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Abstract—The presence of cranial bones in the ultrasound propagation path seriously complicates the imag-
ing of tissues and blood vessels of the brain since the bones distort the ultrasound field, introducing phase and
amplitude aberrations. Such distortions are not always apparent since complete information about the studied
object is fundamentally inaccessible. The article develops a new approach that uses the synthetic aperture
method to detect wavefront aberrations. A quantitative parameter is proposed that characterizes the presence
of aberrations by measuring the RMS width of the angular intensity distribution. Experimental results were
obtained at a frequency of 2 MHz using phantom and in vivo transcranial data. It is shown that in the presence
of aberrations, the value of the proposed parameter increases by 22–45% with respect to the theoretical value
for the aberrationless case.
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INTRODUCTION
Transcranial ultrasound is used for diagnosing

pathological changes in tissues and blood vessels of the
brain and noninvasive surgical intervention. In diag-
nostics, small phased sensors and thin acoustic win-
dows in the skull are used; in surgery, large and pow-
erful hemispherical emitters are used, capable of cre-
ating a field that passes even through thick bones
[1‒7]. However, wave refraction in the skull and at
soft-tissue boundaries reduces the focusing quality,
leading to a deterioration in contrast and spatial reso-
lution and, as a result, loss of diagnostic information
[1]. This is due to sound speed and density differences
between bone and soft tissues [2]. The temporal trans-
parency window is often used in transcranial diagnos-
tics since it is the thinnest (2.7 ± 0.9 mm corresponds
to good acoustic permeability [3]) and features a wide
field of view. Its difference from soft tissues in terms of
sound speed (2570–3030 m/s), as well as its high
attenuation (from 379 to 1210 Np/m) and uneven sur-
face, contributes to the occurrence of aberrations [4].

There are several approaches to assessing the
focusing quality of ultrasound radiation in transcranial
studies [7‒14]. One of the first attempts at such an

assessment was proposed by M. Fink [15]. In this case,
it was necessary to introduce a hydrophone into the
region of interest. The signal from the hydrophone was
received by a phased sensor applied to the skull. The
received front was compared with a spherical one,
delays and attenuation were calculated, and a conclu-
sion was drawn about the focusing quality. Due to its
invasiveness, this procedure has not been widely
implemented in clinical practice, but it has become
the gold standard in scientific research and has been
repeatedly modified [16‒18].

Thanks to improved design techniques and exci-
tation methods, multi-element phased arrays are
widely applied in surgery [5‒7]. However, the ultra-
sound arrays used in surgery work only in transmission
mode, so computer simulation of acoustic field pro-
pagation from a target through the brain tissue and
skull bones to an ultrasound transducer has become
promising for aberration correction techniques
[19‒22]. This approach preliminarily assesses the
acoustic properties of the skull obtained from the
computer or magnetic resonance tomograms. The
approach applies three main numerical simulation
strategies: the ray tracing [23], the angular spectrum
175
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method [24], and the simulation that takes into
account the pulse shape [25, 26]. The last strategy
yields the most accurate estimate [27], but the simula-
tion takes several hours, making it inappropriate for
clinical use. There is also a method called MR acous-
tic radiation force imaging (MR-ARFI) [28], where
MRI motion-sensitive encoding gradients, similar to
those used in MR elastography, are implemented to
measure the micron-scale static tissue displacement
induced by ultrasound waves as phase shifts in the result-
ing MR image [7]. Since this tissue displacement is pro-
portional to the local acoustic intensity, MR-ARFI
allows noninvasive pressure measurements and their
usage for selecting appropriate phase delays to com-
pensate for the contribution of the aberrating layer.

The article proposes a new approach to detecting
wavefront distortions in transcranial ultrasound imag-
ing based on the synthetic aperture method [29]. The
distortion detection method estimates the beamwidth;
there is no distortion if the beam is sufficiently narrow.
The term “beam” refers to the area in which the most
significant radiation energy is concentrated; it is char-
acterized by the beamwidth that varies with distance
from the emitter and takes the smallest value at the
focus. The widening occurs due to defocusing caused
by the passage of the beam through the aberrating
layer, which introduces additional delays not taken
into account during beamforming, which consists in
the coherent summation of signals from all elements of
the phased array. A significant advantage of the pro-
posed approach is that it requires only one phased sen-
sor; the region of interest does not necessarily contain
point sources.

