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Refraction-Corrected Transcranial Ultrasound
Imaging Through the Human Temporal
Window Using a Single Probe

Moein Mozaffarzadeh
Martin D. Verweij
Nico de Jong

Abstract— Transcranial ultrasound imaging (TUI) is a
diagnostic modality with numerous applications, but unfor-
tunately, it is hindered by phase aberration caused by the
skull. In this article, we propose to reconstruct a transcra-
nial B-mode image with a refraction-corrected synthetic
aperture imaging (SAI) scheme. First, the compressional
sound velocity of the aberrator (i.e., the skull) is estimated
using the bidirectional headwave technique. The medium is
described with four layers (i.e., lens, water, skull, and water),
and a fast marching method calculates the travel times
between individual array elements and image pixels. Finally,
a delay-and-sum algorithm is used for image reconstruc-
tion with coherent compounding. The point spread func-
tion (PSF) in a wire phantom image and reconstructed with
the conventional technique (using a constant sound speed
throughout the medium), and the proposed method was
quantified with numerical synthetic data and experiments
with a bone-mimicking plate and a human skull, compared
with the PSF achieved in a ground truth image of the medium
without the aberrator (i.e., the bone plate or skull). A phased-
array transducer (P4-1, ATL/Philips, 2.5 MHz, 96 elements,
pitch = 0.295 mm) was used for the experiments. The
results with the synthetic signals, the bone-mimicking plate,
and the skull indicated that the proposed method recon-
structs the scatterers with an average lateral/axial localiza-
tion error of 0.06/0.14 mm, 0.11/0.13 mm, and 1.0/0.32 mm,
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respectively. With the human skull, an average contrast
ratio (CR) and full-width-half-maximum (FWHM) of 37.1 dB
and 1.75 mm were obtained with the proposed approach,
respectively. This corresponds to animprovement of CR and
FWHM by 7.1 dB and 36% compared with the conventional
method, respectively. These numbers were 12.7 dB and 41%
with the bone-mimicking plate.

Index Terms— Adaptive beamforming, head waves,
phase aberration correction, temporal bone, transcranial
ultrasound imaging (TUI).

I. INTRODUCTION

RANSCRANIAL ultrasound imaging (TUI) is a diagnos-

tic modality with numerous applications, such as stroke
diagnosis [1]-[6], detection of vasospasm after subarachnoid
hemorrhage (most often caused by head trauma) [7], [8],
microemboli [9], [10], and endonasal trans-sphenoidal surgery
[11]-[13]. A growing number of recent ultrasound technolo-
gies are being applied to the brain, in particular, ultrasound
localization microscopy [14]-[16], functional ultrasound imag-
ing [17], [18], and perfusion imaging with ultrasound contrast
agents [19]. At present, it is safe, relatively inexpensive, and
available in hospitals and emergency medicine services (EMS)
[6], [20]-[22]. Despite its advantages, TUI is still hindered
by the low image quality caused by the strong aberration
and scattering [23], multiple reflections caused by the skull
[24], [25], and mode conversion [26].

TUI is often performed through the temporal window, which
enables imaging of the arteries of the circle of Willis. The
temporal bone is the thinnest part of the skull that gives direct
access to the brain, and unlike most parts of the skull, the
squamous part of the temporal bone often consists of a single
layer of cortical bone. Its thickness and mass density vary from
1.5 to 4.4 mm [27]-[30] and 1700 to 2000 kg/m3, respec-
tively [29]. The cortical bone tissue of the temporal bone was
found to have anisotropic elasticity [29]. The compressional
wave velocity (Vc) was 3520 m/s in the direction normal to
the surface of the skull. Vc varied between 3590 and 4000 m/s
in different propagation directions within the plane of the
temporal bone [29]. Moreover, a relatively lower attenuation
through the temporal bone was reported (one-way attenuation

1525-8955 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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at normal incidence from 13 to 22 dB/cm/MHz [31]) com-
pared with other parts of the skull that can be as thick
as 1 cm [23]. In the presence of a diploe, i.e., a layer of
highly porous trabecular bone sandwiched between inner and
outer tables made of dense cortical bone, the attenuation is
largely determined by the thickness of the diploe. The one-
way attenuation through the skull can exceed 25 dB/cm/MHz
for a diploe thickness of 6 mm [23]. In contrast, a temporal
bone made of a single layer of cortical bone (absence of
diploe) produces a one-way attenuation at normal incidence
close to 13 dB/cm/MHz [31]. While this makes the temporal
bone a suitable window to image through, temporal window
failure (TWF) is present in 8%—-20% of people [32]. There
are several parameters affecting TWF: age, sex, temporal bone
thickness, pneumatization (presence of cancellous bone or air
sandwiched between two layers of cortical bone instead of
one single layer of cortical bone), and soft tissue thickness
[28], [30]. The larger the thickness of the temporal bone,
the higher the chance of failure; the probability of TWF was
93.5% for a heterogeneous temporal bone with a thickness
larger than 2.7 mm [30]. The most important cause of TWF
is pneumatization with an odds ratio of 7.9 [27]. While
solely reduction of the central frequency of the probe might
not be helpful [33], contrast agents significantly increase the
backscattered signals power and seem to reduce the chance of
TWEF [2], [34], [35]; depending on the concentration of the
contrast agent, the average signal-to-noise enhancement could
be about 12 + 5.4 dB [34].

