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ABSTRACT

Complementary materials are designed for the suppression of strongly mismatched potential barriers to enhance wave transmission and reduce
wavefront distortion through the barriers. In acoustics, complementary materials enable noninvasive brain imaging and the treatment of neural
disorders by overcoming the high impedance mismatch layer that prevents ultrasound transmission. However, the porous skull layer possesses
intrinsic loss that prohibits the effective use of complementary metamaterials alone. Here, we propose to apply a non-Hermitian complementary
metamaterial (NHCMM) to counteract the impedance mismatch and energy attenuation effect of the skull to achieve high acoustic transmission
at high frequencies. Our numerical study shows a near perfect, unidirectional transmission through the skull when the NHCMM is applied while
preserving the imaging information and enhancing the acoustic energy at the focal point needed for focused ultrasound used for noninvasive ther-
apies. The proposed acoustic NHCMM lays the foundation for noninvasive ultrasonic brain imaging through an intact skull by stimulating in-vivo

deep brain circuitry research and treatments for neural disorders such as brain tumors and strokes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110501

Acoustic waves are widely used in biomedical applications because
of their biocompatibility and penetration depth through tissue.' In par-
ticular, high frequency ultrasound has been applied safely for imaging
and medical diagnosis for decades.” Recently, the concentrated energy at
the focal point of focused ultrasound was exploited in the development
of noninvasive treatments for different diseases, including lithotripsy for
kidney stones,” ablation and histotripsy for tumors and thrombosis, "’
thalamotomy for tremors,” and drug delivery through the blood-brain
barrier.” Even with these significant impacts on biomedical imaging and
therapies, ultrasound has not been applied for noninvasive brain
imaging.

The presence of the skull inhibits noninvasive ultrasonic brain
imaging due to a large impedance mismatch resulting in a strong
reflection at the boundary of these two biomaterials.” One approach
for extraordinary acoustic transmission takes the advantage of the
development of transformation acoustics’ and metamaterials'’ to
design an anisotropic complementary acoustic metamaterial (CMM)
with negative material parameters that cancel out impedance mis-
match effects.’’ While this is effective in enhancing the transmission
through an energy conservative barrier, the intrinsic loss induced by
the highly porous skull makes this method impractical.” This loss is
characterized by the imaginary parts of the material parameters and

significantly affects the total acoustic impedance. In addition, the
intrinsic loss dampens a significant amount of acoustic energy that
results in low wave transmission through the barrier that is infeasible
for use in ultrasonic brain imaging,

In this work, we propose to apply a non-Hermitian complemen-
tary acoustic metamaterial (NHCMM) to counteract the strong
impedance mismatch and intrinsic loss of the skull simultaneously for
the realization of noninvasive ultrasonic brain imaging through an
intact skull [Fig. 1(a)]. We aim to obtain the desired values of the
NHCMM material parameters that enable near perfect transmission
and wavefront restoration when high frequency ultrasound propagates
through the combined layers of NHCMM and skull. To achieve this
objective, we set up a simplified model consisting of the NHCMM and
skull layers adjacent to each other [Fig. 1(b)]. The top part of the
patient’s head is assumed to be submerged in water; therefore, the
background medium outside the human body is modeled as water as
well as the brain due to its similar mechanical properties. In addition,
only the longitudinal waves supported by water are considered first in
this work. However, the effect of the shear wave propagation in the
skull is investigated in the supplementary material. By applying conti-
nuity boundary conditions at the each of the boundaries in Fig. 1(b),
we observed that a solution given by p, = —p, and ¢; = —¢, gives a
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FIG. 1. NHCMM for noninvasive ultrasonic brain imaging. (a) Schematics of the
application of NHCMM for ultrasonic brain imaging through an intact skull. (b)
Simplified model of acoustic wave propagation through the combined NHCMM and
skull layer with an incident wave outside of the top part of the patient'’s head sub-
merged in water. The acoustic properties of the brain are similar to those of water
and are simulated as water.

total transmission (T = 1) and no reflection (R = 0). Variables p and
c are the density and sound speed of longitudinal waves, and the sub-
scripts 1 and 2 denote the NHCMM and skull, respectively. We note
that p, and ¢, are complex-valued because of the intrinsic loss proper-
ties of the skull. Therefore, p; and ¢, are the direct opposite complex-
valued material parameters of skull.

