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Abstract—In this work, an effective transcranial imaging
technique is proposed to compensate for distortions of ultrasound
(US) field caused by skull bone. The results of an experimental
study using skull phantoms and 2D synthetic array are
presented. The method was used to visualize mm-sized spherical
scatterers made from styrofoam as well as a soft silicone tube
mimicking a blood vessel. It is shown that the proposed technique
is capable to compensate for field distortion and results in
improved imaging through the skull.
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1. INTRODUCTION

It is well known that ultrasound imaging of brain structures
is significantly complicated by the presence of a skull, which
is strongly inhomogeneous, reflective, and absorbtive. The
relative effect of the skull bone on ultrasonic wave
propagation can be mitigated by lowering the frequency to
several hundreds of kHz, which has been also used in
therapeutic ultrasound applications in brain [1,2]. At the same
time, the use of higher frequencies (above 1.5 MHz) is of
particular interest to achieve the requisite image resolution. In
order to accurately compensate for field distortions, signals
scattered in different directions should be captured. Numerous
trials by different groups [3—6] have been based on modeling
and measurements involving linear phased arrays, which are
capable of compensating for distortions introduced by a 1D
layer of a curved bone. However, real skulls introduce
distortions along a 2D surface; consequently, a linear array
cannot provide adequate imaging because waves scattered out
of the imaging plane are missed.

Another critical problem is how to characterize acoustic
properties of the skull, which is required for calculating the
phase and amplitude deviations of the transmitted and
reflected acoustic signals during transcranial imaging
procedure. Various methods have been developed for
determining skull profiles: definition of the parameters of
skull bones can be performed by computed tomography (CT)
[7] or using phase conjugation of the acoustic field in the
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presence of a strong scatterer inside the skull [8]. In the case
the biopsy has been made, interstitial technique with MR
guidance is applicable [9]. Direct acoustic methods as those
used in nondestructive testing (NDT) are also available [3-5].
Current work is concentrated on developing an ultrasound-
based noninvasive method for transcranial imaging, therefore,
MRI or CT skull profiling methods are not of the interest
because they are applicable for transcranial imaging
themselves, not only bone characterization. These methods are
well-developed and useful in combination with ultrasonic for
therapeutic procedures. In case of diagnostics, combination of
different methods may significantly complicate the procedure.
Thus, acoustic methods for bone profiling are preferred for
transcranial ultrasonic imaging. In the previous work [10] we
proposed enhanced nonlinear technique which also can be
used. In the current paper, conventional echo-pulse technique
was used as an alternative method.

II.  METHOD AND MATERIALS

Our approach utilizes a virtual 2D array, which is
synthesized by mechanical translation of a focused broadband
transducer (2 MHz central frequency, Panametrics NDT,
aperture 1", focal distance 3") by a computer-controlled
positioner (Precision Acoustics UMS3). To mimic small array
elements positioned on the skull, the transducer’s focus is
scanned point-to-point along the proximal surface of the bone
phantom. Skull phantom was made using the same
components as has been described in the previous publication
[10]. In the experiment, the phantom was placed between the
ultrasonic transducer and scatterers in a water tank filled with
degassed filtered water (Precision Acoustics Water Treatment
System). Target objects were high-contrast mm-sized
spherical scatterers made from styrofoam and a soft silicone
tube mimicking a blood vessel. A generator (Agilent 33210A)
produced a signal having a form of one or two cycles of the
central frequency. The transducer radiated acoustic pulse,
which propagated toward the scatterers through the skull
phantom. Acoustic reflections from the scatterers and the skull
were received by the same transducer for each node of the
synthetic array and were averaged using an oscilloscope
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software (Tektronix TDS 5054B). Averaging over 2048
waveforms at each spatial point gave higher signal-to-noise
ratio and increased the dynamic range of the ADC system up
to 13 bits. After scanning over all points, the collected signals
were used for an imaging procedure, which consisted of
several steps. At the first step, the spatial profile of the skull
bone was extracted, then correction coefficients for the phase
compensation were calculated based on the previous step and,
at the final stage, construction of the image of objects located
behind the skull phantom was accomplished.

