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Background: Simultaneous magnetic resonance (MR) acoustic radiation force imaging (ARFI) and 
MR thermometry (MRT) (STARFI) based on coherent echo-shifted (cES) sequence was proposed and 
comprehensively compared to radiofrequency (RF)-spoiled gradient echo (spGRE) STARFI.
Methods: Through use of delicately designed gradients, a collection of echoes was delayed by one 
repetition time (TR) cycle. The crusher gradient after readout (RO) was used as the displacement encoding 
gradient (DEG). The sequence was intrinsically sensitive to temperature. High-intensity focused ultrasound 
(HIFU) pulses were interleaved ON/OFF in successive TRs to separate the phase changes induced by 
displacement due to acoustic radiation force (ARF) impulses and temperature. Bloch simulation was 
performed to study the phase sensitivity to displacement of the proposed cES STARFI and spGRE STARFI. 
The proposed cES sequence was evaluated and compared to spGRE STARFI in ex vivo porcine muscle and 
ex vivo porcine brain.
Results: The minimally achievable TR of cES STARFI was shorter than that of spGRE STARFI, 
indicating that the cES sequence was more time efficient. It was verified through Bloch simulation and ex 
vivo experiments that the phase sensitivity to displacement of cES STARFI was higher than that of spGRE 
STARFI. The optimal trigger delays of cES STARFI and spGRE STARFI in ex vivo porcine muscle were 
toffset =–2 and –1 ms, respectively. The displacement-induced phase change to acoustic pressure slopes of cES 
STARFI were 0.079, 0.079, and 0.047 rad/Mpa across the three muscle samples, while the slopes of spGRE 
STARFI were only 0.047, 0.052, and 0.027 rad/Mpa. The maximum temperature difference between cES 
STARFI and spGRE STARFI was 1.1 ℃. In ex vivo porcine brain, both the displacement-induced phase-
to-noise ratio (PNRd) and the temperature uncertainty of cES STARFI were better than those of spGRE 
STARFI (P<0.05). The temperature and displacement-induced phase change maps of cES STARFI and 
spGRE STARFI during HIFU treatment were in good accordance in time and spatial location.
Conclusions: The cES STARFI sequence can provide simultaneous MR-ARFI and temperature 
measurements during pulsed HIFU applications. Though the exact displacement cannot be quantified 
directly, the sequence showed increased phase sensitivity compared with the spGRE sequence and provided 
efficient visualization of the focal spot. cES STARFI could therefore be a desirable alternative to spGRE 
STARFI in practical applications.
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Introduction

High-intensity focused ultrasound (HIFU) is a noninvasive 
therapeutic treatment for several diseases, including uterine 
fibrosis (1), prostate cancer (2), and essential tremor (3). 
Treatment with HIFU should always be closely monitored 
due to safety concerns. Magnetic resonance imaging (MRI) 
is a widely used imaging guidance modality applied in 
HIFU treatment (4). One essential process in MRI-guided 
HIFU treatment is the localization of the ultrasound focus. 
This becomes more critical in transcranial applications, 
as ultrasound beams may deviate from the desired target. 
MR acoustic radiation force imaging (MR-ARFI) (5,6) 
can encode micro-scale tissue displacements caused by 
millisecond-short impulses of HIFU into MR phase 
contrast. This can be used to localize the focus. Spatially 
distributed phase contrast information can also be used to 
correct transcranial phase aberrations (7,8). During the 
treatment planning stage, MR-ARFI might be performed 
repeatedly and may induce unwanted heating at the brain-
skull interface. Therefore, it is crucial to simultaneously 
monitor the temperature to avoid significant temperature 
increases in brain tissue near the skull, which could cause 
thermal damage to other regions. Although MR-ARFI 
sequences could be incorporated with echo planar imaging 
(EPI) readouts (ROs) to reduce the number of focused 
ultrasound (FUS) impulses and prevent thermal risk (9), 
EPI images are vulnerable to off-resonance effects.

Simultaneous MR thermometry (MRT) imaging and MR-
ARFI (STARFI) has been considered since 2012 (10-14).  
With the addition of temperature monitoring during focus 
localization in the treatment planning stage, acquiring both 
MR-ARFI and MRT images from a single sequence can 
ensure the comprehensively monitoring and evaluation 
of pulsed HIFU therapy; these images represent the 
mechanical and thermal effects, two of the most essential 
effects of therapeutic HIFU (15). Most simultaneous MRT 
and MR-ARFI has been based on radiofrequency (RF)-
spoiled gradient echo (spGRE) sequence, which is the 
most frequently used MRT sequence. Additional bipolar 
displacement encoding gradients (DEGs) were always added 
before the RO gradient. To separate the displacement-
induced phase change from that induced by temperature, 

