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In many ultrafast imaging applications, the reduced field-of-view (rFOV) technique is often used to enhance the spatial
resolution and field inhomogeneity immunity of the images. The stationary-phase characteristic of the spatiotemporally-
encoded (SPEN) method offers an inherent applicability to rFOV imaging. In this study, a flexible rFOV imaging method
is presented and the superiority of the SPEN approach in rFOV imaging is demonstrated. The proposed method is validated
with phantom and in vivo rat experiments, including cardiac imaging and contrast-enhanced perfusion imaging. For com-
parison, the echo planar imaging (EPI) experiments with orthogonal RF excitation are also performed. The results show
that the signal-to-noise ratios of the images acquired by the proposed method can be higher than those obtained with the
rFOV EPI. Moreover, the proposed method shows better performance in the cardiac imaging and perfusion imaging of rat
kidney, and it can scan one or more regions of interest (ROIs) with high spatial resolution in a single shot. It might be
a favorable solution to ultrafast imaging applications in cases with severe susceptibility heterogeneities, such as cardiac
imaging and perfusion imaging. Furthermore, it might be promising in applications with separate ROIs, such as mammary

and limb imaging.

Keywords: magnetic resonance imaging, spatiotemporal encoding, single shot, reduced field-of-view
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1. Introduction

The last decades have witnessed a continuous growth
in the use of single-shot MRI, both for clinical and re-
search applications.!!'-81 Owing to the good temporal resolu-
tion, these single-shot MRI methods are referred to as “ultra-
fast” imaging protocols. These “ultrafast” protocols play an
essential role in experiments and researches demanding high
temporal resolution.!!:>3-71 Single-shot echo planar imaging
(EPD) is one of the most popular of these ultrafast imaging

9-111 For single-shot EPI, full k-space lines are col-

protocols. !
lected in a single shot to reduce the acquisition time. However,
the extremely long echo-train length (ETL) in EPI reduces the
image quality due to the occurrences of ghosts, ringing arti-
facts, geometric distortion, etc.!!>~1% The reduction of the to-
tal echo-train duration can be accomplished by reducing the
ETL; however, it does so at the expense of spatial resolution.
In many ultrafast imaging applications, reduced field-of-view
(rFOV) imaging technique can be used to reduce the number of
phase encoding lines and, hence, reduce the ETL without com-
promising spatial resolution for those applications in which the
region of interest (ROI) is only a small part of the field of view
(FOV).[11,17-22]

Several rFOV imaging techniques have been pro-
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12171 orthogonal RF

posed, including spatial pre-saturation,
excitation,”®! and two-dimensional (2D) spatially selective
RF (2DRF) pulses excitation.!!821] Spatial pre-saturation is
usually sensitive to B; inhomogeneity, although some tech-
niques have been used to improve the B; inhomogeneity

tolerance. 1217

I For pulse sequences with long repetition time
(TR) such as spin-echo EPI, another problem associated with
spatial pre-saturation is that the 77 recovery of the transverse
magnetization in the saturation region during acquisition usu-
ally degrades saturation performance. For the rFOV imaging
method using orthogonal RF excitation and 2DRF pulses ex-
citation, the aliasing artifacts will be generated if the excited
area is larger than the imaged rFOV,!'821:23] especially in in-
homogeneous fields.

Recently, a single-shot spatiotemporally-encoded (SPEN)
MRI approach has been proposed.[?4-20! This approach uses a
linear frequency-modulated pulse (chirp pulse) and a simul-
taneous linear gradient field to sequentially excite the nuclear
spins along the direction of the gradient with a quadratic phase
profile, and the MRI signals are then acquired in the same
way as traditional EPI methods. The quadratic phase profile
focuses the signal from a region around its vertex where all
the spins are in-phase, while largely suppressing the signals
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from other regions where the spins destructively interfere with
each other. Therefore, the SPEN method possesses a space-
selective property. It offers a novel approach for single-scan
imaging, which can alleviate the influences of field inhomo-
geneities and chemical shift but which possesses comparable
temporal resolution with EPL. 1?4261 Meanwhile, the stationary-
phase characteristic and band-selective excitation of SPEN
method offer an inherent ability to rFOV imaging.[?%?7-21 1t
has been mentioned that two or more separated ROIs can be
locally imaged by using single-shot biaxial SPEN (bi-SPEN)
MRI sequence, [*?! which utilizes a 90° chirp pulse and a 180°
chirp pulse incorporated with two orthogonal gradients to spa-
tiotemporally encode two dimensions (i.e. high-bandwidth di-
mension and low-bandwidth dimension) and a series of suit-
ably tailored decoding gradients to acquire the signals from
the spins in ROIs. Since two chirp pulses (especially the 180°
chirp pulse) are used for the spatiotemporal encoding, the
bi-SPEN sequence may cause high specific absorption ratio
(SAR).?l Moreover, the principle of the flexible ROI imag-
ing and performance of this method have not been discussed
in detail in the previous report. To reduce the SAR and image
two or more ROIs with high spatial resolution in a single shot,
we present a flexible rFOV imaging method in this paper based
on the single-shot SPEN MRI sequence. This method can not
only scan any one ROI along the SPEN direction but also scan
two or more separated ROIs in a single shot. Meanwhile, we
analyze the method by introducing a parameter P. The perfor-
mances of this method in signal-to-noise ratio (SNR), SAR,
and immunity to the By inhomogeneity are discussed.

