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Rapid MR-ARFI Method for Focal Spot Localization
During Focused Ultrasound Therapy
Elena A. Kaye,1,2* Jing Chen,3 and Kim Butts Pauly2
MR-guided focused ultrasound (FUS) is a noninvasive therapy
for treating various pathologies. MR-based acoustic radiation
force imaging (MR-ARFI) measures tissue displacement in the
focal spot due to acoustic radiation force. MR-ARFI also provides feedback for adaptive focusing algorithms that could
correct for phase aberrations caused by the skull during brain
treatments. This work developed a single-shot echo-planar
imaging–based MR-ARFI method that reduces scan time and
ultrasound energy deposition. The new method was implemented and tested in a phantom and ex vivo brain tissue. The
effect of the phase aberrations on the ultrasound focusing
was studied using displacement maps obtained with echoplanar imaging and two-dimensional spin-warp MR-ARFI. The
results show that displacement in the focal spot can be rapidly imaged using echo-planar imaging–based MR-ARFI with
high signal-to-noise ratio efficiency and without any measurable tissue heating. Echo-planar imaging–based displacement
images also demonstrate sufficient sensitivity to phase aberrations and can serve as rapid feedback for adaptive focusing
in brain treatments and other applications. Magn Reson Med
C 2010 Wiley-Liss, Inc.
65:738–743, 2011. V
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MR-guided focused ultrasound (FUS) is a promising
noninvasive therapy in applications such as the treatments of uterine fibroids (1), breast tumors (2–4), liver
tumors (5), and a range of brain pathologies (6–8). In
these treatments, the therapeutic effect is achieved by
delivery of high-intensity ultrasound to a target inside
the body. On its way to the target, ultrasound propagates through layers of acoustically inhomogeneous tissue, which can produce phase aberrations (9) and affect
the position and the quality of the focal spot. In particular, propagation through bone, such as skull and ribs,
where the speed of sound is greater than in tissue, can
result in such significant aberrations that the ultrasound
becomes completely unfocused in the targeted area (10–
12). Therefore, prior to focused ultrasound treatments,
it is important to verify if the ultrasound beam is
focused in the prescribed position and if not, to apply
the necessary phase corrections.
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Currently during the planning stage of an MR-guided
focused ultrasound procedure, a low-temperature test
spot is created. The focal spot is typically visualized during a small temperature rise either with proton resonance
frequency thermometry (13) or with T1-weighted imaging
(4). The transducer is next calibrated to accurately target
the desired location. In the case of transcranial brain
treatments, there is an additional planning step that corrects phase aberrations prior to the calibration step. This
relies on a presurgical computed tomography (CT) scan
of the head (6,7,10,11), which is used to measure skull
bone properties and to calculate phase correction values.
An alternative method for focal spot localization that
avoids heat deposition in the target would be to use tissue displacement maps obtained with MR acoustic radiation force imaging (MR-ARFI) using quasi-static
approach (14–18). MR-ARFI has been described within
the context of several MRI pulse sequences: line scan
and two–dimensional (2D) gradient-echo and spin-warp
imaging. Large unipolar gradients (14) and improved
smaller bipolar gradients (17) were used in the line scan
method. Smaller bipolar gradient and sinusoidal gradients were used in 2D gradient-echo and spin-warp
methods (15,16). The latter two were tested in vivo in a
thigh muscle of a rabbit and in a rat brain.
The ability to visualize the focal spot with MR-ARFI
has also been recently explored as a feedback source in
an adaptive focusing algorithm for transcranial brain
treatments (19,20) designed to replace the presurgical CT
scan. In this approach, the phase correction values that
maximize the intensity in the focal spot are assigned to
the transducer elements. The variations of intensity in
the focal spot are estimated from the MR-ARFI displacement maps. To calculate the phase corrections for each
of the N elements of the transducer, at least 3N ultrasound emissions are necessary, where N/2 Hadamard
encoded elements are on per each emission (18). Therefore, to complete the full set of measurements 3  N  2
MR-ARFI acquisitions are required, where a factor of 2
signifies two equivalent acquisitions with the opposite
gradient polarity. Thus, the total scan time for such an
algorithm quickly becomes unwieldy. Furthermore, the
potential for unwanted heat deposition increases with
the number of acquisitions.
To address the need for a faster MR-ARFI method as a
planning tool for MR-guided focused ultrasound procedures, especially for adaptive focusing in the brain, and
to reduce heat deposition, we developed a rapid MRARFI technique based on single-shot echo-planar imaging (EPI). Repeated bipolar displacement-encoding gradients, selected as the optimal gradients for MR-ARFI
(17), were combined with a limited field of view
(FOV) to accelerate focal spot displacement imaging.
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FIG. 1. a: Simplified pulse sequence diagram for a limited FOV single-shot flyback EPI MR-ARFI. The timing of the ultrasound pulse
(FUS) is shown with the dotted line. b: The experimental setup showing the transducer location, tissue sample, and coil positions. The
transducer is covered with a plastic membrane filled with degassed water for acoustic coupling. A plastic cylinder (dashed line), containing the sample in a coupling gel block, is placed on top of the membrane. A MylarV membrane on the lower side of the cylinder provides coupling with the transducer while containing these materials. A second piece of gel block is located on top of the tissue.
R

