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Neuromodulation technology has provided novel therapeutic approaches for

diseases caused by neural circuit dysfunction. Transcranial focused ultrasound (FU)

is an emerging neuromodulation approach that combines noninvasiveness with

relatively sharp focus, even in deep brain regions. It has numerous advantages

such as high precision and good safety in neuromodulation, allowing for

modulation of both peripheral and central nervous systems. To ensure accurate

treatment targeting in FU neuromodulation, a magnetic resonance acoustic

radiation force imaging (MR-ARFI) sequence is crucial for the visualization of

the focal point. Currently, the commonly used 2D Spin Echo ARFI (2D SE-ARFI)

sequence su�ers from the long acquisition time, while the echo planar imaging

ARFI (EPI-ARFI) sequence with a shorter acquisition time is vulnerable to the

magnetic field inhomogeneities. To address these problems, we proposed

a spatiotemporal-encoded acoustic radiation force imaging sequence (i.e.,

SE-SPEN-ARFI, shortened to SPEN-ARFI) in this study. The displacement at the

focal spot obtained was highly consistent with that of the SE-ARFI sequence.

Our research shows that SPEN-ARFI allows for rapid image acquisition and

has less image distortions even under great field inhomogeneities. Therefore,

a SPEN-ARFI sequence is a practical alternative for the treatment planning in

ultrasound neuromodulation.

KEYWORDS

acoustic radiation force imaging (ARFI), SPatiotemporal-ENcoded (SPEN), frequency-

swept (chirp) pulse, magnetic resonance, focused ultrasound (FU) neuromodulation

1. Introduction

Ultrasound neuromodulation has been successfully applied to modulate the neural

functions, enabling the study of brain function and treatment of brain disorders

noninvasively. Recent studies have reported the successful applications of ultrasound

neuromodulation in various brain regions, such as the visual cortex (Lee et al., 2016),

somatosensory cortex (Legon et al., 2014), motor cortex (Legon et al., 2018), and

thalamus, without adverse side effects (Ai et al., 2018). The emerging technique has

been used to treat Parkinson’s disease (Magara et al., 2014), epilepsy (Lipsman et al.,

2013), depression (Nuttin et al., 2014), and other diseases (Leinenga et al., 2016).
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To ensure safe and accurate application of FU therapy, it is crucial

to closely monitor the treatment targets. Magnetic resonance

imaging (MRI) is widely used for this purpose to ensure therapeutic

efficacy and safety since 1992 (Cline et al., 1992). During MR-

guided focused ultrasound (MRgFU) treatment, MRI can monitor

temperature and dynamically locate the focus in a real-time way.

In particular, the MR acoustic radiation force imaging (MR-ARFI)

can visualize the ultrasound focal point in vivo by encoding

the micro-scale tissue displacement produced by the acoustic

radiation pulses in millisecond duration through phase contrast

MRI (Holbrook et al., 2011; Qiao et al., 2021). However, traditional

MR-ARFI based on spin-echo sequence (i.e., SE-ARFI) has long

acquisition times (Kaye and Chen, 2011), typically taking 5–

10min to obtain high-resolution images. Imaging sequences with

a faster readout method such as echo-planar imaging (Kaye

and Chen, 2011) or spiral (Ilovitsh et al., 2019) have been

proposed to accomplish the acquisition within single or few

scans. However, these advanced sequences are vulnerable to field

inhomogeneities, which is a common problem in the ultrasound

applications where the ultrasound transducer would bring in

large susceptibility differences. To address these problems, ARFI

based on spatiotemporal encoded (SPEN) imaging was proposed

as a method to monitor tissue displacement caused by acoustic

radiation force during FU therapy. Our results show that SPEN-

ARFI is effective in monitoring the effect of FU on both agar

phantoms and ex vivo porcine brains.

2. Materials and methods

We are accountable for all aspects of the study including full

data access, integrity of the data, and the accuracy of the data

analysis, in ensuring that questions related to the accuracy or

integrity of any part of the study are appropriately investigated

and resolved.

