruction in variant I 

sequence are quantified in Figure 3e. The ghost artifacts reach a maximum of 4.24%, with 

an average±standard deviation of 1.5%±0.7%.

Figure 4a shows results of 1H MRSI on a brain mimicking phantom, reconstructing two 

slices acquired by the dual-band variant IV method. The Supporting Information Figure S1 

expands the analysis of the dual-band CAIPIRINHA implementation. Geometry factor maps 
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of the two examined setups are shown and the values are ≤1.2 for both adjacent and non-

adjacent slices. The details of the high-resolution ACR phantom are reconstructed faithfully 

for adjacent slices.

In addition, an experiment to separate oil and water peaks is demonstrated using a phantom 

consisting of white cheese balls immersed in oil. Figure 4b shows two slices acquired using 

faster variant IV, where water and oil images were reconstructed. Spectra from the regions 

containing white cheese consisted of both water and lipid peaks (blue rectangle), while 

spectra from the surrounding oil consisted mainly of lipid peaks (red rectangle).

In-vivo experiments

Figure 5 shows a representative example of the human brain scanning results. The figure 

includes an anatomical TSE reference scan and results of the variant I (with higher SW) and 

variant IV (with faster acquisition) compared to EPSI (variants II and III are shown in the 

Supporting Information Figure S3). For each sequence the spectra of three regions, close to 

the edges, are shown. The results show comparable spectra between EPSI and the consistent 

k-t space EPSI sequences, including the dual-band slice acquisition. The images of NAA 

metabolite are also shown. The Supporting Information Figure S4–S6 includes Cr and Cho 

images as well as NAA/tCr ratio maps estimated by the LCModel fitting and single voxels 

spectra. The measured NAA linewidth fitted by LCModel for the blue ROI was 13.7±2.1, 

12.9±2.2, 12.8±2.1, 13.1±3.4, 11.9±1.9 Hz for each of the methods above, respectively. The 

estimated deviation of the linewidth of NAA peak for variants I-IV sequences was 3±5% 

compared to EPSI. It can be seen that without averaging the full dataset can be acquired 

within one minute, using the dual-band variant IV acquisition scheme. Note that, in the dual-

band version, lipid contamination and ghost artifacts were observed in the second slice (in a 

region with relatively high B0 inhomogeneity) and in fifth slice (which has relative high lipid 

content).The ghost artifacts for dual-band CAIPIRINHA for this in-vivo case are estimated 

in the Supporting Information Figure S7.

Discussion and Conclusions

In this work, we implemented a multi-slice consistent k-t space EPSI sequence combined 

with dual-band slice excitation for fast MRSI, and demonstrated its feasibility of 

accelerating in-vivo MRSI at 3T. The results from the metabolite phantom show EPSI and 

the examined variants I and II produce similar quality spectra, with equal sensitivity. The in-

vivo results demonstrated the capability of the dual-band variant IV for producing 

spectroscopic images of the human brain within approximately one-minute, using a 

54×26×6 matrix size (5.5×5.5 mm2 in-plane resolution, 15 mm slice thickness). The variant 

II enabled halving the acquisition time of EPSI, while maintaining its sensitivity and SW. On 

the other hand, the full acquisition version in variant I (Fig.1b) offered greater flexibility in 

optimizing the SW, as demonstrated in Fig. 5, where we increased the SW in variant I 

acquisition to 1000 Hz compared to 750 Hz in EPSI, by increasing the physical dwell time 

from 20 µs 33.3 µs. This flexibility can be beneficial in reducing the maximal readout 

gradients, since variant I can achieve the same SW as EPSI with lower readout gradient 

amplitudes (approximately half). This can also yield shorter ramp times that can contribute 
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to the efficiency of the net acquisition time. Additional studies to further increase the SW in 

EPSI for in-vivo imaging are required, to ensure no aliased spectrally signal will arise.

The increased SNR due to recent advances in multi-channel receive coil technology, as well 

as the availability of ultra-high field MRI scanners, make large-coverage, fast MRSI pulse 

sequences particularly attractive. In comparison to EPSI, the consistent k-t space EPSI 

allows for faster acquisitions or reduced gradient demands. At 3T, where EPSI usually 

achieves the desired SWs, variant II can be harnessed for scan time reduction, which is 

important for achieving clinically relevant scan times of large imaging volumes. The ability 

of Variant I to extend the SW without resorting to time-consuming temporal interleaving can 

be used to address the ever-increasing SW requirements beyond 3T. Incorporating 

simultaneous multi-slice encoding into the scheme by using a dual-band excitation, as 

shown in the current study, can also play a significant role in multi-slice acquisitions at 

higher fields, improving the applicability of fast MRSI techniques. Even greater speedups 

can be achieved when using variant II, especially when integrated with CAIPIRINHA, 

which could even make it a potential candidate for functional spectroscopic brain imaging.