This paper is organized as follows. In Section 2, we carry
out a theoretical derivation for the present method. Mean-
while, we discuss the performance of this method in SNR,
SAR and immunity to the By inhomogeneity. In Section 3, we
show the performance of this method in SNR, flexible imag-
ing and immunity to the inhomogeneous field through phan-
tom and in vivo experiments. In Section 4, we discuss some
related issues experimentally. Finally, in Section 5, we draw
some conclusions from this study.

2. Materials and methods
2.1. Flexible rFOV imaging

For simplicity, a one-dimensional (1D) imaging along the
y direction is taken as an example to illustrate the principle of
the proposed flexible rFOV imaging scheme. The pulse se-
quence is shown in Fig. 1. Unlike the previous fixed rFOV
method proposed by Chen et al.,””®! an additional positioning
gradient Gpos is used to flexibly image the region of interest
(ROI) along the SPEN dimension. In the single-shot SPEN
imaging, spatiotemporal encoding is realized by a 7 /2-chirp
pulse combined with an encoding gradient Gex. along the y

direction during the excitation period Tpyc.[**2%1 A quadratic

y-dependent phase profile, which is imposed on the spins after

excitation, can be written as follows: [24:20]

_ YGCXC ]-‘CXC 2 ’}/GeXC TeXC
Pexc(¥) = 2L, y o+ 3 y
YGexcTexcLy T
_ exetexery % 1
o2 M)

where 7 is the gyromagnetic ratio, Ly is the encoded FOV. Gexc
is determined by

AOw, _ , Rlexc

Gexe =27
exc '}’Ly '}’Ly bl
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where AOy, is the bandwidth of the chirp pulse in units of
Hz and R = AOy,/Tex is the frequency sweep rate in units of
kHz/ms.
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Fig. 1. (color online) 2D SPEN sequence with flexible rFOV scheme used
in this study. The 180° pulse is used for slice selection and refocusing.
Gexc is the encoding/exciting gradient, Texc is the encoding time, Gyq is
the decoding/sampling gradient, Gpos is the positioning gradient transfer-
ring the current decoding location to the start location of next ROL, Tje is
the pre-acquisition delay, and Tycq is the decoding time (Tacq = Necho * Thlips
where Necpo is the number of sampling points along the SPEN dimen-
sion, Tyjip is the duration of one blip gradient along the SPEN dimension).
Notice that Gpos is applied only when the decoding position needs to be
transferred to the next ROL. In other cases, it is replaced by the decoding
gradient G,cq. Abbreviations: exc: spatiotemporal-encoding excitation,
ro: readout direction, acq: acquisition, echo: sampled echoes, blip: blip
gradient, pos: position, pre: pre-acquisition, and ror: rephased gradient.

During the acquisition/decoding period Tueq (Tacq =
Necho * Tblip)7 an additional phase term

ta
Pacq(Vta) = 7< A Gacq(t)dt) Xy, la€ [07 Tacq]

is added to Eq. (1). Therefore, the acquired signal s(z,) can be
expressed as

s(ta) o< /L p(y)exp

v

. ’yGeXC 723)(0 2 ,yGeXC TeXC
Woor, T Y
y
}/GexcﬂaxcLy
8
ta
wr( [ Guatar) x5 bas )

where p(y) represents the spin density. Given the quadratic y-

+7r
2

dependence of (xc, the spins phase will vary rapidly across
the sample,>*?°! except at a single stationary phase point
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where the first spatial derivative of the overall phase vanishes:
(0/9y) [@an(y,)] = 0.12426] According to this stationary-
phase approximation, only the spins in close vicinity of this
time-dependent y point will have in-phase magnetizations and
contribute to the acquired signal s(z,).?*~2%! The decoded tra-
jectory (y') at decoding time (t,) can be obtained from. [30:3!]

1 [* Gaeq(t)dt
"(ta) =Ly [ = — 297 ) 1, € [0, Taeq] - 4
y ( a) 'y ) GoxeToxe a [ ) acq] “4)

According to Eq. (4), the decoded position can be shifted
flexibly along the y direction (i.e. the SPEN dimension) via
The gradient Gacq(?)
is a general representation, and actually consists of positioning

suitably tailoring the gradient Gyeq(t).1*!

gradient Gyos and decoding gradient Gq in the flexible rFOV
imaging Assume that there are N ROIs along the SPEN dimen-
sion then [(* Gyeq(#)dt will be transformed into the following
discrete form:

ZZGqu n,s) i

where Gacq(n,s) is the discrete form of Gueq(t), Gpos(n) is
the positioning gradient of the n-th ROL Gj 4 (n,s) represents
the s-th decoding gradient of n-th ROI, and S, is the num-
ber of sampled/decoded points for the n-th ROI. When s = 0,
Glieq(n,5) = Gpos(n), oy Sn = Necho» 1 € [1,N], 5 € [0,5,].

