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Abstract

Because stroke remains an important and time-sensitive health concern in developed nations, we
present a system capable of fusing 3-D transcranial ultrasound volumes acquired from two sides of
the head. This system uses custom sparse array transducers built on flexible multilayer circuits that
can be positioned for simultaneous imaging through both temporal acoustic windows, allowing for
potential registration of multiple real-time 3-D scans of cerebral vasculature. We examine
hardware considerations for new matrix arrays—transducer design and interconnects—in this
application. Specifically, it is proposed that SNR may be increased by reducing the length of probe
cables. This claim is evaluated as part of the presented system through simulation, experimental
data, and in vivo imaging. Ultimately, gains in SNR of 7 dB are realized by replacing a standard
probe cable with a much shorter flex interconnect; higher gains may be possible using ribbon-
based probe cables. In vivo images are presented, showing cerebral arteries with and without the
use of microbubble contrast agent; they have been registered and fused using a simple algorithm
which maximizes normalized cross-correlation.

[. Introduction

Stroke constitutes a significant public health concern [1] and is recognized by the World
Health Organization as the second-leading cause of death globally and the leading cause in
middle-income nations [2]. Computed tomography (CT) is the imaging modality most
commonly used to assess the underlying nature of a potential stroke (i.e., hemorrhage,
thrombus, general hypoperfusion). If the stroke can be determined to arise from the presence
of a thrombus or embolus within a specified time window—currently 4.5 hours in the U.S.
[3]—tissue plasminogen activator (tPA) can be administered intravenously to break up the
thrombus, decreasing recovery times and improving patients’ functional outcomes [4]. As a
diagnostic tool to aid in decision-making, transcranial ultrasound might constitute a safer,
less expensive, more portable alternative to cT for the emergency room and ambulance
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settings. Several recent studies have found that performing ultrasound examinations in the
field or ambulance does in fact add diagnostic value [5], [6]. In the case of stroke, a stroke
team assembled at a hospital would be able to prepare tPA before the patient's arrival [7].

Although 1-D transcranial Doppler (TCD) has been used to non-invasively measure blood
flow velocities in cerebral arteries since the 1960s [8], transcranial imaging with color flow
provides real-time blood flow imaging in an exam that can be performed in approximately
15 min, an important consideration given the necessity of early treatment in stroke [9]. In
addition, the vessels under examination are tortuous and prone to anatomical variants [10],
making it difficult to visualize blood flow in a single imaging plane. Thus real-time three-
dimensional (RT3D) ultrasound provides an attractive means of capturing a more complete
view of a vessel's course [11].

The discovery [12] of a thinner [13], less aberrating region of the temporal bone measuring
2 to 3 cm in diameter provided a window for insonification of the internal carotid arteries
and the arteries of Circle of Willis. Bone within this region—the temporal acoustic window
—is comprised mainly of compact bone (« ~ 2.8 dB-cm™1-MHz1) and is more uniform in
thickness and composition than the cancellous bone (a ~ 25 to 70 dB-cm™1-MHz 1) [14]
surrounding the window. Thus, imaging through the temporal acoustic window reduces the
aberration and attenuation induced by the skull, although the nonlinear propagation of
ultrasound waves in the skull has been shown to produce absorption and transference of
energy to higher frequencies [15], [16]. An alternative approach uses a sub-occipital
window, i.e., scanning via the foramen magnum, and is used to examine blood flow in the
basilar and vertebral arteries [10]. Together, these windows can capture all paths by which
blood enters the brain.