Since the pioneering work by Smith et al. [36], [37],
different methods and techniques have been developed to
compensate the phase aberration caused by the skull [38].
However, these techniques have had moderate success in
diagnostic ultrasound imaging (the discussion section includes
a review of earlier methods). Most approaches use the near-
field phase-screen aberration model which models the skull as
an infinitesimally thin aberrating layer at the surface of the
transducer [39]-[41]. A limitation of this approach is that the
effects of refraction and irregular skull thickness (or geometry)
are not correctly modeled and, therefore, the correction is only
valid for a certain region called the isoplanatic patch [24],
[41], [42], [42]-[45]; the use of multiple isoplanatic patches
enables aberration correction throughout a larger region of
interest [33], [46], [47]. This strategy was used for two
dimensional (2-D) [24], [42] and 3-D TUI [46], [48], [49].
More recently, approaches that model refraction through the
true geometry and thickness of the skull have been proposed;
however, the method requires estimates of the thickness and
wave speed in the skull at multiple positions with dedi-
cated ultrasound measurements prior to image reconstruction
[50]-[52]. Another family of methods relies on a CT or MRI
scan of the skull to determine its geometry and knowledge or
assumption of wave speed in bone, prior to TUI [53]-[56].

As a result of the large acoustic impedance mismatch
between bone and soft tissues, the near and far surfaces of the
temporal bone appear as bright interfaces in the ultrasound
image, and their detection and segmentation is, therefore,
rather easy. This study capitalizes on this to attempt a new

type of aberration correction, aiming to improve transcranial
ultrasound B-mode images. The novelty of our approach lies
in the fact that it corrects for the true position and the true
geometry of the bone layer. This means that the tilt and the
distance between the temporal bone and the probe are taken
into account, and the outer and inner surfaces of the temporal
bone are described as nonplanar and nonparallel surfaces.
Moreover, our approach estimates the wave speed in the bone
layer prior to imaging, all with a single ultrasound array
transducer. As a result, delay-and-sum image reconstruction
provides improved image quality because the travel times
through the layered medium are accurately calculated at each
image pixel. A synthetic aperture imaging (SAI) scheme is
used as the transmission of spherical wave fronts facilitates the
modeling of refraction (necessary for an accurate phase cor-
rection) and provides dynamic focusing in transmission [57].
As explained in [58], modeling the wave propagation through
the skull and considering a bone layer with a finite irregular
thickness enable the calculation of a unique set of forward and
backward travel times, at each pixel, for each transmit beam
and for each array element (in receive). As a consequence,
we expect our approach to overcome the limitations of near-
field phase-screen methods, in particular, because the concept
of isoplanatic patch does not exist in our approach.

The compressional wave speed is first estimated in the
temporal bone with the bidirectional headwave method
[59]-[61]. Next, sound speed maps (SSMs) are generated with
adaptive beamforming [62], [63]. Travel times are calculated
with the fast marching technique (FMT) [64], [65]. The point
spread function (PSF) is evaluated with numerical simulations
and experiments, before and after correction, and compared
with a ground truth image.

[I. MATERIALS AND METHODS

The proposed approach is briefly presented in Fig. 1. Image
reconstruction starts with a primary SSM. After each segmen-
tation step, the SSM is updated and new reconstruction is
performed. Note that the terms far and near are in relation
to the probe throughout this article.

A. Compressional Wave Speed Estimation in the
Aberrator

The bidirectional headwave method was used before to
estimate the compressional wave speed of cortical bone
[59]-[61]. This method works based on the propagation of the
head wave (the first arriving signal) along a planar interface
and is briefly explained as follows.

1) The first element of the ultrasound array transmits and

other elements receive.

2) The head wave is extracted by defining a range for the

compressional wave speed of the aberrator.
3) A 2-D fast Fourier transform (FFT) is applied on the
extracted head wave to convert the temporal-spatial data
into the frequency—wavenumber ( f-k) domain [66].

4) The slope of the line fit on the high intensity region mul-
tiplied by 2z results in a compressional wave speed, V.
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Image reconstruction with the primary velocity model
(lens, water)
v
Segmentation of the near surface of the aberrator ‘

A4
Estimation of the wave-speed in the aberrator with the
headwave method

v
Updating the velocity model (lens, water, aberrator)
+ Image reconstruction
H
Segmentation of the far surface of the aberrator ‘

v
Updating the velocity model (lens, water, aberrator, water)
+ Image reconstruction

Fig. 1. Flowchart of the proposed image reconstruction method.

