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Switzerland

Abstract
Black-blood fast spin-echo imaging is a powerful technique for the evaluation of cardiac anatomy.
To avoid fold-over artifacts, using a sufficiently large field of view in phase-encoding direction is
mandatory. The related oversampling affects scanning time and respiratory chest motion artifacts
are commonly observed. The excitation of a volume that exclusively includes the heart without its
surrounding structures may help to improve scan efficiency and minimize motion artifacts.
Therefore, and by building on previously reported inner-volume approach, the combination of a
black-blood FSE sequence with a two-dimensionally selective radiofrequency pulse is proposed
for selective “local excitation” small-FOV imaging of the heart. This local excitation technique
has been developed, implemented, and tested in phantoms and in vivo. With this method, small-
FOV imaging of a user-specified region in the human thorax is feasible, scanning becomes more
time efficient, motion artifacts can be minimized and additional flexibility in the choice of
imaging parameters can be exploited.

Keywords
2D-selective RF Pulses; Black-Blood; local excitation

INTRODUCTION
Black-blood-prepared (BB) fast spin-echo (FSE) magnetic resonance imaging (MRI) is a
valuable tool for non-invasive imaging of the cardiovascular anatomy (1,2). To avoid fold-
over artifacts, a sufficiently large field of view (FOV) in fold-over direction is often
mandatory but inevitably comes at the expense of scanning time. Nevertheless, and since
such a large FOV does not only include the anatomy of interest, respiratory motion artifacts
originating from the moving chest wall often have a detrimental impact on image quality.
Constraining the FOV in fold-over direction using pre-pulses or saturation slabs (1–3) may
require additional pre-pulses and gradient refocusing and the quality of the suppression
outside of the desired FOV remains T1-dependent. In addition, the prolonged echo time
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(TE) associated with some of these techniques inevitably leads to more pronounced T2*-
related artifacts, lower signal-to-noise (SNR) ratio, and reduced overall image quality, which
may be further amplified at high magnetic field strength (4,5).

Inner-volume excitation (6) and multidimensional spatially-selective RF were introduced
more than two decades ago (6–9). The use of 2D-selective pulses for local excitation as part
of a spin echo experiment was also described by Pauly et al. (10). Since then, a steadily
growing number of applications for 2D-selective pulses have been reported, facilitated by
advances in gradient hardware and the demand for fast imaging. Recently, the use of self-
refocused 2D-selective RF pulses that account for T2*-dependent relaxation during the
excitation has been reported for sharper FOV localization and better outer-volume
suppression (2,11–16). While the theoretical aspects of these strategies show a potential for
removing the need for refocusing gradients, and thereby shortening the minimum TE,
practical implementations have only been demonstrated in phantoms (11,15), at low field
strength (1,14,17), and for imaging stationary or slow-moving organs (1–3,13,14,17,18).
However, detailed investigation of 2D spatially selective excitation for small-FOV inner-
volume free-breathing cardiac imaging has not been exploited to our knowledge.

The objective of this work was therefore to develop and examine the utility of 2D local
excitation (LocEx) as part of the inner-volume imaging technique for small-FOV in vivo
black-blood cardiovascular MRI at 3T to test the hypotheses that 1) time efficiency can be
improved with LocEx, 2) motion artifacts can be reduced, and 3) additional flexibility in the
choice of imaging parameters can be exploited when compared to more conventional non-
local excitation techniques. The local excitation method was implemented for black-blood
cardiac imaging as part of a free-breathing navigator gated and corrected dual-inversion FSE
imaging sequence at high magnetic field strength. For local excitation, the initial 90° RF
pulse of the FSE sequence was replaced by a user-specified 2D-selective cylindrical
excitation and followed by a series of orthogonal slice selective refocusing pulses to obtain
exclusive signal from a “disc” with user-specified diameter and slice thickness.

METHODS
Background

A typical electrocardiogram (ECG) triggered free-breathing black-blood (BB) FSE sequence
as shown in Figure 1 consists of a dual inversion (DIR) pre-pulse followed by an inversion
delay (TI), the navigator for motion artifact suppression, and the FSE signal-readout (19,20).
Typically, the FSE module incorporates a non-selective or slice-selective 90° pulse followed
by a train of slice-selective 180° refocusing pulses. To maximize the contrast between the
blood and the myocardium, the image is commonly acquired when signal-nulling of the in-
flowing blood-pool magnetization occurs (21) at TI=−T1ln[0.5(1+exp(−TR/T1))], where T1
is the longitudinal relaxation time of blood and TR refers to the duration of the RR interval.