Displacement maps were compared with those obtained
using 2D spin-warp MR-ARFI. Temperature measuring
capability was introduced to monitor any heating at the
focal spot that could occur during MR-ARFI acquisition.
To evaluate the benefits and limitations of an EPI-based
MR-ARFI sequence, tests were performed in a phantom
and in ex vivo porcine brain tissue.
MATERIALS AND METHODS
MR-ARFI
A single-shot flyback EPI pulse sequence was developed
with a limited FOV in the phase-encode direction (18).
A rectangular slab was excited by applying orthogonal
slice select gradients for the 90 and 180 radio frequency (RF) pulses, as shown in Fig. 1a. Repeated bipolar
displacement-encoding gradients were placed around 180
RF pulse. The amplitude of the gradients was set to 4 G
cm1, and the duration of each lobe was 6.1 msec, which
corresponds to the b value of 42 sec mm2. In addition, a
2D spin-warp pulse sequence was modified for MR-ARFI
by including displacement-encoding gradients identical to
the ones used in the EPI sequence. Imaging was performed
on a 3-T MRI scanner (Signa, GE Medical Systems, Waukesha, WI). Images were acquired in coronal plane with
imaging parameters listed in Table 1.
Ultrasound Transducer
MRI scanner was equipped with an MR-compatible 2D
R 2000,
flat phased array ultrasound transducer (ExAblateV
InSightec Inc, Haifa, Israel). The array had 1024 rectangular elements and a total area of 80  80 mm2. It was
operated at the central frequency of 550 kHz in continuous wave mode. The transducer was driven by a proprietary phased array acoustic front end, controlling the
phasing of each element. MRI pulse sequences triggered
the FUS system to emit ultrasound for 20.6 msec synchronously with the encoding gradients (Fig. 1a), so that
for the repetition time (TR) of 1 sec, the duty cycle was
2%. The ultrasound beam was focused at a depth of 76
mm from the center of the transducer. The focal spot
size at full width at half-maximum intensity at the focus
was 2.8 mm in diameter and 18 mm in the beam direction based on a beam field simulation [Field II (21,22)].

