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Lamb Waves and Adaptive Beamforming for
Aberration Correction in Medical Ultrasound
Imaging

Moein Mozaffarzadeh®”, Claudio Minonzio?, Nico de Jong 12, Martin D. Verweij 12, Simone Hemm 3
and Verya Daeichin®

Abstract—Phase aberration in transcranial ultrasound
imaging (TUI) caused by the human skull leads to an inaccurate
image reconstruction. In this paper, we present a novel method
for estimating speed of sound and an adaptive beamforming
technique for phase aberration correction in a flat
polyvinylchloride (PVC) slab as a model for the human skull.
First, the speed of sound of the PVC slab is found by extracting
the overlapping quasi-longitudinal wave velocities of symmetrical
Lamb waves in the frequency-wavenumber domain. Then, the
thickness of the plate is determined by the echoes from its front
and back side. Next, an adaptive beamforming method is
developed, utilizing the measured sound speed map of the
imaging medium. Finally, to minimize reverberation artifacts
caused by strong scatterers (i.e. needles), a dual probe setup is
proposed. In this setup, we image the medium from two opposite
directions, and the final image can be the minimum intensity
projection of the inherently co-registered images of the opposed
probes. Our results confirm that the Lamb wave method
estimates the longitudinal speed of the slab with an error of 3.5%
and is independent of its shear wave speed. Benefiting from the
acquired sound speed map, our adaptive beamformer reduces (in
real-time) a mislocation error of 3.1 mm, caused by an 8 mm
slab, to 0.1 mm. Finally, the dual probe configuration shows 7 dB
improvement in removing reverberation artifacts of the needle,
at the cost of only 2.4 dB contrast loss. The proposed image
formation method can be used e.g. to monitor deep brain
stimulation procedures and localization of the electrode(s) deep
inside the brain from two temporal bones on the sides of the
human skull.

Index Terms—Transcranial ultrasound imaging, Lamb waves,
adaptive beamforming, sound speed map, deep brain stimulation

. INTRODUCTION

T ranscranial ultrasound imaging (TUI) is a practical tool
in neurology and a good candidate to monitor the brain [1,
2]. This imaging modality is cheap, user-friendly, accurate and
commercially available nowadays in most of hospitals and
clinics [2, 3]. However, the image quality is limited by the
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strong aberrating effect of the skull bone [4-6]. The sound
speed and density are much larger, compared to soft brain
tissues, which leads to high reverberations within the skull,
large aberrations and a high absorption of the acoustic energy
[7-10].

Ultrasound beamforming techniques usually assume a
constant speed of sound [11-15], which leads to suboptimal
focusing and image quality and accuracy. Over the past
decades, researchers have been investigating to compensate
the effects of the phase aberration from different perspectives
(i.e. developing new algorithms and imaging setups) [16, 18].
A wavevector-frequency domain model of the ultrasound
wave propagation from a hemisphere-shaped transducer has
been developed, using CT scans of the head, to non-invasively
obtain an accurate focusing through the human skull for
ultrasound therapy [19]. Thickness and density information
obtained from CT images can also be directly used to correct
the phase aberration induced by the skull [9, 20, 21]. In a
study by Yin Xiangtao and Kullervo Hynynen [22], low
frequency ultrasound is used to reduce the effects of the skull.
A low frequency, e.g. 250 KHz, results in less attenuation and
aberration, which makes the bone more transparent. The
drawback of this method is its poor resolution. Another
method is the time-reversal aberration correction introduced in
[7, 23-25]. These methods usually require an invasive
experimental setup for computation of the time reversed
signals. A non-invasive time reversal-based technique using a
dual-transducer setup has also been reported [5]. This non-
invasive extension shows promising results in improving the
focal spot, thus the image quality. However, it requires
complex multistep modeling and processing and has not yet
been used for real time imaging.

The method described by Renzel et al. [26] and
implemented in Krautkramers Auto-V technology uses a
combination of four transducers mounted on a multifaceted
wedge. Two of these probes are oriented obliquely to the
sample to launch and receive a longitudinal creeping wave
along its surface. These probes provide a measurement of the
sound speed. The other pair of probes sends and receives the
waves through the sample, providing data for measuring its
thickness. The draw back with this system is that the 4-probe
technique is very complex, time consuming and very difficult
to be applied for TUIL. An ultrasound brain helmet has also
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been designed for simultaneous 3D ultrasound imaging (USI)
[27-29]. This helmet is designed in a way that each matrix
array helps the other one in phase aberration correction by
being a correction source [30]. The cross-correlation of RF
signals is also used to this end. The helmet has been used for
3D transcranial Doppler imaging as well [31].