Consequently, we have the discrete form of Eq. (4) as fol-

Sp—1
pO& + Z Gdcq (5)

lows:

1 i |Gl >+25" Gy (n,9)]

Y (n,s) =L, 3~ G . (6)

From Eq. (6), the decoded/imaged FOV of the n-th ROI
can be defined as

Ly(n |y n,S,) —y (n, 0)|
)i 1G::cq( 5)
GCXCTCXC y
= PxL, )

where

P | an_l chq(nvs)

GCXC TSXC

(P is a real number). From Eq. (7), we can find that FOV
Lyq(n) can be determined by the sum of Gj4(n,s) when the
excited FOV L, and encoding gradient Gex are both fixed. If

Sp—1

Z G’z:cq (n,s)
s=1

< | Gexc Texe | 5

then a decoded/imaged FOV Ly;(n) smaller than the ex-
cited/encoded FOV (L,) can be obtained. Note when P = 1

and N = 1,1i.e. S = Necho, Ly = Ly, and

Necho

Z Gacq(1,5)

the imaging scheme returns to the fixed rFOV imaging. For

|Gexc Texc| =

the fixed rFOV imaging, according to Eq. (2), scanning a
smaller FOV with the same matrix size as a full FOV requires
larger excitation/encoding and acquisition/decoding gradients.
From Eq. (7), we can see that imaging a smaller FOV can

be realized by reducing P, i.e., reducing |ZY lng‘cq( $)1s
without the need to enlarge the excitation/encoding and ac-
quisition/decoding gradients strength. During the excita-
tion/encoding period, an FOV (L,) larger than the imaged
FOV (Lyg

filled by a encoding gradient weaker than the one used in the

(n)) is excited/encoded. This strategy can be ful-

fixed rTFOV method. During the acquisition/decoding period,
a smaller acquisition/decoding gradient tailored according to
Eq. (6) is used to acquire/decode the signals only from the
spins in the ROI, thus an rFOV image is obtained. Meanwhile,
a smaller acquisition gradient G,cq also leads to a smaller
sampling bandwidth and weaker noises, which may lead to a
higher SNR. If there are two or more separated ROIs along the
SPEN dimension, we can first capture the location of each ROI
and then design a corresponding acquisition/decoding gradi-
ent Gueq(t) according to Eq. (6). Using this tailored gradient
Gacq(t), separated ROIs can be simultaneously imaged in a
single shot (see Appendix A for the illustration of the flexible
rFOV imaging).

2.2. SNR

High SNR usually benefits single-shot MRI in clinical ap-

plications. The SNR of k-space encoded EPI and SPEN MRI

can be compared by

o

SPEN
GSeEN)

sy (EPD)

—\/ G(SPEN) — Ve, ®

SNR(SPEN)
SNREPD

(EPI

where Gycq ) and G&E’EEN) are acquisition gradients, and the
acquisition frequency bandwidths are sw(EP) = yG<EPI) FOV
and sw(SPEN) — yG(SPEN) FOV; o is the SNR ratio between
the SPEN image and EPI image. When o < 1, the SPEN im-
age can, under the same acquisition condition, have a similar
SNR to the EPI image, especially when o = 1.1?°) Whereas
when the acquisition gradient applied to the flexible rFOV
imaging is smaller than the one used in EPI, the flexible rFOV
imaging can even produce a higher SNR than EPI. However,
the spatial resolution and the robustness to the By inhomogene-
ity of the SPEN image will be lowered (see Subsection 2.4
for a theoretical explanation of the performance of the flexible
rFOV imaging method in inhomogeneous fields).
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2.3. SAR

Another important aspect in MRI application relates to
SAR limitation. Owing to the gradient involved in the chirped
excitation in the SPEN imaging, the accompanying frequency
sweep RF pulse requires a higher bandwidth than the normal
slice selective pulses used in traditional k-space encoded imag-
ing. A high excitation bandwidth can enhance the robustness
of the image to the By inhomogeneity but reduce the SNR. On
the other hand, as reported previously, the SAR in SPEN MRI
can be expressed as?®]

SAR o GeyeLy = 2TAOw, /. )

Equation (9) shows that a high excitation bandwidth AOg, of
chirp pulse will lead to a high SAR. Therefore, the selection of
excitation bandwidth is a compromise and should be carefully
set in actual experiments.

2.4. Behavior of the flexible rFOV imaging method in in-
homogeneous fields

The above mentioned contents were discussed based on
the assumption that all field inhomogeneity effects were neg-
ligible. Here, we discuss the behavior of the proposed rFOV
imaging method in inhomogeneous fields. For simplicity, we
focus on the effect of field inhomogeneity along the y direc-
tion during acquisition period and assume that there is only
one ROI to be imaged. When a field inhomogeneity AB(y) ex-
ists, the final acquired signal can be expressed as the following
integral:[>?]

Gexc T G T,
s(ta)inh o< / p(y) exp i YGexclexce y2 - YGexc excy
L,"' 2Ly 2

GexeTexcly | T .
76X°86X0>+2+y( A Gacq(t>dt> XY

+ YAB(y)(ta + Tpre + TEeff):| } dy, (10)

where T is the pre-acquisition delay and TE.f is the ef-
fective echo time. For the SPEN sequence shown in Fig. 1,
the TE for the spins in position y can be expressed as
TEetr = (yTexcy/Ly — TE/2), and the sign of TEg is always
negative in this study because Tic is smaller than TE (see
Fig. 1).[%2] Because the evolution times for spins in different
positions along the y direction are different, T E.¢ values are
different for spins at different positions, depending on the ex-
citation instant.