5) Vi is biased if the aberrator is not parallel to the
probe [61]. To compensate for this, the last steps should
be repeated, but the last element of the arrays should
transmit and other elements receive in the step 1. This
results in a second compressional wave speed, V;.

6) The compressional sound velocity of the aberrator is
finally calculated by

2V VQCOS((Z))/(V] + V) (1)

where o is the angle between the surface of the probe
and the aberrator [67]. The method is accurate if the
thickness of the aberrator is larger than the wavelength
and can also be used to estimate the compressional
sound velocity in the lens of the probe. As the head wave
is not dispersive, the fit line at step 4 should pass (0, 0)
in the f-k domain. The wave speed estimated with the
headwave technique in this study is the compressional
sound speed in the temporal bone in the lateral direction
(relative to the ultrasound probe).

B. Adaptive Beamforming

The formula of delay-and-sum (DAS) beamformer
is [57], [67] as follows:

M N
I(p) =D D RF(t =tr(i, p) + tr(j, p), ir )) x W(P, i, j)
i=1 j=1

2)

where I is the output of the beamformer at pixel p; M and
N are the number of transmission and reception events,
respectively; RF is the recorded data; 77 and ¢ are the transmit
and receive arrival times, respectively; and W(P,i, j) is a
weight calculated for pixel p. In this article, this weight is
based on the far-field directivity of the elements of the array
[68], [69].

Traditionally, a constant wave speed is assumed throughout
the medium during image reconstruction; the term “conven-
tional” in this manuscript represents results generated with
a constant wave speed. However, in transcranial scenario,

this imposes inaccuracies in the calculated arrival times for
each pixel of the image [67], [70], [71]. To accurately recon-
struct the images, the refraction caused by the skull (directly
affecting the arrival times used for beamforming) should be
taken into account. To this end, the FMT was used. FMT
solves the Eikonal equation and calculates the arrival times
given SSMs [64], [65]. The “scikit-fmm” Python toolbox was
used to employ the FMT; available in “https://pypi.org/project/
scikit-fmm/.” We used three stages of adaptive beamforming
to reconstruct phase-compensated images: one to segment the
near surface of the aberrator, one to segment the far surface,
and one to reconstruct the region of interest (usually at depths
more than 15 mm). For segmentation, a technique based on
Dijkstra’s algorithm was used [72], [73]. The segmentation
algorithm seeks the shortest path that follows the interface with
the highest intensity in the ultrasound image, by maximizing
a merit, here, the sum of the pixel values along the path.
Once the near/far surface of the aberrator is segmented,
the sound speed of the aberrator/soft tissue is assigned to the
depths higher than the near/far surface and passed to FMT.

C. Numerical Study

The k-Wave MATLAB toolbox was used to evaluate the
proposed method in a 2-D lossless medium, ignoring shear
wave propagation [74]. Seven point scatterers were placed in
different lateral and axial distances [see Fig. 2(a)]. The speed
of sound in lens, skull, and soft tissue was 1000, 3200, and
1600 m/s, respectively. The mass density of the soft tissue/lens
and skull was 1000 and 1900 kg/m?, respectively. The grid and
time step size were 20 um and 4 ns, respectively, to avoid
numerical dispersion and maintain the stability and accuracy
of the simulation. The near surface of the skull was planar
and parallel to the probe, but the far surface was modeled
irregular to evaluate the performance of our method under a
severe condition. The minimum and maximum thickness of the
skull was 2.1 and 4.1 mm, respectively. After the lens layer,
2.1 mm in depth was modeled as skin. The properties of a P4-1
phased-array transducer (ATL/Philips, 2.5 MHz, 96 elements,
pitch = 0.295 mm) and the SAI sequence were used to
assemble the numerical signals [57]. To have a ground truth
image, the same model [Fig. 2(a)], but without the aberrator,
was simulated.

D. Experimental Setup

We configured two experimental setups: one with a 4.23 +
0.01 mm-thick (measured with a caliper) bone-mimicking
plate (Sawbones, Pacific Research Laboratory, Inc., Vashon,
WA, USA) [see Fig. 2(b)] and one with a sagittally cut
human skull [see Fig. 2(c)]. The Sawbones plate is transverse
isotropic. We used the plane perpendicular to the material fibril
orientation to have isotropic compressional wave speed. The
human skull (Skulls Unlimited International Inc., Oklahoma,
OK, USA) was carefully prepared with the use of dermestid
beetles. It was degreased and whitened using a chemical
process (peroxided) to ensure an attractive and sanitary trophy
or display piece. Before experiments, the skulls were degassed
at 80 mBar for 48 h.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 25,2022 at 06:57:05 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2.

Phantom

(a) Numerical model used in k-Wave. (b) and (c) Experimental setup used to image the wire phantom through a bone plate

(Sawbones, Pacific Research Laboratory, Inc., Vashon, WA, USA) and human skull, respectively. The imaging plane is perpendicular to the wires
in (b) and (c) and perpendicular to the material fibril orientation of the Sawbones plate in (b).