A dual-array ultrasound imaging system has been designed to
calculate the approximate aberration of the skull using two
arrays placed on the opposing sides of the skull, one on each
of the parietal (or temporal) bones. In this system, at each
transmission and reception, the information regarding the
wavefront achieved on attenuation and phase is used to
compensate the phase aberration [5].

In this paper, we report on a method using dispersion
curves of the Lamb waves for determining the sound speed in
a flat polyvinylchloride (PVC) slab as a model for the human
skull. The method benefits from many modes of vibration
generated in the frequency range of 1 to 4 MHZ in the plate.
Then, the pulse-echo signals are used to measure the thickness
of the plate. Finally, an average sound speed map is
constructed, and an adaptive delay-and-sum (DAS)
beamformer forms a phase compensated image. The proposed
image reconstruction scenario is evaluated with simulations
and in-vitro experiments. To minimize the reverberation
artifact, a dual-probe setup is developed in which the medium
is imaged from two opposite directions.

Il. MATERIALS AND METHODS

A. Sound Speed and Thickness Estimation of a Slab

Lamb waves, which are generated once a solid plate is
insonified with a wave, are commonly used in non-
destructive-testing [32]. The shape of the Lamb waves
depends on the frequency, the insonification angle, the
thickness of the insonified media and its acoustic properties.
Figure 1 shows the Lamb wave dispersion curves for a free
plate. Each mode only exists above a certain frequency (called
nascent frequency). If we increase the frequency (having other
parameters constant), a higher number of modes will be
generated as there is no upper frequency limit for any of the
modes. At high frequencies, the first symmetric and
asymmetric modes (SO and AQ) approach the Rayleigh wave
velocity. In contrast, all higher modes approach the shear
wave velocity of the plate. At low frequencies, the SO
dispersion curve approaches the quasi-longitudinal wave
velocity. The same applies for all the higher S-modes at a
certain frequency, where they form a plateau. Generally, only
one or very few Lamb wave modes are generated by tuning
the excitation frequency (see Figure 1); this happens in the
low-frequency range due to the inherent cut-off frequencies of
individual modes. This makes it possible to fit the numerical
data obtained by Rayleigh-Lamb equations on the generated
modes in order to obtain the longitudinal wave speed of the
insonified material [33]. The Rayleigh-Lamb equations are:

» Rayleigh wave velocity
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Figure 1. Lamb wave dispersion curves for a free plate with a longitudinal

wave speed of 1581 m/s, a shear wave speed of 1000 m/s, and a thickness

of 0.2 m [33].

Phase velocity

where h is the thickness of the slab, @ is the angular
frequency, k is the wave number, v; is the compression wave
speed or longitudinal speed, and vs is the shear wave speed
[34]. The group speed vq is defined as the slope of the
dispersion curve in the frequency-wavenumber domain [34]:

dw
S = )
dk

With a medical ultrasound frequency range (1-4 MH2z),
many modes are generated by insonifying a slab having
thickness and speed of sound similar to those in human skull.
Consequently, fitting becomes very difficult. However, the
superposition of the different symmetric modes in the
frequency-wavenumber (f-k) domain results in a high intensity
region where its slope corresponds to the quasi-longitudinal
wave speed in the slab. By transferring the temporal-spatial
domain data to the f-k domain, then fitting a linear line to the
high intensity area (distinguishable with a threshold), and
finally multiplying the slope of the line by 2=, the speed of
sound in the aberration medium can be measured. Thereafter,
we can use the reflection from two sides of the slab (Figure
2(b)), obtained with the pulse-echo method shown in Figure
2(a), to measure the thickness of the slab [35].

\Y

B. Beamforming

Knowing the thickness of the slab allows us to compensate
the phase in the beamforming step. The delay-and-sum (DAS)
beamforming technique is described as follows:

Yoas (k) =§Xi (k_Ai,k)’ (3)

where ypas(K) is the beamformed data, k is the time index, M is
the number of elements of the array, and xi(k) and Aix are the
received signals and the corresponding time delay for detector
i and time index k, respectively [11]. Aix is calculated based on
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Figure 2. (a) The schematic of the pulse-echo technique (red arrows). The black arrow shows the path connecting an element to a pixel of the reconstructed
image. (b) The A-line showing the first and second reflection from two sides of the slab.

125mm + 3 mm

Figure 3. The two-probe experimental setup; the slabs have a sound speed of 2351 m/s and a thickness of 8 mm.

the distance between the location of the i element of the array
and the focused point (indicated by the time index k):

A =2d;, Ic, (4)

where di is the one-way distance (between i element and the
focused point) and c is the sound speed (assumed constant) of
the imaging medium.