2.1. SPEN MR imaging

Spatiotemporal-encoded magnetic resonance imaging (SPEN-

MRI) is a novel ultrafast single-scan MRI technique that has

evolved from EPI in recent years. In SPEN-MRI, the traditional

RF pulse used to excite spins is replaced by a linear chirp pulse,

and a spatiotemporal encoding gradient is applied in the phase

encoding direction. As a result, the phase profile of the spins has

a quadratic shape, which increases the bandwidth of acquisition

gradient in the phase encoding direction. Only the phase stable

point and its adjacent area contribute to the SPEN-MRI signal,

which reduces chemical shift artifacts and distortions caused by

inhomogeneous magnetic fields, as compared to traditional SE-

EPI or GRE-EPI images. Similar to SE-EPI, SPEN-MRI requires

continuous application of fast-switching magnetic field gradients,

but SPEN-MRI uses a special chirp pulse (Shrot and Frydman,

2005).

2.2. Chirp pulse

The linear scanning pulse in SPEN-MRI produces a parabolic

phase profile. Unlike RF pulses traditionally used inMRI sequences

with a fixed central frequency, the central frequency of the chirp

pulse used in SPEN-MRI sequences changes linearly with time,

producing quadratic phase modulation (Garwood and DelaBarre,

2001; Schmidt and Frydman, 2014). If the frequency bandwidth

of the chirp pulse is 1O, the duration is Te, the spatiotemporal

encoding gradient is Ge, the initial frequency of the excitation is

Oi, and the excitation frequency at time t is ωc(t), then

ωc(t) =Oi+Rt (1)

where R=1O/T represents the rate of change of the frequency

of the chirp pulse. The phase that is accumulated during the

excitation Φc(t) can then be expressed as

φc(t) =

∫ t

0
ωc(t

′)dt′ (2)

and the magnetic field generated by the chirp pulse can be

expressed as

B(t) = B1(t)[cos(φc(t))x̂+sin(φc(t))ŷ] (3)

the intrinsic spatial resolution of SPEN-MRI △y (Ben Eliezer

et al., 2010) can be expressed as

△y =

√

Ly

γGeTe
(4)

where Ly is the FOV size in y direction.

Typically, the amplitude of the chirp pulse is

modulated by a square wave function. However, this has

the disadvantage that the frequency spectrum contains

substantial oscillations, resulting in uneven excitation and

artifacts. This led Kupce and Freeman (1996) to propose

modulating the amplitude of the chirp pulse by a so-called

WURST function.

2.3. Displacement encoding gradient

The incorporation of a Displacement Encoding Gradient

(DEG) is crucial for SPEN-ARFI imaging (Souchon et al., 2008),

with detection sensitivity being adjustable through the adjustment

of DEG amplitude and duration. Since SPEN incorporates a

180◦RF pulse (Tal and Frydman, 2010), it is well-suited for

the use of a bipolar DEG (Mcdannold and Maier, 2008; Chen

et al., 2010), with a repetitive design being employed due

to the shortest time of the ultrasound pulse. To account for

tissue viscoelasticity, a delay time (tdelay) between the opening

time of FU and the application of DEG was investigated to

maximize the displacement encoding. The averaged displacement
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1x corresponding to the DEG can be obtained according to the

following equation

1x =
1ϕ

2γ
∫ τ

0

−−→
DEG(t′)dt′

(5)

where 1x is the measured displacement, 1ϕ represents the

phase difference between two phase images collected before and

after application of the acoustic radiation force, and τ refers to DEG

duration (Xu et al., 2019; Qingpu et al., 2020).

2.4. Experimental setup

All of the experiments were conducted in a whole-body

3.0T MRI system [uMR790, United Imaging Healthcare (UIH),

Shanghai, China] with a 32-channel RF head coil. The FU

transducer used to induce local displacements was an 800 kHz

single-element design (Imasonic, Besancon, France) with a focal

depth of 5 cm. The instantaneous input electrical power used to

generate the ARF was set to 170 Watts. For both agar phantom and

ex vivo porcine brain, the ultrasound transducer was fixed above

the object to be scanned, the duration of the FU ARF pulse was

21.76ms, and images were acquired with the FU system turned on

and off.

First, we aimed to evaluate the imaging quality of the SPEN

sequence in comparison to commonly used sequences by scanning

the same slice of a water phantom with a FU transducer, the

parameters used in this experiment are detailed in Table 1. Second,

an agar phantom was utilized to test the optimal delay time

for the SPEN-ARFI sequence. By setting different delay times

and comparing the resulting phase differences, we were able to

determine the optimal delay time for the following experiments.