Ex Vivo Experiments
The measurements were performed in either a tissue-mimicking phantom designed to match the US attenuation and
speed of sound in tissue or in ex vivo porcine brain. A custom made phantom (ATS Laboratories, Bridgeport, CT)
had the following properties: density ¼ 1040 kg m3,
speed of sound ¼ 1455 m sec1, absorption coefficient ¼
95 dB m1 MHz1, acoustic impedance ¼ 1.54  106 kg
m2 sec1, amplitude reflection coefficient ¼ 1.7  102,
heat capacity ¼ 3765 J kg1 K1, thermal conductivity ¼
0.33 W m1 K1 (courtesy of InSightec Inc.). The whole
brain was obtained from a pig 24 h before the experiment
and was kept refrigerated. During the experiment, the
degassed tissue was kept at room temperature of 20 C.
The experimental setup is shown in Fig. 1b. The phantom or the brain in a gel block, which was made of the
gelatin-based pelvic pad (InSightec Inc.), were placed
R membrane on the
into a plastic holder with a MylarV
bottom. This cylinder was then positioned on top of the
water-filled membrane over the FUS transducer. A solenoid RF coil was placed around the plastic holder.
To map the displacement, a pair of images were
obtained with identical imaging and sonication parameters but with opposite polarity of the encoding gradients
(14). Both phase images were unwrapped and corrected
for bulk motion phase by subtracting constant and linear
background phase corrections. From these images, a
phase difference image was calculated and converted to
displacement according to Eq. 1
Dd ¼ Du=ð4pgGdÞ;

½1

where Dd is the displacement, Du is the phase difference, g is the proton gyromagnetic ratio, G is the
Table 1
Imaging Parameters Used in MR-ARFI Acquisitions

Bandwidth, kHz
Slice thickness, mm
FOV, mm2
Matrix size
Echo time, msec

EPI

2D spin warp

62.5
3
160  50
128  30
108

15.6
3
160  160
256  128
41
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amplitude of the encoding gradients, and d is the duration of two gradient lobes.
In the first demonstration of EPI-based MR-ARFI, displacement maps were obtained with the rapid EPI-based
sequence in a phantom. The duty cycle was calculated
as the fraction of sonication time to imaging TR in percent. Displacement images were obtained with applied
acoustic power of 93, 117, and 156 W using a duty cycle
of 2%. Taking into account the energy loss due to attenuation in the phantom and in the brain tissue (23), corresponding acoustic intensities (spatial peak) at the focus
were estimated to be 370, 465, and 620 W cm2.
The goal of the second experiment was to measure the
temperature rise in a phantom and in brain tissue after
one single-shot EPI MR-ARFI acquisition and also after a
set of continuously repeated 3000 MR-ARFI acquisitions.
The latter was only performed in a phantom. For this
experiment, the readout of the single-shot EPI was
shifted from the spin echo by 8 msec to introduce
temperature sensitivity and the displacement-encoding
gradients were set to zero to disable displacement sensitivity. The temperature maps were calculated by subtracting a reference phase obtained from the acquisitions
with the US switched off, from the phase obtained with
the US switched on. The temperature rise was found
from the following proton resonance frequency relationship:
uðT Þ  uðT0 Þ
DT ¼
;
gaB0 DTE

½2

where u(T) is the phase of an image with US switched
on and u(T0) is the phase with US switched off, a is proton resonance frequency change coefficient, and B0 is the
magnetic field strength. The acoustic power levels used
for the brain tissue were 31 and 62 W, and 156 W for the
phantom, corresponding to estimated focal intensities of
123 and 246 W cm2, and 620 W cm2.
The third experiment, performed in the brain tissue,
was designed to demonstrate that the reduced FOV EPI
displacement images depict the displacement similar to
in the 2D spin-warp sequence. For the same two power
levels as in the previous experiment, the ultrasound
transducer was defocused in four steps by addition of
phase aberrations to 512, 256, 128, and 0 elements of
1024 elements of the transducer. The phase aberration
values were randomly selected between p and p. At
each of the four levels of phase aberration, three EPIbased and one 2D spin-warp–based displacement maps
were obtained. In each, the displacement from a four
pixel region of interest in the focal spot was measured.
The standard deviation (SD) of the noise in the displacement maps was calculated for both 2D spin-warp
and EPI approaches. According to the method described
in Ref. 24, the SD of noise in the phase image is inversely proportional to the signal-to-noise ratio (SNR) of the
corresponding magnitude image. Therefore, the SNR values were calculated for a region of interest that covers
most of the brain image and the noise SDs for the corresponding phase images were found. As the displacement
image is a subtraction of two phase images, obtained
with positive and negative polarities of the encoding gra-