A phantom including multiple wires (50-um diameter)
was used. The imaging plane of the one dimensional
(1-D) probe was perpendicular to the wires. Therefore, the
wires are expected to mimic point scatterers considering their
diameter (about one-tenth of the wavelength at the central
frequency). To have a ground truth measurement, the probe
was moved against the phantom with a XYZ system, the skull
was carefully removed from the setup, and finally the probe
was moved back to its first place; the rest of the components
were fixed. All the experiments were conducted with a phased-
array transducer (P4-1, ATL/Philips, 2.5 MHz, 96 elements,
pitch = 0.295 mm) connected to a Verasonics Vantage 256 sys-
tem. The wire phantom was placed at a depth of 3—4 cm,
which corresponds to the depth of the nearest middle cerebral
artery.

E. Evaluation Metrics

To evaluate the reconstructed images, we compared
the coordinates of the scatterers, full-width-half-maximum
(FWHM), contrast ratio (CR), and absolute amplitude of the
main lobe of the PSF (AAM). The CR is defined as the
ratio between the max brightness of scatterers to the mean
brightness of background noise (indicated later in the figures)
and is reported in decibel. The brightness is calculated from
the envelope of the beamformed RF data, before normalization
and log compression. It should be noted that the image
reconstructed by the conventional method in the followings
represents a noncorrected image in our study.

IIl. RESULTS
A. Numerical Results

The numerical space-time domain data and the correspond-
ing f-k representation used to apply the bidirectional head-
wave method are presented in Fig. 3. The head wave (the first
arriving signal) appears as a planar wavefront because the near
surface of the aberrator is planar [see Fig. 2(a)]. The estimated
wave speeds in Fig. 3(c) and (d) with an a = O (parallel near
surface) result in a sound speed of 3200.5 m/s [following (2)].

ion with EIl t 96

T1o s
g
p15 20

20 10

25 0

10 5 0 5 10 10 -5 0 5 10
Detection aperture [mm] Detection aperture [mm]
0

2000 £
£ -10
&5 4000
Qo

€ 1-20
2

S 6000

s -30
=

8000

-40
25 3 3.5
Frequency [Hz]  x10°® Frequency [Hz] x10°

Fig. 3. (a) and (b) Numerical space-time domain data and

(c) and (d) corresponding f-k representation, respectively.

This estimation has a small error of 0.5 m/s (the true sound
speed is 3200 m/s).

Fig. 4 shows the procedure taken to extract the SSM of
the aberrator (see Section II-B). Taking the sound speed of
the lens layer into account [Fig. 4(a)] helps with accurately
reconstructing the reflections of the lens layer and near surface
[see Fig. 4(b)]. Once the SSM gets updated based on the
segmented near surface [see Fig. 4(c)], the far surface is
also accurately reconstructed and segmented [see Fig. 4(d)].
Fig. 4(e) shows the finalized SSM closely following the actual
model [the dashed line shows the far surface of the actual
model presented in Fig. 2(a)].

The scatterers are better detected with the proposed method
[comparing Fig. 5(c) and (b)] because wave physics in the
layered medium is accurately described. This also results
in a lower level of sidelobes and clutter; to have a fair
comparison, compare Fig. 5(e) with (d), since these images
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(a) and (b) SSM and corresponding reconstructed image taking the lens into account, respectively. (c) and (d) SSM and corresponding

reconstructed image taking the sound speed of the aberrator into account, respectively. () SSM used to compensate the phase aberration and
image the point scatterers; the dashed black line shows the far surface of the actual model [see Fig. 2(a)]. The red and green dashed lines indicate

the near and far surfaces of the aberrator, respectively.

FWHM=587um

-10 0 10
Lateral distance (mm)
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Fig. 5.

-10 0 10
Lateral distance (mm)

T

5 0 5 10
Lateral distance (mm)

Reconstructed images (a) without and (b) and (c) with the aberrator in the numerical model. The red dashed rectangle in (c) shows the

effects of multiple reflections caused by the aberrator. The red dashed square in (a) shows the two targets that are not visible in (c) due to the effects
of multiple reflections caused by the aberrator. The zoomed version of the figures shows —2 to 2 mm and 20 to —24 mm in the lateral and depth
directions, respectively; these images are normalized to the maximum intensity after a depth of 15 mm. This is also the case in (d) and (e) which
present the area indicated by the blue dashed box shown in (a). The numbers in (a) and the yellow dashed box in () are used to refer scatterers for
quantitative evaluation and calculate CR in Table |, respectively. The orange, red, and green arrows show the reflections of the lens, near, and far

surfaces, respectively.

were normalized to their local maximum but not the global
one. Multiple reflections within the aberrator create significant
artifacts at shallow depth [see Fig. 5(c) (red dashed rectan-
gle)]. This causes the first two scatterers to disappear [see
the red dashed square in Fig. 5(a)]. The artifacts behind the
scatterers indicated by the blue arrows are also due to multiple
reflections caused by the aberrator.