The delay time varied in the range of −6–2ms in optimal delay

time experiment and fixed to−3ms in other experiments. A multi-

slice series of the agar phantom and ex vivo porcine brain images

was acquired in the coronal orientation to determine the location

of the target, followed by acquiring images through the target in the

axial orientation. Since imaging times were short (125ms per slice),

phase changes that may be potentially produced by temperature

changes were insignificant. The resistance of SPEN-ARFI and

EPI-ARFI sequences to inhomogeneous magnetic fields was then

assessed using the same parameters, and the image distortions were

visually evaluated. Finally, the quantitative comparison experiment

of SPEN-ARFI and SE-ARFI sequence was conducted using the

ex vivo porcine brain, the same slice was scanned, and the FU

parameters were kept consistent throughout the experiment. The

maximum displacement was determined by calculating the average

phase difference of nine pixels at the focal point, and the resulting

average values obtained by the SE-ARFI sequence and SPEN-ARFI

sequence were compared.

The SPEN-ARFI sequence parameters used in agar phantom

and ex vivo porcine brain imaging were kept consistent, TE1 55ms,

TE2 125ms, TE ranging from 55 to 125ms, chirp pulse duration Te

20ms and bandwidth 30.7 kHz, Ge 3 mT/m, DEG 50 mT/m, DEG

duration 6ms, slice number 8, and spacing between slices 7.5mm.

The SPEN-ARFI, EPI-ARFI, and SE-ARFI in this study used these

common parameters: field of view (FOV) 200× 200mm, flip angle

90◦, slice thickness 5mm, TR 1,000ms, and acquisition matrix 64

× 64. The TE of SE-ARFI was 50ms, and the TE of EPI-ARFI was

100ms in the comparison experiments.

2.5. Image reconstruction

Image analysis was performed by using MATLAB 2018b

software running on a PC computer equipped with an Intel(R)

Core (TM) i7-10875H CPU @ 2.30 GHz and a Nvidia GeForce

RTX 2060 4GB. Images were reconstructed offline from the K-

space data sampled in Cartesian coordinates by using programs

coded in MATLAB software. To obtain the baseline phase

information, we calculated and compensated for the quadratic

phase according to the corresponding chirp pulse parameters

during image reconstruction. The signal S(ta) in the y direction

acquired at time ta (Zhang et al., 2016) is

S(ta) =

∫

Ly
2

−Ly
2

ρ0(y)exp

[

i(−
BW

2Ly
y2 +

BW

2
y+ γGayta)

]

dy (6)

The position-related quadratic term can be removed by the

following equation

S′(ta) =

∫

Ly
2

−Ly
2

ρ0(y)

{

exp

[

i(−
BW

2Ly
y2 +

BW

2
y+ γGayta)

]

∗exp

[

−i(−
BW

2Ly
y2)

]

}

dy (7)

where S
′

(ta) is the signal acquired at time ta after removing the

quadratic term that has the largest influence on the visualization of

the focal point, ρ0(y) is the spin density at position y (Chen et al.,

2013), Ly is the FOV size in the y direction, BW is the bandwidth

corresponding to the Chirp pulse, BW = γGeTe, Ga is the

acquisition gradient, and Te is the duration of the spatiotemporal

encoding gradient pulse Ge.

In order to obtain two-dimensional images, an inverse FT was

applied only in the direction of the readout gradient in the k-space

data to obtain a 2D image. The conjugate of the position-related

quadratic term was used to compensate for the residual quadratic

phase in the phase encoding direction of the 2D image, and coil

channels combination was used to obtain the final 2D complex

domain images.

3. Results

Figure 1 shows the Chirp pulse parameters used in this

study, and the excitation frequency of the chirp pulse increases

linearly with time (Figure 1A), while the cumulative phase changes

quadratically with time (Figure 1B). When the accumulated phase

is wrapped around into 0–360◦, the phase at the top of the parabola

(i.e., the phase stable point) and nearby change gradually with

time whereas it shows substantial oscillations in other regions
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TABLE 1 Parameters of the agar phantom comparison experiment.