Physically, the opposite density and sound speed result in an
identical acoustic impedance and an opposite refractive index of the
NHCMM when compared with the skull. These material parameters
suppress the impedance mismatch of the barrier,'" while the opposite
imaginary parts indicate that the NHCMM contains active gain mate-
rials that compensate the wave attenuation through the lossy skull

scitation.org/journal/apl

layer. The negative real parts of the NHCMM material parameters can
be realized by resonating structures,'” '” while the imaginary parts are
contributed by active gain elements, achievable by adding piezoelectric
materials connected with amplification circuits used in the realization
of parity-time (PT) symmetric acoustics, ™'’ nonreciprocal propaga-
tion," and time reversal signal processing.'” Designing the circuit
parameters to realize double negative complex material parameters
operating in the desired frequency range is discussed further in the
supplementary material. While total transmission can be realized at the
exceptional points of PT symmetric acoustics where active gain units
were used,'® the physics of NHCMM and PT symmetric acoustics are
completely different. PT symmetry requires the material parameters to
satisfy p, = p,* and ¢; = ¢,*,"" > where the superscript * denotes
the complex conjugate of the corresponding parameter, which does
not hold for NHCMM. In physics, the total transmission and zero
reflection are true for waves incident from both sides of the bilayer
structure, making the whole system energy conservative.

Because the goal of this work focuses on obtaining the material
parameters of the NHCMM for noninvasive ultrasonic brain imaging
where high frequency acoustic waves are used, we conducted our calcula-
tions at 1.5 MHz. At this frequency, the measured effective density and
sound speed of longitudinal acoustic waves are 1900 kg/m® and 2835 m/s
with an acoustic attenuation of 25 dB through a 4 mm thick human skull
sample.” These acoustic properties are closely equivalent to complex-
valued material parameters p, = (1900 + 50i) kg/m’ and ¢, = (2835
+80i) m/s in numerical calculations. These values are obtained based on
the loss characterization and parameter retrieval used in Refs.18 and 24
where i is the imaginary unit. These complexed-valued parameters are

FIG. 2. Acoustic wave propagation through

the skull when compensated by (a) and (b)
NHCMM and (c) and (d) CMM. The skull
thickness is between 0 and 1cm, and the
complementary layer is in between —1 and
Ocm for (a) and (c). The skull is in between
—1 and 0cm and the complementary layer
is in between 0 and 1 cm for (b) and (d). (e)
Acoustic wave propagation through the skull

layer. For all cases, the red curve repre-
sents the acoustic amplitude, and the blue
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curve represents the acoustic field.
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therefore used in our studies. From our analytical derivation listed above,
the density and sound speed of the NHCMM are chosen to be p,
= —0.9999(1900 + 50i) kg/m3 and ¢; = —0.9999(2835 + 80i) m/s to
avoid singularity in the calculations. The density and sound speed of
water and brain (p, = 1000 kg/m3 and ¢y = 1500 m/s) are used in our
numerical calculations. The averaged thickness of human skull is L = 1

cm, which is used in this work. All numerical simulations are performed
in COMSOL Multiphysics 5.3.

To analyze the transmission and reflection properties of the com-
bined NHCMM and skull layer, we calculate an acoustic plane wave
propagating through the bilayer structure from both incident sides
[Figs. 2(a) and 2(b)]. The origin of the coordinate is set at the bound-
ary between the NHCMM and skull, which are both 1 cm thick. For
both cases, the transmission is 100% with no reflection, demonstrating
the suppression of the loss skull barrier induced by the NHCMM. The
sound speeds through the NHCMM and skull are of equal magnitude
but opposite sign, resulting in an effective zero refractive index and
hence no phase accumulation through the structure.””*® The interfer-
ence patterns in the bilayer indicate multiple reflections in between the
boundaries. Thus, the energy damped by the lossy skull barrier is bal-
anced by the gain of the NHCMM. For both incident cases, the highest
acoustic amplitude occurs at the boundary between the NHCMM and
skull. For the steady state, the peak acoustic amplitude reaches its highest
value when the wave is incident from the water side due to the gain
NHCMM amplifying the signal to a higher energy level before being
damped by the lossy skull layer. In the opposite case, the wave is damped
to a lower energy level in the skull layer before entering the gain medium
incident from the brain side. Therefore, the energy needed to compen-
sate the skull loss from the active gain element of the NHCMM is
smaller when the wave is scattered back from the brain.

For comparison, the acoustic transmission and reflection from
the skull compensated by a CMM are also calculated [Figs. 2(c) and
2(d)] with the transmitted acoustic energy reducing to 35% of the inci-
dent (12% in terms of energy), and a strong reflection is observed for
incidence from either side. It is evident that the real part of the skull
impedance is affected by the imaginary parts of the material parame-
ters. The mismatched impedance induces an acoustic reflection
boundary, and acoustic energy loss makes the CMM ineffective and
insignificantly beneficial compared to the energy transmission direc-
tion through the skull [Fig. 2(e)].

