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Abstract—Transcranial ultrasound imaging is a suitable 

technology for diagnosis of strokes as it is safe, portable, 

relatively inexpensive and available in emergency medicine 

services, however it currently offers poor image quality due to 

the phase aberration caused by the human skull. In this work, 

we evaluate an approach for two-dimensional transcranial 

ultrasound imaging through the temporal window of a 

sagittally-cut human skull using the commercial P4-1 phased-

array probe, where the position and true geometry of the bone 

layer is estimated for accurate phase aberration correction. 

The medium is described with four layers (probe lens, soft 

tissue, skull, soft tissue). A synthetic aperture imaging scheme 

is used as the transmission of spherical wave-fronts facilitates 

the modeling of refraction. First, the bidirectional headwave 

method estimates the compressional wave-speed in the 

temporal bone. Next, a fast marching method calculates the 

travel times between individual array elements and image 

pixels to be used with delay-and-sum reconstruction algorithm. 

Sound speed maps are generated with adaptive beamforming 

including the successive segmentation of the near and far 

surfaces of the cortical bone layer. The proposed method 

reconstructs the scatterers with an average lateral and axial 

localization error of about 1.25 mm and 0.37 mm, compared to 

the ground truth, respectively. In average, it improves the 

contrast ratio and lateral resolution by 7 dB and 36%, 

compared to the conventional method, respectively.  

Keywords— Transcranial ultrasound imaging; Adaptive 

beamforming; Phase aberration correction; Head wave; 

Temporal bone 

I. INTRODUCTION  

Despite all the advantages transcranial ultrasound 
imaging (TUI) provides in clinical applications (such as 
stroke diagnosis [1, 2] and detection of microemboli [3, 4]) 
and imaging technologies (such as ultrasound localization 
microscopy [5-7] and functional ultrasound imaging [8, 9]), 
it is still hindered due to strong aberration and scattering [10] 
and multiple reflections caused by the skull [11, 12].  

Usually, the temporal window of human skull is used  for 
TUI as 1) it enables imaging of the arteries of the circle of 
Willis and 2) the squamous part of the temporal bone often 
consists of a single layer of cortical bone with a thickness, 
mass density and one-way attenuation at normal incidence of 
1.5 to 4.4 mm [13-16] and 1700 to 2000 kg/m3 [16] and 13 
to 22 dB/cm/MHz [17], respectively. Whereas, the one-way 

attenuation through the other parts of skull (can be as thick as 
1 cm) can exceed 25 dB/cm/MHz for a diploe thickness of 6 
mm [10].  

Looking into the past decade, different methods have 
been developed to compensate the phase aberration caused 
by the skull [18]. There are two main approaches: 1) the 
phase screen model in which the skull is modeled as an 
infinitesimally thin aberrating layer at the surface of the 
transducer [11, 19], and 2) using information about the true 
geometry and compressional wave-speed of the skull to 
correct refraction during image reconstruction. The former 
limits the improvements to certain regions called isoplanatic 
patches [20]. The latter is more practical, especially in 
emergency medicine services, if the same ultrasound probe is 
used to obtain the geometry and compressional wave-speed 
of the skull [21-23], but not CT or MRI scans [24-27].  

  In this paper, we use the physics of ultrasound wave 
propagation through a single-layer cortical bone for 
correcting phase aberration. The goal is to improve two-
dimensional transcranial ultrasound B-mode images. The 
novelty of our approach lies in the fact that the position and 
true geometry of the bone layer and the compressional wave-
speed in the cortical bone of the temporal window are 
estimated with the same probe used for ultrasound imaging. 
To the best of the authors’ knowledge, this is the first report 
on the feasibility of single-sided refraction-corrected two-
dimensional transcranial ultrasound imaging through the 
human temporal window using a single commercial probe. 

II. MATERIALS AND METHODS 

A. Proposed image reconstruction approach 

     Our image reconstruction approach consists of six steps: 
1- Image reconstruction with the primary velocity 

model (lens, water). 
2- Segmentation of the near surface of the aberrator. 
3- Estimation of the wave-speed in the aberrator with 

the headwave method. 
4- Updating the velocity model (lens, water, 

aberrator) + Image reconstruction. 
5- Segmentation of the far surface of the aberrator. 
6- Updating the velocity model (lens, water, aberrator, 

water) + Image reconstruction. 
A synthetic aperture scheme was used for imaging as the 
transmission of spherical wave-fronts facilitates the 
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modeling of refraction (necessary for phase correction) and 
provides dynamic focusing in transmission [28], which 
helps with a better extraction of the velocity model. 