It should be pointed out that moving the time-inconsistencies in EPSI to inconsistencies in 

the PE encoding direction in the consistent k-t space EPSI results in artifacts which look like 

residual ghosts. In the current study, the PE inconsistencies were corrected using the water 

reference data and extracting a linear phase correction between the odd and even PE lines. 

This correction was found to produce acceptable spectroscopic images with less than 5% 

ghost intensity. However, when this scheme is combined with a dual-band CAIPIRINHA, 

the ghost artifacts will also lead to lipid contamination, as in the upper slices of the in-vivo 

example in Fig. 5. The lipid ghosts of up to 5% is still relatively high signal compared to the 

metabolites. A range of studies have developed more extensive corrections for similar 

artifacts in EPI, and may be used to further reduce the ghosts33,42. In applications that target 

superior slices, some form of lipid suppression is recommended. An additional concern that 

requires further analysis is the sensitivity of the proposed methods to motion. This analysis 

lies beyond the scope of the current work. However, the EPSI sequence topology can be 

easily expanded by adding navigators to each of the acquisition blocks, which can track and 

assist in correction motion artifacts46–47.

Although in the current study lipid suppression was not used, in studies that require better 

coverage of metabolites, including peaks like lactate that are in close proximity to lipids, a 

lipid suppression method can be added to the sequences implemented here. In addition, the 

multi-band CAIPIRINHA reconstruction can also be further improved 48,49, which is 

essential for reducing inter-slice lipid contamination. Moreover, one of the current 

drawbacks of EPSI-like acquisition and of other fast 3D acquisitions is the B0 

inhomogeneity that varies between the slices. As a next step in the development of the above 

pulse sequences, one can further reduce the susceptibility to B0 inhomogeneity by 

implementing per-slice B0 shimming50.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Sequences (top) and PE/t trajectories (bottom) : a) EPSI, b)-e) consistent k-t space EPSI 

variants I-IV. The relative SW, SNR and total scan time (Tscan) for each sequence (a-e) are 

noted relative to E+O EPSI (a). The blue and red arrows correspond to positive and negative 

readout gradient lobes, respectively. The dual-band slice-selection has dual-arrows 

representing two slices. The odd/even excitations are marked differently as shown in the 

legends. Variant II and IV (d) and ( e) use only the odd excitations of the full schemes 

variants I and III (b) and (d), respectively. Rslice is the acceleration factor of the multi-band 

excitation (Rslice=2 for dual-band).
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Figure 2: 
Reconstruction steps employed for variants I and II and their dual-band (variants III, IV) 

extensions. Sraw is the input raw data signal and the I(x,y,f) for each slice is the spectral 

spatial final reconstructed output. The images after the first and last steps show 

representative results, demonstrating an image with ghosts that will appear after the first step 

and the final images that include spectroscopic and spatial information.
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Figure 3: 
Phantom results comparing EPSI with combined odd and even lines, variant I, EPSI with 

odd lines only (Tscan=96 sec), and variant II (Tscan=48 sec). The images from left to right 

show water image (from a scan without water suppression), NAA and Cr images (from a 

separate scan with water-suppression) for EPSI (a), variant I (b), EPSI odd lines only (c) and 

variant II (d). e) Ghost artifacts evaluation in percent compared the image intensity. f) 

Spectra of EPSI (black) and variant I (red-dashed) and g) spectra of EPSI (black) and variant 

II (red dashed) for a central region shown by blue overlay (averaging 5×5 pixels). The 

dashed lines in f) and g) shows the region for NAA and Cr integration (0.14ppm and 0.16 

ppm, respectively).
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Figure 4: 
Dual-band variant IV – a) Metabolites and b) Water/Oil phantoms. The figure includes from 

left to right: a localizer image with the planned slices, images of the slices for selected peaks 

and spectra for the selected regions shown by overlays (blue overlay box on NAA image for 

metabolites and blue/red box for water/oil spectra, respectively).
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Figure 5: 
In-vivo results of EPSI and variants I (with higher SW) and variant IV (with faster 

acquisition). From top to bottom: TSE anatomy images of the scanned slices; real spectra for 

each MRSI method at three regions (each averaging over 5×5 voxels) in the central slice 

(shown in red, blue and green rectangle overlays); and images of six slices for NAA using 

spectra integration in the range of 0.4 ppm. The image intensities of NAA is normalized to 

the NAA intensity in each of the methods.
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