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Abstract

MR-guided high-intensity focused ultrasound (MR-HIFU) is a noninvasive technique for depositing
thermal energy in a controlled manner deep within the body. However, the MR-HIFU treatment of mobile
abdominal organs is problematic since motion-related thermometry artifacts need to be corrected and the
focal point position must be updated to follow the moving organ in order to avoid damaging healthy
tissue. In this paper, a fat-selective pencil-beam navigator is proposed for real-time monitoring and
compensation of through-plane motion. As opposed to the conventional spectrally non-selective
navigator, the fat-selective navigator does not perturb the water-proton magnetization used for proton
resonance frequency shift thermometry. This allows the proposed navigator to be placed directly on the
target organ for improved motion estimation accuracy. The spectral and spatial selectivity of the proposed
navigator pulse is evaluated through simulations and experiments, and the improved slice tracking
performance is demonstrated in vivo by tracking experiments on a human kidney and on a human liver.
The direct motion estimation provided by the fat-selective navigator is also shown to enable accurate
motion compensated MR-HIFU therapy of in vivo porcine kidney, including motion compensation of

thermometry and beam steering based on the observed three-dimensional kidney motion.

Keywords: HIFU, MR thermometry, pencil beam, navigator, spectrally selective, beam steering
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Introduction

High-intensity focused ultrasound (HIFU) is a noninvasive technique for performing local thermal
therapy (1, 2). The combination of MRI with HIFU (MR-HIFU) for providing image guidance is
particularly promising since the excellent soft-tissue contrast of MRI allows for exact target localization

and evaluation of treatment outcome (3, 4).

The main utility of MRI for HIFU therapy is, however, its ability to produce real-time maps of the
instantaneous in vivo temperature distribution in any imaging plane with a high spatial resolution.
Temperature images can be obtained by utilizing the linear temperature dependency of the proton
resonance frequency (PRF) shift of water and the change in MR phase information between sequentially
acquired gradient-echo images (5, 6). The relationship between the PRF shift and temperature is nearly
independent of tissue type with the exception of adipose tissue whose PRF is almost constant despite
variations in temperature (7, 8). Consequently, fat suppression or water-selective excitation is required in

order to avoid errors in the PRF-based temperature images (9, 10).

Several abdominal organs would be prime candidates for MR-HIFU therapy, but are unfortunately subject
to rigid or non-rigid motion during the respiratory cycle. This leads to two problems. First, the
respiration-induced organ displacement and deformation will modify the local field and thus also the local
magnetic field experienced by the target organ. This will result in phase variations and thus temperature
artifacts. Second, the focal point of the HIFU-system must also be adaptively repositioned as the organ
moves with respect to the external transducer in order to avoid damaging healthy tissue and ensure an

efficient heating.

Several approaches for the removal of thermometry artifacts have been proposed in the past, such as
multi-baseline corrections to sample periodic changes (11, 12) and referenceless phase corrections (13). A
recent approach combined multi-baseline corrections with rapid 2D image registration to provide both a
removal of thermometry artifacts and a correction of in-plane displacement in real-time (14). Slice
tracking based on pencil-beam navigator data can moreover be used to address the remaining through-
plane motion (15, 16), thus allowing the motion compensation to be extended to three dimensions. This
approach was recently shown to enable real-time 3D motion compensated MR-HIFU therapy, including
real-time 3D motion compensated MR thermometry and real-time beam steering of the HIFU focal spot

according to the obtained 3D motion of the target region (17).
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The conventional pencil-beam navigator is, however, not well-suited for providing the exact motion
estimation that is imperative for safe MR-HIFU therapy of mobile organs. For MR-HIFU, the navigator
should preferably be placed directly on the target tissue for an exact motion compensation of both
thermometry and focal point position. The pencil-beam navigator will thus necessarily intersect the
imaging slice or slices that monitor the temperature rise in the target region when used for through-plane
motion compensation. Moreover, both the conventional pencil-beam navigator and the imaging slices
used for PRF-based thermometry act on the same water-proton magnetization. The navigator will thus
perturb the magnetization of the imaging slice and vice versa, which may lead to reduced temperature
accuracy, temperature artifacts, and slice tracking errors. The conventional proton-density weighted
pencil-beam navigator will also suffer from poor contrast in the abdominal region that may further

degrade the tracking performance.

Here, a spectrally selective pencil-beam navigator is presented. A fat-selective pencil-beam navigator
should not perturb the water-proton magnetization of the imaging slice, or vice versa, and may thus
provide an elegant solution to the problems of the conventional pencil-beam navigator for use in MR-
HIFU. The proposed RF pulse was evaluated theoretically as well as experimentally. In vivo experiments
were performed to assess the slice tracking capabilities of the proposed navigator when placed directly on
the kidney and on the liver of a healthy volunteer. Moreover, the efficacy of the fat-selective navigator for
providing the accurate through-plane motion estimate necessary for 3D motion compensated MR-HIFU,

including compensation of thermometry and focal point position, was evaluated in vivo on the kidney of a

pig.
Theory

Similar to 2D acquisition schemes, such as spiral acquisition, 2D spatial selective excitation can be
constructed by coupling an RF waveform with a 2D gradient waveform that determines the k-space
trajectory of the excitation (18, 19). Nehrke et al. (16) proposed such an excitation utilizing a spiral k-
space trajectory in conjunction with a 1D selective readout for achieving a pencil-beam shaped navigator

echo, further improving the approach initially presented by Hardy et al.(20).

Compared to other k-space trajectories, an inward spiral k-space trajectory for 2D RF excitation shows
several interesting properties. Most notably, the 2D RF pulse will be inherently self-refocused as the
inward spiral trajectory ends in the k-space center (18). The spiral can also be considered to cover the k-

space symmetrically, resulting in a linear dependence between the transversal magnetization and the
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applied B field (19). The spiral trajectory will, moreover, utilize the gradient system very efficiently and

thus allows short pulse durations to encode the desired part of k-space.

However, the limitations of the available encoding time and the maximal gradient strength will introduce
a circular aperture in k-space within which the radial k-space coverage is discrete. Consequently, the
central peak of the spiral excitation point spread function (PSF) has the form of a jinc function surrounded
by a series of regularly spaced radial secondary lobes that are interspersed by small amplitude oscillations

(21). The first of the evenly spaced radial secondary lobes can be found at

27N 27N
h= = Ty
k 3.83

max

[1]

where N is the amount of k-space spiral turns, and ry is the pencil-beam radius that is here defined as the
first zero-crossing of the jinc-shaped PSF center peak (16). The amplitude of the oscillations can be
attenuated by a suitable apodization function at the expense of a slightly broadened central peak (16). For
this purpose, the desired excitation profile is here chosen to be that of a disk with radius equal to the
pencil beam. The convolution of this disk-shaped desired excitation profile with the PSF will determine

the actual excitation profile, thereby dampening the oscillations between the side lobes of the PSF.

The disadvantages of the conventional pencil-beam excitation for motion compensation of MR-HIFU
largely arise because the pencil beam excites the same water-proton magnetization as the imaging slices
used for PRF-thermometry. Spectrally selective excitation offers a potentially elegant solution to this
problem (10). Water-selective excitation may be used to discard the fat as is necessary for PRF-based
thermometry to avoid erroneous temperature readings. A fat-selective pencil beam would therefore avoid
perturbing the magnetization in the imaging slice, and vice versa. Furthermore, a spectrally selective
pencil beam should provide an improved contrast as compared to a conventional spectrally non-selective

pencil beam since most abdominal organs are surrounded by a sheath of fat.

Binomial weighting of the 2D RF pulses can be used to provide the desired spectral selectivity with the
prerequisite that the transverse magnetization is refocused between the individual pulses (22, 23). The
separation in time between the binomial pulses must allow fat and water to reach opposite phase. A phase
condition of 1/2mis usually chosen as this makes the spectral selectivity less sensitive to B,
inhomogeneities. However, for the case of binomially weighted 2D RF pulses this is not feasible since the
maximum gradient strength and gradient slew rates of most whole-body MR scanners would not allow

time for sufficient spatial encoding of the excitation despite the use of spiral k-space trajectories. On a 1.5
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T MR scanner with gradient strength of 21 mT/m and slew rate of 100 T/m/s as used in this study, the
maximum amount of spiral turns would be restricted to 2 if a phase separation of 1/2w is desired. This
would result in an extremely poorly shaped PSF with densely spaced radial side lobes of high amplitude
(16, 21). The second best alternative is then to opt for a fat-water phase difference of 3/2r. Although the
longer fat-water dephasing will degrade the ability of the binomial pulse train to separate water and fat, it
does allow for a 12-turn spiral trajectory excitation. This provides a sufficiently dense radial coverage of
the k-space to produce a well-defined PSF with a sharp central peak and only a few aliasing rings of small

amplitudes situated far from the central peak (16).

Even though individual inward spiral trajectories are inherently self-refocused, gradients need to be
applied prior to every 2D RF pulse following the first pulse of the pulse train in order to obtain the same
starting point of the k-space trajectory for each of the 2D RF pulses. The k-space starting point of each
spiral trajectory could alternatively be slightly rotated to reduce the peak amplitude of the side lobes (24).
This is, however, of limited interest for a train of 12-turn spirals whose first radial side lobe occurs at a
distance approximately 20 times the radius of the pencil beam. Furthermore, rotation of the k-space
starting point would require a different gradient waveform for each 2D RF pulse, which might make the

pulse train more sensitive to eddy currents and B, inhomogeneities (23, 25).