According to the principle of the SPEN MRI, the sta-
tionary phase point under the By inhomogeneous field can be
found by calculating the spatial derivative of the overall phase,
and the real time decoding trajectory (y/,;) (i.e., the stationary
phase point) at the decoding time (,) can be defined as!>>>"!

) = | L U G d)
) =TT Gere e

(a/ay) [AB(y)(ta“‘Tpre“l‘TEeff)} 11
) GereToe - b

Assume that the decoding time varies from Thegin 10 Tend,
the final imaged/decoded FOV Liy‘élh in the By inhomogeneous
field can be defined as

inh
L;,I}j
= b’{nh(Tend) - ygnh (Tbegin) |

’Ten
(718 Gaca)dr)  (3/3y) [AB(S)(Tend — Tregn)]
GCXC 7WCXC GeXC TCXC

12)

According to Eq. (12), the terms induced by AB(y) can be
extracted as follows:
(a/ay) [AB(y)(Tend_ Tbcgin)] ‘
Gexc 7:3)((3 Ly
o ‘ (d/dy) [AB(Y)ATimaging]
B Gexc Téxc

AFOVjy, = ‘

Ly, (13)

where AFOVj,, represents the deviation of FOV affected by
the By inhomogeneous field and ATy ,ging is the imaging time
for decoding the ROLI. For the proposed flexible rFOV imaging
method, the excitation/encoding gradient Gex. and the acqui-
sition/decoding Gcq satisfy P |Gexc Texc| = |GacqTacq| (P < 1).
Therefore, equation (13) can be transformed to

(a /ay) [AB (y)ATimaging]
Gacq Tacq

AFOViy, =P Ly|. (14)

From Eq. (14), we can learn that the degree of distortion,
AFOV yy, is directly proportional to the imaging time ATiaging
and is inversely proportional to the acquisition/decoding time.
Namely, a longer time to image the ROI and a smaller ac-
quisition/decoding G,cq will lead to a more serious distor-
tion. Therefore, when the acquisition/decoding Gcq used in
the flexible SPEN rFOV imaging is equal to or smaller than
the one used in EPI, the resulting SPEN image may become
as sensitive to the By inhomogeneity as EPI; or even more,
of course, with an improved SNR. Note that when the flexi-
ble FOV method is applied in vivo, the excitation bandwidth
should be chosen carefully to retain the robustness of the
method to the By inhomogeneity.

2.5. Experiments

The MRI experiments were carried out with the single-
shot sequence depicted in Fig. 1. In this sequence, the fre-
quency encoding and spatiotemporal encoding were applied
along two orthogonal axes, respectively, while the slice selec-
tion along the third axis was achieved by a 180° refocusing
pulse. To evaluate the flexible rFOV imaging method with
different values of P, the rFOV results were compared with
those obtained with the single-shot EPI method with orthogo-
nal RF excitation. For single-shot MRI sequences, including
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EPI sequence and SPEN sequence, the vertical axis was phase-
encoded/SPEN dimension and the horizontal axis was tra-
ditional frequency-encoded dimension unless otherwise spe-
cially stated. For a fair comparison, the images obtained with
SPEN and EPI sequences had the same matrix size. More-
over, SNR comparisons of different imaging methods were
also given for in vivo rat brain experiments. The SNR value
was measured as SNR = 10log[Mean(signal®) /Var(noise)],
where Mean(signal®) denoted the average signal power of sig-
nal region and Var(noise) referred to the noise intensity vari-
ance of background region. In Fig. 2(c), the signal region
is circumscribed with a rectangle in the rat head region and
the noise regions are circumscribed with two rectangles in the
black background region close to the edges of the image. The
unit of SNR was dB. For each experiment, detailed experimen-
tal parameters were given in the captions of relevant figures.
The displayed results were super-resolved (SR) enhanced im-
ages (see Appendix A2 for SR reconstruction). All of the im-
ages shown in this study were images after interpolation and
the matrix sizes of all the images were also given in each fig-
ure caption. For the representation of sampling data matrix
size or imaging matrix size m X n, m represented the size along
the horizontal axis and n referred to the size along the vertical
axis, unless otherwise specified. The imaging matrix was ob-
tained by applying interpolation to the sampling matrix during
SR reconstruction.

SNR=34.3dB

5 () p
"f: ; L€ A

SNR=36.4dB SNR=34.5dB

SNR=38.5 dB

Fig. 2. (color online) Imaging results of a sagittal plane of an in vivo
rat head. Slice thickness = 2 mm, imaging matrix size = 256 x 256,
L, = 60 mm (horizontal), L, = 60 mm [(a)—(c)], 20 mm [(d)—(f)] (verti-
cal). (a) and (d) EPI images (sampling data matrix size = 64 x 64, Gyeq =
0.0196 T/m (a), 0.0367 T/m (d), sequence execution time = 47.6 ms). (b)
and (e) SPEN images (P = 1, Gyeq = 0.0367 T/m (b), 0.0587 T/m (e)).
(c) Reference multi-scan gradient echo image (sampling data matrix size
=128 x 128, repetition time (7R) = 100 ms, dummy scans = 16, sequence
execution time = 14.4 s). (f) SPEN image obtained with the flexible fFOV
imaging method (P = 0.625, Gyeq = 0.0311 T/m). Common parameters
for SPEN imaging: Texc = 3 ms, AOy, = 64 kHz, sampling data matrix
size = 64 x 64, R = 21.3 kHz/ms, sequence execution time = 49.1 ms, and
acquisition bandwidth along readout dimension = 250 kHz.