As indicated in Table I, the proposed method reconstructs
the scatterers with an average lateral and axial localization
error of about 0.06 and 0.14 mm, compared with the ground
truth, respectively. For the conventional method, these quanti-
ties are 1 and 0.96 mm, respectively. The proposed method in

average improves the CR by 4.4 dB, the FWHM by 22%, and
the AAM by 107% (4-6.3 dB), compared with the conventional
method. Refer to Table S1 in the supplementary material for
details.

B. Experimental Results

1) Bone-Mimicking Plate: The space-time domain data and
the corresponding f-k representation of the experiment con-
ducted with the Sawbones plate are presented in Fig. 6. The
sound speeds estimated in Fig. 6(c) and (d) with an a of about
3.3° result in a sound speed of 3058 m/s. A thickness of
4.2 mm was obtained with the proposed approach (0.7% error),

Authorized licensed use limited to: TU Delft Library. Downloaded on April 25,2022 at 06:57:05 UTC from IEEE Xplore. Restrictions apply.
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TABLE |
QUANTITATIVE EVALUATION OF THE NUMERICAL
AND EXPERIMENTAL IMAGES

Metric Axial/lateral
Localization FWHM Contrast
error (mm) (mm) ratio (dB)
Method

Simulation Conventional [1.0,0.96] 1.00 35.5
Proposed [0.06,0.14] 0.78 39.9
Sawbones Conventional [0.7,1.9] 1.80 23.1
Plate Proposed [0.11,0.13] 1.06 35.8
Human Conventional [1.45,1.17] 2.72 30.0
skull Proposed [1,0.32] 1.75 37.1

(@)  Transmission with Element1  (b) Transmission with Element 96

210 210
© ® 15
€ Es
F1e = 10
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25 25'. - 0
-10 -5 0 5 10 -10 -5 0 5 10
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2762m/s
E 3000 E 4000 5
=3500 4500
[ [
e} Qo
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3 = |
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© ] 15
= 5000 = 6000
5500 6500 -20
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(C) Frequency [Hz] 108 (d) Frequency [Hz] <108

Fig. 6. (a) and (b) Experimental space-time domain data and
(c) and (d) corresponding representation after 2-D Fourier transform
of the space-time domain data. The Sawbones plate was used as the
aberrator.

while the conventional method underestimates the thickness
for about 2 mm (comparing Fig. 7(b) and (c)]. The blue
arrows [see Fig. 7(c)] indicate the trailing clutter resulting
from multiple reflections caused by the Sawbones plate [75].
The same procedure shown in Fig. 4 is used to extract the
SSM of the Sawbones plate, but results are not provided.

The proposed method reconstructs the scatterers (i.e., wires)
with an average lateral and axial localization error
0.11 and 0.13 mm, compared with the ground truth, respec-
tively (see Table I). For the conventional method, these quanti-
ties are 0.7 and 1.9 mm, respectively. The proposed method in
average improves the CR by 12.6 dB, the FWHM by 45%, and
AAM by 167% (+8.5 dB), compared with the conventional
method. Refer to Table S2 in the supplementary material for
details.

2) Human Skull: The space-time domain data and the cor-
responding f-k representation of the experimental data used
to apply the bidirectional headwave method are presented in
Fig. 8. A sound speed of 3500 m/s is obtained considering
V1 [Fig. 8(c)], V» [Fig. 8(d)], and e of 3° [see Fig. 9(¢)].
We found a compressional wave speed in temporal cortical

bone in agreement with [29]. Although the elasticity of tem-
poral cortical bone is anisotropic [29], we assume isotropic
elasticity in this work.

The proposed method enhances the visibility of the wires
[comparing Fig. 9(c) and (b)] because the wave physics in the
layered medium is accurately described. The mean thickness
of cortical bone was estimated 1.3 mm; there is no information
available on the true thickness of the skull within the imaging
plane. The clutter shown by the yellow dashed box is caused
by the multiple reflections of the backscattered wave from
the far surface. The level of the clutter behind the wires in
Fig. 9(c) (see the blue arrows), caused by multiple reflections,
looks higher since the images are normalized to their global
maximum. Fig. 9(d) and (e) is normalized to their local
maximum and can be used for a fair visual comparison. The
level of background noise is higher in Fig. 9(d), compared
with Fig. 9(e), due to the distribution of energy to different
pixels, which is mainly caused by the refraction induced by
the skull. The proposed method reconstructs the scatterers with
an average lateral and axial localization error of about 1 and
0.32 mm, compared with the ground truth, respectively (see
Table I). For the conventional method, these quantities are
1.45 and 1.17 mm, respectively. The proposed method in
average improves the CR by 7.1 dB, FWHM by 36%, and
AAM by 130% (+47.2 dB), compared with the conventional
method. Refer to Table S3 in the supplementary material for
details.