Although longer binomial pulse trains provide an improved spectral selectivity with a wider stopband
(26), motion compensated MR-HIFU therapy of mobile organs imposes strict real-time constraints. The
pulse train used in this paper is therefore limited to three binomially weighted 2D RF pulses as a
compromise between the requirements on temporal resolution and spectral selectivity. The sequence
diagram of the proposed 2D RF pulse train is shown in Fig. 1. The individual 2D RF pulses of the pulse
train use a 12-turn spiral k-space trajectory and consecutive pulses are separated by an interval of 6.91 ms
corresponding to a fat-water phase difference of 3/2n at 1.5 T. This gives rise to a total duration of
19.9 ms for the 1-2-1 binomially weighted 2D RF pulse train. Pulse trains of 2D RF pulses based on spiral
trajectories have previously been proposed for excitation of three dimensional volumes (24) and for

compensation of field inhomogeneities (27).

Materials & Methods

Simulations

The theoretical performance of the proposed 1-2-1 binomial pencil-beam excitation was evaluated using

Bloch-simulation software (http://www-mrsrl.stanford.edu/~brian/bloch/) ported to IDL 6.1.1 (ITT Corp.,

Magnetic Resonance in Medicine

Page 6 of 48



Page 7 of 48

©CoO~NOUTA,WNPE

Magnetic Resonance in Medicine

-7 -

White Plaines, NY). The diameter of the simulated pencil beam was 30 mm and the total flip angle of the

pulse train was 25°. Relaxation was omitted from the simulations.
MR imaging

The spectrally selective 1-2-1 binomial pulse train of 2D spiral excitations was implemented on a 1.5 T
Philips Achieva scanner (Philips Healthcare, Best, The Netherlands). The implementation was based on
the existing implementation of the spiral encoded pencil-beam navigator that is corrected for nonuniform
sampling density and short-term eddy currents (16). The intended diameter of the pencil-beam navigator

was 30 mm and the total flip angle of the pulse train was 25°.

The excitation profile of the binomial spiral excitation pulse train was obtained by using this 2D RF pulse
train as an excitation pulse coupled with a turbo spin echo (TSE) readout (TR = 1000 ms, TE = 58 ms,
FOV = 300 x 300 mm®* matrix = 128 x 128, slice thickness = 7 mm), where the refocusing pulse was
made slice selective perpendicularly to the pencil beam axis. The target was a homogenous manganese-

chloride doped phantom.

The slice tracking capabilities of the proposed fat-selective navigator were evaluated in vivo by
comparing the positional data obtained with the spectrally selective navigator to that of the non-selective
12-turn spiral navigator when imaging a human kidney and a human liver under free breathing. The
experiments were performed on two separate volunteers from whom informed consent was obtained. An
axial imaging slice was chosen and the navigator was placed perpendicularly to the imaging slice in the
superior-inferior (SI) direction across the fat capsule at the lower apex of the right kidney in the kidney
experiment, and across the gallbladder and the surrounding fat in the liver experiment. The positioning of
the imaging slice and the navigator for the kidney and the liver experiment is shown in Fig. 2. The
sequence used for imaging in both experiments was a single-shot gradient-echo echo planar imaging
(EPI) sequence with TR = 110 ms, TE = 48 ms, flip angle = 35°, FOV = 300 x 195 mm?, matrix = 128 x
83, slice thickness = 6 mm, and a 1-2-1 binomial water-selective excitation pulse. One-dimensional
navigator profiles were acquired before each dynamic repetition of the imaging sequence by performing a
readout along the axis of the excited pencil beam. The imaging slice position was adaptively corrected in
real-time based on the estimated target displacement as obtained via correlation analysis of subsequently
acquired navigator profiles (15, 28). The duration of the single non-selective 2D RF pulse was 6.1 ms,

whereas the duration of the fat-selective 2D RF pulse train was 19.9 ms. The duration of the 1D readout
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was in turn 6.6 ms, resulting in a total duration of 12.7 and 26.5 ms for the non-selective and fat-selective

navigators, respectively.

MR-HIFU platform

The MR-HIFU experiment was performed on a Sonalleve MR-HIFU platform (Philips Healthcare,
Vantaa, Finland) that was integrated into the 1.5 T Philips Achieva MR scanner. The MR-HIFU platform
consisted of a HIFU transducer embedded in a water-filled MR table top, an RF generator, and a
workstation dedicated to therapy control. The 256 element HIFU transducer (Imasonic, Voray sur
I'Ognon, France) had spherical shell geometry with a focal length of 12 cm and aperture of 13 cm, and
was operated at 1.2 MHz. The measured focal point size was 1 x 1 x 7 mm’. More details on the MR-

HIFU platform can be found in Ref. (29).
MR thermometry

The temperature rise induced by the HIFU ablation of the in vivo porcine kidney was monitored in a
single axial slice with the proposed fat-selective navigator placed perpendicularly to the imaging slice
across the fat capsule of the kidney. The dynamic images used for MR thermometry were acquired with a
single-shot gradient-echo EPI sequence with the following acquisition parameters: TR = 100 ms, TE = 48
ms, flip angle = 35°, FOV = 300 x 195 mm?, matrix = 128 x 83, and slice thickness = 6 mm. A 1-2-1
binomial water-selective RF pulse was used to suppress the signal of the fat and avoid thermometry
errors. The imaging slice position was adaptively corrected in real-time by modifying the excitation
frequency of the water-selective RF pulse according to the estimated kidney motion obtained via

correlation analysis of the navigator profiles (15, 28).

The acquired images were in-plane realigned prior to the calculation of temperature maps as described in
Ref. (14). The principle direction of kidney respiratory motion is the SI direction, which was addressed by
slice tracking using the fat-selective navigator. The combination of the estimated 2D in-plane motion with
the navigator-based estimate of the through-plane motion provided the 3D motion estimate necessary for
fixing the focal point within the moving kidney as described in Ref. (17). The remaining periodic phase
fluctuations due to respiratory motion were corrected using a multi-baseline approach where the look-up-
table was indexed according to the kidney displacement estimate obtained by the navigator as explained
by Ries et al. (17). The calculation of the PRF-based temperature maps and the employed corrections are

described in detail by Roujol et al. (14).
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In vivo three-dimensional motion compensated MR-HIFU

The efficacy of the fat-selective navigator for accurately estimating the through-plane motion required for
3D motion compensated MR-HIFU was evaluated on in vivo porcine kidney. The animal (45 kg) was
initially anesthetized with a premedication of 10 ml of propofol. General anesthesia was induced and
maintained during the experiment with a continuous intravenous infusion of propofol at 1 ml/min. The
animal was intubated and ventilated (45 to 100% O2, respirator paraPac, ResMed SA, France) with a
respiratory cycle of approximately 3 s during the entire procedure. The animal study was performed with

the approval of the local ethics committee.

The animal was positioned in a decubitus position on the MR-HIFU table top with the targeted kidney
centered on the acoustic window. Following the positioning of the animal, HIFU ablation of the kidney
was performed in a single focal point that was steered in real-time according to the estimated 3D motion
of the targeted kidney (17). The asymmetric transducer design allowed the electronically steered focal
spot to follow the 8 mm peak-to-peak respiratory motion of the porcine kidney without generating
significant secondary lobes. The update of the focal point position was performed synchronously to MR-
imaging at a frequency of 10 Hz. The ablation was performed using a constant power of 100 W and

sonication duration of 30 s.

An in-house developed real-time reconstructor was used to reduce the time required for MR image
reconstruction. The time needed for acquisition (after passage of the k-space center) and data transport
(64 ms), image reconstruction and motion estimation (40 ms), and HIFU focal point update (10 ms)
resulted in a focal point position update latency of 114 ms. Details on the employed beam steering

strategy, including the required calculations and their timings, are given by Ries et al. (17).

Results

Simulation

The spectral selectivity of the proposed navigator was demonstrated through simulations at different
frequency offsets, where the resulting signal was taken as the complex sum of the transverse
magnetization over the 15-mm radius disk intended for excitation. The results are shown in Fig. 3 for both
the fat- and water-selective pencil-beam excitations. For comparison, the spectral response of the
conventional non-selective pencil-beam excitation at the resonance frequency of water and fat is also

included. Note that the peak-to-valley separation in the spectral response of the binomial pencil-beam
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excitation was 72 Hz, corresponding to one third of the 217 Hz fat-water resonance frequency shift at
1.5 T. This is a direct consequence of using a fat-water phase difference of 3/2n instead of the 1/2w

commonly used.

Even though there were additional spectral response peaks outside the desired on-resonance response, the
spatial selectivity of the binomially weighted 2D RF pulse train rapidly decreased with increasing
frequency offset. This can be seen in Fig. 4 where the excitation profiles at on-resonance and at the first
two off-resonance spectral peaks are shown. However, when placing the navigator directly on the
abdominal target organ, frequency offsets of approximately 1 ppm (64 Hz at 1.5 T) can be expected, i.e.
far less than the 2.3 ppm (145 Hz) frequency offset of the first spectral side peak. For such frequency
offsets of around 1 ppm, the central peak of the excitation profile had a full width at half maximum
(FWHM) within 6% of the 22.9 mm on-resonance FWHM. Further off-resonance, the spatial selectivity
quickly degenerated to a FWHM of 73 mm at 3 ppm. At even larger frequency offsets, the increased
blurring of the central peak caused the magnetization maximum to be located away from the pencil beam

axis as can be seen to occur for the excitation profile at the second off-resonance spectral peak in Fig. 4.

The excitation profile central peak of the binomially weighted 2D RF pulse train coincided with that of
the conventional spectrally non-selective single 2D RF pulse at the frequency offsets corresponding to the
spectral maxima seen in Fig. 3. Outside these spectral maxima, the excitation profiles of the spectral-
selective and non-selective pencil-beam excitations did differ. Moreover, according to Eq. 1 the first ring
lobes are to be expected at 295 mm off-axis for a conventional 12-turn spiral encoded 2D RF pulse with
an intended pencil beam diameter of 30 mm. Figure 4 shows that this is also the case when the spiral

encoded 2D RF pulse is applied in a binomial pulse train at on-resonance.