inverted bipolar DEGs should be used in another repetition 
time (TR) cycle (10,13). However, this required additional 
correction for the eddy current effect. To avoid the eddy 
current effect induced by opposite DEG polarities, the 
use of DEGs with the same polarity has been considered 
for ARFI sequences. Mougenot et al. (12) proposed to 
alternate the start point of the HIFU pulse during every 
odd and even acquisition while keeping the polarity of 
DEG unchanged. This approach improved displacement 
map quality at the cost of dead time between the two DEG 
lobes. De Bever et al. (14) suggested acquiring images 
with ultrasound pulses (ON) and without ultrasound 
pulses (OFF) during the DEG at successive TRs without 
inverting the DEG polarity. These approaches ensure that 
the eddy-current-induced phase change can be canceled 
out by subsequent phase subtraction. Even though spGRE 
STARFI can provide reliable results, many studies are still 
exploring new sequences that are more sensitive to subtle 
displacement or temperature change. Zheng et al. (16) 
proposed an MR-ARFI with increased phase sensitivity 
based on passband balanced steady-state free precession 
(SSFP). However, this increased sensitivity is limited to a 
narrow off-resonance range. Peng et al. (17) demonstrated 
that echo-shifted (ES) sequence has better temperature 
uncertainty performance compared with spGRE sequence 
with the same temporal resolution, especially for tissue with 
longer T2/T2*. However, little attention has been paid to 
the ARFI sensitivity of ES sequence.

ES sequence was first introduced by Moonen et al. (18) 
to increase T2* sensitivity while maintaining a short TR. 
By adding crusher gradients, echo formation is delayed 
by one or more TR cycles, allowing echo time (TE) to be 
greater than TR. The prolonged TE increases temperature 
sensitivity and precision efficiency (17) compared with the 
more commonly used spGRE sequence. The additional 
crusher gradient also makes the sequence intrinsically 
motion sensitive. These ES characteristics make it an 
attractive option for simultaneous ARFI and temperature 
imaging.

In this study, a coherent echo-shifted (cES STARFI) 
sequence was proposed to simultaneously monitor the 
thermal and mechanical effects of HIFU treatment. 
Without RF spoiling, it was assumed that the multiple-
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pathway contributions of phase accumulation would 
increase the phase sensitivity to displacement caused by 
acoustic radiation force (ARF) impulse. The performance of 
cES STARFI was carefully compared with spGRE STARFI 
using Bloch simulation and ex vivo experiments on porcine 
muscle and brain samples.

Methods

Sequences

The timing diagrams of the cES STARFI and spGRE 
STARFI sequences are shown in Figure 1A,B. Mcru is the net 
unbalanced gradient moment of the cES sequence within 
each TR. The Mcru should be large enough to produce 
artifact-free images (19). The unbalanced gradient can be 
added in any of three directions. In Figure 1A, this was 
added in the slice selection (SS) direction as an example. 
Gradients C and D were designed so that echo collection 
could be delayed by one TR. The gradient moments should 
satisfy the following:

C cruM M= − 	 [1]

2 2D cru AM M M= × − 	 [2]

Gradient D was applied after the RO gradient and used 
for displacement encoding with synchronization to the 
HIFU pulse for the cES STARFI sequence. The duration 
of the HIFU pulse was equal to the duration of gradient D. 
In the comparison study, the duration and the amplitude of 
gradient D were kept the same for both sequences.

For both the cES and spGRE sequences, two echoes 
were interleaved in successive TRs with the HIFU pulse 
ON/OFF to avoid eddy current effects. Two images were 
collected as a pair. For cES STARFI, coherent echo was 
collected without RF phase cycling. Echo 1 was primarily 
sensitive to temperature, while Echo 2 was sensitive to both 
temperature and displacement. Comparatively, Echo 2 of 
spGRE STARFI was sensitive to temperature only, whereas 
Echo 1 was sensitive to both temperature and displacement. 
It was assumed that the temperature change between Echo 
1 and Echo 2 (one pair) was negligible, as the k-space lines 
were acquired in an interleaved way and the time interval 
between the two lines of k-space was only one TR. The 
displacement-induced phase change could therefore be 
separated from that induced by temperature using phase 
subtraction between the two echoes. Four pairs of images 

were acquired before HIFU sonication to ensure that the 
steady state of MR signal had been reached. Images of pair 
#4 were used as a reference for temperature calculations 
according to the following equations:

( )
11

0 02 2
cES cES echoT echo ref

cES
eff

T
B TE B TE TR
ϕ ϕ ϕ

α πγ α πγ
∆ −

∆ = =
+

	 [3]
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where, α (–0.01 ppm/℃) is the proton resonance frequency 
shift (PRFS) coefficient (20), γ is the gyro-magnetic ratio, 
B0 is the main magnetic field strength, TEeff is the effective 
TE of the cES STARFI sequence, and TEeff = TR + TE (21).  
Tissue displacement D(t) induced by ARF impulse 
accumulated a phase change ∆φD according to the following 
equation (22):