IV. DISCUSSION
A. Comparison With Previous Relevant Works

1) Estimating the Compressional Wave Speed and Thickness
of the Aberrator: The periodicity of the frequency spectrum of
the signals reflected within a bone layer was used in a model to
determine the wave speed in ex vivo human skulls, assuming a
known bone thickness [76]. Different strategies using a single
focused transducer and a phased array were proposed in [77]
and [78] for independent measurement of compressional wave
velocity and thickness of the cortical bone. The technique
proposed by Wydra et al. [77] consists in varying the focal
depth of a focused beam and searching for maximum reflected
amplitude, and it was originally introduced for acoustical
microscopy (see in [89]). The method is essentially a 1-D
approach and requires: 1) clearly distinct reflected echoes from
the near and far surfaces of the skull and 2) a locally flat
skull surface and parallel to the probe. For a flat non-porous
aberrator with a thickness of 7.21 mm, their approach esti-
mated a thickness of 7.55 mm (4.9% error) with a phased-array
transducer. With a thinner aberrator (4.23-mm-thick Sawbone
plate used in this study) and a nearly equal ultrasound fre-
quency (2.5 versus 2.25 MHz), and our approach estimated
the plate thickness with an error of 0.7%. Tilted or non-flat
surfaces reduce the accuracy of thickness and sound speed
estimation with the technique proposed by Wydra ef al. [77].
This method was improved by Postert ef al. [90] by using a
higher frequency (5 versus 2.25 MHz) and by considering the
effective aperture during measurements, but was still limited
to plate-shape aberrators with constant thickness and parallel
to the transducer array.
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Fig. 7. Reconstructed images (a) without and (b) and (c) with the Sawbones plate in front of the probe. The red and blue dashed lines show the
reflections of near and far surfaces, respectively. The blue arrows show the effects of multiple reflections caused by the aberrator (i.e., Sawbones
plate). The numbers in (a) and the red dashed boxes in (b) are used to point out the scatterers for quantitative evaluation and calculate CR in error!
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Fig. 8. (a) and (b) Experimental space-time domain data and
(c) and (d) corresponding representation after 2-D Fourier transform of
the space-time domain data. The skull was used as the aberrator.

An autofocus approach combined with ultrasound imaging
was also proposed to estimate the wave speed and thickness
of the cortex of long bones [67], [79]. The rationale of this
approach is simple: a reconstructed ultrasound image shows
optimal quality (intensity and sharpness) if the wave speed
model used during image reconstruction is correct. Therefore,
looking for the value that maximizes image intensity and
sharpness provides an estimate of the wave speed.

In this work, we chose to use the bidirectional headwave
technique because it provides an independent estimate of the
compressional wave speed in the aberrator and the signal

processing is straightforward if the near surface of the aber-
rator is locally sufficiently planar. In addition, the same array
transducer can be used for wave speed estimation and imaging.

2) Phase Aberration Compensation: Other researchers pro-
posed different strategies to tackle phase aberration (or refrac-
tion). Deng et al. [80] used thickness resonance frequencies
in the skull for phase shift calculation, which might enable
adaptive focusing during high-intensity transcranial ultrasound
treatments. Clement et al. [81] and Lucht er al. [82] reported
mode converted shear waves for focusing the ultrasound wave
in brain. Shear wave velocity in the skull is lower than
its compressional wave velocity, which results in a better
impedance match with soft tissues and less refraction; at
0.74 MHz, mode converted shear wave has a smaller but
exploitable amplitude compared with the compressional wave
(between 35% and 55% of the peak of the compressional
wave). However, in a later study, White er al. [83] reported
that the shear attenuation of skull can be 2-3 times higher
(in dB/cm) than the compressional attenuation (a longitudinal
and shear attenuation coefficient of 6.1 and 18.5 dB/cm, at a
frequency of 0.84 MHz, respectively), which overshadows
the relatively better impedance match of the shear wave.
Yousefi et al. [84] also reported that transcranial shear wave
imaging causes equal distortion and worsens lateral resolution
compared with using compressional waves for imaging.

In [16], [43]-[45], [85], and [86], the near-field phase screen
aberrator model [39]-[41] was used to extract the profile of
the aberrator. This model assumes an infinitely thin aberrating
layer attached to the surface of the probe [43] and only
works in a limited area (called isoplanatic patch) around the
region of interest [41], [43], [87]. Correction of multiple
isoplanatic patches was achieved in [33] and [46], but with
two 2-D matrix arrays placed on the opposing sides of the
skull, one on each of the temporal bones; transmission from
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Fig. 9. Reconstructed images (a) without and (b) and (c) with the skull in front of the probe. (d) and (e) Zoomed version of (b) and (c), respectively;
these figures are normalized and log compressed to the local maximum. The red and blue dashed lines in (c) show the near and far surfaces of the
skull, respectively. The yellow dashed box indicates the effects of multiple reflections. The numbers in (a) and the red dashed box in (d) were used
to point out the scatterers for quantitative evaluation and calculate background noise in Table |, respectively.