Shortening both TE and inter-echo spacing may be of particular interest for cardiovascular
applications where flow and motion artifact suppression is mandatory while a high SNR and
short acquisition window are needed. In general, inter-echo spacing is governed by either
2TE or inter-180° gradients’ duration, whichever is longer. In practice, when maximum
gradient strength and maximum slew-rates are utilized, TE becomes the limiting factor and
the minimum echo time (TE) and inter-echo spacing are governed by the duration of the
slice selection plus refocusing gradient (Go, Figure 1a).

To reduce the number of phase-encoding steps while maintaining the spatial resolution,
inner-volume imaging was proposed using FSE with orthogonal 90° and 180° refocusing
pulses (6) as shown in Figure 1a. However, using that approach, the signal from the
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surrounding tissue will not be entirely avoided. If, however, the initial slice-selective 90°
pulse was replaced by a 2D-selective cylindrical excitation perpendicular to the imaging
plane (Figure 1b), the resultant signal will originate from a disc localized at the intersection
between the 90° cylindrical and the slice selective 180° pulses (6). Such LocEx enables
simultaneous small-FOV imaging in both phase-encode and read-out directions.

2D RF Pulse Design
The analytical approach from Pauly et al. (10) was adopted for the design of 2D-selective
pulses with large flip angles and user-specified geometric constraints. 2D-selective
excitation and inversion of magnetization require the simultaneous application of a
radiofrequency (RF) waveform and amplitude-modulated gradient fields in two directions.
Aiming at a cylindrical excitation profile, a spiral k-space trajectory (22) was performed
using the gradient waveform G(t) parameterization proposed in (23). Balancing pulse
duration against profile fidelity, the spiral k-space extension was chosen to cover the central
lobe and the first negative and positive sidelobes of the jinc function. The latter represents
the targeted cylindrical 2D pulse shape in k-space and determines the RF waveform B1(t)
(Figure 2). A numerical pulse simulation was implemented to assess the excitation pulse
pattern. T2* decay during the excitation pulse was counteracted by pre-emphasizing early
RF waveform samples, using T2* = 35ms (24,25).

Implementation on the scanner
The 2D-selective 90° cylindrical excitation using a spiral k-space trajectory was
implemented as part of a DIR BB-FSE imaging sequence as shown in Figure 1 on a
commercial 3T Philips Achieva MRI system equipped with a 62mT/m; 110mT/m/ms
gradient system. Total pulse duration was 6ms with a <1% increase of SAR/maximum
allowed SAR. To support a reduced specific absorption rate (SAR), the 180° refocusing
pulse was followed by a train of 160° pulses. To suppress respiratory motion artifacts, a real-
time prospective adaptive real-time navigator correction (26) was combined with the LocEx
technique. Localization, angulations about all the three major axes, and the diameter of the
cylindrical excitation are prescribed on the graphical user interface of the scanner console.
Additional parameters of the pulse that can be defined by the user include the number of
side-lobes (see Figure 2b) that are covered by k(t) in excitation k-space, and the distance of
the first concentric aliasing ring from the central lobe in the image domain (Figure 2c). The
former has an influence on the spatial selectivity of the 2D-selective pulse and the latter
helps to avoid unwanted signal enhancement as a result of discretization in excitation k-
space.

A 32-channel phased array cardiac receiver coil was used in all experiments. Sixteen
anterior and 16 posterior coil elements were used simultaneously for signal reception.