MATERIALS AND METHODS

Aberration Detection Method

A new approach to detecting aberrations involves
applying the ultrasound probe to the object’s surface,
filling the intermediate space with ultrasound gel or
other sound-conducting substance. Then, the ultra-
sound transducer emits and receives signals in the syn-
thetic aperture mode, which are preprocessed in the
path of the ultrasound device.

Conventional synthetic aperture scanning consists
of the following steps:

— selection of a direction angle and formation of
the transmitter beam in that direction;

— formation of the receiver beam in a direction
coinciding with that of the transmitter beam;

— storage of the received signal value in memory;
— repetition of the previous steps for each angle in

the range corresponding to the region of interest.
An essential distinguishing feature of the proposed

approach is the use of a special diagnostic scanning
scheme with the following steps:
— selection of the angle for which the correction
will be carried out;

— fixation of the angle for transmit beamforming;
— scanning each angle in the region of interest

during receive beamforming;
— storage of the received signals.
If there are no aberrations, such a scanning scheme

yields an image where the brightest area corresponds
to the selected correction angle. The presence of aber-
rations will expand the bright region since aberrations
broaden both the transmitter and receiver beam. Fig-
ure 1 visually explains this principle. There is no dis-
torting plate in the left image, so the angular beam-
width Δ is smaller than in the right image.

Thus, in the proposed method for detecting aberra-
tions, the response function of a set of virtual point
sources is constructed, located one after another so
that each has a unique radial coordinate. Still, the
angular coordinate is the same for all. Virtual point
sources are formed by the synthetic aperture method:
the first element of the array emits first, and all of
them receive, then the second element emits, and all
receive, etc., the process repeats for each element.
Aperture synthesis is characterized by focusing on
reception and transmission at the postprocessing stage.
The presence of aberrations broadens the response func-
tion, and this broadening of the angular coordinate can
be expressed as a quantitative parameter.

Equipment for Experimental Testing
The main element of the experimental setup was a

Sonomed-500 device manufactured by Spectromed
(Moscow) with a 3.0S19 sectoral phased sensor from
Medelcom (Vilnius, Lithuania) containing 64 piezoc-
eramic elements with a step of 290 μm, a transverse
dimension of 13 mm, and a band of 1.6–3.7 MHz for
a level of –3 dB. For further processing on a computer,
the ultrasound diagnostic device can transmit raw sig-
nals from the B-imaging path taken in the synthetic
aperture mode. The signals underwent some prelimi-
nary processing in the device path (amplification,
bandpass filtering, Hilbert transform). The signals are
captured and stored in the memory before they reach
the input of the beamformer. In all the experiments
ultrasound probe emitted the signals at a carrier fre-
quency of 2 MHz.

The observations were made with an ATS Labora-
tories Model 539 multipurpose phantom [30]. Its over-
all dimensions were 23.4 × 20.5 × 9.5 cm, the sound
speed in the phantom was 1450 m/s, and the ultrasound
attenuation coefficient was 0.5 dB cm–1 MHz–1. The
phantom is made of urethane rubber and includes
nylon strings 120 μm in diameter, designed for testing
the spatial resolution, and grayscale targets of various
sizes and echogenicity. The phantom is engineered to
monitor the following characteristics: penetration
depth, evaluation of the spatial and contrast resolu-
ACOUSTICAL PHYSICS  Vol. 68  No. 2  2022



APPROACH TO DETECTING ABERRATIONS 177

Fig. 1. Explanation of aberration detection method. (1) Sector ultrasound sensor; (2) sound-conducting material; (3) distorting
layer; Δ, angular beamwidth.
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tions. The targets in the phantom are distributed
according to the scheme in Fig. 2.