( ) ( )
0

2D DEGG t D t dt
τ

ϕ πγ ζ∆ = ⋅ ∫ 	 [5]

In Eq. [5], GDEG (t) is the amplitude of the DEG, and 
the duration of the gradient is τ. ζ is defined as the phase 
sensitivity to displacement induced by the ARF impulse. 
For traditional Spin Echo (SE)-ARFI and GRE-ARFI, ζ=1. 
However, for multi-pathway sequences, ζ might be more 
than 1 due to historical phase contributions to the current 
echo. Therefore, the phase sensitivity ζ of the multi-
pathway sequence depends on tissue properties (T1/T2) and 
imaging parameters. By ignoring the temperature difference 
between the two echoes, the displacement-induced phase 
change can be calculated as follows:

2 1cES cES cESD echo echoϕ ϕ ϕ∆ = − 	 [6]

1 2spGRE spGRE spGRED echo echoϕ ϕ ϕ∆ = − 	 [7]

Bloch simulation

Bloch simulation was carried out to determine the phase 
sensitivity of cES STARFI and spGRE STARFI to 
displacement ζ according to the following equation:

( )2
D

DEGG D t
ϕζ

πγ τ
∆

= 	 [8]

The input displacement was first set to a fixed value of 
D(t)=5 μm, and the DEGs were simplified to a rectangle shape. 
The amplitudes of DEGs (GDEG) were all set to 50 mT/m,  
the same as that used in the ex vivo experiments. Only 
the DEGs (C and D in Figure 1) were considered in the 



1826 Qiao et al. Simultaneous MR-ARFI and MRT based on cES

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(9):1823-1836 | http://dx.doi.org/10.21037/qims-20-274

Figure 1 Timing diagram of the (A) cES STARFI and (B) spGRE STARFI sequences. A is the SS gradient, and B is the slice refocusing 
gradient in both sequences. Gradients C and D in (A) were designed to shift the echo to the next TR; gradient D also performed 
displacement encoding. MA, MB, Mc, and MD indicate moments of the corresponding gradients. Mcru is the net unbalanced gradient moment 
within each TR. Gradients C and D in (B) are the two lobes of bipolar DEG. The HIFU pulse is interleaved ON/OFF in successive TRs. 
The time offset between the start time point of the HIFU pulse and gradient D is the toffset. Data collected from Echo 1 and Echo 2 are 
grouped as a pair. cES, coherent echo-shifted; spGRE, spoiled gradient echo; TR, repetition time; DEG, displacement encoding gradient; 
HIFU, high-intensity focused ultrasound; TE, echo time; RF, radiofrequency; SS, slice selection; PE, phase encode; RO, readout.

simulation; the other imaging gradients (SS, phase encoding, 
and RO gradients) were omitted. The net unbalanced 
gradient moment of cES STARFI in each TR caused a 
phase dispersion of 44π in the SS direction, corresponding 
to Mc =–103.36 mT/m·ms and MD =206.72 mT/m·ms under 
a slice thickness of 5 mm. The moments of gradients C and 
D in spGRE STARFI were: Mc =–MD =–206.72 mT/m·ms.  
The influences of T1/T2 on the phase sensitivity to 
displacement of cES STARFI and spGRE STARFI were 

explored, and a total of 300 isochromats and 600 TRs 
were simulated. The RF pulse was assumed to rotate all 
isochromats instantaneously. An incremental spoiler angle 
of 117° and a crusher moment of 2π were used in the 
spGRE STARFI simulation. Other simulation parameters 
were consistent with the ex vivo experiment: TE/TR 
=6.4/14.3 ms for cES STARFI, and TE/TR =13.3/16.9 ms 
for spGRE STARFI, both of which are the minimum TE/
TR that the sequences can reach. Flip angle (FA) =10°, T1 
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=200–2,000 ms with a step of 100 ms, and T2 =10–190 ms  
with a step of 10 ms. The impact of the displacement-
induced phase change on the calculation of temperature was 
also simulated.

As  the  ac tua l  d i sp l acement  was  not  ach ieved 
instantaneously, the displacement-induced phase change 
also depended on the start time of the HIFU pulse. The 
optimal trigger delays of cES STARFI and spGRE STARFI 
were simulated with toffset varied from –4 to 2 ms with a 
step of 0.5 ms. The instantaneous tissue displacement at 
the focus was modeled based on overdamped harmonic 
response (22,23):

( ) 0 1 exp ,offset
offset off

rise

t t
D t D t t t

τ
 − 

= − − ≤ ≤     
	 [9]
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off off
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t t
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= − <  
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	 [10]

where D0 is the quasi-static displacement that would 
ultimately be achieved if the burst duration were infinite, 
toff is the time point when HIFU was switched off, τrise and 
τfall are the rise and fall time constants of tissue, respectively. 
Values of 3.2 ms and 5.5 ms were used based on papers by 
Huang et al. (24) and Kaye et al. (11). T1 =700 ms and T2 
=35 ms of muscle were used in the simulation.