A. Skull Bone Profiling

It should be noted, that the detection of the external and
internal surfaces of the skull was also performed in several
stages. First, the intensity thresholds for each interface were
determined on the B-scan. Then, for each node of the 2D
synthetic array the signal values that exceeded the thresholds
were determined. Spatial filtering based on correlation factor
calculation of the resulting three-dimensional arrays for both
surfaces was the next step. The final step was an interpolation
of the two surfaces based on the radial basis functions (RBF).

B. Distortion Compensation

Experimental data obtained for reconstructing the bone
shape were used to calculate the correction factors. An image
correction algorithm was based on the raytracing method. In
the first approximation, all acoustic paths from the elements of
the 2D array to each point of the future image were divided
into different sections: in front of the skull phantom (red lines
in Fig.1), inside the phantom (green lines), and behind the
skull (blue lines). Note that Fig.1 shows illustrative sparse
paths (approx. 5% of array are shown) for only one point of
the reconstructed image; distal (flat) surface of the skull
phantom is not shown. Amplitude and phase correction
procedure was based on the known values of the sound speed
and absorption coefficient for the different path sections.
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Fig. 1. Tllustrative paths representation for one image point. The distal flat
surface of the phantom is not shown. Color of the path section refers to the
propagation medium: outside the skull (red), inside the skull phantom (green),
and behind the phantom (blue).

C. Image Formation

After correction of the amplitude and phase at all array
elements, the transcranial image formation was similar to the
B-scan formation. First, the measured waveforms of each
array element were filtered, then the resultant signals were
summed with the delays that corresponded to the location of
the chosen image point in 2D or 3D representation. The final
step was the calculation and visualization of the waveform
envelopes along the z (in-depth) direction.

Using this approach it was possible to determine the skull
profile over the scanning region and to use these data for
imaging objects placed behind the skull.

III. RESULTS

After series of experiments, the images of different
scatterers placed behind the phantoms were obtained.
Phantoms with various composition, thickness and curvature
were employed. In the current section, the typical results are
presented. Consider a skull phantom layer with one flat and
one curved surface as shown in Fig. 2a. Red square represents
a 4x4 cm scan region.
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Fig. 2. (a) Photo of the skull phantom with marked 4x4 cm scan region, (b)
one of B-images in ZY section, (c) reconstructed 3D surfaces of the skull bone
phantom.



After measurement procedures described in the previous
section, a set of B-scans (Fig. 2b) and full extracted profile of
the skull phantom (Fig.2c) were obtained. These results
allowed to image a single or distributed scatterers with the
distortion compensation.

Figure 3 illustrates the reconstruction results for two 3-mm
diameter spherical scatterers (left column) and a 4-mm
diameter silicone tube mimicking a blood vessel with two
2-mm diameter spherical scatterers (right column): a) behind
the skull phantom without correction, b) behind the skull
phantom with correction, and c) reference without skull
phantom. It is clearly seen that even simple raytracing
compensation approach applied to the 2D phased array can
significantly reduce image distortions caused by the presence
of the skull phantom. Two spherical scatterers were hardly
resolved before correction. After distortion correction they are
clearly seen, transversal size is close to 3 mm and comparable
with reference. Smaller scatterers on the tube also became
better resolved and localized, transversal size was decreased to
2-4 mm from 4-6 mm. Tube mimicking a blood vessel is
better resolved after the correction procedure. On all images
lateral resolution is not sensitive to correction because it is
determined by duration of probe pulse.

a) without correction

with correction

reference without skull phantom

Fig. 3. Imaging of two 3 mm spherical scatterers (left column) and 4 mm
silicone tube mimicking blood vessel with two 2 mm spherical scatterers on it
(right column).

IV. CONCLUSIONS

The proposed method was used to image both mm-sized
spherical scatterers made from styrofoam and a soft silicone
tube mimicking a blood vessel. The image formation
algorithm included measurement of the skull profile as the
first step; the corresponding correction was based on the
raytracing method. The technique clearly compensates for
field distortion resulting in improved imaging through skulls.
The results of this study show the possibility of developing a
3D transcranial US imaging system with the use of 2D arrays.
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