Phantom Experiments
To interrogate the signal suppression characteristics of LocEx pulses, a cylindrical gel
phantom was utilized (T1/T2=1200/100ms). Diameter and height of this cylinder was 20 cm.
Phantom measurements were obtained using conventional 2D FSE imaging (TR=2s, slice
thickness=8mm, RF excitation angle=90°, echo train length (ETL)=6, TE=12ms). Reference
images, acquired without and with LocEx, had a FOV of 240mm and a matrix of 352×352
(Figure 3a,b). The same acquisition was then repeated using a reduced FOV (FOV=120mm,
matrix of 176×176) with and without LocEx (LocEx diameter=100mm, Figure 3e,f). On the
resultant images, signal intensity profiles in foldover direction were obtained (Figure 3g).
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Normal Subject Experiments
Ten healthy adult subjects (age range: 24–45 years, 7 males) were examined in the supine
position. All experiments were approved by the Institutional Review Board. Informed
consent for scanning and participation was obtained from all participants. The study was
Health Insurance Portability and Accountability Act compliant. Axial anatomic slices were
planned at a mid-ventricular level of the heart during diastole. Data were acquired using
navigator-gated and corrected (26) free-breathing dual-inversion 2D FSE imaging. The
navigator was localized at the lung-liver interface of the right hemi-diaphragm, the gating
window was 5mm, and a correction factor of 0.6 (27) was used. The “slice tracking”
correction shifts the imaged slice position in the superior-inferior (SI) direction for each data
segment acquisition. It has been shown that respiration-induced cardiac SI displacement
amounts to 60% of that of the diaphragm (27). To characterize the utility of LocEx cardiac
BB FSE imaging, five different datasets were collected at the same anatomical location in
each subject. With these scans, we sought to investigate whether motion artifacts from
stationary tissue can be reduced, whether the time efficiency of the data acquisition can be
improved, and whether signal loss due T2* can be minimized. Dataset details are listed in
Table 1. The first reference dataset, called RefFv, has a large FOV without LocEx (slice
thickness=8mm, FOV=340×340mm, matrix = 352×352), an echo-train length (ETL) of 6,
TR=2 cardiac cycles, and TE=12ms, which was the minimum TE possible under this
protocol. The second reference dataset, called RefLx, has a large FOV as well but includes a
user-defined 90° LocEx pulse with a diameter of 150 mm, a first order aliasing ring radius of
400 mm, and 2 side lobes covered in excitation k-space. The remaining datasets were all
acquired with a reduced FOV (rFOV = 170×170 mm2), unchanged LocEx configuration,
and a matrix of 176×176, which is exactly half of that from RefFv. The third dataset (Lx)
had TE remained unchanged. The fourth dataset (LxTE↓) had a shortened TE of 7ms. The
fifth dataset (LxTE↓EL↑) had a short TE of 7ms, but the ETL was increased to 11 so that
total acquisition window duration is identical to that of the reference scan. In all datasets,
low-high k-space ordering with 62.5% partial coverage in fold-over direction was employed.

Normal Subject Data Analysis
Image processing and statistical analyses were performed off-line on a personal computer
using an in-house custom-built software tool developed using Matlab® ver. 7.6 (Mathworks,
Natick, MA). Two sets of quantitative measurements were performed. The first group of
measurements was performed for all the images obtained with the different settings listed in
Table 1. Myocardium SNR and myocardium-blood contrast-to-noise ratio (CNR) were
calculated using the formulas SNR=Sheart/σlung and CNR=(Sheart-Sblood)/σlung, respectively.
Mean signal intensities Sheart and Sblood were calculated on two manually selected circular
regions of interest (ROI) with a diameter of 10 mm in the center of the free wall of left
ventricular myocardium and left ventricular blood pool, respectively. For consistent noise
measurements and due to the lack of adequate regions for measurement of noise in the
background in all small FOV scans, noise standard deviation σlung was calculated in a
manually selected ROI (diameter=25mm) in the lungs where no anatomical structures could
be visually identified. The edge sharpness of the left-ventricular lateral epicardium was also
measured objectively similar to that described in (28). Briefly, the edge was traced manually
by drawing points along the edge. Direction of maximum intensity variation was identified
automatically perpendicular to the interface before a 1D Gaussian shape was modeled along
the direction of maximum intensity variation at each point. Edge-sharpness was then
calculated as the slope of the Gaussian shape.

The second set of measurements were performed on the RefFv and RefLx datasets to assess
the effectiveness of signal suppression and the amount of residual structural artifacts in
suppressed areas after using the 2D selective pulses. Air SNRair=mair (air signal mean)/σair
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(air noise standard deviation) was calculated from RefLx in a region outside of the body
posterior to the left shoulder. Mean signal intensity Sshoulder was calculated in the posterior
lateral upper back muscle. SNRha=Sheart/σair and SNRsa=Sshoulder/σair were then calculated
for RefFv and RefLx and the thus obtained results were compared.

Nonparametric analysis of variance (ANOVA) using Friedman analysis was performed on
the SNR, CNR, and sharpness to assess whether these measurements from the eight methods
in Table 1 were significantly different. This was followed by paired Wilcoxon’s signed-rank
analyses between the methods. In all multiple comparison analyses, Bonferroni correction
was employed and a p-value ≤ 0.05 was considered statistically significant. MedCalc®
version 11.6 (MedCalc Software, Mariakerke, Belgium) was used for statistical analysis.