Ex vivo experiment setup

All experiments were conducted on a 3.0T MR system 
(uMR790, Shanghai United Imaging Healthcare, Shanghai, 
China) with a gradient system capable of producing a 
maximum amplitude of 100 mT/m. The experiments were 
carried out in three ex vivo porcine muscle samples and one 
ex vivo porcine brain sample that were bought the day of 
the experiment. The ex vivo porcine brain was fixed in 1.2% 
(w/v %) agar gel phantom. All samples were immersed in 
degassed water, sealed in a vacuum chamber of 0.08 MPa for 
half an hour, and then kept in the scanner room for another 
half an hour before the experiment. The start temperature 
of the samples was assumed to be the room temperature, 
which was 22 ℃. An MRI compatible HIFU transducer  
(0.8 MHz, Imasonic, Besançon, France) with a geometric 
focal distance of 100 mm (Figure 2) was used to generate 
HIFU pulses. Unbalanced gradients were added in the 
SS direction to encode the displacement-induced phase 
change in the coronal plane. The imaging parameters 
of the cES STARFI sequence were the following: TE/
TR =6.4/14.3 ms, FA =10°, bandwidth =500 Hz/pixel, 
resolution =2.0×2.0×5.0 mm3, and matrix size =128×128. An 
amplitude of the DEG lobe in the range of 25–60 mT/m 
and a duration in the range of 3–15 ms have been previously 
reported to generate good ARFI contrast and temperature 
quantification (10-14). In our experiment, the amplitude 
of gradients C and D were set to 50 mT/m, the slew rate 
was set to 76.92 mT/m·ms, and the duration was set to  
4.53 ms. Additionally, Mc =–103.36 mT/m·ms and MD 
=193.72 mT/m·ms. The total acquisition time for a pair of 
images was 2×1.83=3.66 s. The imaging parameters for the 
spGRE STARFI sequence were almost the same as those 
for cES STARFI, except that TE/TR =13.3/16.9 ms and 
Mc =–MD =–193.72 mT/m·ms. The duration of gradients C 
and D was 4.53 ms, and the total time of bipolar DEG was  
9.06 ms. Therefore, the minimum TE/TR of spGRE 
STARFI was longer than that of cES STARFI. The total 
acquisition time for a pair of images was 2×2.16=4.32 s. An 
8-channel small flex coil was put on top of the water tank 
for signal detection. The HIFU pulse was triggered by the 
transistor-transistor logic (TTL) signal synchronized to 
gradient D. The duration of the HIFU pulse was 4.53 ms 
for both sequences. The positive acoustic pressure at the 
focal point was 7.36 MPa in most of the muscle samples 
and 3.62 MPa in the brain sample. All experiments were 
performed three times in each sample for statistical analyses.

Figure 2 System setup. A 0.8 MHz MR-compatible HIFU 
transducer was used to induce local displacement in ex vivo 
porcine muscle. The dashed line indicates the imaging plane. MR, 
magnetic resonance; HIFU, high-intensity focused ultrasound.

MR compatible
HIFU transducer

Porcine muscle
Mylar
sheet
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Optimal trigger delay

The optimal trigger delay in ex vivo porcine muscle was 
experimentally verified. The toffset between the start time 
point of HIFU and the DEG was adjusted from –4 to 2 ms  
by 1 ms intervals. The optimal toffset was selected when the 
displacement-induced phase change that averaged over  
5 pixels surrounding the focal spot reached the maximum 
value. The optimal trigger delays of cES STARFI 
and spGRE STARFI were used in all of the following 
experiments.

Influence of acoustic pressure on displacement-induced 
phase change

The acoustic pressure was firstly measured with a 0.2 mm  
needle hydrophone (Precision Acoustic Ltd., Dorset, 
UK) in water from 3.62 to 6.21 MPa. To avoid damaging 
the hydrophone, acoustic pressure above 6.21 MPa was 
estimated by extrapolating the linear model between 
the input electric power and acoustic pressure instead of 
using the hydrophone directly. The influence of acoustic 
pressure on displacement-induced phase change was tested 
on porcine muscle samples; all other parameters were 
kept constant. The maximum displacement-induced phase 
changes of cES STARFI and spGRE STARFI in the focus 
were calculated under each acoustic pressure.