On-resonance excitation profile comparison

The central peak of the simulated and experimental excitation profiles are compared in Fig. 5 for the
proposed 1-2-1 binomial 2D RF pulse train. Within the limits imposed by the SNR and the imperfect By
shim, the measured excitation profile central peak matched the predicted simulated result of a jinc

function with a FWHM of 22.1 mm.

The small oscillations surrounding the central peak deviated somewhat from the ideal radial form in the
experimental data by showing slightly larger amplitude in the negative readout direction than in the
phase-encoding and positive readout direction. This effect can be attributed to small deviations from the

ideal spiral trajectory due to minor gradient system imperfections.
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In vivo imaging

Figure 6a shows a comparison of a slice tracking experiment on a human kidney using a spectrally non-
selective conventional pencil-beam navigator and the proposed fat-selective pencil-beam navigator.
Figure 6b shows a similar comparison of slice tracking experiments using the two navigators on a human
liver. In both the kidney and the liver experiment, the spectrally selective navigator showed a good
contrast-to-noise ratio and was successful in tracking the organ position over the entire scan duration
(1500 images, 3 min scanning, frame-rate 9 images/s) without apparent tracking errors. Although the
conventional navigator did have higher SNR, the lower contrast-to-noise ratio caused problems for the
correlation algorithm used to determine the target displacement. Moreover, the onset of water-selective
MR imaging perturbed the water-magnetization within the non-selective pencil beam in both the kidney
and the liver experiment, thus altering the acquired navigator profile (indicated by arrow in Fig. 6). Since
the resulting partial saturation was the dominant feature within the non-selective navigator profile in the
kidney experiment (Fig. 6a), the navigator-based motion estimation did not follow the kidney motion at
all but instead tracked the position of the previously excited imaging plane. As a consequence, the kidney
motion was consistently underestimated as can seen by comparing the amplitude of the displacement
estimate with the motion of the darker grey band in the middle of the navigator profile. The partial
saturation caused by the imaging slice was less dominant in the non-selective navigator profile of the liver
experiment (Fig. 6b) due to the higher contrast. Consequently, the motion estimation based on the non-
selective navigator was successful during most of the liver experiment. However, it failed to follow the
motion of the liver through the entire scan, particularly towards the end of the scan where the motion
estimate was sporadic. This can be appreciated by noting that the red displacement estimate does not
match the smooth motion of the navigator profile features (e.g. the motion of the fat that appears dark at

the bottom of the profile).

In theory, there should be no alteration of the navigator profile at onset of the MR imaging for the fat-
selective navigator, although in practice a very slight alteration could be seen in both the kidney and liver
experiments that can be attributed to off-resonance effects. The magnitude of the alteration was, however,
insignificant and did not have any effect on the tracking performance in either experiment. The barely
visible alteration of the navigator profile at onset of imaging indicates that the water-selective MR
imaging does not notably affect the lipid-proton magnetization excited by the fat-selective navigator. The

lower SNR of the fat-selective navigator did, however, result in a slight jitter in the motion estimate.

In vivo motion compensated MR-HIFU
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Figure 7 shows the 3D motion compensated temperature map obtained at the end of a 30 s beam-steered
HIFU sonication on in vivo porcine kidney. The temporal evolution of the temperature at the target point
within the kidney can in turn be seen in Fig. 8 for both the beam steered sonication and for a stationary
HIFU sonication. Figure 8 also shows the kidney displacement in the SI direction as obtained from the
proposed fat-selective navigator that was used for both slice tracking and beam steering. The peak
temperature for the stationary HIFU sonication experiment was found to be 6.0 °C and thus 25% lower
than the peak value of 8.1 °C for the beam steered experiment. The fat-selective navigator enabled the
slice and the HIFU-beam to remain locked on the target area for the entire duration of the experiment (5
min). No interference between the fat-selective navigator beam and the water-selective imaging slice was

observed.

A similar 3D motion compensated experiment was attempted with the non-selective navigator, but in this
case the navigator failed to reliably represent the motion pattern of the kidney. Since the correct
measurement of the organ displacement is indispensable for multi-baseline thermometry correction, this

rendered thermometry impossible and no HIFU ablation was attempted.

Discussion

In this study, a spectrally selective pencil-beam navigator pulse was designed for direct motion tracking
of mobile abdominal organs that are surrounded by islets of fat, such as the kidney or the liver. For such
organs, a fat-selective navigator can provide positional information with high contrast-to-noise without
interfering with water-selective MR imaging and vice versa. This enables the proposed navigator to be
placed directly on the organ of interest for improved accuracy in the monitoring of the organ motion,
instead of indirectly estimating the organ motion based on the observed movement of the diaphragm as is

typically done with conventional navigators.

However, spiral encoded 2D spatial selective excitation and frequency selective binomial excitation are
both limited by their off-resonance sensitivity when used separately. Hence, a careful analysis of the

limitations of the combination of the two methods has to be carried out.
Off-resonance sensitivity of spectral response

The spectral response of the proposed binomial 2D RF pulse train is by design similar to the original 1-2-
1 binomial 1D RF pulse train (22, 23) as seen in Fig. 3. However, the original 1/2n fat-water phase

condition was relaxed to 3/2n to allow for a sufficiently dense coverage of excitation k-space to create a
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well-defined PSF with only a few sparse low-amplitude aliasing rings and a sharp central peak. This
relaxation of the phase condition caused additional spectral response zeroes to occur at one third of the
fat-water frequency shift above the frequency of each spectral peak as seen in Fig. 3. Consequently, the
width of spectral peaks and valleys is decreased, thereby making the spectral selectivity of the proposed
1-2-1 binomial 2D RF pulse train more sensitive to field inhomogeneities than the original 1-2-1 binomial
pulse train. For the conventional binomial 1D RF pulse train (data not shown), a deviation of 0.69 ppm
from on-resonance can be tolerated while still keeping the signal of the undesired spectral component
(e.g. water) below 10% of maximum. By comparison, an off-resonance shift of 0.34 ppm will provide a
similar signal level from the undesired frequency band for the binomial 2D RF pulse train. The field
homogeneity should thus be approximately twice as good for the binomial 1-2-1 2D RF pulse train as for
the conventional 1-2-1 binomial pulse in order to give a comparable suppression of the undesired spectral

component, with the exact ratio depending on the required level of suppression.

The main contributing factor to the increased off-resonance sensitivity of the binomial 2D RF pulse train
spectral response is thus the relaxed phase condition. The spectral selectivity is also, although to a far
lesser extent, affected by the off-resonance blurring of the 2D RF pulse spatial profile that alters the off-

resonance spectral peaks and indirectly affects the bandwidth of the spectral stopband.

Off-resonance sensitivity of spatial response

The on-resonance spatial response of the proposed 2D RF pulse train is not affected by the binomial
weighting of the pulse train. Consequently, the on-resonance excitation profile had a sharp central peak
with a FWHM of 22.9 mm and sparse radial side lobes of low amplitude as seen in Fig. 4 and 5. The first
radial side lobe was situated at approximately 30 cm from the beam axis, thus having only a minor effect

on the obtained navigator profile.

At off-resonance frequencies, the evaluation of the spatial selectivity is complicated by that the fact that
the PSF of a 2D spatially selective excitation pulse is in general frequency dependent and that this spatial
response is furthermore weighted by the binomial pulse train. However, for the proposed RF pulse, the
binomial pulse train merely provides a spectral weighting of the spectral-spatial response of the individual
2D RF pulses. Consequently, the spectral response of the binomial 2D RF pulse train is modulated by the
spectral response of the individual 2D RF pulses, and the two spectral response curves therefore coincide
at the spectral maxima of the binomial 2D RF pulse as seen in Fig. 3. At the corresponding frequency
offsets, the blurred off-resonance excitation profile (see Fig. 4) proved to be identical for the single 2D

RF pulse and for the binomial pulse train of 2D RF pulses.
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The spatial response of the single 12-turn spiral excitation pulse and the binomial pulse train of 12-turn
spiral excitations did, however, differ outside these spectral maxima due to the binomial weighting. At 1
ppm off-resonance, the FWHM of the excitation profile central peak was 24.0 mm for the single 2D RF
pulse, whereas it was further degraded to 24.2 mm for the binomial 2D RF pulse train. The influence of
the binomial weighting on the excitation profile of the 2D RF pulse train was less significant further off-
resonance and the spatial selectivity of both the single 2D RF pulse and binomial 2D RF pulse train
dropped rapidly. At the first spectral side peak of 2.7 ppm (145 Hz) the FWHM was broadened by 96%,
whereas at the second spectral side peak of 4.5 ppm (290 Hz) the maximum of the spatial response was no

longer located in the desired beam area but shifted outwards toward an aliasing ring.

The binomial weighting only causes a slight further degradation of the spatial profile as compared to the
single spiral excitation 2D RF pulse. Severely off-resonant tissue will be poorly localized for both the
conventional and the spectrally selective pencil-beam excitation, and any resulting signal will enter the

background noise of the navigator profile.

Sensitivity to gradient and B; imperfections

The high slew rates used by the spiral k-space encoding make the 2D RF pulses particularly sensitive to
eddy currents (30). These eddy currents may distort the actual k-space trajectory from its nominal path,
thereby causing the RF energy deposition to be misplaced within the excitation k-space. This may in turn
degrade the excitation profile. However, no such degradation could be noticed between the theoretical and
experimental excitation profile of the spiral 2D RF pulse train in Fig. 5, indicating that the
precompensation of the gradient waveforms was successful in correcting for the k-space distortion caused

by the eddy currents (16).