The flexible rfFOV imaging method was also tested in
rat cardiac imaging and perfusion imaging. These experi-
ments were chosen to showcase the capabilities of the flex-
ible rFOV imaging method in challenging cases with severe
susceptibility heterogeneities as well as to prove the poten-
tial of the method to be a real-time imaging tool. In the car-

diac imaging, a series of images depicting different heart beat-
ing stages was captured without ECG-triggering, respiratory
gating, or breath holding. In perfusion imaging, a rat was
injected with poly(aspartate acid & phenylalanine)-DOTA-
Gd (PL-DF-DOTA-Gd), where DOTA-Gd was the abbrevi-
ation of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic-
acid-gadolinium. After the rat was anesthetized and the imag-
ing experiments began, it was injected over about 1 min with
the contrast agent. Four thousand images were acquired over
80 min for each perfusion imaging experiment and the time
courses were drawn from the resulting images for selected pix-
els.

In vivo imaging experiments were carried out on several
Sprague-Dawley rats of seven-weeks old. The experiments
were performed in accordance with the procedures approved
by the Animal Experimental Center of our university. Before
the experiments, the rats were anesthetized. The experiments
were performed at 298 K on a 7.0-T Varian MRI system with
a horizontal-bore Magnex magnet, equipped with 10 cm bore
imaging gradients (40 Gs/cm) (Agilent Technologies, USA).
The unit 1 Gs =107 T.

3. Results
3.1. SNR performance

The results of the rat head are given in Fig. 2 to compare
the SNR and image quality of different methods. They indicate
that the SPEN sequence can produce images with good quality,
even in areas where conventional EPI sequence is incompetent
due to severe susceptibility heterogeneities (Fig. 2(a) versus
Fig. 2(b)). The rFOV imaging improves the spatial resolution
and immunity to field inhomogeneities of both EPI and SPEN
images. However, the SNR is reduced compared with the
corresponding full FOV image because the acquisition band-
width is enlarged with the increasing of decoding/acquisition
gradient strength, which leads to large noises. Note that the
SNR of rat head image acquired by the proposed method with
P =0.625 is 38.5 dB, which is the highest among the rFOV
images with the same FOV. This is because the image obtained
using the flexible SPEN method is acquired with lower acqui-
sition gradients than those obtained using other methods. It
should be noted that when the acquisition gradients are low-
ered, the spatial resolution of the resulting image will be af-
fected by smoothing the image to some extent. Therefore, the
acquisition gradients need to be carefully set in the SPEN ex-
periments.

3.2. Flexible rFOV imaging

The results of phantom and rat head are given in Figs. 3
and 4, respectively, to show the performance of the flexible
imaging method. Compared with the SPEN images (Figs. 3(c)
and 4(c)), EPI images (Figs. 3(b) and 4(b)) show much more
serious geometric distortions and even have aliasing artifacts
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(e.g. Fig. 4(b)). It can be seen from Figs. 3(d)-3(f) that any
ROI along the SPEN dimension can be rFOV imaged by the
proposed method and the rFOV images possess better spatial
resolution than the full FOV images, including the EPI im-
age (Fig. 3(b)) and the SPEN image (Fig. 3(c)). However,
these rFOV images exhibit severer geometric distortions than
the full FOV SPEN image (Fig. 3(c)). This is because much
more imaging trajectories travel inside the target imaging re-
gion, and the influence of local inhomogeneous field is greater
because of longer imaging time and smaller decoding gradi-
ents. Two separated ROIs can be tFOV imaged in a single
shot and the resulting phantom image (Fig. 3(g)) and rat head
image (Fig. 4(d)) show better quality in the aspect of spatial
resolution and geometric shape than the EPI images (Figs. 3(b)
and 4(b)), such as the region pointed by white arrow in Fig. 4.

Fig. 3. Imaging results of water phantom. Slice thickness = 2 mm, imag-
ing matrix size = 256 x 256, Ly = 40 mm (horizontal), Ly = 70 mm [(a)-
()], 23 mm [(d)—(f)], 46 mm (g) (vertical). (a) Reference multi-scan gra-
dient echo image (sampling data matrix size = 256 x 256, dummy scan
=32, TR = 600 ms, sequence execution time = 172.8 s). (b) Full FOV
EPI image (sampling data matrix size = 64 X 64, Gycq = 0.0168 T/m, se-
quence execution time = 47.6 ms). (c) Full FOV SPEN image (P =1,
Gacq = 0.0756 T/m). (d)—(f) The rFOV image obtained with flexible
decoding scheme for different ROI (P ~ 0.3, Gyeq = 0.0252 T/m). (g)
The rFOV image obtained with flexible decoding scheme for two ROIs
(P = 0.7, Gacqg = 0.0504 T/m). Common parameters for SPEN imag-
ing: Texe = 3 ms, AOy, = 96 kHz, sampling data matrix size = 64 x 64,
R =32 kHz/ms, sequence execution time = 49.1 ms, and acquisition band-
width along readout dimension = 250 kHz.