For each pixel (focused point) in the image, we calculate the
average sound speed from the transducer elements to the pixel;
the black arrow in Figure 2(a) show the path which connect an
element to a pixel. An average sound speed map for each
element can be obtained using the following equation:

Vo (3K = ) / (ex, + (1= %, )c,), (5)

where j is the index of the element of the array, | is the
number of the imaging grid point existing in the vector which
connects the j element to a pixel (black vector in Figure
2(a)), and xj is the number of imaging grid points having a
sound speed of ci; influenced by the element number (j) and
focused point k. To clarify, c is the sound speed of the medium
(i.e. brain) and c; is the sound speed of the slab. Finally, we
can form a corrected B-mode image using the following
equations:

Aj,k,corrected = dj,k /Vavg (],k) (6)
M

yDAScorrec!ed (k) = Z XJ (k - Aj,k,corrected ) (7)
j=1

C. Numerical Study

To evaluate the proposed method of longitudinal wave
speed estimation, simulations are conducted in the GUIGUW
toolbox [36]. The excitation frequency is 1-4 MHz. The shear
speed and longitudinal speed are varied from 800 m/s to 1500
m/s and 1500 m/s to 2500 m/s for a slab with a thickness of 8
mm.

D. Experimental Study

The experimental setup is shown in Figure 3. It consist of
two aligned P4-1 probes (Philips, 2.5 MHz, 96 elements)
connected to the Verasonics Vantage 256 system, a needle
(1.27 mm diameter) in an agar phantom and two slabs (PVC, 8
mm thick, v =2351 m/s) each of which is positioned in front
of each probe. The setup with two opposing transducers is
designed to image the target from two opposite sides resulting
in two images which are intrinsically co-registered. To
generate Lamb waves in the slab, element 1 of the array is
excited, and all the elements act as a receiver of the Lamb
waves. This 2D data set is converted to the frequency-
wavelength domain by a 2D FFT.

To evaluate the performance of the Lamb wave method, we
have used materials with different longitudinal velocities:
polyvinylchloride (PVC; v, =2351 m/s [37]), polycarbonates
(PC; wvi =2220 m/s [38]), polyetheretherketone (PEEK; v =
2586 m/s [39]), poly(methyl methacrylate) (PMMA; v, =2727-
2750 m/s [37]) and VeroWhite (VW; v; =2495m/s). A
threshold of -2dB is used to extract the high intensity region in
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f-k domain.

I1l. RESULTS

A. Longitudinal Sound Speed Estimation

Figure 4(a) shows the simulation results for frequencies
between 1 and 4 MHz and wavenumbers up to 10000 rad/m in
a PVC slab of 8 mm thickness. Fitting to a single mode is very
difficult, as also proven by the experimental Lamb wave
dispersion curves presented in Figure 4(b). However, the
symmetric modes overlap and form a high intensity region
(red-dashed rectangle in Figure 4(a) and the black-dashed oval
in Figure 4(b)) with a specific slope which corresponds to the
longitudinal wave speed. The results obtained with different
materials are presented in Figure 5(a). Compared to the v,
reported in the literature, the proposed Lamb wave method
estimates the v, with an error up to 3.5%. The dependency of
the Lamb wave method to the shear wave speed of the slab is
shown in Figure 5(b). The shear wave speed does not affect
the v; estimation; the graphs for v, =2200 m/s with different
shear wave velocities (800 m/s, 900 m/s and 1000 m/s) are
overlapped.

(a)
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Figure 4. (a) Simulation results obtained by GUIGUW software using a
material with the same properties as the PVC slab. (b) Experimental results
showing the generation of Lamb waves in a PVC plate (8 mm thickness and
a longitudinal speed of about 2351 m/s) using a P4-1 probe with a central
frequency of 2.5 MHz. The red-dashed rectangle and black-dashed oval
indicate the high intensity area related to the superposition of the different
symmetric modes.

B. In-vitro Imaging

Figure 6 shows the images of the needle acquired with the
left-side probe, with and without the slab. The phase
aberration leads to 3.1 mm error in the location of the needle
(red arrow in Figure 6(a)). Using the adaptive beamforming,
the target is well-detected at its correct location with an error
of 0.1 mm (see Figure 6(c)). The slab causes reverberation
artifacts in front of the probe (see Figure 6(b,c)). In addition,

4

we see the reverberation effect of the needle itself (yellow
rectangle in Figure 6(a)); due to reflections within the needle
[40]. Both the reverberations can be removed using the dual-
probe setup shown in Figure 7.