Measurement uncertainty and differences

The uncertainty and heating experiments were carried out 
in ex vivo porcine muscle and ex vivo porcine brain samples. 
The uncertainty experiments were carried out with the 
HIFU pulse OFF. The cES STARFI and spGRE STARFI 
sequences were scanned continuously for 60 pairs, and the 
temporal standard deviation of the displacement-induced 
phase change and the temperature change on a voxel-by-
voxel basis were evaluated across all images in the time series 
to find the measurement uncertainties. The cES STARFI 
was then compared to the spGRE STARFI with the HIFU 
pulse ON. The optimal trigger delays for the porcine brain 
sample, toffset =–2 ms for cES STARFI and toffset =–1 ms for 
spGRE STARFI, were determined by the above-described 
experiment. The HIFU pulse ON experiment was repeated 
three times for each sample, and the time interval between 
each experiment was 10 minutes to ensure the sample 
had cooled to room temperature. TE/TR =6.4/16.9 ms  
for cES STARFI was used instead of the minimum TR to 

ensure the same HIFU duty cycle of 13.4% for comparison. 
The DEG moment was kept constant between the two 
sequences, and the acquisition time for a pair of images was 
4.32 s. The HIFU pulse was triggered ON from pair #5 to 
#12, and the cooling process was also recorded from pair 
#13 to #60. The total measurement time was 259.58 s, and 
the total HIFU ON time was 34.56 s × 13.4%, or 4.64 s. 
The displacement-induced phase-to-noise ratio (PNRd) was 
defined as the maximum phase change at the focus divided 
by the standard deviation of the phase in a background 
region of interest (ROI) far from the focus. The PNRd 
of the two sequences from pair #5 to #12 across three 
measurements was statistically compared by the Student’s 
t-test.

Results

Bloch simulation

Figure 3 shows the Bloch simulation results. The phase 
sensitivities ζ to displacement of cES STRAFI and 
spGRE STRAFI are shown in Figure 3A,B. The results 
demonstrated that, for the spGRE sequence, the phase 
sensitivity to displacement ζ was around 1; this was 
consistent with our assumptions. The phase sensitivity to 
displacement ζ of the cES sequence was always more than 
1. The phase sensitivity of cES STARFI became higher 
with prolonged T1. For the ex vivo porcine muscle samples 
(T1/T2 =700/35 ms) and ex vivo porcine brain sample (T1/
T2 =900/65 ms), the phase sensitivities to displacement ζ 
of cES STARFI were 1.82 and 1.96 times that of spGRE 
STARFI, respectively, in the simulation. Figure 3D compares 
the phase evolution of the cES sequence with and without 
HIFU pulses in tissues with T1/T2 =700/35, 900/65, and 
1,500/35 ms, respectively. When HIFU was completely 
OFF, the phases of both echoes were always –π/2, which 
showed that the phases between the two echoes were 
consistent. When HIFU was interleaved ON, it was found 
that displacement introduced additional phase changes into 
both echoes, producing different effects. Comparing tissues 
with different T1s (700 and 1,500 ms), the phases between 
Echo 2 and Echo 1 showed a greater difference with a longer 
T1. Figure 3E compares the displacement-induced phase 
change of cES STARFI and spGRE STARFI according to 
Eq. [6] and Eq. [7]. The phase changes of cES STARFI were 
always larger than those of spGRE STARFI. The effect 
of displacement-induced phase change on the calculation 
of temperature was simulated in Figure 3C. For the most 
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Figure 3 Bloch simulation of T1/T2 influence on the phase sensitivity to displacement ζ of (A) cES STARFI and (B) spGRE STARFI; (C) 
the impact of the displacement-induced phase change on temperature calculation; (D) the phase evolution of the cES STARFI signal with 
different T1/T2 combinations. The cES STARFI was compared to the cES signal without displacement (cES w/o dis). cES signals w/o dis 
of T1/T2 =700/35, 900/65, and 1,500/35 ms, overlapped with each other; (E) the displacement-induced phase change evolution of cES 
STARFI and spGRE STARFI according to Eq. [6] and Eq. [7]. cES, coherent echo-shifted; spGRE, spoiled gradient echo.
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common T1 (500–1,500 ms) and T2 (30–1,200 ms),  
the temperature bias from HIFU-induced displacement was 
around 0.6–1.2 ℃.

Optimal trigger delay

The MR-ARFI results from muscle sample 1 are shown in 
Figure 4, and the results from all three muscle samples are 
summarized in Table 1. When the input HIFU power and 
duration were kept constant, the toffset between the start time 
point of HIFU and the DEG had a significant influence 
on the displacement-induced phase change of both cES 
STARFI and spGRE STARFI. Figure 4A shows that the 
simulated and experimental displacement-induced phase 
changes. The results were normalized by the maximum phase 
change of spGRE STARFI occurring at toffset =–1 ms. Except 
for muscle sample 3, all maximum displacement-induced 
phase changes of cES STARFI occurred at toffset =–2 ms.  
The optimal toffset for cES STARFI shifted to –3 ms in 

muscle sample 3. All maximum displacement-induced 
phase changes of spGRE STARFI occurred at toffset =–1 ms. 
These trends were in good agreement across the simulation 
predictions and experiments. However, the differences 
between the maximum displacement-induced phase changes 
of cES STARFI and spGRE STARFI were slightly larger 
in the simulation compared with the experiments. Figure 
4B presents the displacement-induced phase change maps 
from muscle sample 1. The focus of spGRE STARFI could 
hardly be distinguished from the surrounding regions in 
the phase map at toffset =–4, –3, and 2 ms, yet they were 
still observable in the map based on cES STARFI. In all 
the following experiments, values of toffset =–2 ms for cES 
STARFI and toffset =–1 ms for spGRE STARFI were used.