Imaging through the temporal acoustic window allows for transmit frequencies in the 1 to 3
MHz range, and also suggests the use of a phased array transducer with an aperture capable
of fitting within the window. These technical specifications match closely with the probes in
mass production for transthoracic echocardiography. In recent years, many groups have
presented techniques for correcting the wavefront aberration caused by the human skull. Our
own group has previously used the multi-lag least-mean-square cross-correlation algorithm
[17]-[19] to demonstrate the first successful in vivo transcranial phase corrections on a
matrix array [20], [21]. Other techniques improving transskull focusing in diagnostic or
therapeutic applications include using time-reversal mirrors to correct on a point target or
induced cavitation bubble [22]-[25], computing element delays based on MRI or CT
mapping of skull structure [26], [27], using shear mode conversion to lessen the effects of
aberration because of the similarity between shear wave velocity in the skull (1400 m/s) and
longitudinal wave velocity in brain tissue (1530 m/s) [28], [29], and making use of a
contralateral source [30], [31]. These approaches improve contrast and spatial resolution in
imaging through the intact skull and suggest a promising future for in vivo transskull
imaging with 2-D arrays.

In light of these historical developments in transcranial ultrasound imaging and system
considerations, we present the design and fabrication of sparse 2-D array probes for dual
real-time 3-D transcranial imaging by simultaneously acquiring pulse-echo volumes from
both temporal acoustic windows. We have previously proposed the system shown in Fig. 1,
in which three matrix arrays simultaneously scan via both temporal and the single
suboccipital acoustic window, which we called the ultrasound brain helmet [32]. Feasibility
of this approach was demonstrated using two 3-D scanners and a screen splitter to
simultaneously acquire two in vivo volumes, then using a single scanner with two
commercial matrix arrays to simultaneously scan both temporal windows of a custom skull
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phantom. This previous work used microbubble contrast agent to enhance the in vivo color
flow signal.

In this work, we present a system with custom transducers and interconnects capable of
simultaneously scanning via both temporal acoustic windows. This system uses transducers
built on short multilayer flexible circuits to increase SNR and reduce the need for
microbubble contrast agent. Given the rapidly increasing number of commercially-available
laptop scanners, adapting the proposed cable-less multi-transducer approach to a laptop
scanner seems both technically possible and clinically useful for pre-hospital settings.

By constructing a system capable of simultaneously scanning both temporal windows, we
have been able to acquire two time-varying 3-D data sets of cerebral vasculature which can
be spatially registered and fused into a single 3-D volume rendering. There are several
advantages to such a scheme: 1) Given the attenuation caused by brain parenchyma (a ~1
dB-cm~1.MHz™1) [33] and the reflection and refraction caused by midline structures such as
the falx cerebri, imaging contralateral cerebral structures becomes quite difficult; 2) the
diagnostic value of the acquired data sets is increased by visualization of the entire Circle of
Willis, which we achieve by registering and fusing the color Doppler data acquired by the
two probes—thus we present a scheme for registering two simultaneously-acquired 3-D
volumes; 3) direct comparison of flow on two sides of the head is now possible, adding
clinical value and providing the potential to compute an asymmetry index [34].

[l. Methods

A. Volumetrics 3-D Scanner Modifications

The experiments presented in this article were performed using the Volumetrics Model 1
scanner (Volumetrics Medical Imaging, Durham, NC), a real-time 3-D ultrasound system
using 16:1 parallel receive processing [35], [36]. This system has 256 channels that only
transmit and 256 shared transmit/receive channels. A 2-D phased array transducer typically
transmits 256 broadened beams in succession. For each transmit beam, 16 receive beams are
formed from echoes arranged in a 4 x 4 pattern at positions slightly off-axis from the center
of the transmit beam, with a transmit beam spacing of 4° in a typical 64° x 64° scan. The
scanner is capable of frame rates up to 30 volumes/sec and typically displays the following
views in real-time: one slice in azimuth, one in elevation, and two C-scans parallel to the
face of the transducer. It also features 3-D color flow imaging, pulsed spectral Doppler, and
M-mode capabilities.