RESULTS
Simulation and Phantom Measurements

The Bloch equation (8,10) simulation results for the 2D-selective pulse are visualized in
Figure 2. The most prominent geometrical features of the 2D-selective pulses include the
central-lobe, representing the target excitation and the (unwanted) concentric aliasing-ring
related to k-space discretization (Figure 2c). Moreover, the aliasing-free region between the
central lobe and the aliasing ring is clearly visible. Aliasing-free imaging is possible if the
central lobe is localized inside the imaged FOV while the aliasing ring is outside of the
object that is imaged.

Figure 3 demonstrates local exciation imaging in a phantom. The full FOV without and with
LocEx are shown in Figure 3a,b, respectively. As predicted, images with reduced FOV with
LocEx (Figure 3e) were void of any fold-over artifacts while without LocEx, severe fold-
over distortion occured (Figure 3f, g, dashed arrows). In agreement with the numerical
simulations displayed in Figure 2, signal intensity profiles obtained from the reduced FOV
LocEx images (Figure 3g) as well as the noise floor images (Figure 3c,d) show substantial
suppression of structures from outside the area of the local excitation compared to those
without LocEx (solid arrows).

Normal Subject Measurements
Scans were completed successfully in all subjects. Table 1 summarizes the scan time for a
single slice and the quantitative findings (SNR, CNR, and edge sharpness) from the in vivo
study. A representative set of example images obtained in one of the study subjects is
displayed in Figure 4.

SNR and CNR—Comparing the two full FOV examples RefFv and RefLx, the plain
utilization of local excitation in RefLx resulted in a statistically significant improvement in
SNR (87 vs. 71, p<.05) and CNR (82 vs. 66, p<.05), where noise was measured in the lung
region and structural artifacts were considered. However, the change in SNRha from RefFv
to RefLx was not significant (78±31 vs. 86±29, p=NS). This improvement is consistent with
the expectation that respiratory motion induced artifacts are reduced with local excitation as
clearly demonstrated in Figure 4 ((a) RefFv versus (b) RefLx, dashed arrows). When local
excitation was further used in conjunction with a 50% reduction of the FOV, (Figure 4, Lx
scans vs. Ref scans), no foldover artifacts were observed in the small-FOV images despite
the fact that the FOV was substantially smaller than the cross section of the thorax.

Reduced FOV combined with a reduced number of phase encoding steps (Lx1) (while
maintaining spatial resolution) led to both a reduced SNR (55 vs. 71; p<.05) and CNR (51
vs. 66; p<.05) when compared to RefLx. This is consistent with the associated reduction in
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scanning time. Remarkably, and despite the 2-fold reduction in scanning time, SNR and
CNR values of all reduced FOV techniques had SNR and CNR that are slightly reduced
when compared to those of RefFv (p=NS). However, SNR and CNR of all these scans were
significantly low when compared to RefLx (p<0.05).

Edge Sharpness—As shown in Table 1, the use of local excitation techniques invariably
was associated with improved edge sharpness in comparison to RefFv ( p<.05).

Effect of TE and ETL—Complementary to imaging time and motion artifact reduction,
the self-refocusing property of the 2D-selective LocEx was further exploited to shorten TE
in FSE imaging. In our protocol, the self-refocused pulse enabled the reduction of the
minimum TE from 12ms to 7ms with a resultant shortening of both inter-echo spacing (from
24ms to 14ms) and temporal resolution (from 72ms to 42ms), as demonstrated in the
datasets from LxTE↓ and Lx (Figure 4). When comparing Lx vs. LxTE↓, improved visual
edge definition (Figure 4, solid arrows) was consistent with the numerical findings related to
sharpness (48 vs. 40, p<.05). It is noteworthy that the gain in edge sharpness associated with
short TE was partly lost when ETL increased (p=NS). Moreover, using shorter TE helped to
compensate in part for the SNR and CNR loss associated with rFOV. Shorter TE also
improved SNR (61 vs. 55) and CNR (56 vs. 51) in LxTE↓ when compared to its long TE
counterpart Lx. However, this was not statistically significant. Scan LxTE↓TL↑ (Figure 4)
further demonstrates that the shortened TE and inter-echo spacing can be used to reduce the
total scan time by 70%.