Sequence TR TE FOV Acquisition matrix Flip angle

FSE 5,400ms 102.9ms 216× 216mm 144× 129 90◦

GRE-EPI 1,000ms 100ms 200× 200mm 108× 98 12◦

SE-EPI 1,000ms 100ms 200× 200mm 64× 64 90◦

SPEN 1,000ms 55–125ms 200× 200mm 64× 64 90◦

FIGURE 1

Chirp pulse used in the present study. Four panels illustrate the frequency (A), cumulative phase (B), actual phase (C), and amplitude (D) of the chirp

pulse.

(Figure 1C). This behavior is an important characteristic of the

chirp pulse and a highly desirable aspect of the SPEN signal.

Figure 2 shows the SPEN-ARFI sequence used in the present

study is the combination of a 90◦ chirp pulse and spatioatemporal-

encoding gradient Ge. A bipolar DEG is added on both sides of the

180◦ RF pulse. A delay exists in the synchronization between the

triggering at the start of the second lobe of the DEG and application

of the FU ARF pulse. The use of an EPI readout to collect k-space

data means that an image can be acquired in one TR.

Figure 3 shows a comparison of MR images acquired using

different sequences, namely, FSE, GRE-EPI, SE-EPI, and SE-SPEN,

of a water phantom with an ultrasonic transducer. The FSE image

is considered as the reference against which the other images are

compared. Figures 3A, B shows the ultrasound transducer was

placed above the agar phantom inside the MRI system. As shown

in Figures 3D, E, there are significant distortions in the SE-EPI

and GRE-EPI images, especially near the transducer. In contrast,

the SE-SPEN image as shown in Figure 3F exhibits only minor

distortion.

As shown in Figure 4, several different delay times were

investigated in the agar phantom, ranging from−6 to 2ms, and the

phase change and displacement were found to be greatest when the

delay time was set to −3ms, indicating that the ultrasound system

should be turned on 3ms before the DEG was applied.

Figure 5 shows the amplitude, phase, and the corresponding

maps acquired in the axial orientation before and after the FU was

applied to the agar phantom. The imaging parameters of the ex

vivo porcine brain were kept consistent with the study of the agar

phantom, and the displacement maps of an ex vivo porcine brain

acquired in coronal and axial orientations are shown in Figure 6.

The comparison results of SPEN-ARFI and EPI-ARFI under

an inhomogeneous field are shown in Figure 7. The EPI-ARFI

image had significant distortion and even aliased artifacts, while the

SPEN-ARFI image showed better image quality obviously.
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FIGURE 2

Timing diagram of the SPEN-ARFI sequence used in this study.

FIGURE 3

Experimental scenario of this study (A). MR images obtained by using (C) FSE, (E) GRE-EPI, (D) SE-EPI and (F) SPEN sequences of the of ultrasound

transducer and water phantom (B).

The quantitative comparison experiment of the SPEN-ARFI

and SE-ARFI sequence is shown in Figure 8. Finally, the average

displacement at the focal point of the SPEN-ARFI sequence was

10.17 ± 0.69µm and that of the SE-ARFI sequence was 9.52 ±

0.12µm, indicating that the results of the comparative experiments

were highly consistent, but the acquisition time of SPEN-ARFI was

250ms, much faster than that of SE-ARFI (136 s).

4. Discussion

The addition of DEG and chirp pulse to a SE-EPI sequence

has enabled the development of the SPEN-ARFI sequence, which

has been used to monitor tissue displacement to an ARF pulse in

both agar phantom and ex vivo porcine brain. The SPEN-ARFI

technique offers several advantages over SE-ARFI and EPI-ARFI

techniques. Compared with SE-ARFI, SPEN-ARFI greatly reduces

scan time and thus minimizes ultrasound deposition during

ARFI. Compared with EPI-ARFI, SPEN-ARFI has good resistance

to magnetic field inhomogeneity, resulting in reduced image

distortion and improved localization accuracy. This facilitates more

precise positioning of the focus for FU stimulation and treatment,

which is particularly relevant for ultrasound neuromodulation

studies where metallic coatings, lead wires, paranasal sinus

cavities, or metal implants produce large susceptibility artifacts.
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FIGURE 4

E�ect of delay time (tdelay) on phase contrast maps in an agar phantom.

FIGURE 5

Amplitude and phase images acquired in the axial orientation before (A, B) and after (C, D) the ultrasound beam is applied to the target in the agar

phantom. The phase contrast map (E) and the corresponding displacement map (F). The color bar of the phase images and phase contrast map

corresponds to a phase interval of π to –π.