one side and reception in other side provided unique delay
maps which could be used for phase compensation in the entire
3-D volume. The effectiveness of this method was evaluated in
healthy volunteers; it improved the detection of large cerebral
arteries (more arteries of the circle of Willis visualized and
detected volume of arteries increased by 34%) [47], and the
image brightness was improved by 24% [33]. Our approach
increased the AAM by 130% in experiments with water in
an ex vivo skull. Studies in [33] were in vivo and thus had
scattering from brain tissue. The idea of using two array
transducers facing each other and sharing the same imaging
plane (an imaging transducer and a calibration transducer),
one on each of the temporal bones, was also proposed by
Vignon et al. [24]. Their approach relies on the measurement
of the impulse response between all pairs of individual ele-
ments of the two array transducers, in order to estimate a
spatiotemporal inverse filter. The —6-dB width of the focal
spot was improved by 32% (from 4.9 to 3.3 mm), the lateral
shift of the focal spot by 63% (from 1.1 to 0.4 mm), and
the contrast loss by 65% (from 15.1 to 5.3 dB), on aver-
age. The approach proposed by Vignon et al. [24] achieves
improvements close to our approach (see Table I), using a
more complicated setup than ours with two probes. Also,
in order to migrate the spatiotemporal inverse filter (measured
between the two array transducers) inside the skull, one side
of the skull was assumed infinitely thin and located close to
the calibration transducer array. As a result, optimal focusing
with the imaging transducer was limited to a region, at rather

large depth (for the imaging transducer) close to the part of the
skull in contact with the calibration transducer, and at lateral
positions where the skull was sufficiently flat to enable close
contact with the calibration transducer. Prior knowledge on the
compressional sound speed or thickness of skull [53], [58],
[76], [88], [89] and correction based on CT scans [53]-[55]
are also impractical on-site as these parameters vary in person
[23], [25], [29], [51], [52], [90], [93] and EMS are not always
equipped with CT scanners.

Similar studies to our phase correction technique were
reported. In a numerical study, Wang and Jing [50] estimated
the sound speed of the aberrator by the method introduced by
Wydra et al. [77] and used the FMT to calculate the arrival
times. Shapoori et al. [52] also estimated the sound speed of
the aberrator by the method introduced by Wydra et al. [77]
and used Fermat’s principle for arrival time calculation, but
no transcranial image through a human skull was reported.
Wang and Jing [50] and Shapoori et al. [52] used focused
transmit beams, which necessitates calculating and applying
transmit delays for each image line; this imposes complexity
to the imaging strategy. White and Venkatesh [6] reported
on phase-corrected transcranial super resolution ultrasound
imaging through the temporal region of human skull with
a commercial probe, but the correction was achieved with a
ground truth measurement, which is not feasible in vivo.

Other approaches rely on the injection of an ultrasound
contrast agent. Contrast agent microbubbles can serve as bright
point sources. Each bubble enables the estimation of a phase
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aberration correction for optimal image reconstruction in the
area close to the bubble [16]. By repeating the procedure
with multiple microbubbles located at different positions in the
region of interest, it is possible to design multiple isoplanatic
patches.

The proposed method in this article seems to address the
abovementioned limitations. It does not require any prior
information on the skull (geometry, position with respect to
the probe, wave speed), nor injection of an ultrasound contrast
agent. Our approach is simpler to implement because it is not
iterative, it only uses one ultrasound array transducer and relies
on the transmission of unfocused beams and synthetic focusing
in transmit and receive, which makes it simpler in terms of
programming the ultrasound scanner in transmit. While our
method was used before for in vivo imaging of the inner
structure of the radius and tibia bone [67], here we showed
that it has the potential to correct images of the brain through
the human temporal bone.

B. Limitations and Assumptions of the Proposed
Approach

In our approach, the wave speed in the temporal bone was
considered isotropic. While a more accurate velocity model
could improve the performance of our phase correction tech-
nique [67], [79], limited information is unfortunately available
on the anisotropy elastic properties of the temporal bone.
As reported in [29], the wave speed exhibits a maximum
value for a certain direction within the plane of the bone
layer and minimum value (about 13% smaller) in a direction
normal to the plane of the bone layer. Like in long bones,
the autofocus method could be used in combination with
the bidirectional headwave technique to estimate a model of
anisotropic compressional sound speed in the temporal bone
[67], [79], [94], and this will be considered in future work.

In addition, the temporal bone was described as a
homogeneous layer of cortical bone in this study. Therefore,
the approach would likely not perform well if the temporal
bone contains cancellous bone (diploe) between two cortical
bone layers. Because of this limitation, we do not expect
our approach to significantly reduce the rate of TWEF,
since it is mainly caused by temporal bone heterogeneity.
The skull used in our experiment was an easy case since
its estimated thickness was 1.3 mm, which is a thin
temporal bone compared with the thickness range of
1.5-2.9 mm reported in the literature [28]. In follow-up
experiments, more skull specimens should be studied to
investigate the robustness of our method. Note that at the
time of writing, the availability of human skull specimens
was limited. Recently, more specimens became available
(see  https://www.skullsunlimited.com/collections/all). ~Our
approach may be further developed by describing the temporal
bone with a three-layer model.