To enable the brain helmet, we have split the scanner's channels and its 4096 image lines
equally between two matrix arrays so that two 64° x 64° pyramidal volumes may be
acquired simultaneously. Each matrix array can now have a maximum of 128 elements that
only transmit and 128 shared transmit/receive elements. As before, for each transmit beam,
16 receive beams are formed from one of the two transducers. However, transmit beam
separation has now doubled in the elevation direction, so transmit beams in each 64° x 64°
volume are now spaced at 4° in azimuth and 8° in elevation. We now display four slices
from two probes in real-time: one azimuth and one elevation slice from each transducer,
corresponding to coronal and transverse planes in transtemporal imaging (Fig. 2). The
operator uses a trackball control to select any four slices in either volume for display. At the
push of a button, system delays can be reloaded from memory to allow single-array scanning
from either of the two probes, improving spatial sampling by restoring all 4096 image lines
to a single matrix array. We retain 3-D color flow and spectral Doppler capabilities in both
single- and dual-array scanning modes.
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B. Cable Modeling and Experiments

The technical advantages and disadvantages provided by 2-D array transducers are well
known. In brief, although a 2-D or matrix array probe is capable of acquiring an entire 3-D
volume in real time when used with parallel receive processing, each 2-D array element
suffers from a poor electrical match with the cable it drives during echo reception. This
arises from the simple fact that when electroded on two sides, each piezoelectric element
becomes a capacitor having a capacitance on the order of 1 to 10 pF, whereas a typical
system cable connecting the probe to the scanner is approximately 2 m in length and has a
capacitance on the order of 90 pF/m. Because the source (element) and load (cable)
impedances are poorly matched, power transfer is poor but noise sources (thermal, preamp)
are unaffected, resulting in an SNR that is severely diminished from the optimum case [37].

Although in this work we only address the electrical impedance mismatch between the probe
and the cable, matching at the opposite end of the cable, between the cable and the pre-
amplifier, is of equal importance. To optimize SNR, it has been proposed that preamp noise
source impedance should be matched to element impedance for preamps located in the
transducer handle, although it is acknowledged that such a preamp design may not be
achievable [37], [38]. Although matching at the cable-preamp interface undoubtedly
produces an even greater sensitivity gain, our proposal for improving impedance matching
only at the probe-cable interface can be more readily implemented on existing scanners and
still provides an increase in SNR. Given the length dependence of the cable capacitance, we
propose that for certain applications such as transcranial imaging, the cable may be
eliminated and replaced by a short flexible multilayer circuit, or flex, on which the probe is
fabricated, thus improving matching and increasing receive sensitivity.

In proposing reduction of cable length as a practical modification for increasing SNR, we
have thus far discussed impedance matching as though each trace was a simple circuit.
Although circuit analysis predicts the effect of varying the element, cable, and preamp
impedances on the amplitude of the signal at the preamp, this model obviously
oversimplifies the behavior of the cable by treating it as a lumped element rather than a
distributed element, i.e., a transmission line. For this reason, we used the software package
PiezoCAD (Sonic Concepts, Bothell, WA) to model a piezoelectric element with varying
cable loads using the KLM model [39]. For the control case, these simulations were
performed using the actual specifications of our existing volumetrics 2.5-MHz 2-D cardiac
array as input parameters [40], including its actual cable length of 2.23 m. A typical cable
capacitance was determined from manufacturer's specifications to be 88.6 pF/m (Tyco
Electronics, Berwyn, PA). The actual input impedance of the scanner's preamplifiers was
also used. For the test case, the cable length was set to the length of the shortest flex circuit
capable of extending from the scanner to a patient's temporal acoustic window,
approximately 0.30 m. Capacitances for both the multilayer flex circuit and the FR-4 printed
circuit board were computed using microstrip equations as in [41], and depend on the trace
dimensions and dielectric materials. We computed the total capacitance for a typical trace
traversing both the flex and printed circuit board to be 66.4 pF. Simulated pulse-echo
voltages were compared for the two cases.

We have previously examined the effect of reducing interconnect length while maintaining a
common cable construction both in simulations and experimentally [42]. These results
showed a simulated 16 dB and measured 14 dB increase in SNR caused by decreasing the
length of MicroFlats cabling (W.L. Gore, Pleinfeld, Germany) from 2.87 to 0.40 m. It
should be noted that the inter-trace dielectric most commonly used in flex circuits is
polyimide, which has a relative dielectric constant (g,) of approximately 3.4 [41]. Griffith
and Lebender estimate that for MicroFlats-type cable, ¢, ~ 1.75 [43]. However, for this
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project, we believe the manufacturability and mechanical stability provided by the
polyimide flex circuit outweigh the benefits of a ribbon-based probe cable.