These factors can cause distortions and affect the quality of

images obtained by traditional MRI pulse sequences, especially

EPI sequences.

In the application of SPEN-ARFI, careful selection of Chirp

pulses with the appropriate bandwidth is crucial. From Equation

(4), it can be seen that a large bandwidth was chosen in

this study, which allowed the SPEN-ARFI sequence to exhibit

robustness against magnetic field inhomogeneities and obtain

images with high spatial resolution albeit at the cost of reduced

SNR in the images. Conversely, selecting a smaller bandwidth
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FIGURE 6

Displacement maps of the ultrasound target acquired in coronal (A) and axial (B) orientations in the ex vivo porcine brain.

FIGURE 7

Comparison of EPI-ARFI and SPEN-ARFI sequences under inhomogeneous field. Red lines represent two di�erent slices: Slice 1: (B, E); Slice 2: (C, F).

(A) SE-ARFI in coronal. (B, C) EPI-ARFI in axial. (D) EPI-ARFI in coronal. (E, F) SPEN-ARFI in axial. (G) SPEN-ARFI in coronal.

would diminish the benefits of SPEN-ARFI but improves the

imaging SNR. Nonetheless, SPEN-ARFI has several limitations.

Eddy currents can result in stripe artifacts on the phase

map, as shown in Figures 5B, D, and the long TE results

in the relatively poor image resolution and the decrease in

SNR (Qiao et al., 2016). Additionally, the proposed SPEN-

ARFI sequence has not been applied to in vivo animals due

to the high cost of animal experiments and the need for

sequence optimization such as reducing chirp pulse bandwidth

and SAR value. To address these limitations, advanced SPEN

image post-processing methods such as super-resolution image

reconstruction can be applied to improve image spatial resolution

and SNR (Ben Eliezer et al., 2010). In future works, SPEN-

ARFI sequence needs further optimization for human application,

to explore new applications of SPEN-ARFI in the field of

ultrasound neuromodulation.

5. Conclusions

The present study presents a novel technique for acoustic

radiation force imaging called the SPEN-ARFI sequence.

Compared to conventional acoustic radiation force imaging

methods, SPEN-ARFI offers superior imaging speed and enhanced
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FIGURE 8

Comparison of SE-ARFI and SPEN-ARFI sequences. (A) Displacement map obtained by SE-ARFI. (B) Displacement map obtained by SPEN-ARFI.

tolerance toward magnetic field inhomogeneity. Overall, the

SPEN-ARFI sequence represents a promising development in the

field of acoustic radiation force imaging.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Ethics statement

Ethical review and approval was not required for the animal

study because this study does not involve investigations in human

subjects or living animals (we just use an in-vitro porcine brain,

commercially available at supermarkets) and so this did not need

to be approved by the IRB and IACUC.

Author contributions

JZ, HX, QH, and QG contributed to conception and design

of the study. DK and XQ organized the database. XQ and YD

did sequence tests. XQ wrote the first draft of the manuscript. JS,

XH, and NR wrote some manuscripts. All authors participated in

the revision, reading, and approval of the submitted version of

the manuscript.

Funding

This study was supported by the National Natural

Science Foundation of China NNSFC (Grant No. 82027808),

Sichuan Science and Technology Program (2022YFS0048),

and Science Specialty Program of Sichuan University (Grant

No. 2020SCUNL210).

Conflict of interest

JZ, YD, and QH were employed by Shanghai United Imaging

Healthcare Co., Ltd.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

Ai, L., Bansal, P., andMueller, J. K. (2018). Effects of transcranial focused ultrasound
on human primary motor cortex using 7T fMRI: a pilot study. BMC Neuroscience 19,
56. doi: 10.1186/s12868-018-0456-6

Ben Eliezer, N., Irani, M., and Frydman, L. (2010). Super-resolved spatially
encoded single-scan 2DMRI.Magnetic Reson. Med. 63, 1594–1600. doi: 10.1002/mrm.
22377

Frontiers inHumanNeuroscience 08 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1184629
https://doi.org/10.1186/s12868-018-0456-6
https://doi.org/10.1002/mrm.22377
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org