Delay-and-sum (DAS) beamformer was used to apply 
dynamic focusing in reception [28, 29]. Its formula is as: 

1 1
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(1) 

where,  is the output of the beamformer at pixel ,  and 

 are the number of transmissions and receivers, 

respectively,  is the recorded data,  and  are the 
transmit and receive travel times, respectively, and 

( , , )W P i j
is a weight calculated for pixel . In this paper, 

this weight is based on the far field directivity of the 
elements of the array [30, 31]. To accurately reconstruct the 
images, the phase aberration caused by the skull (directly 
affecting the arrival times used for beamforming) should be 
taken into account. To this end, the fast marching technique 
(FMT) was used. FMT solves the Eikonal equation and 
calculates the travel times given a velocity model [32, 33].  
     A technique based on Dijkstra’s algorithm was used for 
segmentation of the surfaces [34, 35]. 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 intensities 
along the path. 
     The bidirectional headwave method (based on the first 
arriving signal along a flat interface) was used to estimate 
the compressional wave speed within the plane of the 
temporal bone [36]. As an isotopic temporal bone is 
assumed in this study, the wave-speed estimated by the 

bidirectional headwave method is equal to that in the 
direction normal to the surface of the skull [37]. 

B. Experimental study 

We conducted an experiment with a sagittally-cut 
human skull to validate the proposed image reconstruction 
approach (see Fig. 1(a)). The human skull (Skulls Unlimited 
International Inc.) was carefully prepared with the use of 
dermestid beetles. Before experiments, the skull was 
degassed at 80 mBar for 48 hours.  

A phantom including multiple wires (50 µm diameter) 

Fig. 2. The reconstructed images (a) without and (b, c) with the skull in front of the probe. (d-f) are the zoomed versions of (a-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 (relative to the probe) surfaces of the 

skull, respectively. The blue arrows in (c) show the multiple reflections of scatterers.  

 

Fig. 1. (a) The experimental setup. The lines inside the dashed box 

schematically show the wires that are placed perpendicular to the imaging 

plane. (b,c) Estimation of the wave-speed in the temporal bone with the 
measurement of the headwave velocity. The experimental f-k domain data 

when element 1 and 96 transmit a spherical wave, respectively. 
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was used. The imaging plane of the 1D 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 P4-1 
probe (ATL/Philips, 2.5 MHz, 96 elements, pitch = 0.295 
mm) connected to a Verasonics Vantage 256 system.  

III. RESULTS AND AND DISCUSSION 

A. Experimental results 

     A compressional wave-speed of 3500 m/s (Fig. 1(b, c) 
and considering the formula of the bidirectional head-wave 
technique [36]) and a mean thickness of 1.3 mm (Fig. 2(c)) 
were measured in the temporal cortical bone; the wave-
speed estimation was in agreement with [38]. The red and 
blue dashed lines in Fig. 2(c) show the near and far (relative 
to the probe) surfaces of the skull, respectively. The blue 
arrows in Fig. 2(c) show the multiple reflections of 
scatterers. Compared to the ground truth image without the 
skull, Fig. 2(b, e) show that the skull creates substantial 
clutter due to multiple scattering and suboptimal image 
reconstruction of the wires. The proposed method enhances 
the visibility of the wires (Fig. 2(c, f)) because wave physics 
(i.e., refraction) in the layered medium is accurately 
described, and hence the travel times are accurately 
calculated. The level of background noise is higher in Fig. 
2(e), compared to Fig. 2(f), due to the distribution of energy 
to different pixels, which is mainly caused by the phase 
aberration induced by the skull. The proposed method 
reconstructs the scatterers with an average lateral and axial 
localization error of about 1.25 mm and 0.37 mm, compared 
to the ground truth, respectively. For the conventional 
method, which reconstructs an image assuming a uniform 
medium made of water only, these quantities are 1.5 mm, 
1.2 mm, respectively. In average, it improves the contrast 
ratio and resolution by 7 dB and 36%, compared to the 
conventional method, respectively. 

B.      Limitations and future works 

     While the temporal bone was considered isotropic, the 
compressional wave-speed in the plane of the bone layer  
(estimated with the head-wave technique in our study) is 
13% higher than that in the direction normal to the plane of 
the bone layer as reported in [38]. The autofocus method 
can be used to estimate the compressional wave-speed in the 
direction normal to the plane of the bone layer [29], and 
then with multiple measurements in different planes of the 
bone layer, an accurate velocity model could be estimated.  
     The near surface of the temporal window was assumed 
flat when estimating the wave-speed in bone with the 
headwave method. While this is a fair simplification 
considering the small footprint of the P4-1 probe and the 
local geometry of human skull, 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 wave-speed estimation. 
     The temporal bone was described as a homogeneous 
layer of cortical bone. Further development with a three-
layer bone model (cortical-cancellous-cortical) could 
improve the image quality and even lower the temporal 

window failure rate [39].  
     Finally, the elevation effect of the 1D array was ignored. 
With a 2D matrix array transducer, we could take into 
account the three-dimensional shape of the temporal bone 
during image reconstruction.  

IV. CONCLUSION 

     We introduced a technique, for the first time to the 
best our knowledge, to extract the true geometry of the 
human skull for correcting the phase aberration caused by 
the temporal bone in single-sided two-dimensional 
transcranial ultrasound imaging using a single commercial 
probe. The proposed approach led to an average lateral and 
axial localization error (compared to the ground truth) of 
1.25 mm and 0.37 mm in an experiment consisting of 
imaging a wire phantom placed behind a sagittally-cut 
human skull, respectively. This substantially improved the 
image quality; contrast ratio and lateral resolution are 
improved by 7 dB and 36%, respectively, compared to 
conventional image reconstruction.  
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