C. Transducer Design

In designing a transcranial probe, we assumed that the entire footprint of the probe should fit
within a patient's temporal acoustic window, generally 2 to 3 cm in diameter but varying
widely among individuals [44]. If the aperture partially exceeds the window, signals
received on this portion of the array will experience much greater attenuation given the
aforementioned differences in bone structure inside and outside of the window. This drastic
signal dropout over part of the array degrades the SNR of the beamformed signal. Vignon et
al. recently underscored the importance of placing the probe within the window by
demonstrating a 20 dB improvement in image brightness at 3.2 MHz when beamsummed
data from a contralateral source were used to optimize probe placement on ex vivo temporal
bones [45].

Because our system channels have been split to drive two transducers, we are further limited
in the size of the aperture we can design; we can have at most 128 receive and 256 transmit
elements per probe, where all receive elements are shared transmitters/receivers. Given the
general elliptical shape of the window, we have adopted a sparse phased array design with
the bull's eye pattern of active elements shown in Fig. 3(a). Element pitch is 0.35 mm, which
is 0.571 at 2.5 MHz or 0.414 at 1.8 MHz, the expected frequency range of operation. This
configuration was designed using concepts of grating lobe suppression and side lobe
tradeoff presented in 2-D array design methodologies [46], [47] and was selected from
several simulated apertures on the basis of Field Il simulations (Fig. 3) [48].

D. Transducer Fabrication and Integration

Constructing this system with integrated transducers required the fabrication of two types of
circuit boards: the flexible circuit on which the transducers are to be built and a rigid FR-4
printed circuit board (PCB) to couple these two transducers to the scanner. In collaboration
with Microconnex (Snoqualmie, WA), we designed a polyimide-substrate multilayer
flexible circuit 279 mm in length. The narrow end contains gold pads spaced at 0.35 x 0.35
mm and arranged as in Fig. 3(a). The traces for 256 active elements are brought out to two
rows of gold pads at the wide end of the flex for connection to a 300-pin electronic
connector (BTH-150, Samtec Inc., New Albany, IN). Microconnex performed the layout
and fabrication of this flex circuit. The fabricated circuit has two trace layers with a
dedicated ground layer for each. The total thickness is 210 pm, or approximately 0.2/ at 2.5
MHz, assuming Cpolyimide = 2170 m/s. Typical trace length is approximately 270 mm;
typical inter-trace separation is 0.20 mm at the narrow end and 0.50 mm at the wide end of
the flex.

In building a single transducer, a piece of high-dielectric PZT-5H (TRS Technologies Inc.,
State College, PA) is cut to size and bonded to the flex circuit with conductive epoxy
(Chomerics, Woburn, Ma). Next elements are diced at 0.35 x 0.35 mm using a
programmable dicing saw (DAD3220, Disco Corp., Tokyo, Japan). A photograph of an
array after dicing is shown in Fig. 4. Then, a piece of liquid crystal polymer (LCP) with gold
sputtered on two sides is bonded to the diced elements, forming the ground electrode and a
shield ground. These separate grounds are maintained on the coupling board. An illustrative
cross-section of this stack is shown in Fig. 5. Finally, an acoustically lossy backing is cast
and bonded to the back of the flex. Connectors are hand-soldered to each flex to be mated
with the PCB.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2012 February 3.
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The six-layer FR-4 coupling board was fabricated for us by Moog Components (formerly
PCSM), Galax, Va. It contains two connectors that mate with the two transducers (Samtec
BSH-150) and two connectors mating with the scanner (DLM6-360P, ITT Interconnect
Solutions, Santa Ana, CA). This board was designed to be slightly thicker (total thickness =
2.36 mm) than a standard FR-4 board, so it would have the rigidity to support the weight of
the probes. Once two fabricated probes were connected to the coupling board, a Plexiglas
plate was used to clamp them in place, preventing any flexing or tearing at the solder joints
and insulating exposed pads from the environment.