In most experiments, the sensor was mounted on a
stand to minimize the effect of random vibrations.
Aberrations were introduced using specially made dis-
torting plates. The plates were cast of EKON water-
proof silicone gel (Moscow), in which the sound prop-
agation velocity after solidification is 1200 m/s. In the
process of plates preparation, the molds were 3D
printed from PLA plastic and filled with liquid gel.
The aberrators are plates 35 × 26 mm in size and 3 to
5 mm thick. The shape of the aberrator is given by the
harmonic function , where  mm is
the amplitude of the surface deviation,  mm is
the aperture width of the phased sensor, and  is the
number of sinusoid periods that fit on the sensor sur-
face. Two aberrators were prepared in such a way: No. 1
(n = 1.5) and No. 2 (n = 2.5). A fastener was made on
a 3D printer from PLA plastic and attached the plates
to the sensor surface.

Aberrator No. 3 was ex vivo temporal bone; prior to
the study it was placed in a pressure chamber for
degassing. Just like other aberrators, the temporal
bone was applied to an ATS Laboratories Model 539
phantom, and the space between the temporal bone,
phantom and transducer was filled with ultrasound gel.

One of the experiments was conducted in vivo. In
this case, a phased ultrasound transducer was applied
through a sound-conducting gel to a volunteer’s head

πsin(2 )A nl L = 1A
= 20L

n
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in the area of the temporal acoustic window. In all of
the experiments, the scanning was performed in the
synthetic aperture mode.

The device and method described in [16] were used
to obtain the profiles of phase distortions introduced
by each of the aberrating layers. In this case, the signal
from a single-element pencil-type sensor located on
the axis passing through the center of the sonogram on
the opposite side of the phantom or head and acting as
a calibration source passed through the object under
the study and arrived at the aperture of the phased sen-
sor. In the absence of an aberrator at the aperture of
the phased sensor, a spherical wavefront emitted by a
single-element sensor is recorded, and the radius of
the spherical front corresponds to the distance
between the sensors. Distorting layers introduce
delays into the phase front, which are detected from
the deviation from sphericity; these delays yielded the
profiles shown in Fig. 3.

Course of the Experiment
The sector phased ultrasound transducer is applied

to the phantom so that objects enter the field of view to
test the spatial resolution, as shown in Fig. 1. The
space between the radiating surface of the sensor and
the phantom is filled with degassed water. The ultra-
sound transducer scans in the synthetic aperture mode
and forms a data file in the device memory, which can
be transferred to a computer for further processing and
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Fig. 2. Diagram of location of objects in ATS Laboratories Model 539 phantom. 
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sonogram imaging. During the scanning process, the
signal is emitted by the first element of the sensor,
propagates in the phantom, is reflected, and received
by all sensor elements, each of which records the
received signal in its own channel. After that, emission
and reception are repeated for each of the sensor ele-
ments. As a result, a data file P of size  is
formed, where K is the number of sensor elements and
N is the number of depth samplings.

Then, the aberrating layer is placed in the space
between the sensor surface and the phantom. The
scanning procedure described in the previous para-
graph is repeated for each of the aberrating plates. As a
result, we obtain B + 1 data files P, where B is the
number of distorting plates. Thus, a data file without
an aberrator and three data files with different aberra-
tors were obtained. A fifth set was obtained by ultra-
sound examination of the head of a volunteer; the
other files used the distorting layers described in the
subsection Equipment for Experimental Testing. The
acquired data is transferred to a computer for further
processing.