Influence of acoustic pressure on displacement-induced 
phase change

The displacement-induced phase changes detected by cES 
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STARFI and spGRE STARFI were compared by linearly 
increasing HIFU pressure. The fitted results from muscle 
sample 1 are shown in Figure 5A. The lowest acoustic 
pressure started from 3.62 MPa, under which the focus 
could be still observed in the displacement-induced phase 
map of cES STARFI, but could be hardly distinguished 
from that of spGRE (Figure 5B). While the measured 
maximum displacement-induced phase change was linearly 
increased with acoustic pressure for both sequences, their 
regression slopes were different. In all three muscle samples, 
in the case of cES STARFI, the slopes were 0.079, 0.079, 
and 0.047 rad/MPa, respectively; the slopes of spGRE 
STARFI were only 0.047, 0.052, and 0.027 rad/MPa, 
respectively.

Measurement differences and uncertainties

To compare the measurement differences and uncertainties 
of both sequences, the TR of cES STARFI was lengthened 

to 16.9 ms, ensuring the HIFU duty cycles of these two 
sequences were both 13.4%. Figure 6 shows the uncertainty 
maps of cES STARFI and spGRE STARFI in the muscle 
samples with HIFU OFF over the 60 measurements. The 
displacement-induced phase uncertainty of cES STARFI 
(Figure 6A) was larger than that of spGRE STARFI (Figure 
6B). The uncertainties of the displacement-induced 
phase change over the ROI were 0.078±0.0092 rad for 
cES STARFI and 0.045±0.0059 rad for spGRE STARFI. 
However, the temperature uncertainty of cES STARFI 
(Figure 6C) and spGRE STARFI (Figure 6D) were similar; 
the uncertainties were 0.30±0.038 ℃ for cES STARFI and 
0.26±0.047 ℃ for spGRE STARFI, respectively.

Figure 7 displays a comparison of the displacement-
induced phase and temperature monitoring results in muscle 
sample 1 acquired by cES STARFI and spGRE STARFI. 
Figure 7A shows that the displacement-induced phase 
change based on cES STARFI was always larger than that of 
spGRE STARFI. Figure 7B presents the temperature curves 
throughout the heating and cooling processes. At the end of 
HIFU sonication, the maximum temperature rise from the 
hottest pixel was 13.44±0.22 ℃ across three measurements 
when calculated by cES STARFI, and 12.34±0.09 ℃ when 
calculated by spGRE STARFI. The temperature change 
and instantaneously acquired displacement-induced phase 
change curves showed a strong consistency between both 
sequences. Figure 7C,D show the displacement-induced 
phase and temperature maps acquired during HIFU ON 
and OFF. While the displacement-induced phase maps 
were almost the same, the temperature gradually increased 
and the heated region was slightly enlarged with time. The 
PNRd of cES STARFI was 6.59±1.03, whereas the PNRd 
of spGRE STARFI was 6.63±1.15. As shown by t-test, the 
PNRd of the two sequences were not significantly different 
in this experiment (P=0.87).

Figure 8A,B,C,D show the uncertainty maps of cES 
STARFI and spGRE STARFI in the ex vivo porcine brain 
sample across the 60 measurements. The displacement-
induced phase uncertainty of cES STARFI was still greater 
than that of spGRE STARFI. The average uncertainties of 
displacement-induced phase change were 0.033±0.0031 rad 
for cES STARFI and 0.019±0.0019 rad for spGRE STARFI 
in the ROI indicated in Figure 8A. However, the temperature 
uncertainty of cES STARFI improved (P<0.05) due to the 
longer T2* in brain tissue. The average uncertainties of 
temperature change were 0.12±0.012 ℃ for cES STARFI 
and 0.16±0.023 ℃ for spGRE STARFI. Figure 8E,F,G,H 
show the displacement-induced phase and temperature 

Figure 4 Influence of toffset on (A) the simulated and experimental 
displacement-induced phase change. The displacement-induced 
phase change was normalized by the maximum phase change of 
spGRE STARFI occurring at toffset =–1 ms. T1/T2 =700/25 ms, 
τrise=3.2 ms, and τfall =5.5 ms were used to model the displacement-
induced phase change based on Eq. [9] and Eq. [10]; (B) the 
corresponding experimental displacement-induced phase maps. 
cES, coherent echo-shifted; spGRE, spoiled gradient echo.
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change during the heating experiment. The displacement-
induced phase contrast of cES STARFI was more apparent 
than that of spGRE STARFI. The PNRd of cES STARFI 
was 14.16±1.81, which is higher than that of spGRE 
STARFI (11.93±1.68) (P<0.05). The maximum temperature 
increases monitored by cES STARFI and spGRE STARFI 
were 4.41±0.02 ℃ and 3.93±0.05 ℃, respectively; the 
difference was less than 0.5 ℃.