Qi et al. 10.3389/fnhum.2023.1184629

Chen, J., Watkins, R., and Pauly, K. B. (2010). Optimization of encoding
gradients for MR-ARFI. Magnetic Reson. Med. 63, 1050–1058. doi: 10.1002/mrm.
22299

Chen, L., Bao, L., Li, J., Cai, S., and Cai, C. (2013). An aliasing artifacts reducing
approach with random undersampling for spatiotemporally encoded single-shot MRI.
J. Magn. Reson. 237, 115–124. doi: 10.1016/j.jmr.2013.10.005

Cline, H. E., Schenck, J. F., Hynynen, K., Watkins, R. D., and Souza, S. P. (1992).
MR-guided focused ultrasound surgery. J. Comput. Assist. Tomogr. 16, 956–965.
doi: 10.1097/00004728-199211000-00024

Garwood, M., and DelaBarre, L. (2001). The return of the frequency
sweep: designing adiabatic pulses for contemporary NMR. JOM. 153, 155–177.
doi: 10.1006/jmre.2001.2340

Holbrook, A. B., Ghanouni, P., Santos, J. M., and Medan, Y. (2011). In vivo
MR acoustic radiation force imaging in the porcine liver. Med. Phys. 38, 5081–5089.
doi: 10.1118/1.3622610

Ilovitsh, A., Fite, B. Z., and Ilovitsh, T. (2019). Acoustic radiation force
imaging using a single-shot spiral readout. Phys. Med. Biol. 64, 125004.
doi: 10.1088/1361-6560/ab1e21

Kaye, E. A., and Chen, J. (2011). Rapid MR-ARFI method for focal spot
localization during focused ultrasound therapy. Magnetic Reson. Med. 65, 738–743.
doi: 10.1002/mrm.22662

Kupce, E., and Freeman, R. (1996). An adaptable NMR broadband decoupling
scheme. Chem. Phys. Lett. 250, 523–527. doi: 10.1016/0009-2614(96)00042-5

Lee, W., Kim, H. C., Jung, Y., Chung, Y. A., Song, I. U., Lee, J. H., et al. (2016).
Transcranial focused ultrasound stimulation of human primary visual cortex. Sci. Rep.
6, 34026. doi: 10.1038/srep34026

Legon, W., Bansal, P., Tyshynsky, R., and Ai, L., and Mueller, J. K. (2018).
Transcranial focused ultrasound neuromodulation of the human primary motor
cortex. Sci. Rep. 8, 10007. doi: 10.1038/s41598-018-28320-1

Legon, W., Sato, T. F., Opitz, A., Mueller, J., Barbour, A., Williams, A., et al. (2014).
Transcranial focused ultrasound modulates the activity of primary somatosensory
cortex in humans. Nat. Neurosci. 17, 322–329. doi: 10.1038/nn.3620

Leinenga, G., Langton, C., and Nisbet, R. (2016). Ultrasound treatment of
neurological diseases - current and emerging applications. Nat. Rev. Neurol. 12,
161–174. doi: 10.1038/nrneurol.2016.13

Lipsman, N., Schwartz, M. L., Huang, Y., Lee, L., Sankar, T., Chapman, M., et al.
(2013). MR-guided focused ultrasound thalamotomy for essential tremor: a proof-of-
concept study. Lancet Neurol. 12, 462–468. doi: 10.1016/S1474-4422(13)70048-6

Magara, A., Bühler, R., Moser, D., Kowalski, M., and Pourtehrani, P. (2014). First
experience withMR-guided focused ultrasound in the treatment of Parkinson’s disease.
J. Therap. Ultrasound 2, 11. doi: 10.1186/2050-5736-2-11

Mcdannold, N., andMaier, S. E. (2008). Magnetic resonance acoustic radiation force
imaging.Med. Phys. 35, 3748–3758. doi: 10.1118/1.2956712

Nuttin, B., Wu, H., Mayberg, H., Hariz, M., Gabriels, L., Galert, T., et al. (2014).
Consensus on guidelines for stereotactic neurosurgery for psychiatric disorders. J.
Neurol. Neurosurg. Psychiatry 85, 1003–1008. doi: 10.1136/jnnp-2013-306580

Qiao, Y., Li, Y., Leng, Q., Zhou, H., Long, X., Lee, J., et al. (2021). Highly accelerated
magnetic resonance acoustic radiation force imaging for in vivo transcranial ultrasound
focus localization: a comparison of three reconstruction methods. NMR Biomed. 34,
4598. doi: 10.1002/nbm.4598