On the computer, a code is run in Microsoft Visual
Studio that reads the data and constructs a sonogram

× ×K K N
for each of the data files P. To construct a sonogram,
the conventional and proposed scanning schemes with
synthetic aperture described in the subsection Aberra-
tion Detection Method were used. 2B + 2 sonograms
are generated, for each of which the following param-
eters are estimated:

(a) the RMS width of the angular intensity distri-
bution:

(1)

where  is the angle that determines the inclination of
the probing beam;  is the angular intensity distri-
bution;  is the position of the intensity peak; since
focusing on transmission is performed for a zero angle,

 = 0°; a and b are the integration limits determined
by the decrease in intensity; in our case, integration
was performed from –15° to 15°;
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Fig. 3. Phase distortion profiles introduced from aberrators: (a) aberrator No. 1, (b) aberrator No. 2, (c) aberrator No. 3, (d) skull
bone during in vivo brain ultrasound. Horizontal axis, number of phased array element; vertical axis, phase shift, deg. 
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(b) integrated intensity normalized to the peak
value:

(2)

where  is the intensity value at the distribution
peak;

(c) the central value of the intensity angular distri-
bution function:

(3)
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(d) the width of the main lobe of the angular inten-
sity distribution of the echo signal at a level of 0.707 of
the intensity value at the center of the distribution:

(4)

where  and  are the left and right boundaries of
the main lobe;

(e) mode ε as the most frequently encountered
value in the data set:

( )
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(5)

where max is the function of finding the distribution
value at the peak, hist is the histogram construction
operator, and LPF is low-pass filtering;

(f) the RMS width of the angular intensity distribu-
tion after mode subtraction:

(6)

The parameters are estimated from the angular
intensity distribution obtained at a distance of 100 mm
from the aperture of the ultrasound sensor.

RESULTS

The results of the study are presented in Tables 1–3.
It can be seen that when the proposed scanning
scheme is used, the value of parameters α, β, δ, ε and
ζ is greater when there are aberrations, while the value
of γ, conversely, decreases. Thus, the presence of aber-
rations increases the RMS width of the angular inten-
sity distribution α by 31% if we compare the cases of
absence of an aberrator and ultrasound through skull
bones. When the conventional scanning scheme was
used, it was not always possible to determine the dis-
tribution width δ; parameter α hardly changed at all
when an aberrator was added, γ decreased, and the
other parameters increased.

DISCUSSION

Phase aberrations occur when there is a medium on
the wave propagation path in which the sound propa-
gation velocity differs from the main medium and the
boundary of the media is not smooth. Energy losses
occur when the acoustic impedance of one medium
differs from the impedance of the other. Both these
phenomena were observed in the aberrators.

Since aberrators No. 1 and No. 2 are made of the
same material, the attenuation coefficient of the ultra-
sound wave in them is the same, but the profile of
introduced phase distortions differs. As seen from
Fig. 3, aberrator No. 2 introduces a larger phase shift
than aberrator No. 1. Quantitatively, this is confirmed
by parameters α, β, and δ when the proposed scanning
scheme is used. Parameter γ, conversely, increased,
although the expansion of the lobe should have led to
its decrease. Such a result may be due to the slight shift
in the position of the sensor caused by the aberrator
replacement and the influence of the nylon wires to
check the resolution in the phantom.

The value of the distribution width δ calculated
from the threshold level of 0.707, as can be seen from
Table 3, is a possible additional criterion for the pres-
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ence of aberrations when the proposed scanning
scheme is used. The presence of aberrators leads to an
increase in this parameter by 16.3–295.3%. Parameter
δ is very sensitive to the choice of threshold level and
is not applicable to the conventional scanning scheme
due to the impossibility of taking into account a signif-
icant part of the angular spectrum outside the thresh-
old level specified for calculating parameter δ.

The calculated parameters can be affected not only
by phase distortions, but also by energy losses that
invariably occur at the boundaries of the media and in
the media themselves. If we multiply β and γ, then we
obtain the estimate for energy losses. Thus, the addi-
tion of aberrator No. 1 resulted in a loss in intensity of
46% versus case without an aberrator. When aberrator
No. 3 was used, 87% of the signal intensity was lost.

It follows from the above that parameter α with
combination with the proposed scanning scheme can
be an effective quantitative criterion in determining
the presence of aberrations, since it changes steadily
by 20–31% when aberrations occur, while in the con-
ventional scheme, it is not informative.