FIG. 2. Magnitude and displacement images of a phantom,
obtained with EPI-based MR-ARFI using 2% duty cycle of ultrasound. a: A representative magnitude image obtained at 620 W
cm2, indicating no sign of the focal spot. b: Displacement
images of the phantom obtained for three values of intensity show
the focal spot location and the dependence of the peak displacement on the acoustic intensity.

dient, the SD of the displacement noise is a square root
of the sum of the phase noise variances.
RESULTS
Figure 2 displays the results obtained with the limited
FOV single-shot EPI MR-ARFI sequence. Overall, the
images exhibit some geometric distortion caused by offresonance effects, which are a common artifact of singleshot EPI, related to high sampling bandwidth in phaseencode direction. The focal spot is not visible on the
magnitude image even for the highest intensity of 620 W
cm2 (Fig. 2a). However, it is very well depicted in the
displacement images shown in Fig. 2b. The peak displacement increases with increasing intensity.
The results of the temperature measurements are
shown in Fig. 3. The temperature maps were reconstructed for the phantom and the ex vivo brain tissue.
For a 2% duty cycle, no temperature rise was detected
after a single sonication either in the brain tissue or in
the phantom at all of the tested intensity levels. After
3000 sonications, a temperature rise of 3.9 6 0.7 C was
measured in the phantom, as shown in Fig. 3d. The temperature increased approximately linearly for the first
500 sonications at 0.005 C sec1 (or per sonication) and
then was rising at much slower rate due to the heat flow
(Fig. 3e).
Magnitude and displacement images obtained in brain
tissue with EPI-based MR-ARFI and with 2D spin-warp–
based MR-ARFI are shown in Fig. 4. Geometric distortions are observed in EPI-based images, which also have
approximately three times lower magnitude SNR than
the spin-warp MR-ARFI due to a longer echo time and
higher bandwidth. In spite of the SNR loss, the gain in
scan time duration makes the single-shot EPI approach
42 times more SNR efficient than the spin-warp method.
For an EPI-based displacement map, the scan time is
only 2  TR, here 2 sec, compared with the spin-warp–
based sequence where the scan time is 2  128  TR,
here 256 sec. The time savings we demonstrate here
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FIG. 3. Cropped temperature maps obtained in the brain tissue sample and in the phantom using the EPI-based MR-ARFI sequence,
with the read-out shifted from the spin echo to introduce temperature sensitivity. Intensity levels are given in W cm2 (a–c). No temperature rise was detected after a single sonication in the ex vivo brain tissue and in the phantom. d: A small temperature rise of 4 C was
measured after 3000 sonications. e: The temperature increased nonlinearly with sonication time.

would accelerate adaptive focusing by 128 times. Additional acceleration methods are required to bring the
scan time down further from 102 min (3  N  2  TR)
to a shorter scan.
Further, the displacement maps obtained with both
methods depict equally well the displacement in the
focal spot, despite the much shorter scan time in the
EPI-based sequence. The shear wave around the focal
spot, shown with the white arrows, is detected by both
imaging techniques as well.
To demonstrate the suitability of the method for adaptive focusing of the transducer, Fig. 5 shows how the
phase aberrations applied to the transducer elements
affect the intensity of displacement in the focal spot. The
results acquired with EPI and with 2D spin-warp sequences for two different intensity levels are presented in the
plot. As the phase aberrations decrease, the displacement
amplitude increases linearly at the same rate for both
EPI and 2D spin warp. The SD of the displacement noise
averaged over 12 EPI measurements was 0.25 mm, which
is three times higher than 0.08 mm measured from eight
2D spin-warp images.