Fig. 4. (color online) Imaging results of a coronal plane of an in vivo rat
head. Slice thickness = 2 mm, imaging matrix size = 256 x 256, FOV = 50
(horizontal) x 60 (vertical) mm?. (a) Reference multi-shot fast spin-echo
image (sampling data matrix size = 256 x 256, sequence execution time
=544 s). (b) EPI image (sampling data matrix size = 64 x 64, sequence
execution time = 49.6 ms). (c) SPEN image (P = 1). (d) SPEN image
obtained with flexible rFOV method for two ROIs (P = 0.7, each ROI
Ly = 20 mm). Common parameters for SPEN imaging: Texe = 27.1 ms,
AOy, = 7.1 kHz, sampling data matrix size = 64 x 64, sequence execu-
tion time = 59.1 ms, R = 0.26 kHz/ms, and acquisition bandwidth along
readout dimension = 250 kHz.

3.3. Performance of the new method under severe suscep-
tibility heterogeneities

Figure 5 shows the results of rat cardiac imaging. It can
be seen that the MR signal of blood is lost because of the short
cardiac cycle and large blood flow velocity. Therefore, all of

the rFOV images shown in Fig. 5 display the black blood con-
trast. The rFOV EPI images shown in Fig. 5(a) display sev-
erer geometric distortions than the flexible rFOV SPEN im-
ages (Fig. 5(c)) around the interfaces of tissue and air, e.g. the
region pointed by white arrow in Fig. 5. Moreover, the IFOV
EPI images are spoiled by aliasing artifacts, which can be seen
from the region pointed by the arrow in the left-most image
in Fig. 5(a). However, for the given SPEN parameters, when
the rFOV method is executed with P = 1, the acquired rFOV
images (Fig. 5(b)) show a bad SNR and less anatomical infor-
mation. Therefore, it is important to choose appropriate SPEN
parameters before the SPEN experiment based on the consid-
erations of SNR, immunity to susceptibility heterogeneities,
SAR, etc.

Fig. 5. (color online) In vivo rat cardiac images. (a) EPI images. (b)
SPEN images (P = 1). (c) The rFOV images obtained with the flexible
rFOV imaging method. Spatiotemporal encoding is conducted along the
horizontal direction, slice thickness = 2 mm, L, = 50 mm (vertical), sam-
pling data matrix size = 32 x 64 (horizontal x vertical), image matrix size
after SR reconstruction = 32 x 128, sequence execution time = 30.4 ms,
AOy; = 64 kHz, Texc = 4 ms, Tyeq = 13.9 ms, P = 0.5, Ly = 44 mm (hor-
izontal), Ly, = 22 mm, the interval between two successive frames = 8 s,
R = 16 kHz/ms, and acquisition bandwidth along readout dimension =
250 kHz.

Figure 6 shows the results for the mapping of the dynamic
contrast-enhanced (DCE) perfusion images of PL-DF-DOTA-
Gd in rat kidney. All pulse sequences are executed with fat sat-
uration. Figure 6(a) shows the rTFOV EPI image. Figure 6(b)
displays the rTFOV SPEN image. When there exist severe sus-
ceptibility heterogeneities around the imaged region, e.g. the
tissue-air interfaces pointed by white arrows in Figs. 6(a)-6(c),
serious geometric distortion and signal mutation appear in the
rFOV EPI image (Fig. 6(a)), which may introduce errors into
the mapping of DCE perfusion image. The rFOV SPEN im-
age (Fig. 6(b)) shows better quality in the aspects of geometric
shape and signal intensity uniformity. The rFOV SPEN im-
age acquired after the steady-state magnetization condition is
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reached and before the contrast agent is injected, is shown in
Fig. 6(d), and the one acquired near the time that the largest
contrast is reached is shown in Fig. 6(e). The final image
(Fig. 6(f)) is acquired after 80 min of data acquisition. The
time courses of two representative pixels reflecting the renal
medulla and the renal cortex are shown in Fig. 6(g). The re-
sults show the following phenomena: the deep medulla region
(time course 1) displays large contrast, with contributions from
the first pass of arterial perfusion as well as a slow increase in
T\ weighting due to the accumulation of contrast agent in the
nephrons. In the outer cortex region (time course 2), the con-
trast level rises rapidly due to the first pass kinetics, but then
remains at a near-constant plateau as the acquisition duration
is too short for the contrast agent to clear.

—~
0]
~

Intensity
/arb. units

0 10 20 30 40 50 60 70 80
Time/min

Fig. 6. (color online) DCE MR images of rat kidneys with injected contrast
agent PL-DF-DOTA-Gd. (a) rFOV EPI image. (b) rTFOV SPEN image. (c)
Reference multi-shot gradient echo image. (d) rFOV SPEN image that is
acquired after the steady-state magnetization condition has been reached
and before the contrast agent is injected. (e) rFOV SPEN image acquired
near the time when the largest contrast is reached. (f) Final DCE image.
(g) DCE time courses of the pixels marked on the images ((d)—(f)). The
time courses show the regional variation of the PL-DF-DOTA-Gd effect
on the signal of medulla (1, upper) and cortex (2, bottom).