E. Performance Testing

Tests were performed on the completed transducers to measure pitch-catch sensitivity and
bandwidth, 50-Q insertion loss, and crosstalk. The pitch-catch characteristics were tested
using a function generator (33250A, Agilent Technologies, Santa Clara, CA) and RF power
amplifier (ENI 525 LA, Electronic Navigation Industries, Rochester, NY) to produce a 3-
cycle pulse at 2.3 MHz into an aluminum block in a water tank. Oscilloscope data were read
into a personal computer at 250 MHz using LabView (National Instruments, Austin, TX)
and spectra were computed in Matlab (The MathWorks, Natick, MA).

50-Q insertion loss was measured on 20 pairs of elements using a similar setup, with
element input and output impedances both at 50 Q. Peak-to-peak voltage was measured with
the aluminum block positioned as close as possible to the face of the transducer to limit
diffraction effects. Worst-case crosstalk was similarly measured on the 20 pairs of adjacent
elements with traces running in parallel over the greatest distances. Here, the receive
element was loaded to match the input impedance of scanner's preamplifier.

F. Processing for Offline Registration

Although we have described our real-time display for dual transducers, to realize the full
potential of 3-D ultra-sound in imaging blood flow in cerebral arteries, acquired volumes
must be displayed in 3-D. This section describes our first attempt at registering and fusing
acquired volumes into the 3-D figures presented in this paper. This approach for registration
and rendering of saved volumes is performed offline in Matlab. As will be discussed, our
methods are simple but nonetheless address the problem of registering and fusing 3-D
volumes of ultrasound rapidly and with limited user intervention.

The nature of ultrasound data presents unique challenges to the visualization of volumetric
data sets, as tasks such as segmentation and rendering become difficult in the presence of
speckle and blurred boundaries of varying intensity levels [49], [50]. Approaches to
registration commonly optimize a measurement of correspondence between a reference
volume and a test, or homologous, volume. Registration of multimodality scans of the brain
has previously been performed using intraoperative ultrasound volumes acquired with the
skull removed [51]-[53]; however, to our knowledge, this is the first attempt at registration
of transcranial ultrasound volumes of the brain.

Metrics that have been used in the context of 3-D ultrasound registration include normalized
cross-correlation [50], [54], [55], mutual information [56], [57], and local orientation and
phase [58] using the monogenic signal [59]. Optimizing mutual information (M) is a
popular approach in the image processing community and has demonstrated rapid
performance for affine and elastic transformations in medical ultrasound [57], [60], [61].
The use of correlation coefficient as a voxel similarity metric has been shown to provide
measures of registration error in volumetric ultrasound data sets similar to Ml as a function
of both noise level and degree of deformation [57]. In addition, the skull-encased brain is a
highly rigid organ, so the need for elastic or shearing transformations would not seem to be
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as great as in registration of abdominal or thoracic ultrasound images [61]. Thus, we have
elected to use a correlation coefficient-based approach with only rigid transformations, i.e.,
translation and rotation.

Because of the limited computational power of our scanner, acquired volumes are
transferred to a personal computer adjacent to the scanner for 3-D display at the patient's
bedside. The following scheme for pre-processing and volume rendering has been
implemented in Matlab. When the scanner saves a volume, it is stored as a block of
envelope-detected echo data in r-6-¢ coordinates followed by a block of color flow (or
doppler) in r-6-¢ coordinates. For Doppler data, both magnitude and signed velocity data are
saved. A file header contains information such as scan depth and Doppler gate position
which is necessary for offline reconstruction. Care was taken during our transcranial studies
to set the compression curve to linear so that saved data were not log-compressed.

The basic data flow for offline processing of two 3-D volumes is as follows: data transfer
and scan conversion, pre-processing for correlation search algorithm, 3-D correlation search,
thresholding, and display of fused volumes. This flow is discussed in detail in the following
subsections.