Qiao, Y., Zou, C., Tie, C., Meng, D., Cheng, C., Liu, X., et al. (2016). Application
of segmented echo plane imaging to magnetic resonance acoustic radiation force
imaging for rapid localization during high intensity focused ultrasound therapy. J.
Integr. Technol. 5, 67–74. doi: 10.12146/j.issn.2095-3135.201604009

Qingpu, L., Yangzi, Q., Wei, Z., Chao, Z., Long, M., Xin, L.,
et al. (2020). Displacement accuracy of magnetic resonance acoustic
radiation force imaging on phantom surface. J. Integr. Technol. 9, 9–16.
doi: 10.12146/j.issn.2095-3135.20190927001

Schmidt, R., and Frydman, L. (2014). New spatiotemporal approaches for
fully refocused, multislice ultrafast 2D MRI. Magn. Reson. Med. 71, 711–722.
doi: 10.1002/mrm.24714

Shrot, Y., and Frydman, L. (2005). Spatially encoded NMR and the acquisition of
2D magnetic resonance images within a single scan. J. Magn. Reson. 172, 179–190.
doi: 10.1016/j.jmr.2004.09.024

Souchon, R., Salomir, R., Beuf, O., Milot, L., Grenier, D., Lyonnet, D., et al.
(2008). Transient MR elastography (t-MRE) using ultrasound radiation force:
theory, safety, and initial experiments in vitro. Magn. Reson. Med. 60, 871–881.
doi: 10.1002/mrm.21718

Tal, A., and Frydman, L. (2010). Single-scan multidimensional magnetic
resonance. Prog. Nucl. Magn. Reson. Spectrosc. Intern. Rev. J. 57, 241–292.
doi: 10.1016/j.pnmrs.2010.04.001

Xu, Z., Qiao, Y., Zou, C., Liu, X., and Zhao, S. (2019). Research progresses of
magnetic resonance acoustic radiation force imaging technology. Chin. J. Med. Imag.
Technol. 35, 282–5. doi: 10.13929/j.1003-3289.201805106

Zhang, T., Cai, C.-b., Cai, S.-h., and Chen, Z. (2016). Principles and reconstruction
methods of spatiotemporally encoded single-shot MRI. Chin. J. Magn. Reson. Imaging.
7, 555–560. doi: 10.12015/issn.1674-8034.2016.07.015

Frontiers inHumanNeuroscience 09 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1184629
https://doi.org/10.1002/mrm.22299
https://doi.org/10.1016/j.jmr.2013.10.005
https://doi.org/10.1097/00004728-199211000-00024
https://doi.org/10.1006/jmre.2001.2340
https://doi.org/10.1118/1.3622610
https://doi.org/10.1088/1361-6560/ab1e21
https://doi.org/10.1002/mrm.22662
https://doi.org/10.1016/0009-2614(96)00042-5
https://doi.org/10.1038/srep34026
https://doi.org/10.1038/s41598-018-28320-1
https://doi.org/10.1038/nn.3620
https://doi.org/10.1038/nrneurol.2016.13
https://doi.org/10.1016/S1474-4422(13)70048-6
https://doi.org/10.1186/2050-5736-2-11
https://doi.org/10.1118/1.2956712
https://doi.org/10.1136/jnnp-2013-306580
https://doi.org/10.1002/nbm.4598
https://doi.org/10.12146/j.issn.2095-3135.201604009
https://doi.org/10.12146/j.issn.2095-3135.20190927001
https://doi.org/10.1002/mrm.24714
https://doi.org/10.1016/j.jmr.2004.09.024
https://doi.org/10.1002/mrm.21718
https://doi.org/10.1016/j.pnmrs.2010.04.001
https://doi.org/10.13929/j.1003-3289.201805106
https://doi.org/10.12015/issn.1674-8034.2016.07.015
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

	SPatiotemporal-ENcoded acoustic radiation force imaging of focused ultrasound
	1. Introduction
	2. Materials and methods
	2.1. SPEN MR imaging
	2.2. Chirp pulse
	2.3. Displacement encoding gradient
	2.4. Experimental setup 
	2.5. Image reconstruction

	3. Results
	4. Discussion
	5. Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