Even if no compensation of the eddy currents would have been performed, the identical k-space
trajectories and gradient waveforms of the individual 2D RF pulses will induce similar eddy currents for
each pulse in the pulse train (25). This should in turn render the spectral selectivity of the proposed
binomial 2D RF pulse train insensitive to eddy currents. The symmetrical and identical coverage of
excitation k-space by the individual 2D RF pulses in the binomial pulse train also ensures that the spectral

response of the proposed pulse is insensitive to B; inhomogeneities (23).

Motion estimation and compensation
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The main disadvantage of the proposed navigator is the time needed for excitation as compared to the
original 2D navigator pulse of Nehrke et al. (16). A single 2D RF pulse only required 6.1 ms for encoding
the excitation k-space with a 12-turn spiral, whereas applying this same spiral excitation in a 1-2-1
binomially weighted succession including the appropriate delays required 19.9 ms. Only minor motion is
nevertheless likely to occur during the 26.5 ms required for acquiring the fat-selective navigator echo.
Even if assuming a sinusoidal target organ motion with a short breathing cycle of 4 s and a large motion
amplitude of 25 mm as might occur in the upper abdomen, the organ motion will still only be 0.52 mm
during the fat-selective navigator acquisition. This can be compared to an organ motion of 0.25 mm
during the non-selective navigator acquisition (12.7 ms). The effect of the target motion on the motion
estimate and the slice tracking performance should thus remain negligible for the spectral selective

navigator.

The proposed navigator showed an excellent real-time tracking performance of respiration-induced
abdominal motion for frame-rates up to 9 images per second as seen in Fig. 6. The navigator profile of the
fat-selective navigator displayed an improved contrast within the abdominal region as compared to the
conventional navigator. Even though there should in theory be no interference between the fat-selective
navigator and water-proton MR imaging, slight interferences due to off-resonance can occur in practice as
seen in Fig. 6. The effect of the interference on the fat-selective navigator profile was, however, barely
noticeable and thus had no influence on the tracking algorithm. This is in stark contrast to the
conventional non-selective navigator where the partial saturation induced by the MR imaging was a
dominating feature within the navigator profile causing severe problems for the motion estimation
algorithm. These properties enabled the fat-selective navigator to be placed directly on the abdominal
target organ for accurate monitoring of the organ motion without interfering with water-proton MR
imaging. For large non-rigid organs such as the liver, the navigator should moreover be placed in the
vicinity of the target volume in order for the motion registered by the navigator to correspond to that of

the target.

The utility of the proposed navigator for direct and accurate monitoring of the target organ motion was
shown with a three-dimensionally motion compensated MR-HIFU sonication on in vivo porcine kidney,
where both thermometry and sonication were compensated based on the observed motion. For the motion
compensation of MR thermometry, the fat-selective navigator was used for slice tracking as well as
providing the index for the look-up-table based multi-baseline compensation. The navigator did not
perturb the water-proton magnetization used for PRF-thermometry despite intersecting the imaging slice
at the targeted kidney. When only thermometry was motion compensated and no beam steering was

performed, the peak target temperature rise was 25% less than when beam steering was utilized. The
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somewhat small effect can be largely attributed to the mechanical ventilation, which caused the kidney to
remain in place for most of the respiratory cycle as seen in Fig. 8. Moreover, the unnaturally rapid kidney
motion at exhalation and inhalation enhanced the influence of the focal point update latency.
Consequently, the effect of beam steering is likely to be substantially larger during free breathing than

mechanical ventilation due to the smooth and continuous organ motion.

The experimental results focused on the fat-selective version of the navigator as it allows for the
positioning of the navigator in the field of view of the MR imaging sequence without disturbing the
water-proton magnetization, something that the spectrally non-selective and water-selective pencil-beam
navigator do not. Moreover, the partial saturation of the non-selective navigator profile caused by the
imaging slice may even cause the navigator to track the previously excited imaging plane instead of the
organ motion, particularly if it is the dominating feature within the navigator profile as was seen in Fig. 6.
A potential disadvantage of the proposed fat-selective navigator arises for lean patients with little fat
around their abdominal organs. In such cases, however, a preceding fat-selective image may generally

provide a suitable islet of fatty tissue in the vicinity of the organ to place the navigator beam on.
Conclusions

A spectrally selective navigator was presented for compensation of abdominal organ motion. Robust
spectral and 2D spatial selectivity was achieved by combining three pencil-beam excitations into a 1-2-1
binomial pulse train. The resulting spectral selectivity allowed the fat-selective version of the navigator to
be placed within the field of view of the MR sequence without interfering with water-proton based
images. Direct tracking of the moving organ was achieved with excellent tracking performance due to the
reduced interference of the water-proton imaging and the improved contrast-to-noise ratio of the
navigator profile. The low interference of the fat-selective navigator on the water-signal, and vice versa,
makes it ideal for direct and accurate tracking of organs as well as for PRF based thermometry
experiments on mobile organs, where the fat-signal is typically discarded. The fat-selective navigator was
also shown to enable accurate real-time motion compensation of MR-HIFU in vivo, where thermometry
was compensated for three-dimensional motion and the focal point steered in real-time according to the

observed motion.
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FIG. 1. Gradient and RF waveforms of the proposed 1-2-1 binomial 2D RF pulse train. The excitation k-
space encoding is over 12 spiral turns, with a fat-water dephasing corresponding to 3/2n. The RF

waveform is weighted according to the nonuniform sampling density.

FIG. 2. Position of navigator (black rectangle) and imaging slice (white rectangle) for the (a) kidney and
(b) liver in vivo slice tracking experiments. The navigator pencil beam was placed across the lower apex
of the right kidney in the kidney experiment. For the liver experiment, the navigator was placed across the
gallbladder and the surrounding fat at the bottom of the liver. The navigators intersected the axial imaging

slice perpendicularly in both experiments.

FIG. 3. Spectral response of the water-selective (dashed) and fat-selective (solid) pencil-beam navigator.
The two envelopes (dotted) correspond to the non-selective navigator when excited at the fat and water
resonance frequency. The distance between neighboring spectral peaks and valleys of 72 Hz is also

shown.

FIG. 4. Excitation profile of the spectrally selective pencil-beam excitation at frequency offsets of 0 Hz
(solid), 145 Hz (dotted) and 290 Hz (dashed). The excitation profiles of both the conventional non-
selective and the spectral-selective pencil-beam excitation coincide at the frequency offsets corresponding
to the spectral peaks of Fig. 3. The full width at half maximum (FWHM) of the excitation profiles at 0

and 145 Hz are also indicated.

FIG. 5. Comparison of the (a) theoretical and (b) experimental central peak of the on-resonance excitation
profile as viewed perpendicularly to the pencil-beam direction. The excitation profile shows a good

spatial localization with the central peak in the expected form of a jinc function.

FIG. 6. Comparison of the slice tracking performance of the conventional spectrally non-selective
navigator (NS) and the fat-selective navigator (FS) when placed directly on (a) the kidney and (b) the
liver. The navigator profiles are plotted vertically with subsequently acquired profiles stacked after each
other and the dynamic scan number increasing towards the right. The displacements estimated based on
the correlation of the navigator profiles are depicted in red. The navigator profile obtained by the
conventional non-selective navigator is altered significantly by the onset of the water-selective MR
imaging (indicated by arrow). This effect is much less pronounced for the fat-selective navigator profile.
Note that the displacement estimates were shifted relative to the navigator profiles in order not to interfere

with the essential features of the navigator profiles.

Magnetic Resonance in Medicine



©CoO~NOUTA,WNPE

Magnetic Resonance in Medicine

-20 -

FIG. 7. Temperature map of the kidney at the end of a beam-steered HIFU sonication. The motion
compensated temperature map is overlaid in color on the axial magnitude image. The transducer and the
semi-transparent beam-path overlay as well as the location of the gel pad are shown to clarify the
experimental setup. A close-up of the temperature map within the beam path is also shown (top) with the
black arrowhead indicating the position of the focus within the kidney. Two additional hotspots (white
arrowheads) due near-field heating can also be seen. The proposed fat-selective navigator was used to

provide the necessary through-plane motion estimate.

FIG. 8. Temperature rise in the target point within the porcine kidney during HIFU sonication with (top)
and without (middle) beam steering. The kidney displacement in the SI direction obtained from the fat-
selective navigator data is also shown (bottom). The temperature in the target point of the kidney was

obtained from 3D motion compensated temperature maps.
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Abstract

MR-guided high-intensity focused ultrasound (MR-HIFU) is a noninvasive technique for depositing
thermal energy in a controlled manner deep within the body. However, the MR-HIFU treatment of mobile
abdominal organs is problematic since motion-related thermometry artifacts need to be corrected and the
focal point position must be updated to follow the moving organ in order to avoid damaging healthy
tissue. In this paper, a fat-selective pencil-beam navigator is proposed for real-time monitoring and
compensation of through-plane motion. As opposed to the conventional spectrally non-selective
navigator, the fat-selective navigator does not perturb the water-proton magnetization used for proton
resonance frequency shift thermometry. This allows the proposed navigator to be placed directly on the
target organ for improved motion estimation accuracy. The spectral and spatial selectivity of the proposed
navigator pulse is evaluated through simulations and experiments, and the improved slice tracking
performance is demonstrated in vivo by tracking experiments on a human kidney and on a human liver.
The direct motion estimation provided by the fat-selective navigator is also shown to enable accurate
motion compensated MR-HIFU therapy of in vivo porcine kidney, including motion compensation of

thermometry and beam steering based on the observed three-dimensional kidney motion.

Keywords: HIFU, MR thermometry, pencil beam, navigator, spectrally selective, beam steering
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Introduction

High-intensity focused ultrasound (HIFU) is a noninvasive technique for performing local thermal
therapy (1, 2). The combination of MRI with HIFU (MR-HIFU) for providing image guidance is
particularly promising since the excellent soft-tissue contrast of MRI allows for exact target localization

and evaluation of treatment outcome (3, 4).