Residual Artifacts—The left panel of Figure 4 displays zoomed and leveled views of an
outer volume region before and after suppression. Successful signal suppression can be
appreciated using local excitation. Statistically, SNRsa in RefFv was effectively suppressed
when compared to that of RefFv (3.8±1.0 vs. 46.4±23, p<.05). In the RefLx datasets, SNRsa
was slightly higher than SNRair (3.8±1.0 vs. 3.1±0.8, p<.05).

DISCUSSION
In DIR cardiovascular imaging, motion artifacts originating from the chest wall, motion
during the signal-readout, and relative motion induced by slice tracking adversely affect
image quality. Therefore, there is a strong need for techniques that enable local excitation
and reduced FOV imaging in cardiovascular MRI. To address that, a new free-breathing
DIR 2D local excitation inner-volume technique has been developed and implemented to
test the following hypotheses: (1) significant scan reduction can be obtained by using local
excitation and reduced FOV imaging; (2) LocEx helps reduce artifacts originating from
outside the area of interest; (3) LocEx in combination with rFOV adds flexibility in the
choice of imaging parameters, which can be exploited to improve SNR, CNR, and temporal
resolution.

With local excitation in black-blood cardiac FSE imaging, it became possible to reduce both
FOV and scan time by 50%. As demonstrated above, local excitation of the heart and
suppression of the chest wall and other surrounding static structures may lead to a reduced
motion artifact level and improved SNR, CNR, and image clarity. For imaging approaches
which include prospective adaptation of the imaged volume position (29) or self-navigation
techniques with retrospective correction, this might be of particular interest. In these
applications, the imaged volume position is adapted to match that of the anatomy of interest.
However, this leads to an apparent displacement of the otherwise static background tissue
and to resultant motion artifacts. These can be significantly avoided with inner-volume
techniques and is in line with the present findings. As a result, local excitation may be
particularly well-suited for coronary MRA and coronary vessel wall imaging that includes
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prospective or retrospective adaptation of the imaged volume position (29). In BB-FSE
imaging of the heart, motion-related artifacts often adversely affect image quality. While
motion artifacts may also be reduced using orthogonal-slab inner-volume imaging (6), TE
can be additionally shortened when using self-refocused 2D-selective pulses which leads to
a further reduction of such motion artifacts. A shortened TE leads to a reduction of T2*-
related artifacts and T2-weighted k-space modulation. This affords the advantage of an
increased signal and reduced inter-echo spacing and can be exploited to improve the
temporal resolution (shorter acquisition window). Since motion artifacts are amplified with
prolonged TE, the local excitation technique with shortened TE is expected to be
advantageous for high heart rates. Shortened TE can also be utilized to accelerate the scan
since more profiles in k-space can be acquired per unit time (if the duration of the
acquisition window remains unchanged).

Gaussian-distribution magnitude noise measurements in the air (30) were not feasible on
reduced FOV images. Alternatively and since the same receiving coil was used in all
measurements, modulus magnitude Rician and Raleigh distributed noise was calculated
from regions with a minimal amount of anatomical structures and the relative SNR and CNR
measurements were calculated. While respiratory motion and flow artifacts are not part of
the random image noise, they appear as spurious signal that affects noise statistics and
therefore the actual in vivo cardiac SNR and CNR measurements.

Local excitation was combined with a standard FSE sequence available on the scanner. The
refocusing pulses plus crusher gradients around these were not modified as a result of our
implementation and the crusher’s 1st moment was 5.9mT.ms2/m in all scans. Therefore, it is
expected that any FSE crusher or refocusing optimization may equally benefit the original
and the modified FSE sequences utilized in this study.

Since the early introduction of 2D local excitation to MR spectroscopy (9), various local
excitation techniques have been developed but have not been exploited for high spatial
resolution motion-suppressed high-field cardiac imaging. 2D-selective pulses have already
successfully been exploited as pre-pulses for spin labeling coronary MR angiography (31) or
“local dual-inversion” for coronary vessel wall imaging (32). While the inner volume
technique (6) successfully demonstrated reduced FOV imaging of the heart, to our
knowledge, this is the first study that demonstrates the feasibility and the potential benefits
of the direct integration of a 2D-selective pulse into the imaging part of free-breathing
navigator-gated and corrected dual-inversion black-blood FSE cardiac imaging at 3T.