1) Data Transfer and Scan Conversion—When a color flow volume is acquired,
saved volumes typically include approximately 16 frames from each transducer and can be
as large as 64 MB in size. (Note that the term “frame” indicates an entire 3-D volume at a
single snapshot in time.) All frames are saved to the scanner's hard drive and transferred to a
PC via UDP transfer over an Ethernet cable. Upon reception by the PC, data are read into
Matlab and split into two volumes for the two acquiring transducers. In the elevation
dimension—which is spatially sampled at half the frequency of the azimuth dimension—
data are interpolated using low-pass interpolation to maintain symmetric voxels. Each
volume of echo data is scan converted to x-y-z Cartesian coordinates with a voxel size of
1.16 x 1.16 x 0.94 mm. Doppler data are similarly scan-converted, with volume sizes
varying according to the size of the region defined by the Doppler gates during scanning.

2) Pre-Processing—Next, data are run through 3-D median and low-pass filters of length
3 x 3 x 3. Median filters have been commonly used to reduce speckle in registration of 3-D
ultrasound volumes [61] and to smooth flow data in both sum-absolute-difference (SAD)
and cross-correlation algorithms [62], [63], whereas a low-pass filter improves long-range
correlation and helps avoid entrapment in local maxima [60].

Finally, although we hope to achieve sufficient SNR to visualize the time variation of blood
flow in 3-D, the in vivo color flow SNR without contrast agent is not high enough to identify
vessels in this way. For this reason, because we are simply seeking to locate and identify
cerebral arteries, we average the acquired frames of the Doppler magnitude data
(backscattered Doppler intensity), increasing SNR by vN where N is number of frames.
Although this removes information pertaining to blood flow in time, our primary objective
with the 3-D display is to identify the spatial course of cerebral vessels; temporal
information is still available on the real-time display. This is analogous to increasing the
scanner's persistence to its maximum level.

3) Correlation Search—A rigid transform approach to registering the two Doppler
volumes acquired from opposing transducers was implemented which maximizes the
normalized cross-correlation:
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This is similar to multi-modality approaches which use vessels as fiducials [54], [55]. A(X, V,
z) and B(x, y, z) are two scan-converted Doppler volumes; «, £, and y indicate the distance
by which volume B is shifted relative to volume A in the x, y, and z directions. The values of
a, B, and y at which p,, 5., is at its maximum are determined. These translation indices are
denoted a,, B, and yo. Next, a second correlation search maximizes rotation of the volumes
in azimuth and elevation (the probes cannot rotate about the third axis). This sequential
approach is used because investigating all translation-rotation combinations produced
prohibitively long runtimes. The rotational normalized cross-correlation function is given as

12Xy 2A (x,9,2) - 10t [ B(x = @0,y = Bor 2= Vo) . 0. 8] |
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Po.p=

where the operator rot[V, 6, 4] is used to indicate rigid rotation of some volume V about
angle 8 in azimuth and ¢ in elevation. Rotation is maximized in two dimensions by
determining 6, and ¢, the values of & and ¢ which maximize py, 4. Because only slight tilts
in the transducers are expected, the extents of § and ¢ are set to = 20° in 2° increments.

To decrease the runtime of the correlation search program, a time-of-flight measurement is
used to reduce the set of search values in z, the range direction. During the first image line of
every frame, the central nine transmit elements of transducer A are fired in phase while all
receive elements on transducer B are enabled. All remaining elements on both transducers
are disabled. During the second line of each volume, the reverse occurs: transducer B fires
nine central elements and transducer A receives on all elements. The two times at which the
fired pulses are received are averaged and a bulk speed of sound of 1540 m/s is assumed to
compute the separation between the two transducers. This method was first tested in a
custom water tank having aligned, side-viewing silicone rubber panels on either side. Here,
the speed of sound was assumed to be 1500 m/s and the measured distance across the tank
was compared with ten time-of-flight measurements made with aligned transducers. The
time-of-flight measurement was 18.12 + 0.05 cm; the dimension of the tank was 18.10 cm.
In the correlation search described by (1), the value of y—variation in range z—is only
varied within + 5.5 mm of the time-of-flight estimate. Values of « and f—shifts in x and y—
include all possible overlaps between the two Doppler volumes. Registration was not
optimized at this time.