Discussion

Simultaneous MR-ARFI and MRT imaging based on 
coherent ES sequence was evaluated in this study, and 
compared to the spGRE STARFI. The advantage of 
using an ES sequence to monitor the temperature change 
has been previously reported (17,25); however, to our 
knowledge, few studies have examined the phase sensitivity 
to displacement of cES sequences.

cES sequence is suitable for focus localization for the 
following reasons. Firstly, cES showed a higher phase 
sensitivity to displacement than spGRE (Figure 3). This 
increased phase sensitivity to displacement was also verified 
by linearly increasing HIFU power. In Figure 5B, the 
small phase change induced by the lowest acoustic power 
was nearly indistinguishable from the background in 
the spGRE images, but, although there was more noise, 
it was still visible in cES images. The increased phase 
sensitivity method is attractive for use in transcranial 
focal localization as it is less demanding of the FUS input 
power. This can decrease the risk of damage to normal 
tissues. Another interesting feature of cES sequence is that 
the higher phase sensitivity to displacement was found 
to be related to the T1 value of the object in the Bloch 
simulation (Figure 3). We hypothesize that this increased 
displacement sensitivity comes from the stimulated echo 
pathways (26), which demonstrate T1 dependency. The 
phase contrast accumulated in the former TR intervals is 
stored as longitudinal magnetization (27) before another 
RF pulse reconverts them back to the transverse plane. The 
longitudinal pathway exhibits T1-dependent exponential 
decay during their stay along the longitudinal axis (28). 
Therefore, the longer the T1, the more longitudinal 
component is preserved, contributing to increased 
sensitivity to displacement in the final signal.

Secondly, cES STARFI is more time efficient. With 
the same DEG moment and other imaging parameters, 

Table 1 Comparison of cES STARFI and spGRE STARFI in all the three ex vivo muscle samples

Sample

Optimal trigger 
(ms)

Maximum displacement-induced 
phase change (rad)

Fitted slope of the 
acoustic power

Goodness of fit R2 Maximum temperature 
change (℃)

cES spGRE cES spGRE cES spGRE cES spGRE cES spGRE

Sample 1 –2 –1 0.48±0.057 0.28±0.036 0.079 0.047 0.98 0.99 13.44±0.22 12.34±0.09

Sample 2 –2 –1 0.43±0.009 0.24±0.013 0.079 0.052 0.89 0.99 14.51±0.18 13.87±0.25

Sample 3 –3 –1 0.31±0.043 0.20±0.011 0.047 0.027 0.97 0.98 16.60±0.28 16.25±0.18

cES, coherent echo-shifted; spGRE, spoiled gradient echo.
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Figure 5 Influence of the input acoustic pressure on, (A) the 
maximum displacement-induced phase change at the focus, and 
(B) the corresponding displacement-induced phase change maps 
of cES STARFI and spGRE STARFI. cES, coherent echo-shifted; 
spGRE, spoiled gradient echo.
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Figure 6 The standard deviation maps of the displacement-induced phase and the temperature change of (A,C) cES STARFI and (B,D) 
spGRE STARFI over a total of 60 measurements. The standard deviations were averaged over a ROI indicated by the black circle in (A) to 
evaluate measurement uncertainty. cES, coherent echo-shifted; spGRE, spoiled gradient echo; ROI, region of interest.

Figure 7 (A) The displacement-induced phase change and (B) the temperature change curves of cES STARFI and spGRE STARFI in 
muscle sample 1; (C) the displacement-induced phase change and (D) the temperature maps acquired when HIFU was ON (from pairs #5 
to #12). Two images, one when HIFU was OFF (pair #13) and one at the end of the acquisition (pair #60), are also included. cES, coherent 
echo-shifted; spGRE, spoiled gradient echo; HIFU, high-intensity focused ultrasound.
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Figure 8 The standard deviation of the displacement-induced phase change and the temperature change of (A,C) cES STARFI and (B,D) 
spGRE STARFI in ex vivo porcine brain when HIFU was completely OFF. The standard deviations were averaged over the ROI indicated 
by the black circle in (A); (E) the displacement-induced phase change and (F) the temperature change curves of cES STARFI and spGRE 
STARFI; (G) the displacement-induced phase and (H) the temperature maps acquired when HIFU was ON (from pair #5 to #12), when 
HIFU was OFF (pair #13), and at the end of acquisition (pair #60). cES, coherent echo-shifted; spGRE, spoiled gradient echo; HIFU, high-
intensity focused ultrasound; ROI, region of interest.
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the required TR of the cES STARFI sequence was always 
shorter than that of the spGRE STARFI. Both sequences 
had the same DEG moment (MD =193.72 mT/m·ms), and 
the minimum TR of cES STARFI was 15.38% shorter than 
that of spGRE STARFI.