The main utility of MRI for HIFU therapy is, however, its ability to produce real-time maps of the
instantaneous in vivo temperature distribution in any imaging plane with a high spatial resolution.
Temperature images can be obtained by utilizing the linear temperature dependency of the proton
resonance frequency (PRF) shift of water and the change in MR phase information between sequentially
acquired gradient-echo images (5, 6). The relationship between the PRF shift and temperature is nearly
independent of tissue type with the exception of adipose tissue whose PRF is almost constant despite
variations in temperature (7, 8). Consequently, fat suppression or water-selective excitation is required in

order to avoid errors in the PRF-based temperature images (9, 10).

Several abdominal organs would be prime candidates for MR-HIFU therapy, but are unfortunately subject
to rigid or non-rigid motion during the respiratory cycle. This leads to two problems. First, the
magnetic field experienced by the target organ. This will result in phase variations and thus temperature
artifacts. Second, the focal point of the HIFU-system must also be adaptively repositioned as the organ
moves with respect to the external transducer in order to avoid damaging healthy tissue and ensure an

efficient heating.

Several approaches for the removal of thermometry artifacts have been proposed in the pash as
multi-baseline corrections to sample periodic changes (11, 12) and referenceless phase corrections (13). A
recent approach combined multi-baseline corrections with rapid 2D image registration to provide both a
removal of thermometry artifacts and a correction of in-plane displacement in real-time (14). Slice
tracking based on pencil-beam navigator data can moreover be used to address the remaining through-
plane motion (15, 16), thus allowing the motion compensation to be extended to three dimensions. This
approach was recently shown to enable real-time 3D motion compensated MR-HIFU therapy, including
real-time 3D motion compensated MR thermometry and real-time beam steering of the HIFU focal spot

according to the obtained 3D motion of the target region (17).
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The conventional pencil-beam navigator is, however, not well-suited for providing the exact motion
estimation that is imperative for safe MR-HIFU therapy of mobile organs. For MR-HIFU, the navigator
should preferably be placed directly on the target tissue for an exact motion compensation of both
thermometry and focal point position. The pencil-beam navigator will thus necessarily intersect the
imaging slice or slices that monitor the temperature rise in the target region when used for through-plane
motion compensation. Moreover, both the conventional pencil-beam navigator and the imaging slices
used for PRF-based thermometry act on the same water-proton magnetization. The navigator will thus
perturb the magnetization of the imaging slice and vice versa, which may lead to reduced temperature
accuracy, temperature artifacts, and slice tracking errors. The conventional proton-density weighted
pencil-beam navigator will also suffer from poor contrast in the abdominal region that may further

degrade the tracking performance.

Here, a spectrally selective pencil-beam navigator is presented. A fat-selective pencil-beam navigator
should not perturb the water-proton magnetization of the imaging slice, or vice versa, and may thus
provide an elegant solution to the problems of the conventional pencil-beam navigator for use in MR-
HIFU. The proposed RF pulse was evaluated theoretically as well as experimentally. In vivo experiments
were performed to assess the slice tracking capabilities of the proposed navigator when placed directly on
the kidney and on the liver of a healthy volunteer. Moreover, the efficacy of the fat-selective navigator for
providing the accurate through-plane motion estimate necessary for 3D motion compensated MR-HIFU,

including compensation of thermometry and focal point position, was evaluated in vivo on the kidney of a

pig.
Theory

Similar to 2D acquisition schemes, such as spiral acquisition, 2D spatial selective excitation can be
constructed by coupling an RF waveform with a 2D gradient waveform that determines the k-space
trajectory of the excitation (18, 19). Nehrke et al. (16) proposed such an excitation utilizing a spiral k-
space trajectory in conjunction with a 1D selective readout for achieving a pencil-beam shaped navigator

echo, further improving the approach initially presented by Hardy et al.(20).

Compared to other k-space trajectories, an inward spiral k-space trajectory for 2D RF excitation shows
several interesting properties. Most notably, the 2D RF pulse will be inherently self-refocused as the
inward spiral trajectory ends in the k-space center (18). The spiral can also be considered to cover the k-

space symmetrically, resulting in a linear dependence between the transversal magnetization and the

Magnetic Resonance in Medicine

Page 24 of 48



Page 25 of 48 Magnetic Resonance in Medicine

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

-5-

applied B field (19). The spiral trajectory will, moreover, utilize the gradient system very efficiently and

thus allows short pulse durations to encode the desired part of k-space.

However, the limitations of the available encoding time and the maximal gradient strength will introduce
a circular aperture in k-space within which the radial k-space coverage is discrete. Consequently, the
central peak of the spiral excitation point spread function (PSF) has the form of a jinc function surrounded
by a series of regularly spaced radial secondary lobes that are interspersed by small amplitude oscillations

(21). The first of the evenly spaced radial secondary lobes can be found at

27N 27N
h= = o
k 3.83

max

(1]

where N is the amount of k-space spiral turns, and r, is the pencil-beam radius that is here defined as the
first zero-crossing of the jinc-shaped PSF center peak (16). The amplitude of the oscillations can be
attenuated by a suitable apodization function at the expense of a slightly broadened central peak (16). For
this purpose, the desired excitation profile is here chosen to be that of a disk with radius equal to the
pencil beam. The convolution of this disk-shaped desired excitation profile with the PSF will determine

the actual excitation profile, thereby dampening the oscillations between the side lobes of the PSF.

The disadvantages of the conventional pencil-beam excitation for motion compensation of MR-HIFU
largely arise because the pencil beam excites the same water-proton magnetization as the imaging slices
used for PRF-thermometry. Spectrally selective excitation offers a potentially elegant solution to this
problem (10). Water-selective excitation may be used to discard the fat as is necessary for PRF-based
thermometry to avoid erroneous temperature readings. A fat-selective pencil beam would therefore avoid
perturbing the magnetization in the imaging slice, and vice versa. Furthermore, a spectrally selective
pencil beam should provide an improved contrast as compared to a conventional spectrally non-selective

pencil beam since most abdominal organs are surrounded by a sheath of fat.

Binomial weighting of the 2D RF pulses can be used to provide the desired spectral selectivity with the
prerequisite that the transverse magnetization is refocused between the individual pulses (22, 23). The
separation in time between the binomial pulses must allow fat and water to reach opposite phase. A phase
condition of 1/2mis usually chosen as this makes the spectral selectivity less sensitive to B,
inhomogeneities. However, for the case of binomially weighted 2D RF pulses this is not feasible since the
maximum gradient strength and gradient slew rates of most whole-body MR scanners would not allow

time for sufficient spatial encoding of the excitation despite the use of spiral k-space trajectories. On a 1.5
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T MR scanner with gradient strength of 21 mT/m and slew rate of 100 T/m/s as used in this study, the
maximum amount of spiral turns would be restricted to 2 if a phase separation of 1/2ris desired. This
would result in an extremely poorly shaped PSF with densely spaced radial side lobes of high amplitude
(16, 21). The second best alternative is then to opt for a fat-water phase difference of 3/2r. Although the
longer fat-water dephasing will degrade the ability of the binomial pulse train to separate water and fat, it
does allow for a 12-turn spiral trajectory excitation. This provides a sufficiently dense radial coverage of
the k-space to produce a well-defined PSF with a sharp central peak and only a few aliasing rings of small

amplitudes situated far from the central peak (16).

Even though individual inward spiral trajectories are inherently self-refocused, gradients need to be
applied prior to every 2D RF pulse following the first pulse of the pulse train in order to obtain the same
starting point of the k-space trajectory for each of the 2D RF pulses. The k-space starting point of each
spiral trajectory could alternatively be slightly rotated to reduce the peak amplitude of the side lobes (24).
This is, however, of limited interest for a train of 12-turn spirals whose first radial side lobe occurs at a
distance approximately 20 times the radius of the pencil beam. Furthermore, rotation of the k-space
starting point would require a different gradient waveform for each 2D RF pulse, which might make the

pulse train more sensitive to eddy currents and B, inhomogeneities (23, 25).

Although longer binomial pulse trains provide an improved spectral selectivity with a wider stopband
(26), motion compensated MR-HIFU therapy of mobile organs imposes strict real-time constraints. The
pulse train used in this paper is therefore limited to three binomially weighted 2D RF pulses as a
compromise between the requirements on temporal resolution and spectral selectivity. The sequence
diagram of the proposed 2D RF pulse train is shown in Fig. 1. The individual 2D RF pulses of the pulse
train use a 12-turn spiral k-space trajectory and consecutive pulses are separated by an interval of 6.91 ms
corresponding to a fat-water phase difference of 3/2n at 1.5 T. This gives rise to a total duration of
19.9 ms for the 1-2-1 binomially weighted 2D RF pulse train. Pulse trains of 2D RF pulses based on spiral
trajectories have previously been proposed for excitation of three dimensional volumes (24) and for

compensation of field inhomogeneities (27).

Materials & Methods

Simulations

The theoretical performance of the proposed 1-2-1 binomial pencil-beam excitation was evaluated using

Bloch-simulation software (http://www-mrsrl.stanford.edu/~brian/bloch/) ported to IDL 6.1.1 (ITT Corp.,
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White Plaines, NY). The diameter of the simulated pencil beam was 30 mm and the total flip angle of the

pulse train was 25°. Relaxation was omitted from the simulations.
MR imaging

The spectrally selective 1-2-1 binomial pulse train of 2D spiral excitations was implemented on a 1.5 T
Philips Achieva scanner (Philips Healthcare, Best, The Netherlands). The implementation was based on
the existing implementation of the spiral encoded pencil-beam navigator that is corrected for nonuniform
sampling density and short-term eddy currents (16). The intended diameter of the pencil-beam navigator

was 30 mm and the total flip angle of the pulse train was 25°.