The overlap of these two images can be used to generate a
minimum intensity projection (MIP) image which reduces the
reverberation artifacts [40, 41]. The MIP image is the
minimum intensity of each pixel in the two images acquired
by each of the probes. Thanks to our adaptive beamforming
technique, the two images seen by the probes are correctly
overlapping (compare Figure 7(a) and Figure 7(c)). The tissue
mimicking phantom (Figure 7(b), the green arrow) and the
needle inside (Figure 7(b), the red arrow) in the MIP image
are reconstructed with minimal reverberation artifacts (Figure
7(d)). This results in an MIP image similar to that of obtained
in the scenario without any slab (compare Figure 7(b) and
Figure 7(d)).

N
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Figure 5. (a) The experimental results obtained with a threshould of -2dB
and different materials. (b) The numerical results showing the independency
of the Lamb wave method on the shear wave speed of the insonified
material.

In order to quantitatively evaluate the performance of the
obtained MIP image, we have defined artifact-to-tissue
contrast ratio (ATCR) and tissue-to-noise contrast ratio
(TTCR) as follows:

ATCR 20 X Ioglo ( I tlssue )1 (8)
TTCR 20 x |0910 ( I tissue noise)’ (9)

where larifact, lissue @aNd Inoise are, as shown in Figure 7(d), the
mean amplitude of the needle reverberations artifact (ROI1;
blue), mean amplitude of the tissue signal (ROI2; red) and

artlfact
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Figure 6. The experimental images using DAS (a) without slab, (b) with slab and (c) with slab and the adaptive beamformer. The red arrow shows the

needle. The yellow and blue rectangle show the reverberation effects of the needle and the slab itself, respectively. Images are related to the left probe

shown in Figure 3.
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Figure 7. (a) The overlapped image while there is no slab. (b) Minimum intensity projection (MIP) of (a). (c) The corrected overlapped image while there is a
slab in front of each transducer. (d) MIP of (c). The ROIs shown in (d) are used to quantitatively evaluate the images.

mean amplitude of the noise (ROI3; yellow). For the corrected
overlapped and MIP images (shown in Figure 7(c) and Figure
7(d), respectively), an ARCT of 6.98 dB and -0.03 dB is
obtained, respectively, proving that the reverberation artifact is
suppressed in the MIP image. A TTCR of 20.04 dB and 17.66
dB is obtained for the corrected overlapped and MIP images,
respectively, indicating that the reverberation artifact is
suppressed in the MIP image at the expense of a 2.38 dB loss
in the image contrast.

IV. DISCUSSION

The availability of a non-invasive real time method for in-
vivo measurement of both sound speed and thickness of the
human skull bone is of a great benefit to various transcranial
ultrasonic imaging and treatment applications. One of such
applications is deep brain stimulation (DBS) in which brain
function is locally regulated via electrodes implanted deep
inside the brain. Accurate implantation of these electrodes in
the correct location inside the brain guarantees the successful
outcome of the operation [34, 42]. Currently, there is no
intraoperative imaging modality guiding the electrode
implantation in DBS in real time. In this paper, we created a
simple model of DBS electrode monitoring, which we
demonstrated by imaging a needle inside an agar phantom at

the presence of PVC slabs in front of the probe. The slabs used
in front of both transducers are to mimic the human skull since
they have similar thickness and sound speed.

Lamb waves are commonly used for non-destructive testing
(NDT) [43] to measure material properties such as thickness
and speed of sound [44]. When excited with ultrasound pulses
used in clinical ultrasound (1-4 MHz), the presence of
multiple dispersive modes, especially in materials with speed
of sound similar to human skull, complicates the
implementations that are wused in NDT for material
characterization, namely the speed of sound estimation. In this
study, we showed that the generation of multiple dispersive
modes can be used to extract the longitudinal wave speed of
the slab. The overlaps of different symmetric modes in the f-k
domain results in a slope which corresponds to the
longitudinal wave speed of the material. Linear fitting can be
used to find the slope once a threshold is applied on the f-k
domain. Our experiments indicated that the estimation error of
using a threshold of -2dB is about 3.5%. The numerical results
also showed that our technique is independent of the shear
wave speed. The same slab but different thicknesses also led
to the same slope (the results were not provided). Of note, the
PVC slabs used in this study have a constant thickness and a
flat surface, which is different from a real skull. The non-
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uniform thickness of the skull might prevent the multiple
higher-order modes to well overlap- for example due to non-
equal-height plateaus- and form a high intensity region.
Moreover, the curved structure of the skull might lead to other
types of modes, such as the torsional modes, which makes the
estimation of the longitudinal sound speed even more
complicated. However, we can expect the thickness of the
temporal bone (6-9 mm) to be appeared almost flat and with
no large inhomogeneities in the sound speed and thickness
along the width of the P4-1 probe (2.8 cm).