4. Discussion

In this study, we present a flexible rFOV imaging method
and further demonstrate the superiority of the SPEN method
in rFOV imaging, including high spatial resolution, high im-
munity to susceptibility heterogeneities and high flexibility in
imaging. To evaluate this flexible fFOV imaging method, the
experimental results obtained with this method are compared
with those obtained with the single-shot EPI method with or-
thogonal RF excitation. We can find from the results that
the rFOV images, including rFOV SEPN images and rFOV
EPI images, show higher spatial resolutions than full FOV
images. The proposed rFOV method reserves the immunity
of spatiotemporal encoding to susceptibility heterogeneities.
Therefore, the resulting fFOV SPEN image shows a geomet-
ric shape closer to real one than the rFOV EPI image. In ad-
dition, the rFOV image obtained with the proposed method
can avoid aliasing/folding artifacts, which is a problem in EPI

(e.g. the region pointed by the arrow in the left-most image in
Fig. 5(a)). The proposed method also possesses the ability to
perform the flexible rFOV imaging, which is demonstrated by
phantom and in vivo rat head experiments, where one or two
ROIs along the SPEN direction are imaged with high spatial
resolution in a single shot. It would also be feasible for three-
dimensional (3D) imaging. Although spatiotemporal encoding
is applied in 3D imaging, the imaging time remains overlong
for functional MRI or cardiac imaging. In the cases where the
whole FOV scan is not necessary, the proposed rFOV SPEN
imaging approach may be used to reduce the 3D imaging time.
However, the experimental parameters should be chosen care-
fully to avoid high SAR.

It needs to be pointed out that for the proposed rFOV
imaging method, the signals originating from the spins outside
the ROIs might affect the signals inside the ROIs. Therefore,
the rFOV images obtained with the proposed method may be
disturbed by stripe artifacts. When P is reduced, this influence
becomes more serious. The extent of influence is determined
by the coefficient of the quadratic phase, i.e.,

yGCXC Texc
2L,

)

C:-|

which is produced by the chirp pulse together with encod-
ing gradient. Assume that the imaged FOV L,,; and the chirp
pulse are kept unchanged, then a small P will lead to a large
Ly=1Ly /P and a small C;. A small C, will lead to a wide
parabolic phase which makes the interference from spins out-
side the ROIs serious.?>?°! To produce a narrow parabolic
phase, one can enlarge the product between the bandwidth and
the duration of the chirp pulse. The interference will then be
alleviated.

Another point needed to be noted is that the spatial res-
olution of each ROI is improved with the increase of sam-
pled points per unit space. However, the increase of sampled
points per unit space requires a longer imaging time and, con-
sequently, the rFOV image will suffer more influence from the
inhomogeneous field. Meanwhile, if the proposed rFOV imag-
ing method is performed to obtain an ROI image with a rela-
tively small P (e.g. P < 0.5), the strengths of encoding and
decoding gradients are weak and the immunity of the method
to field inhomogeneity is weakened. All these cause the rFOV
SPEN image to deform along the y direction (e.g. Figs. 3(d)-
3(f) with P = 0.3) compared with the full FOV SPEN image
(e.g. Fig. 3(c) with P = 1). For these reasons, the choice of P
value is a tradeoff among many aspects. Empirically, the range
of P value from 0.5 to 1 is optimum for the experimental sam-
ples involved in this study.

Before the proposed rFOV imaging method can be ap-
plied in clinics, the technical issue on SAR still needs to be
considered. From Eq. (9), we know that the SAR is directly

proportional to the bandwidth (AOy;,) of the chirp pulse.[26:2%]
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Since the bandwidth (AOy;) of the chirp pulse used in the pro-
posed rFOV method is the same as the one used in the fixed
rFOV method, both of the rFOV SPEN methods may produce
a similar SAR. Because of the large bandwidth (e.g. 64 kHz or
96 kHz used in this study), to achieve an identical flip angle,
the power needed for the chirp pulse is much larger than the
one required for the sinc pulse used in the rFOV EPI, thus the
rFOV SPEN method will bring higher SAR. It is worth not-
ing that the SNR of the flexible rTFOV SPEN image is slightly
higher than that of the rFOV EPI image (see Fig. 2). Therefore,
to some extent, one can utilize a chirp pulse with a lower B
power at the expense of a tolerable SNR reduction to reduce
the SAR.