The excitation profile of the binomial spiral excitation pulse train was obtained by using this 2D RF pulse
train as an excitation pulse coupled with a turbo spin echo (TSE) readout (TR = 1000 ms, TE = 58 ms,
FOV = 300 x 300 mm’, matrix = 128 x 128, slice thickness = 7 mm), where the refocusing pulse was
made slice selective perpendicularly to the pencil beam axis. The target was a homogenous manganese-

chloride doped phantom.

The slice tracking capabilities of the proposed fat-selective navigator were evaluated in vivo by
comparing the positional data obtained with the spectrally selective navigator to that of the non-selective
12-turn spiral navigator when imaging a human kidney and a human liver under free breathing. The
experiments were performed on two separate volunteers from whom informed consent was obtained. An
axial imaging slice was chosen and the navigator was placed perpendicularly to the imaging slice in the
superior-inferior (SI) direction across the fat capsule at the lower apex of the right kidney in the kidney
experiment, and across the gallbladder and the surrounding fat in the liver experiment. The positioning of
the imaging slice and the navigator for the kidney and the liver experiment is shown in Fig. 2. The
sequence used for imaging in both experiments was a single-shot gradient-echo echo planar imaging
(EPI) sequence with TR = 110 ms, TE = 48 ms, flip angle = 35°, FOV = 300 x 195 mm?, matrix = 128 x
83, slice thickness = 6 mm, and a 1-2-1 binomial water-selective excitation pulse. One-dimensional
navigator profiles were acquired before each dynamic repetition of the imaging sequence by performing a
readout along the axis of the excited pencil beam. The imaging slice position was adaptively corrected in
real-time based on the estimated target displacement as obtained via correlation analysis of subsequently
acquired navigator profiles (15, 28). The duration of the single non-selective 2D RF pulse was 6.1 ms,

whereas the duration of the fat-selective 2D RF pulse train was 19.9 ms. The duration of the 1D readout
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was in turn 6.6 ms, resulting in a total duration of 12.7 and 26.5 ms for the non-selective and fat-selective

navigators, respectively.

MR-HIFU platform

The MR-HIFU experiment was performed on a Sonalleve MR-HIFU platform (Philips Healthcare,
Vantaa, Finland) that was integrated into the 1.5 T Philips Achieva MR scanner. The MR-HIFU platform
consisted of a HIFU transducer embedded in a water-filled MR table top, an RF generator, and a
workstation dedicated to therapy control. The 256 element HIFU transducer (Imasonic, Voray sur
I'Ognon, France) had spherical shell geometry with a focal length of 12 cm and aperture of 13 cm, and
was operated at 1.2 MHz. The measured focal point size was 1 x 1 x 7 mm’. More details on the MR-

HIFU platform can be found in Ref. (29).
MR thermometry

The temperature rise induced by the HIFU ablation of the in vivo porcine kidney was monitored in a
single axial slice with the proposed fat-selective navigator placed perpendicularly to the imaging slice
across the fat capsule of the kidney. The dynamic images used for MR thermometry were acquired with a
single-shot gradient-echo EPI sequence with the following acquisition parameters: TR = 100 ms, TE = 48
ms, flip angle = 35°, FOV = 300 x 195 mm’, matrix = 128 x 83, and slice thickness = 6 mm. A 1-2-1
binomial water-selective RF pulse was used to suppress the signal of the fat and avoid thermometry
errors. The imaging slice position was adaptively corrected in real-time by modifying the excitation
frequency of the water-selective RF pulse according to the estimated kidney motion obtained via

correlation analysis of the navigator profiles (15, 28).

The acquired images were in-plane realigned prior to the calculation of temperature maps as described in
Ref. (14). The principle direction of kidney respiratory motion is the SI direction, which was addressed by
slice tracking using the fat-selective navigator. The combination of the estimated 2D in-plane motion with
the navigator-based estimate of the through-plane motion provided the 3D motion estimate necessary for

fixing the focal point within the moving kidney as described in Ref. (17). The remaining periodic phase

fluctuations due to respiratory motion were corrected using a multi-baseline approach where the look-up-

table was indexed according to the kidney displacement estimate obtained by the navigator as explained
by Ries et al. (17). The calculation of the PRF-based temperature maps and the employed corrections are

described in detail by Roujol ef al. (14).

Magnetic Resonance in Medicine

Page 28 of 48

. [ Deleted: up




Page 29 of 48 Magnetic Resonance in Medicine

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

In vivo three-dimensional motion compensated MR-HIFU

The efficacy of the fat-selective navigator for accurately estimating the through-plane motion required for
3D motion compensated MR-HIFU was evaluated on in vivo porcine kidney. The animal (45 kg) was
initially anesthetized with a premedication of 10 ml of propofol. General anesthesia was induced and
maintained during the experiment with a continuous intravenous infusion of propofol at 1 ml/min. The
animal was intubated and ventilated (45 to 100% O2, respirator paraPac, ResMed SA, France) with a
respiratory cycle of approximately 3 s during the entire procedure. The animal study was performed with

the approval of the local ethics committee.

The animal was positioned in a decubitus position on the MR-HIFU table top with the targeted kidney
centered on the acoustic window. Following the positioning of the animal, HIFU ablation of the kidney
was performed in a single focal point that was steered in real-time according to the estimated 3D motion
of the targeted kidney (17). The asymmetric transducer design allowed the electronically steered focal
spot to follow the 8 mm peak-to-peak respiratory motion of the porcine kidney without generating
significant secondary lobes. The update of the focal point position was performed synchronously to MR-
imaging at a frequency of 10 Hz. The ablation was performed using a constant power of 100 W and

sonication duration of 30 s.

An in-house developed real-time reconstructor was used to reduce the time required for MR image
reconstruction. The time needed for acquisition (after passage of the k-space center) and data transport
(64 ms), image reconstruction and motion estimation (40 ms), and HIFU focal point update (10 ms)
resulted in a focal point position update latency of 114 ms. Details on the employed beam steering

strategy, including the required calculations and their timings, are given by Ries ef al. (17).

Results

Simulation

The spectral selectivity of the proposed navigator was demonstrated through simulations at different
frequency offsets, where the resulting signal was taken as the complex sum of the transverse
magnetization over the 15-mm radius disk intended for excitation. The results are shown in Fig. 3 for both
the fat- and water-selective pencil-beam excitations. For comparison, the spectral response of the
conventional non-selective pencil-beam excitation at the resonance frequency of water and fat is also

included. Note that the peak-to-valley separation in the spectral response of the binomial pencil-beam
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excitation was 72 Hz, corresponding to one third of the 217 Hz fat-water resonance frequency shift at
1.5 T. This is a direct consequence of using a fat-water phase difference of 3/2n instead of the 1/2n

commonly used.

Even though there were additional spectral response peaks outside the desired on-resonance response, the
spatial selectivity of the binomially weighted 2D RF pulse train rapidly decreased with increasing
frequency offset. This can be seen in Fig. 4 where the excitation profiles at on-resonance and at the first
two off-resonance spectral peaks are shown. However, when placing the navigator directly on the
far less than the 2.3 ppm (145 Hz) frequency offset of the first spectral side peak. For such frequency
offsets of around 1 ppm, the central peak of the excitation profile had a full width at half maximum

(FWHM) within 6% of the 22.9 mm on-resonance F\

1. Further off-resonance, the spatial selectivity

quickly degenerated to a FWHM of 73 mm at 3 pptm—=at even larger frequency offsets, the increased
blurring of the central peak caused the magnetization maximum to be located away from the pencil beam

axis as can be seen to occur for the excitation profile at the second off-resonance spectral peak in Fig. 4.

The excitation profile central peak of the binomially weighted 2D RF pulse train coincided with that of
the conventional spectrally non-selective single 2D RF pulse at the frequency offsets corresponding to the
spectral maxima seen in Fig. 3. Outside these spectral maxima, the excitation profiles of the spectral-
selective and non-selective pencil-beam excitations did differ. Moreover, according to Eq. 1 the first ring
lobes are to be expected at 295 mm off-axis for a conventional 12-turn spiral encoded 2D RF pulse with
an intended pencil beam diameter of 30 mm. Figure 4 shows that this is also the case when the spiral

encoded 2D RF pulse is applied in a binomial pulse train at on-resonance.

On-resonance excitation profile comparison

The central peak of the simulated and experimental excitation profiles are compared in Fig. 5 for the
proposed 1-2-1 binomial 2D RF pulse train. Within the limits imposed by the SNR and the imperfect B,
shim, the measured excitation profile central peak matched the predicted simulated result of a jinc

function with a FWHM of 22.1 mm.

The small oscillations surrounding the central peak deviated somewhat from the ideal radial form in the
experimental data by showing slightly larger amplitude in the negative readout direction than in the
phase-encoding and positive readout direction. This effect can be attributed to small deviations from the

ideal spiral trajectory due to minor gradient system imperfections.
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In vivo imaging

Figure 6a shows a comparison of a slice tracking experiment on a human kidney using a spectrally non-
selective conventional pencil-beam navigator and the proposed fat-selective pencil-beam navigator.
Figure 6b shows a similar comparison of slice tracking experiments using the two navigators on a human
liver. In both the kidney and the liver experiment, the spectrally selective navigator showed a good
contrast-to-noise ratio and was successful in tracking the organ position over the entire scan duration
(1500 images, 3 min scanning, frame-rate 9 images/s) without apparent tracking errors. Although the
conventional navigator did have higher SNR, the lower contrast-to-noise ratio caused problems for the
correlation algorithm used to determine the target displacement. Moreover, the onset of water-selective
MR imaging perturbed the water-magnetization within the non-selective pencil beam in both the kidney
and the liver experiment, thus altering the acquired navigator profile (indicated by arrow in Fig. 6). Since
the resulting partial saturation was the dominant feature within the non-selective navigator profile in the
kidney experiment (Fig. 6a), the navigator-based motion estimation did not follow the kidney motion at
all but instead tracked the position of the previously excited imaging plane. As a consequence, the kidney
motion was consistently underestimated as can seen by comparing the amplitude of the displacement
estimate with the motion of the darker grey band in the middle of the navigator profile. The partial
saturation caused by the imaging slice was less dominant in the non-selective navigator profile of the liver
experiment (Fig. 6b) due to the higher contrast. Consequently, the motion estimation based on the non-
selective navigator was successful during most of the liver experiment. However, it failed to follow the
motion of the liver through the entire scan, particularly towards the end of the scan where the motion
estimate was sporadic. This can be appreciated by noting that the red displacement estimate does not
match the smooth motion of the navigator profile features (e.g. the motion of the fat that appears dark at

the bottom of the profile).

