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Abstract

Timely and accurate diagnosis of strokes is critical for effective treatment
to prevent further neuronal cell death and functional impairment. Acqui-
sition of transcranial doppler (TCD) ultrasound signals to detect stroke is
challenging due to the need to find an acceptable acoustic window through
the skull and intersect the beam with the middle cerebral artery. We inves-
tigated the design of a novel 2D array transducer intended to interrogate
skull thickness and allow steerability of the ultrasound beam to facilitate
TCD signal acquisition. Field II, a MATLAB program that simulates ul-
trasound transducer fields, was used to model multiple 2D array geome-
tries using triangular transducer elements inscribed within a 2 cm diameter
circle. The results obtained suggest that a simplified 2D array transducer
could be fabricated to provide TCD users with feedback to aid in optimal
signal acquisition.
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Introduction

Each year, there are 800,000 strokes in the United States leading to an
average of 150,000 deaths, at a cost of $50 billion.! A stroke is a disruption
of blood flow to the brain, and there are two types of strokes: hemorrhagic
and ischemic. Hemorrhagic stroke occurs when there is a leakage of blood
to surrounding areas within the brain due to a rupture of a cerebral vessel.
Ischemic stroke occurs when there is a blockage of an artery within the
brain by a blood clot or vascular plaque. Ischemic strokes account for 87%
of strokes, with large-vessel occlusions (LVOs) as the most severe isch-
emic strokes; LVOs occur in 38% of ischemic stroke cases and account for
over 90% of stroke deaths.!

The accurate identification of stroke type is critical because the treat-
ment for each stroke type would exacerbate the other type. Furthermore,
delay in identifying and treating stroke in a timely manner can lead to
disability (e.g., physical or cognitive impairment) or death. For instance,
ischemic stroke can be treated with tissue plasminogen activator (tPA, a
blood thinner), and must be administered within 4.5 hours of onset of the
stroke.> If a hemorrhagic stroke were to be treated using tPA, bleeding
within the surrounding areas of the brain would be exacerbated, possibly
leading to further neurologic issues. Currently, stroke type is determined
(and LVOs are identified) by computed tomography angiography (CTA).*

Transcranial Doppler

Transcranial doppler ultrasonography (TCD) is currently used as an inex-
pensive way to monitor stroke patients by measuring the blood flow ve-
locity in cerebral arteries.’ Unlike CTA, TCD does not involve radiopaque
contrast dye or ionizing radiation. Current TCD devices consist of a circu-
lar single-element transducer that generates a fixed beam, so the user must
move the device manually to search for overlap of the beam with a major
artery, such as the middle cerebral artery (MCA), to obtain a blood flow
signal. To our knowledge, no clinical TCD devices incorporate a non-im-
aging transducer array. The other challenge for clinical users of this device
is locating a sufficient acoustic window—the thinnest region of skull bone
that allows optimal ultrasound beam transmission.

Thus, current TCD devices require optimization of four degrees of
freedom (translation and rotation about x and y over the temporal region
of the head) by trial and error. The goal of this project is to design a simple
2D array to both (1) sample the skull thickness underlying the array area
and return a 2D profile to help locate an acoustic window, and (2) elec-
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tronically steer the ultrasound receive beam in multiple directions off-axis
and return a suggestion of angular tilt to optimize beam-vessel alignment
and maximize blood flow signal. This array device would enable unskilled
users to quickly and confidently detect the presence or absence of MCA
blood flow and rapidly determine when a patient has an LVO stroke.

Methods
6-element array

Unlike current circular single-element or linear-array transducer geom-
etries, a transducer array was fabricated using triangular elements to aid
in beam optimization and steering. Utilizing the MATLAB-based Field II
ultrasound simulation package, a novel 2D array of triangular elements
was designed in Figure 1, using six elements inscribed in a 2 ¢cm circle,
the approximate diameter of current TCD devices. The sides of the inner
triangular elements measured 10 mm each. The kerf, or distance, between
each element was 0.04 mm. Beam patterns in the X-Z and Y-Z planes were
simulated at focal ranges at 1 cm and 6 cm.

y [mm]

Figure 1.
2D element array consisting of 6 triangular elements
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12-element Array

In Figure 2, a 12-element array was similarly configured and inscribed
within a 2 cm circle. The sides of each element measured at 5.73 mm. The
kerf was set to 0.04 mm. Beam patterns in the X-Z, Y-Z, and X-Y planes
were simulated. For the X-Y plane, Z was initially set to 5 mm and then
adjusted to the beam maximum. Focal ranges of [1:1:6] cm were sim-
ulated. Next, the array apodization (element-by-clement weighting) was
manipulated so that the response under individual elements was simulated.
Apodization was constructed by activating and deactivating select trans-
ducer elements to minimize side lobes and modify the beam profile. This
addresses the long-term goal of sampling and profiling the skull thickness.
Finally, the beam for the whole array was steered off-axis by 10° in the
azimuth (X) direction.

Figure 2.
Novel 2D element array consisting of 12 triangular elements.