The only requirement for the implementation of
the proposed method is the availability of at least two
datasets obtained using the proposed scanning scheme
and the same settings of the ultrasound device. More-
over, one of the sets must certainly contain the refer-
ence data obtained in the study of the object without
aberrations. The second and subsequent sets may con-
tain aberrations. It is their comparison with the refer-
ence set in the described way that allows us to speak
about the presence or absence of aberrations. How-
ever, this requirement is not mandatory, since it is pos-
sible to compare with the theoretical value.

The spatial distribution of the acoustic pressure is
described by the Helmholtz equation [31]:

(7)

where  is the Laplace operator;  is the

wave vector modulus;  is the source response; t
is time;  is the sought pressure distribution,

which, after it is recorded by the ultrasound phased
array, can be represented in the frequency domain as
the following function:

(8)

(9)

where  is the Green’s function of the Helm-

holtz equation [32];  is the aperture function,
including apodization, as well as the phase shift ensur-
ing focusing to depth ; i is the imaginary unit;  is the

( ) ( )Δ + =2
( ) , , ,k p t x f t x

Δ = ∇2 ω=k
c

( ),f t x
( ),p t x

( ) ( ) ( )
−

ω = ω −
2

2

, ' , ' ',

D

D

p x a x G x x dx

( )
( ) ( )( )

( )

ω ω − +
ω = =

− +

2 2

2 2

exp exp '

, ,

'

i r i x x z
c cG r

r x x z

( )ω,G x
( )a x

z ω
ACOUSTICAL PHYSICS  Vol. 68  No. 2  2022



APPROACH TO DETECTING ABERRATIONS 181
Table 1. Comparison of conventional and proposed scanning schemes

Conventional scanning scheme Proposed Scanning Scheme
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Table 2. Criteria for presence of aberrations when using proposed scanning scheme

RMS width of angular 

intensity distribution 

(α), deg

Normalized integral 

intensity (β), arb. units

Value of function at 

center (γ), arb. units

Distribution width at 

threshold level

0.707 (δ), deg

Mode value (ε)

RMS width of angular 

intensity distribution 

after mode subtraction 

(ζ), deg

No aberrations 6.2 27 147 4.3 0.101 5.29

Aberrator No. 1 7.5 47 45 5.0 0.260 6.34

Aberrator No. 2 7.9 63 54 17.0 0.293 7.54

Aberrator No. 3 8.0 77 7 9.2 0.511 7.12

Brain ultrasound 8.2 79 4 5.7 0.506 7.52
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Table 3. Criteria for presence of aberrations for conventional scanning scheme (“–”, parameter undetermined)

RMS width of angular 

intensity distribution 

(α), deg

Normalized integral 

intensity (β). arb. units

Value of function at 

center (γ), arb. units

Distribution width at 

threshold level

0.707 (δ), deg

Mode value (ε)

RMS width of angular 

intensity distribution 

after mode subtraction 

(ζ), deg

No aberrations 8.5 59 170 – 0.046 4.81

Aberrator No. 1 8.5 61 50 14.9 0.249 8.39

Aberrator No. 2 8.2 73 74 12.8 0.253 7.98

Aberrator No. 3 8.4 63 13 – 0.306 8.74

Brain ultrasound 8.6 70 17 0.7 0.378 8.72
ultrasound oscillation frequency; c is the sound speed
in the medium; z is the distance from the scatterer
under the study to the aperture of the phased sensor; x
is the coordinate along the surface of the aperture.

Equation (8) in the Fresnel approximation can be
represented as

(10)

where the variable substitution is used ,

. Equation (10) is the Fourier

transform of the aperture function.

In our implementation of the method, rectangular
apodization function was used:

(11)

where D is the size of the ultrasound sensor aperture.
As a result, we obtain
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Then, the value of the parameter α is calculated
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previously selected range for calculation in the equa-
tion (1):

(16)

Then, we calculate ion the RMS width (1) of the
angular intensity distribution of the echo signal in
terms of the calculated value :

(17)

The value of α is compared with that obtained from
the experiment, and a conclusion is drawn about the
presence of aberrations. For our parameters, the theo-
retical value of the RMS width of the angular intensity
distribution obtained by numerical calculations with
equation (17) is 5.2°. This value is 19% less than that
obtained experimentally for a phantom without an
aberrator. The theoretical value differs by 44–58%
from the experimentally obtained values for aberrators
and in vivo ultrasound of the brain.