In theory, there should be no alteration of the navigator profile at onset of the MR imaging for the fat-
selective navigator, although in practice a very slight alteration could be seen in both the kidney and liver
experiments that can be attributed to off-resonance effects. The magnitude of the alteration was, however,
insignificant and did not have any effect on the tracking performance in either experiment. The barely
visible alteration of the navigator profile at onset of imaging indicates that the water-selective MR
imaging does not notably affect the lipid-proton magnetization excited by the fat-selective navigator. The

lower SNR of the fat-selective navigator did, however, result in a slight jitter in the motion estimate.

In vivo motion compensated MR-HIFU
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Figure 7 shows the 3D motion compensated temperature map obtained at the end of a 30 s beam-steered
HIFU sonication on in vivo porcine kidney. The temporal evolution of the temperature at the target point
within the kidney can in turn be seen in Fig. 8 for both the beam steered sonication and for a stationary
HIFU sonication. Figure 8 also shows the kidney displacement in the SI direction as obtained from the
proposed fat-selective navigator that was used for both slice tracking and beam steering. The peak
temperature for the stationary HIFU sonication experiment was found to be 6.0 °C and thus 25% lower
than the peak value of 8.1 °C for the beam steered experiment. The fat-selective navigator enabled the
slice and the HIFU-beam to remain locked on the target area for the entire duration of the experiment (5
min). No interference between the fat-selective navigator beam and the water-selective imaging slice was

observed.

|A similar 3D motion compensated experiment was attempted with the non-selective navigator, but in this

case the navigator failed to reliably represent the motion pattern of the kidney. Since the correct

measurement of the organ displacement is indispensable for multi-baseline thermometry correction, this

ren d thermometry impossible and no HIFU ablation was attempted. ‘

Discussion

In this study, a spectrally selective pencil-beam navigator pulse was designed for direct motion tracking
of mobile abdominal organs that are surrounded by islets of fat, such as the kidney or the liver. For such
organs, a fat-selective navigator can provide positional information with high contrast-to-noise without
interfering with water-selective MR imaging and vice versa. This enables the proposed navigator to be
placed directly on the organ of interest for improved accuracy in the monitoring of the organ motion,
instead of indirectly estimating the organ motion based on the observed movement of the diaphragm as is

typically done with conventional navigators.

However, spiral encoded 2D spatial selective excitation and frequency selective binomial excitation are
both limited by their off-resonance sensitivity when used separately. Hence, a careful analysis of the

limitations of the combination of the two methods has to be carried out.
Off-resonance sensitivity of spectral response

The spectral response of the proposed binomial 2D RF pulse train is by design similar to the original 1-2-
1 binomial 1D RF pulse train (22, 23) as seen in Fig. 3. However, the original 1/2w fat-water phase

condition was relaxed to 3/2w to allow for a sufficiently dense coverage of excitation k-space to create a
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well-defined PSF with only a few sparse low-amplitude aliasing rings and a sharp central peak. This
relaxation of the phase condition caused additional spectral response zeroes to occur at one third of the
fat-water frequency shift above the frequency of each spectral peak as seen in Fig. 3. Consequently, the
width of spectral peaks and valleys is decreased, thereby making the spectral selectivity of the proposed
1-2-1 binomial 2D RF pulse train more sensitive to field inhomogeneities than the original 1-2-1 binomial
pulse train. For the conventional binomial 1D RF pulse train (data not shown), a deviation of 0.69 ppm
from on-resonance can be tolerated while still keeping the signal of the undesired spectral component
(e.g. water) below 10% of maximum. By comparison, an off-resonance shift of 0.34 ppm will provide a
similar signal level from the undesired frequency band for the binomial 2D RF pulse train. The field
homogeneity should thus be approximately twice as good for the binomial 1-2-1 2D RF pulse train as for
the conventional 1-2-1 binomial pulse in order to give a comparable suppression of the undesired spectral

component, with the exact ratio depending on the required level of suppression.

The main contributing factor to the increased off-resonance sensitivity of the binomial 2D RF pulse train
spectral response is thus the relaxed phase condition. The spectral selectivity is also, although to a far
lesser extent, affected by the off-resonance blurring of the 2D RF pulse spatial profile that alters the off-

resonance spectral peaks and indirectly affects the bandwidth of the spectral stopband.
Off-resonance sensitivity of spatial response

The on-resonance spatial response of the proposed 2D RF pulse train is not affected by the binomial
weighting of the pulse train. Consequently, the on-resonance excitation profile had a sharp central peak
with a FWHM of 22.9 mm and sparse radial side lobes of low amplitude as seen in Fig. 4 and 5. The first
radial side lobe was situated at approximately 30 cm from the beam axis, thus having only a minor effect

on the obtained navigator profile.

At off-resonance frequencies, the evaluation of the spatial selectivity is complicated by that the fact that
the PSF of a 2D spatially selective excitation pulse is in general frequency dependent and that this spatial
response is furthermore weighted by the binomial pulse train. However, for the proposed RF pulse, the
binomial pulse train merely provides a spectral weighting of the spectral-spatial response of the individual
2D RF pulses. Consequently, the spectral response of the binomial 2D RF pulse train is modulated by the
spectral response of the individual 2D RF pulses, and the two spectral response curves therefore coincide
at the spectral maxima of the binomial 2D RF pulse as seen in Fig. 3. At the corresponding frequency
offsets, the blurred off-resonance excitation profile (see Fig. 4) proved to be identical for the single 2D

RF pulse and for the binomial pulse train of 2D RF pulses.
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The spatial response of the single 12-turn spiral excitation pulse and the binomial pulse train of 12-turn
spiral excitations did, however, differ outside these spectral maxima due to the binomial weighting. At 1
ppm off-resonance, the FWHM of the excitation profile central peak was 24.0 mm for the single 2D RF
pulse, whereas it was further degraded to 24.2 mm for the binomial 2D RF pulse train. The influence of
the binomial weighting on the excitation profile of the 2D RF pulse train was less significant further off-
resonance and the spatial selectivity of both the single 2D RF pulse and binomial 2D RF pulse train
dropped rapidly. At the first spectral side peak of 2.7 ppm (145 Hz) the FWHM was broadened by 96%,
whereas at the second spectral side peak of 4.5 ppm (290 Hz) the maximum of the spatial response was no

longer located in the desired beam area but shifted outwards toward an aliasing ring.

The binomial weighting only causes a slight further degradation of the spatial profile as compared to the
single spiral excitation 2D RF pulse. Severely off-resonant tissue will be poorly localized for both the
conventional and the spectrally selective pencil-beam excitation, and any resulting signal will enter the

background noise of the navigator profile.
Sensitivity to gradient and B, imperfections

The high slew rates used by the spiral k-space encoding make the 2D RF pulses particularly sensitive to
eddy currents (30). These eddy currents may distort the actual k-space trajectory from its nominal path,
thereby causing the RF energy deposition to be misplaced within the excitation k-space. This may in turn
degrade the excitation profile. However, no such degradation could be noticed between the theoretical and
experimental excitation profile of the spiral 2D RF pulse train in Fig. 5, indicating that the
precompensation of the gradient waveforms was successful in correcting for the k-space distortion caused

by the eddy currents (16).

Even if no compensation of the eddy currents would have been performed, the identical k-space
trajectories and gradient waveforms of the individual 2D RF pulses will induce similar eddy currents for
each pulse in the pulse train (25). This should in turn render the spectral selectivity of the proposed
binomial 2D RF pulse train insensitive to eddy currents. The symmetrical and identical coverage of
excitation k-space by the individual 2D RF pulses in the binomial pulse train also ensures that the spectral

response of the proposed pulse is insensitive to B, inhomogeneities (23).

Motion estimation and compensation
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The main disadvantage of the proposed navigator is the time needed for excitation as compared to the
original 2D navigator pulse of Nehrke et al. (16). A single 2D RF pulse only required 6.1 ms for encoding
the excitation k-space with a 12-turn spiral, whereas applying this same spiral excitation in a 1-2-1
binomially weighted succession including the appropriate delays required 19.9 ms. Only minor motion is
nevertheless likely to occur during the 26.5 ms required for acquiring the fat-selective navigator echo.
Even if assuming a sinusoidal target organ motion with a short breathing cycle of 4 s and a large motion
amplitude of 25 mm as might occur in the upper abdomen, the organ motion will still only be 0.52 mm
during the fat-selective navigator acquisition. This can be compared to an organ motion of 0.25 mm
during the non-selective navigator acquisition (12.7 ms). The effect of the target motion on the motion
estimate and the slice tracking performance should thus remain negligible for the spectral selective

navigator.

abdominal motion for frame-rates up to 9 images per second as seen in Fig. 6. The navigator profile of the
fat-selective navigator displayed an improved contrast within the abdominal region as compared to the
conventional navigator. Even though there should in theory be no interference between the fat-selective
navigator and water-proton MR imaging, slight interferences due to off-resonance can occur in practice as
seen in Fig. 6. The effect of the interference on the fat-selective navigator profile was, however, barely
noticeable and thus had no influence on the tracking algorithm. This is in stark contrast to the
conventional non-selective navigator where the partial saturation induced by the MR imaging was a
dominating feature within the navigator profile causing severe problems for the motion estimation
algorithm. These properties enabled the fat-selective navigator to be placed directly on the abdominal
target organ for accurate monitoring of the organ motion without interfering with water-proton MR
imaging. For large non-rigid organs such as the liver, the navigator should moreover be placed in the
vicinity of the target volume in order for the motion registered by the navigator to correspond to that of

the target.