Results and Discussion

6-element Array: Focal Range Control for X-Z and Y-Z Planes

In Figure 3, the X-Z and Y-Z planes are focused at 1 cm and 6 cm. The 6 cm
focal range has a deeper focus; however, as shown in Figure 3, there was
no observable difference in the beam patterns. This is due to the absence
of curvature in the delay profile (only two transducer elements’ transmit
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timing cannot be phased to generate a concave wavefront converging to a
focus). Since only two source points are symmetrically positioned about
the origin, the resulting wavefront does not have the curvature necessary
for beam focusing. The same occurrence was observed in the orthogonal
plane. In summary, a curved delay profile cannot be achieved when an
array provides only two elements along a given line through the origin.
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Figure 3.
X-Z and Y-Z plane simulation of beam patterns of the 6-element array at
different focal depths. Color bar units are in decibels with respect to the
maximum.

12-element Array: Focal Range Control for X-Z Plane and Y-Z Planes

In contrast to the 6-element array’s inability to control its focal distance,
the 12-element array increases the number of elements along a line through
the origin to four. Due to the increase in elements in a line through the or-
igin, a delay profile can be implemented to exhibit a concave curvature,
which enhances beam focusing. In the graph, note the black dots that in-
dicate the points of highest beam intensity. These points illustrate how the
focal depth progresses as the distance increases. In Figure 4, when the
focus is set to 1 cm, the beam is focused at 1 cm as expected. However, as
the focal distance progresses beyond 35 mm, it is observed that the beam
is unable to focus past this approximate far-field transition point defined
by Fourier Optics (D"2/4*wavelength).
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In the Y-Z Plane in Figure 4, the same behavior as stated for the X-Z plane
is seen in the Y-Z plane. The beam’s focus can be controlled to 35 mm.
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Figure 4.

X-Z Plane (top) and Y-Z Plane (bottom) simulation of beam patterns of
12 element array at varying focal depths. Color bar units are in decibels

with respect to the maximum.

12-element Array: X-Y Planes at Beam Maximum

Additionally, in Figure 5, simulations were run to determine the maximum
of the beam that could be focused. In the figures below, the X-Z plane and
X-Y planes are displayed with the beam pattern perpendicularly sliced in
the X-Y plane. The slices were taken in the X-Y plane at 5 mm and 35 mm.
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Figure 5.
The X-Z plane and X-Y planes are shown with a focus at 6 cm. Color bar
units are in decibels with respect to the maximum.

12-element Array: Individual Element Response

Individual element positions were examined to understand how the beam
simulates shallow focusing. From this analysis, the beam was able to de-
liver energy up to a depth of 1 cm, remaining reasonably laterally localized
at that depth. Based on these results, it can be concluded that the array
elements can effectively sample the near field. In Figure 6, the X-Z plane
shows that after the simulation reaches -6-decibels at 1 cm, the 6-decibel
falloff occurs beyond 1 cm. This suggests that the beam maintains a strong
focus up to 1 cm, which after, the signal weakens by 6 dB. relative to the
strongest intensity. A depth of 1 cm is required because the width of the
acoustic window is, on average, 1 cm.
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Apodization of elements to characterize individual element response

12-element Array: Steering 10° Off Axis

The beam is steered 10 degrees off-axis in Figure 7. Grating lobes, or en-
ergy peaks off-axis to the main (steered) beam in Figure 7, are less than -6
decibels, indicating that the receive beam can be sufficiently steered and
focused at different off-axis angles.® At Z=35 mm, the beam is effectively
steered off axis.
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Figure 7.

X-Z, Y-Z, and X-Y plane simulations of the beam steered 10 degrees off
axis. Color bar units are in decibels with respect to the maximum.
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These results demonstrate the potential capabilities of a unique trans-
ducer array geometry designed for rapid stroke detection. A fundamental
limitation was observed in the focal range, which is constrained to 35 mm.
However, the array exhibited reasonable and useful beam shapes for the
whole array whether on-axis, steered, or with individual elements. The
array’s basic capabilities include a focal depth of 35 mm, the ability to
steer the beam off axis, and the capability to sample the near field. While
the data displayed is preliminary, the final array design may require more
elements to optimize its performance.

Future Work

In future work, the goal is to simulate a mock field of vessels at on-axis
and off-axis locations to adjust the receive beam to detect a greater pres-
ence of flow at different angles. In this study we have only simulated the
pressure fields. Vector velocity processing will also need to be conducted
to improve sensitivity. An acoustic window-finding algorithm will need to
be derived from experimental data. It should also be noted that the initial
array geometries investigated here are not necessarily a final design; it
may be necessary to increase the number of array elements to improve
steering and focusing, or to more accurately measure flow density. This
depends on the to-be-experimentally-derived algorithm, and how finely
spaced it needs the array elements to be.

Conclusion

In summary, a simplified 2D array transducer can be constructed to pro-
vide TCD users with feedback on trends in underlying skull thickness and
beam alignment with a major cerebral vessel to aid in optimal signal ac-
quisition. This means that the 2D array can steer and focus the ultrasound
beam in different directions and at varying focal depths. The Field II sim-
ulations of the 12-element triangular transducer displayed the ability to
sample the near field (insonify shallow skull at different lateral locations)
and control the beam focus angle (flow). However, the 6-element trans-
ducer design was less effective due to an insufficient number of elements
along the axis through the origin. With the 12-element transducer design
the beam could be focused and steered to different ranges ([1:1:6] mm)
and angles (10°), making it a promising design that has the potential to
improve LVO stroke detection at the point-of-care.
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