The ultrasonic imaging performance is characterized by calculat-
ing the scattered acoustic field from a brain tumor through the skull
complemented by the NHCMM [Fig. 3(a)]. The brain tumor is mod-
eled by a circle with a 2-cm diameter located 2 cm away from the inner
boundary of the skull. The density and sound speed of the brain tumor
are set to be p, = 1500 kg/m’® and ¢, = 2000 m/s. For comparison,
the scattered field from the same brain tumor without transmitting
through the bilayer structure is calculated [Fig. 3(b)]. In this case, the
field we look at is 2 cm closer to the tumor than the case where the
skull is compensated by the NHCMM due to the lack of phase accu-
mulation across the bilayer [Figs. 2(a) and 2(b)]. In both cases, the
shadow lines of the brain tumor are observed in the reflected pressure
amplitude fields. The pressure amplitude of the reflected wave along a
line 2cm away from the outer boundary of the NHCMM for both
cases is plotted. The shadows are located at y = 1.8 cm for both
cases, indicating the existence of the circular brain tumor. These shad-
ows demonstrate the effectiveness of the NHCMM. On the other
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FIG. 3. Ultrasonic imaging of a brain tumor. (a) Imaging through the skull comple-
mented by the NHCMM. (b) Direct imaging without the skull. (c) Imaging through
the skull complemented by the CMM. (d) Imaging directly through skull. For (a) and
(c), the amplitude of the reflected wave in the dashed rectangle (2 cm by 6 cm) with
the right boundary 1 cm away from the outer boundary of the bilayer is shown. For
(b), the brain tumor is shifted 2cm to the left compared with the other cases. For
(d), the right boundary of the dashed space is 2 cm away from the outer boundary
of the skull. The reflected pressure amplitudes along the red line at the middle of
the dashed space for all cases are plotted.

hand, when the real-part based CMM is used, most of the acoustic
energy is reflected back from the bilayer and no shadow of the brain
tumor is found [Fig. 3(c)], similar to directly imaging through the lossy
skull layer [Fig. 3(d)]. Thus, the brain tumor cannot be detected by
ultrasound through the skull complemented by the CMM.

Another widely used type of acoustic wave in biomedical applica-
tions like neuron stimulations, ablation, thalamotomy, and drug deliv-
ery’ is focused ultrasound. The propagation of waves generated by a
curved focused ultrasound transducer through the skull comple-
mented by the NHCMM compared with the focused wave without the
skull is also calculated [Figs. 4(a) and 4(b)]. The two cases have a simi-
lar focusing effect with almost the same amount of energy concen-
trated at the focal point. When the skull is complemented by the
CMM, the acoustic energy has the same focal point, but at a much
lower energy level [Fig. 4(c)]. This is because the refractive index of a
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FIG. 4. Focused ultrasound generated by a curved transducer. (a) Focusing through
the skull complemented by the NHCMM. (b) Focusing without the skull. (c) Focusing
through the skull complemented by the CMM. (d) Focusing directly through the skull.
The pressure amplitude in the square (6 cm by 6.cm) is shown. The left boundary of
the square is 2cm away from the inner boundary of the skull for (a), (c), and (d). The
square is shifted 2 cm to the left for (b) compared with the other cases.

medium is determined by the real part of the sound speed. With the
same real part of the sound speed, the refractive index of the CMM is
identical to that of the NHCMM, resulting in the same wave refraction
and focusing effect. However, the CMM does not compensate the lossy
skull, resulting in a much lower focal energy. For the case without any
complementary layer, the ultrasound through the skull directly focuses
at a point approximately 3cm to the left compared with the other
cases [Fig. 4(d)]. This is because the skull has a different refractive
index compared with the water and brain, and the resultant wave
refraction changes the location of the focal point. The focused acoustic
energy is also low because most of the acoustic waves are reflected or
damped by the skull.

In conclusion, we have obtained the values of the material
parameters needed for the NHCMM to compensate a lossy skull bar-
rier. The density and sound speed of the NHCMM are the direct
opposite of those of the skull, which suppress the impedance mismatch
of the skull barrier. The opposite imaginary parts of the material
parameters indicate the use of an active gain element which compen-
sates for the energy loss through the skull. The ultrasonic imaging of a

ARTICLE scitation.org/journal/apl

brain tumor and the focusing through the complemented skull dem-
onstrate an effective performance of the NHCMM. This NHCMM
sets the foundation for noninvasive ultrasonic brain imaging and neu-
ron disease treatments that require high frequency ultrasound.

See the supplementary material for details of the shear wave
interaction with the NHCMM-skull bilayer for normal incidence,
ultrasonic imaging, and HIFU therapy, in addition to methods used to
experimentally realize NHCMMs through the determination of active
circuit elements needed to accurately control the desired effective
material parameters of the system.

This work is supported by Georgia Tech Faculty Startup
Funding.
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