Knowing the v, of the slab allowed us to measure the
thickness of the slab with the pulse-echo technique. In our
work, the final thickness of the slab was obtained by averaging
the thicknesses seen by all the elements of the array as the slab
was flat. However, in practice where we face inhomogeneous
and non-flat samples (i.e. skull), the thickness in front of each
individual element can be estimated. This provides an overall
shape of the sample. A proper identification and separation of
the Lamb waves and the front side reflection is crucial. We
used a slab in which the front side reflection and the Lamb
waves were separable due to their time of flight. However, in
clinical condition, the front side reflections might not be
clearly detectable and distinguishable due to the attenuation of
skull, its non-uniform shape and the diffusive reflection
caused by its surface. Sophisticated signal processing methods
can be helpful to address this issue, especially as the Lamb
waves and the front side reflection appear in different shapes.
Effects of the lens of the probe should be also considered.
Moreover, different transmit-receive procedures lead to
different round trip trajectories of the front side reflection and
Lamb waves. Consequently, aligning the A-lines next to each
other shows different trends for Lamb waves and reflections,
which can be helpful to separate them.

The estimated speed of sound and thickness of the slab were
fed to our adaptive beamformer to correct the phase
aberration. To minimize the reverberation artifacts (caused by
the slab and the internal reflection of the needle) a dual-probe
imaging setup was developed. Once the aberration effect is
corrected, a MIP can be applied to the corrected images to
obtain an image free of reverberation artifact. Of note, the
proposed speed of sound and thickness estimation as well as
the adaptive beamforming method do not require a dual probe
configuration. Moreover, any sound speed map can be fed to
the proposed beamformer, and we are not restricted to the
simple model used in this study. The computational
complexity of the proposed adaptive beamformer is in the
order of the number of elements of the array. To use it in real
time, it is necessary to calculate the average sound speed maps
(seen by each element of the array) before an operation and
then feed the beamformer with these maps during the
operation. The speed of sound map and the beam forming
algorithm in this study are comprehensive and generic and can
be applied to any conditions without any assumption [45].
Calculation of the average sound speed maps might take a few
hours due to the large number of combinations between each
element of the array and each pixel of the reconstructed image.
However, with some simplifications and pre-knowledge of the
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medium structure, real-time implementation of these
calculations will be feasible with a graphical processing unit
[46].

The reconstructed images showed that the proposed method
effectively compensates the phased aberration caused by the
slabs and detects the needle and the boundaries of the agar
phantom at their correct locations. Specifically, for the needle,
a localization error of 3.1 mm was compensated by the
adaptive DAS. Moreover, taking advantages of the dual-probe
configuration, the phase-corrected MIP image provided a clear
visualization on the needle; about 7 dB improvement in ARCT
compared to the simply overlapped images, however, at the
expense of 2.38 dB image contrast. The ultrasound probe used
in this study was the phased array P4-1 (Philips, 2.5 MHz, 96
elements) as it is widely available, has a proper field of view
and its frequency range provides a good compromise between
resolution and attenuation. The pitch of such an array should
fulfil the Nyquist criterion (smaller than half a wavelength of
the Lamb waves), which is the case for P4-1 probe. The
smaller the pitch, the better the discrimination of the Lamb
waves.

In a follow-up study, we will evaluate the effects of the
heterogeneity and non-flat slabs (i.e. hemispherical models)
and samples of human skull.

V. CONCLUSIONS

We have developed and validated a noninvasive technique,
based on Lamb waves, to measure the longitudinal, sound
speed, in a slab with a thickness and sound speed similar to
those of human skull. Then, an adaptive beamformer was
provided to use this information to correct the aberration effect
in ultrasound imaging. Our numerical and experimental results
showed that the Lamb wave technique detects the correct
longitudinal speed (independent of shear speed) within a 3.5%
error. Moreover, the proposed beamforming method
compensated a mislocation error of 3.1 mm caused by an 8mm
thick slab. Our technique, if further validated for human skull,
can be used for noninvasive and real-time imaging of the deep
brain stimulation electrodes during the operation, thus
improving the accuracy of the electrode implantation and
therefore improving the outcome of the operation.
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