In comparison to 2D spin-warp MR-ARFI, the EPIbased MR-ARFI has lower SNR and suffers from geometric distortion. However, the distortions are a concern in
localization but less so in adaptive focusing.
To improve the image quality of the EPI-based displacement images, it would be beneficial to use SENSitivity Encoding (SENSE) that has been shown to greatly
reduce geometric distortion artifacts in brain imaging, by

DISCUSSION AND CONCLUSION
In this work, a rapid MR-ARFI method has been developed and tested in a phantom and in brain tissue. For
the intensity levels used here, there was no measurable
temperature rise after a single-shot EPI-based MR-ARFI
acquisition. For the highest intensity of 620 W cm2,
there was less than a 4 C temperature rise after 3000
continuously repeated acquisitions. Much lower intensity of 123 W cm2, sufficient to produce the displacement in the brain tissue, is not expected to cause any
heating when the sonications are performed in a perfused brain in vivo. However, it would be recommended
to monitor the temperature as a precaution measure during adaptive focusing procedures. The focal spot is well
depicted in the displacement maps with higher SD of
the noise in the EPI-based images than in 2D spin-warp
images. Similarly to the results presented in the literature (25), there is some displacement detected on the periphery of the tissue. This displacement is due to the
shear wave propagating away from the focal spot, and it
is visible with both of the MR-ARFI techniques.

FIG. 4. Magnitude images (a) and displacement maps
(b) obtained in ex vivo brain tissue with EPI-based and 2D spinwarp–based MR-ARFI. Both displacement images show the focal
spot and the shear wave around the focal area, which is shown
with the white arrows.
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FIG. 5. a: Cropped displacement images
obtained with varying number of defocused transducer elements for acoustic
intensity of 123 and 246 W cm2. b: Plot
of the mean displacement in the focal
spot as a function of the number of the
transducer elements affected by random
phase aberrations. All data are displayed
as mean 6 SD, where displacement noise
is calculated from the magnitude images.
Linear fits to the data are shown with solid
or dashed lines. The correlation coefficient
of the fits r was 0.99 for both EPI and 2D
spin warp.

increasing the bandwidth per pixel in the phase-encode
direction, as well as to improve overall image quality by
shortening the EPI train (26). In addition, implementation of SENSE would increase SNR efficiency even
higher. When other imaging parameters are optimized,
the total scan time duration may be traded off for a
higher SNR by increasing the TR. This will also reduce
the ultrasound duty cycle and slow down any potential
heat accumulation. With these improvements, the singleshot EPI MR-ARFI would become a more accurate
method for focal spot localization, as well as a more sensitive feedback tool for adaptive focusing in the head.
Ultimately, it is envisioned that the two sequences
would be used together: high resolution 2D spin warp
for localization and EPI-based MR-ARFI for beam steering and adaptive focusing.
Replacing the slab excitation approach with a 2D excitation RF pulse as described in (27) would allow for
multislice imaging during MR-ARFI. However, caution
should be taken when doing interleaved multislice imaging, as the duty cycle will increase by the number of slices, and the total ultrasound energy delivered to the tissue over time will increase.
It has been shown (14,16) that focal spot localization
based on MR-ARFI is not expected to produce tissue
heating with low power levels when there is tissue perfusion. In our study, with high power levels in the phantom where there was no perfusion, the temperature rise
was kept under 4 C even after 3000 sonications. This is
a valuable advantage of the displacement-based visualization of the focus, when compared with the proton resonance frequency–based visualization of the low temperature rise hot spots which requires a similar temperature

rise for each MR measurement. Another advantage of
MR-ARFI is its lack of sensitivity to temperature changes
in tissue, as long as the mechanical properties of the tissue remain constant. For example, if tissue has been
heated in one or several locations after the reference
phase data was collected but prior to the focal spot localization, the appearance of the test spot on the temperature maps would be obscured by the temperature rise in
the surrounding or adjacent tissue, unless sufficient time
passes for tissue to cool. Alternatively, a reference phase
image would be necessary immediately prior to each
new location of the focal spot. Rapid MR-ARFI, on the
other hand, can be used as frequently as necessary to
track the focal spot location, and the results will not be
masked by the heat already deposited to the tissue during ablation.
In conclusion, for the first time, this study demonstrated that single-shot EPI-based MR-ARFI method can
play a valuable role during MR-guided focused ultrasound procedures by reducing the imaging time and the
sonication time, and at the same time provide satisfactory images of the focal spot, its location, and intensity.
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