The utility of the proposed navigator for direct and accurate monitoring of the target organ motion was
shown with a three-dimensionally motion compensated MR-HIFU sonication on in vivo porcine kidney,
where both thermometry and sonication were compensated based on the observed motion. For the motion
compensation of MR thermometry, the fat-selective navigator was used for slice tracking as well as
providing the index for the look-up-table based multi-baseline compensation. The navigator did not
perturb the water-proton magnetization used for PRF-thermometry despite intersecting the imaging slice
at the targeted kidney. When only thermometry was motion compensated and no beam steering was

performed, the peak target temperature rise was 25% less than when beam steering was utilized. The
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somewhat small effect can be largely attributed to the mechanical ventilation, which caused the kidney to
remain in place for most of the respiratory cycle as seen in Fig. 8. Moreover, the unnaturally rapid kidney
motion at exhalation and inhalation enhanced the influence of the focal point update latency.
Consequently, the effect of beam steering is likely to be substantially larger during free breathing than

mechanical ventilation due to the smooth and continuous organ motion.

The experimental results focused on the fat-selective version of the navigator as it allows for the
positioning of the navigator in the field of view of the MR imaging sequence without disturbing the
water-proton magnetization, something that the spectrally non-selective and water-selective pencil-beam
navigator do not. Moreover, the partial saturation of the non-selective navigator profile caused by the
imaging slice may even cause the navigator to track the previously excited imaging plane instead of the
organ motion, particularly if it is the dominating feature within the navigator profile as was seen in Fig. 6.
A potential disadvantage of the proposed fat-selective navigator arises for lean patients with little fat
around their abdominal organs. In such cases, however, a preceding fat-selective image may generally

provide a suitable islet of fatty tissue in the vicinity of the organ to place the navigator beam on.
Conclusions

A spectrally selective navigator was presented for compensation of abdominal organ motion. Robust
spectral and 2D spatial selectivity was achieved by combining three pencil-beam excitations into a 1-2-1
binomial pulse train. The resulting spectral selectivity allowed the fat-selective version of the navigator to
be placed within the field of view of the MR sequence without interfering with water-proton based
images. Direct tracking of the moving organ was achieved with excellent tracking performance due to the
reduced interference of the water-proton imaging and the improved contrast-to-noise ratio of the
navigator profile. The low interference of the fat-selective navigator on the water-signal, and vice versa,
makes it ideal for direct and accurate tracking of organs as well as for PRF based thermometry
experiments on mobile organs, where the fat-signal is typically discarded. The fat-selective navigator was
also shown to enable accurate real-time motion compensation of MR-HIFU in vivo, where thermometry
was compensated for three-dimensional motion and the focal point steered in real-time according to the

observed motion.
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FIG. 1. Gradient and RF waveforms of the proposed 1-2-1 binomial 2D RF pulse train. The excitation k-
space encoding is over 12 spiral turns, with a fat-water dephasing corresponding to 3/2m. The RF

waveform is weighted according to the nonuniform sampling density.

FIG. 2. Position of navigator (black rectangle) and imaging slice (white rectangle) for the (a) kidney and
(b) liver in vivo slice tracking experiments. The navigator pencil beam was placed across the lower apex
of the right kidney in the kidney experiment. For the liver experiment, the navigator was placed across the
gallbladder and the surrounding fat at the bottom of the liver. The navigators intersected the axial imaging

slice perpendicularly in both experiments.

FIG. 3. Spectral response of the water-selective (dashed) and fat-selective (solid) pencil-beam navigator.
The two envelopes (dotted) correspond to the non-selective navigator when excited at the fat and water
resonance frequency. The distance between neighboring spectral peaks and valleys of 72 Hz is also

shown.

FIG. 4. Excitation profile of the spectrally selective pencil-beam excitation at frequency offsets of 0 Hz
(solid), 145 Hz (dotted) and 290 Hz (dashed). The excitation profiles of both the conventional non-
selective and the spectral-selective pencil-beam excitation coincide at the frequency offsets corresponding
to the spectral peaks of Fig. 3. The full width at half maximum (FWHM) of the excitation profiles at 0

and 145 Hz are also indicated.

FIG. 5. Comparison of the (a) theoretical and (b) experimental central peak of the on-resonance excitation
profile as viewed perpendicularly to the pencil-beam direction. The excitation profile shows a good

spatial localization with the central peak in the expected form of a jinc function.

FIG. 6. Comparison of the slice tracking performance of the conventional spectrally non-selective
navigator (NS) and the fat-selective navigator (FS) when placed directly on (a) the kidney and (b) the
liver. The navigator profiles are plotted vertically with subsequently acquired profiles stacked after each
other and the dynamic scan number increasing towards the right. The displacements estimated based on
the correlation of the navigator profiles are depicted in red. The navigator profile obtained by the
conventional non-selective navigator is altered significantly by the onset of the water-selective MR
imaging (indicated by arrow). This effect is much less pronounced for the fat-selective navigator profile.
Note that the displacement estimates were shifted relative to the navigator profiles in order not to interfere

with the essential features of the navigator profiles.
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semi-transpar

beam-path overlay as well as the location of the gel pad are shown to clarify the

experimental setup. A close-up of the temperature map within the beam path is also shown (top) with the

black arrowhead indicating the position of the focus within the kidney. Two additional hotspots (white

arrowheads) due near-field heating can also be seen. [The proposed fat-selective navigator was used to

provide the necessary through-plane motion estimate.

FIG. 8. Temperature rise in the target point within the porcine kidney during HIFU sonication with (top)

and without (middle) beam steering. The kidney displacement in the SI direction obtained from the fat-

selective navigator data is also shown (bottom). The temperature in the target point of the kidney was

obtained from 3D motion compensated temperature maps.
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33 FIG. 1. Gradient and RF waveforms of the proposed 1-2-1 binomial 2D RF pulse train. The excitation
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FIG. 2. Position of navigator (black rectangle) and imaging slice (white rectangle) for the (a) kidney
and (b) liver in vivo slice tracking experiments. The navigator pencil beam was placed across the
lower apex of the right kidney in the kidney experiment. For the liver experiment, the navigator was
placed across the gallbladder and the surrounding fat at the bottom of the liver. The navigators
intersected the axial imaging slice perpendicularly in both experiments.
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FIG. 3. Spectral response of the water-selective (dashed) and fat-selective (solid) pencil-beam
navigator. The two envelopes (dotted) correspond to the non-selective navigator when excited at
the fat and water resonance frequency. The distance between neighboring spectral peaks and

valleys of 72 Hz is also shown.
114x63mm (600 x 600 DPI)

Magnetic Resonance in Medicine



©CoO~NOUTA,WNPE

1.0

0.9

0.8

0.7

0.6

0.5

0.4

Relative signal

FIG. 4. Excitation profile of the spectrally selective pencil-beam excitation at frequency offsets of 0
Hz (solid), 145 Hz (dotted) and 290 Hz (dashed). The excitation profiles of both the conventional
non-selective and the spectral-selective pencil-beam excitation coincide at the frequency offsets

corresponding to the spectral peaks of Fig. 3. The full width at half maximum (FWHM) of the
excitation profiles at 0 and 145 Hz are also indicated.
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FIG. 5. Comparison of the (a) theoretical and (b) experimental central peak of the on-resonance
excitation profile as viewed perpendicularly to the pencil-beam direction. The excitation profile
shows a good spatial localization with the central peak in the expected form of a jinc function.
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FIG. 6. Comparison of the slice tracking performance of the conventional spectrally non-selective

navigator (NS) and the fat-selective navigator (FS) when placed directly on (a) the kidney and (b)
the liver. The navigator profiles are plotted vertically with subsequently acquired profiles stacked
after each other and the dynamic scan number increasing towards the right. The displacements
estimated based on the correlation of the navigator profiles are depicted in red. The navigator

profile obtained by the conventional non-selective navigator is altered significantly by the onset of
the water-selective MR imaging (indicated by arrow). This effect is much less pronounced for the
fat-selective navigator profile. Note that the displacement estimates were shifted relative to the
navigator profiles in order not to interfere with the essential features of the navigator profiles.
163x142mm (600 x 600 DPI)

Magnetic Resonance in Medicine

Page 46 of 48



Page 47 of 48 Magnetic Resonance in Medicine

©CoO~NOUTA,WNPE

40 FIG. 7. Temperature map of the kidney at the end of a beam-steered HIFU sonication. The motion
41 compensated temperature map is overlaid in color on the axial magnitude image. The transducer
42 and the semi-transparent beam-path overlay as well as the location of the gel pad are shown to
43 clarify the experimental setup. A close-up of the temperature map within the beam path is also
44 shown (top) with the black arrowhead indicating the position of the focus within the kidney. Two
45 additional hotspots (white arrowheads) due near-field heating can also be seen. The proposed fat-
selective navigator was used to provide the necessary through-plane motion estimate.
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FIG. 8. Temperature rise in the target point within the porcine kidney during HIFU sonication with
(top) and without (middle) beam steering. The kidney displacement in the SI direction obtained
from the fat-selective navigator data is also shown (bottom). The temperature in the target point of
the kidney was obtained from 3D motion compensated temperature maps.
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