The near surface of the temporal window was assumed pla-
nar when estimating the wave speed in bone with the headwave
method [59]-[61]. This can be a fair assumption considering
the small footprint of the P4-1 probe (i.e., a lateral width

of 28 mm). Yet, development of techniques to compensate
for the bone curvature (in the lateral direction) and even
bone irregularities could be of interest for a more accurate
compressional sound speed estimation [95], [96].

The elevation effect of the 1-D array was ignored. For
the velocity measurement in long bone, this effect is negli-
gible [60] due to the nearly cylindrical shape of the diaphysis
of a long bone. However, the geometry of the temporal bone
is more complex. In addition, the possible change of imaging
plane in the elevation direction in the presence of an aberrator
could explain the higher localization errors in the experimental
results, compared with numerical ones (see Table I). Like all
aberration correction methods, the use of a matrix array would
improve the performance of our approach. With a matrix array,
the 3-D position and geometry of the temporal bone could be
estimated with a strategy very similar to that proposed in this
manuscript and travel times could be accurately calculated in
a 3-D space.

To sum up, the anisotropy of the bone layer (wave speed
depends on propagation direction), the skull microstructure
(one-layer or three-layer bone), the 3-D geometry of the
bone layer (transducer not being parallel with respect to the
boundaries of the bone layer in the elevation direction), and
the influence of superficial soft tissues should be taken into
account for in vivo experiments.

C. Imaging Scheme and Implementation

1) Beamforming: Several approaches (for instance, Wang
and Jing [50] and Shapoori et al. [52]) used focused transmit
beams. Like [16], [56], our approach uses unfocused transmit
beams and relies on a SAI sequence with single-element
transmission. It allows 1) to calculate the trajectory of the
wave (necessary for phase correction) and 2) to have dynamic
focusing in both transmission and reception [57]. The latter
provides a high image quality, which helps the segmentation of
the near and far interfaces of the temporal bone and, therefore,
the construction of an accurate SSM. A delay-and-sum beam-
former was used to reconstruct the images. However, more
advanced beamforming methods could improve the resolution,
lower the level of background noise, and even reduce the
effects of multiple reflections [97]-[104].

2) Computational Time: Our approach requires 8 s to esti-
mate the arrival times, and 13 s to reconstruct a refraction-
corrected image using data acquired by 96 elements (and
therefore 96 single-element transmissions) with an Intel Core
17-8650U CPU, without any parallel computing. A real-time
visualization is needed for in vivo applications. The processing
complexity of our method is relatively low. Using a very
similar strategy, a frame rate of four images per second was
reported in [79] for imaging long bones. However, a relatively
larger imaging depth is needed for brain imaging (the center of
the circle of Willis is located at a depth of about 7 cm), which
increases the computational time for reconstructing one frame.
Further development of our technique with parallel computing
on GPUs or CPUs might provide a fast enough reconstruction
[105]-[108].

Authorized licensed use limited to: TU Delft Library. Downloaded on April 25,2022 at 06:57:05 UTC from IEEE Xplore. Restrictions apply.



1200

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 69, NO. 4, APRIL 2022

D. Improving Cerebral Blood Flow Characterization With
TUI and Frame Rate

As shown in [16], [33], [46], [47], aberration correction
improves blood flow imaging with TUI in subjects without
TWE. The improvement of spatial resolution and contrast also
improves the detection of blood flow. Future work should
investigate the added value of our approach for imaging blood
flow in the cerebral arteries.

The frame rate of SAI sequence is limited to about 100 Hz
(considering 96 elements for transmission, a depth of
7 cm [28], and a sound speed of 1500 m/s for the brain). This
frame rate is sufficient for brain anatomical imaging, but not
high enough for blood flow quantification in the brain [109].
Once the sonographer has found the best window on the
temporal region of skull to image through using the synthetic
aperture sequence, the correction method could be extended
to a high frame rate mode, using the transmission of plane
waves or diverging waves (with the concept of virtual point
sources). This also ensures a good signal-to-noise ratio since
all the array elements can be activated (with the appropriate
transmit delays) for the transmission of a plane or diverging
wave.

V. CONCLUSION

In this article, we introduced a technique to improve the
correction of the refraction caused by the temporal bone in
single-sided 2-D TUI using a commercial probe. The novelty
lies in the fact that the position and true geometry of the bone
layer and the wave speed in the cortical bone are estimated
with a single ultrasound probe. First, the head wave was
used for compressional sound velocity estimation. Then, SSMs
were fed to the FMT for arrival time calculation. Finally,
images were reconstructed through adaptive beamforming. The
proposed approach substantially improved the image quality
in experiments consisting of imaging a wire phantom placed
behind a bone-mimicking plate or a human skull.
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