The current LocEx inner-volume imaging technique may not be suited for multislice 2D
imaging (33) without modifications. However, in cardiac imaging, the acquisition window
has to be small and is often constrained to the diastolic, most quiescent period of the cardiac
cycle while the temporal resolution has to be high to avoid motion blurring and artifacts.
Therefore, there is limited opportunity for such multislice 2D black-blood imaging of the
heart in general and the limitation for multislice LocEx inner-volume black-blood imaging
seems relatively minor. Particularly, and for improved volumetric coverage, the combination
of the local excitation technique with segmented k-space 3D signal readout seems
straightforward but remains to be investigated.

Although 3D inner-volume imaging of the heart was originally reported as a means to obtain
full 3D coverage, the focus here was on 2D imaging for a comprehensive validation.
However, the sequence can be extended to 3D imaging and improved time efficiency with
improved volumetric coverage is expected. As an example, for 3D imaging, a 50% reduced
FOV and a 50% reduced matrix will result in an SNR penalty of 1/√2 while scan time is
reduced by 50%. However, twice as many slices with doubled volumetric coverage could be
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acquired which, in theory, compensates for the 1/√2 SNR penalty while scanning time
remains unchanged. An additional gain in scan time or volumetric coverage may be obtained
if the shortened TE was also utilized to acquire more k-space profiles during the acquisition
window.

In addition to the potential for accelerated 3D FSE imaging, other imaging sequences may
be among the beneficiaries of 2D-selective self-refocused pulses at high magnetic field
strength. Local excitation can theoretically be integrated into Echo Planar Imaging (EPI),
GRASE(34), and MSDE (35). However, the duration of such 2D-selective pulses is
currently in the order of 5–10ms and therefore they may not be well-suited as part of
segmented k-space gradient echo imaging sequences or steady-state with free precession
approaches. However, with advances in scanner hardware and particularly multitransmit
capabilities (24,36), such 2D-selective pulses may be abbreviated significantly, which may
enable the use of 2D-selective pulses as part of segmented k-space gradient echo imaging
sequences as well.

CONCLUSION
Local excitation was implemented for in vivo free-breathing navigator gated and corrected
inner-volume black-blood cardiac imaging at 3T by combining a 2D-selective RF excitation
pulse with an FSE signal-readout at 3T. As a result, signal is exclusively obtained from the
heart while that of the surrounding structures is effectively suppressed. Therefore, black-
blood small-FOV imaging of a user-specified region in the human thorax is feasible, motion
artifacts are minimized, time efficiency is improved and additional flexibility in the choice
of imaging parameters supports both shorter scan times and reduced acquisition window
duration.
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Figure 1.
Black-Blood FSE Sequence with motion-correction navigator and 2-D local excitation pulse
with (a) 1D selective excitation in the phase-encoding direction and (b) 2D-selective
excitation.
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Figure 2.
The target Mxy magnetization in the image domain (a) corresponds to a ‘jinc-function’ in k-
space (b). If k(t) is a spiral trajectory covering the central and the first two side lobes of the
jinc, the simulation of the Bloch equation yields the final magnetization as shown in (c)
where only Mxy is shown. The central lobe in (c) approximates the desired 2D excitation
pattern (a), except for the aliasing ring, which is kept at distance by keeping adjacent spiral
turns close enough.
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Figure 3.
Phantom images with (a) a large FOV without LocEx, (b) a large FOV with LocEx, (e) a
small FOV with LocEx, and (f) a small FOV without LocEx. The noise floor is zoomed and
leveled for better visualization of the effectiveness of the LocEx signal suppression (d)
compared to RefFv (c). The intensity profiles at the level of the vertical lines in (a,b,e,f) are
plotted in (g). Solid arrows in (c), (d), and (g) point to the extent of signal suppression as a
result of LocEx. The dashed arrows in (f) and (g) point to the extent and amount of foldover
artifacts in small FOV imaging, which was avoided when LocEx was utilized.
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Figure 4.
Black-blood FSE Imaging using (a) full FOV (RefFv), (b) full FOV with LocEx (RefLx),
and (c–e) various reduced FOV schemes (Lx, LxTE↓, and LxTE↓EL↑) demonstrating the
potential use of 2D local excitation to reduce total scan time (ST) and/or to improve image
quality. Dashed arrows point to reparatory motion induced artifacts that are suppressed by
using local excitation. Although reduced FOV images had shorter scan duration, they were
associated with sharper edge definition (solid arrows). (f) the signal intensity of a horizontal
line through the heart using RefLx versus RefFv, demonstrating quantitatively the extent of
signal suppression with LocEx utilization.
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