The ex vivo muscle experiment (Figure 4) demonstrated 
that the differences between the maximum displacement-
induced phase changes of cES STARFI and spGRE 
STARFI were smaller than those in the simulation, with 
T1/T2 =700/35 ms. We suspect this is due to the diffusion 
effect, which was not considered in the Bloch simulation. 
As mentioned above, the higher phase sensitivity to 
displacement was influenced by longitudinal magnetization. 
However, “stored” longitudinal magnetizations are subject 
to the noticeable diffusion attenuation (29). Additionally, 
the rise and fall time constants in the in vivo rabbit thigh 
muscle were used in the present study’s simulation. These 
values could be different from those of the ex vivo porcine 
muscle used in the experiment.

The displacement-induced phase uncertainty of cES 
STARFI was higher than that of spGRE STARFI (Figure 
6A,B and Figure 8A,B). This was predictable, as the image 
signal-to-noise ratio (SNR) of the cES sequence was lower 
than that of the spGRE sequence. The standard deviation σφ 
was determined by magnitude image SNR as σφ~1/SNR (30). 
However, from the contrast-to-noise ratio view, the PNRd 
of cES STARFI was nearly the same as that of spGRE 
STARFI due to the increased phase sensitivity in ex vivo 
porcine muscle. In the ex vivo brain sample, the PNRd of 
cES STARFI was improved compared with that of spGRE 
STRAFI due to the even larger phase sensitivity. The 
temperature uncertainty of cES STARFI in ex vivo porcine 
muscle was slightly greater than that of spGRE STARFI 
(Figure 6C,D). This is because, as the T2* in muscle is quite 
short, the increased temperature sensitivity that resulted 
from the larger TEeff was canceled out by the SNR loss (25).  
However, in the ex vivo brain sample, which had a longer 
T2/T2*, the lengthened effective TE led to higher 
temperature precision with cES STARFI than with spGRE 
STARFI (Figure 8C,D).

The displacement-induced phase change was expected 
to be slightly larger in brain tissue (1.96 times that of 
spGRE STARFI) than in muscle (1.82 times that of spGRE 
STARFI) due to the longer T1 in white matter. However, 
there were no apparent differences between Figure 7A and 
Figure 8E. This might be because the diffusion effect and 
the elasticity of tissue was not considered in the simulation, 
which might have caused the difference to be overestimated.

The simultaneous ARFI and temperature results shown 
in Figure 7 and Figure 8E,F,G,H confirm that using cES 
STARFI to monitor HIFU treatment is feasible. Madore 
et al. (21) studied the application of multiple pathway 
sequences for MRT and concluded that the effective TE 
for any given pathway was pTR+TE, where p is the pathway 
index. For the cES sequence, p is equal to 1. Therefore, 
the effective TE is equal to TR + TE. However, when the 
HIFU pulses were interleaved ON/OFF, the displacement 
introduced an additional phase in Echo 1, which resulted 
in temperature overestimation in the experiments. Based 
on the current simulation parameters, this temperature 
bias was relatively small for most tissues. To eliminate this 
temperature bias, the image taken immediately after HIFU 
pulse ON can be used as the reference in Eq. [3] in case 
the temperature change in the first image right after HIFU 
pulse ON is negligible.

The biggest limitation of cES STARFI was that the 
displacement could not be quantitatively evaluated. This is 
because the phase sensitivity ζ depends on the T1/T2 of the 
tissue. Therefore, only displacement-induced phase change 
maps were generated in our study. The SNR loss due to 
heavy T2* weighting in turn caused greater measurement 
uncertainty. However, heavy T2* weighting also made 
the sequence sensitive to susceptibility effects and micro 
bleeding caused by HIFU treatment, which may be another 
advantage of using the proposed sequence for treatment 
monitoring.

Conclusions

In this study, a new method of simultaneous MR-ARFI and 
temperature monitoring of HIFU treatment based on a 
coherent cES sequence was explored and comprehensively 
compared to spGRE STARFI. The displacement encoding 
of the cES sequence was more time efficient than spGRE 
STARFI. Increased phase sensitivity to the displacement of 
cES STARFI was observed in Bloch simulations and ex vivo 
experiments. The PNRd and temperature uncertainty of the 
cES STARFI were improved compared with those of spGRE 
STARFI in an ex vivo brain sample. We conclude that the 
cES sequence provided an effective method of visualizing 
the focal spot, and may be a desirable alternative to the use 
of spGRE STARFI during pulsed HIFU applications.
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