The obtained difference between the experimental
and theoretical values is quite significant. It may be
associated with an inaccurate value of the aperture
size, a possible shift in the carrier frequency, and the
presence of speckle noise. Parameter ζ was also calcu-
lated during the experiment, which differs from α by
the mode value. The mode value takes into account
the contribution from speckle noise, so the compari-
son of the experimental ζ and theoretical α yields close
results. Thus, the theoretical value of the RMS width
of the angular intensity distribution α obtained by
numerical calculations with equation (17) is 1.7%
smaller than the experimentally obtained ζ value for a
phantom without an aberrator. The theoretical value
differs by 22–45% from the experimentally obtained
values for aberrators and ultrasound of the brain.

It is incorrect to compare the theoretical value of
the RMS width of the angular intensity distribution α
and experimentally obtained ζ value for the conven-
tional scheme, since for the conventional scanning
scheme there may not be a point source at the center,
like, e.g., in the presented case without aberration,
which is why the empirical value of ζ was less than the
theoretical limit.
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We believe that the proposed method for detecting
aberrations can be particularly useful in the situation
when the lack of a priori knowledge about the internal
structure of the object under the study prevents a con-
clusion on the presence of aberrations based only on
visual analysis of a sonogram using the conventional
scanning scheme. It can also be helpful in developing
aberration correction methods. For example, our team
has developed an iterative method for correcting aber-
rations that approximates the phase distortions using
low-order polynomials [29], in which the proposed
approach to detecting aberrations makes it possible to
quantify the quality of the correction and thus calcu-
late at what iteration the correction algorithm should
complete its work. The proposed method will be useful
if the apodization function is chosen to decrease the
side lobes.

One direction for the proposed method can be its
extension to the entire frame by evaluating aberrations
in multiple areas and compiling a focusing quality
map, as was done in [33]. In the mentioned article, the
quantitative criterion for the focusing quality is the
width of the point spread function based on the level of
half-intensity, normalized to a theoretically achievable
value, so that in the presence of aberrations, the focus-
ing quality will be less than unity. The analogous qual-
ity criterion in our article is denoted δ. We preferred to
use the RMS width of the angular intensity distribu-
tion, because it is more noise-immune.

It should be noted that if several sonograms are
obtained from the same object under the same condi-
tions, then accumulation for combating noise should
be performed by averaging the angular intensity distri-
butions of the echo signal captured at the same depth,
but at different times.

CONCLUSIONS

The article develops a new approach to detecting
aberrations in ultrasound diagnostic imaging using the
synthetic aperture method. In the study, a number of
parameters for quantifying the presence of aberrations
were investigated. From the results obtained, it can be
concluded that using the proposed approach, the
RMS width of the angular intensity distribution, cal-
culated after mode subtraction, is an effective quanti-
tative criterion for the presence of aberrations, while
the use of this parameter in the conventional scheme is
incorrect and prevents aberrations from being
detected. A qualitative criterion for the presence of
aberrations in the medium under the study is the
expansion of the beam: if the beam is sufficiently nar-
row, there are no distortions. The paper demonstrates
the possibility of detecting aberrations by the proposed
method with the example of the phantom and silicone
plates simulating aberrations introduced by the skull,
as well as with the specimen of the temporal bone and
using the data obtained during in vivo study.
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The experiments were carried out at a frequency of
2 MHz and showed that the RMS width of the angular
intensity distribution after mode subtraction with the
appearance of aberrations increases by 22–45% with
respect to the theoretical value for the case without
aberrations when studies were carried out according to
the proposed scanning scheme.

There are several aspects of the proposed approach
that make it attractive to the ultrasound imaging com-
munity, namely, it operates with only one phased sen-
sor and other modalities such as CT or MRI are not
needed, the area under the study should not necessar-
ily contain point sources, and it can detect aberrations
in more than one area of a sonogram.
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