5. Conclusions

In this work, the proposed rTFOV SPEN MRI method can
not only achieve the desired rFOV effects including high spa-
tial resolution and immunity to field inhomogeneity, but can
also improve the SNR and can flexibly image one or more
ROIs in a single shot. This might be a favorable solution to
ultrafast imaging applications in cases with severe suscepti-
bility heterogeneities, such as cardiac imaging and perfusion
imaging to kidney, liver, etc. Meanwhile, it is promising in
applications with separate ROIs, such as mammary and limb
imaging.

excited region

acquisition

Appendix A: Illustration of the flexible rFOV
imaging
Al. Illustration of the flexible rFOV imaging method

To better illustrate the principle of the flexible rFOV
imaging, a series of simulations with different encoding and
decoding gradients is given in Fig. A. Figures A(b)-A(e) show
the region excited/encoded by the chirp pulse together with the
corresponding encoding gradient. The regions circled by the
dashed rectangles in Figs. A(b)—A(e) represent the ROl in each
SPEN MRI experiment. The acquired SPEN data are shown
in Figs. A(f)-A(i), in which the sampling trajectories are in-
dicated by dots. The decoding/acquisition gradients along the
SPEN dimension corresponding to the decoding/acquisition
trajectories are shown in the bottom of Fig. A. The result-
ing images corresponding to Figs. A(f)-A(i) are shown in
Figs. A(j)-A(m). A comparison between gradient B and gra-
dient C indicates that the decoding/acquisition gradients used
in the flexible rFOV imaging are weaker than the ones used
in the fixed rFOV imaging, when the same region is imaged.
The rFOV SPEN image (Fig. A(l)) obtained with the pro-
posed method possesses a similar spatial resolution to the
rFOV SPEN image (Fig. A(k)) obtained with the fixed rFOV
method. Figure A(m) shows that the proposed rFOV method

acquired data SR image

(f)

full FOV

imaging

with decoding
gradient A

numerical phantom

O O &

fixed rIFOV
imaging
with decoding

gradient B

imaging
with decoding
gradient C

imaging
with decoding
gradient D

Gradient

Fig. A. (color online) Schematic diagram of the flexible rFOV imaging method. (a) Numerical phantom. (b) The excited region in full FOV SPEN MRI.
(c) The excited region in fixed rFOV SPEN MRI. (d) The excited region in flexible rTFOV SPEN MRI with one ROI. (e) The excited region in flexible
rFOV SPEN MRI with two ROIs. (f) Full FOV SPEN data obtained with decoding gradient A. (g) Fixed rFOV SPEN data obtained with decoding B. (h)
Flexible rFOV SPEN data obtained with decoding gradient C. (i) Flexible fFOV SPEN data obtained with decoding gradient D. (j)—(m) SPEN images after
SR reconstruction to panels (f)—(i). Common parameters: AOy, = 64 kHz, Texe = 4 ms, full FOV = 6.0 cm X 6.0 cm, reduced FOV = 6.0 cm x 2.0 cm, and

sampling data matrix size = 96 x 96.
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can image two ROIs in a single shot and the resulting SPEN
image has a higher spatial resolution than the full FOV SPEN
image (Fig. A(j)). It needs to be pointed out that the first blip
gradient in gradient C and the fourth blip gradient in gradient
D are positioning gradients, which are used to make the trajec-
tory travel from the current ROI to the initial position of a new
ROLI.

A2. SR reconstruction

In SPEN MRYI, it is convenient to obtain an original SPEN
image by calculating the magnitude of the acquired time-

[24,26,29

domain signal s(z,). I The signal modulus reflects the

spin density profile according to. [2426-2]

[s(ta)] o< Ayo X p(y)- (A1)

Here Ay denotes the pixel size and is related to the second
spatial derivative of the phase arising from the initial excita-
tion.

Although the signal modulus can reflect the spin den-
sity profile, it is blurred and its inherent spatial resolution is
relatively low and cannot meet the requirements of clinical

[24.26,28,30-32] Therefore, SR reconstruction is indis-

diagnosis.
pensable to improve the resolution without additional acqui-
sition. According to the de-convolution algorithm, 3! substi-
tuting Eq. (4) into Eq. (3) and rearranging the equation, we

have

s(y) o /L'yp(y) exp{i [%(y—y/)z}}

. yGexC Texc 5] YGexc TexcLy Y9
- = dy.
X exp {1 < oL, yo+ 3 + ) ¥

(A2)

In Eq. (A2), the variable of integration is y, so the constant
and terms including y’ can be moved to the left side. Equa-
tion (A2) can then be expressed as follows:

/ . GeXC]:?XC /
1) [ poyep i | T2 Lan. a)
Ly y

The quadratic phase component has been eliminated by
the transformation from s(z,) to I(y"), where I(y’) is the space-
domain signal with a simple phase distribution defined as

1(y)

Texc GexeTexcLy
— S(y/)exp {_ (_ }/G;);iyexcyz_’_ y CXC8CXCLJ} +721:.>:| )

(A4)

The SR image p(y) can be found by solving Eq. (A3)

through using the singular value decomposition (SVD) method

reported previously. 3]

The discrete form of Eq. (A3) is

L =&p, (A5)

where L € CVsR is an interpolation of /(y'), p € CVsR is the SR
image, and & € CVsr*Nsk) denotes the quadratic phase mod-
ulation. p can be achieved by solving Eq. (AS). For the pro-
posed flexible rFOV imaging method, according to the princi-
ple of SPEN MRI, the basic SR-reconstructed equation for the
n-th ROI data can be expressed as

(A6)

The SR image of n-th ROI can be found by solving Eq. (A6)
through using the SR algorithm based on SVD.[3!]
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