Using the described procedure for maximizing normalized cross-correlation of Doppler
volumes in rigid body transformations, we have observed in vitro values of py s—the
correlation coefficient after successive maximizations of translation and rotation—of
approximately 0.7 when registering flow in a tube within the polymer casting of the skull. In
vivo correlation coefficients have typically been lower, in the range of 0.5 to 0.6. Runtimes
of the entire described processing are < 10 min on a Dell PC (Dell Inc., Round Rock, TX)
running Windows (Microsoft Corp., Redmond, WA) with a single 3.2-GHz Pentium 4
processor (Intel Corp., Santa Clara, CA). However, transferring a volume takes
approximately 10 min because of the Volumetrics scanner's bus speed.
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4) Validation of Algorithm—Registration error was evaluated for the described
algorithm, in which time-offlight data restricts the search region of correlation search. This
was done using a simple flow phantom consisting of a 5-mm-diameter latex tube in the side-
viewing water tank with agitated saline pumped through at approximately 100 cm/s. Both
transducers acquired color flow volumes of flow in the same tube and the tubes were
registered using the described algorithm. The long axis of the tube was oriented parallel to
the beam of the transducers to produce the highest possible detection of flow. Three
different acquisitions were performed for each of three different transmit power levels (50%,
25%, 5%). The center of mass of each 3-D tube rendering was computed in x and y
(directions perpendicular to flow) to create two curves in 3-D space having height and width
of a single voxel. Registration error was taken to be the measured distance between these
curves in x, y, and z directions.

5) Thresholding and Display—A simple segmentation is performed to prepare the data
for volume rendering. To render, we wish to set thresholds for both echo and Doppler data
for each volume. Although segmentation of ultrasound images is a complex topic which has
received much attention [64], [65], we merely wish to extract vessels and bony surfaces
from noise so that they may be identified in a simple 3-D display; thus, we elected to set
thresholds manually at the end of the rendering process. Although this requires user
intervention and re-rendering, this process is analogous to adjusting the echo or color flow
reject on the scanner and usually required no more than 5 re-renderings in practice to
achieve a suitable image. All voxels having values equal to or greater than the selected
threshold will be rendered following registration, producing a single fused image in an
interactive display which allows viewing from any angle.

Although the described programs perform a registration within approximately 20 min of
acquisition in our lab (additional time is due to saving and transfer of volume), because of
concerns regarding space and maintaining workflow, we elected not to perform registration
and rendering at the bedside in the medical center for our human study. Instead, acquired
volumes were saved to disk and registration was performed offline afterward using the same
programs.

G. Human Study Protocol

[1l. Results

Following an institutional review board-approved protocol, and in collaboration with Duke
University Medical Center, we have scanned six healthy individuals using the described
brain helmet system. The last four of these six subjects received an intravenous infusion of
Definity microbubble contrast agent (Lantheus Medical Imaging, N. Billerica, MA) at a
concentration of 1.3 mL in 50 mL saline. These early scans allow us to evaluate the
suitability of the device for performing clinical scans and to assess the quality of the
resulting images and renderings. To scan a human, a patient bed with adjustable height is
positioned adjacent to the scanner [Fig. 6(b)]. The two probes are placed on the temporal
acoustic windows of a supine patient while scanning in echo mode. Once probes have been
positioned for optimal viewing of blood flow in either the middle or posterior cerebral
arteries, the volunteer is given the intravenous injection. Scans were performed under the
supervision of a neurologist, a registered nurse, and a registered vascular technologist.

A. Cable Modeling and Experiments

When modeling two probes which are identical except for their cable lengths (2.23 and 0.30
m), PiezoCAD simulations predict an increase in sensitivity of 16.0 dB. However, the
commercial probe used as a control has an acoustic matching layer, whereas our proposed

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2012 February 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lindsey et al.

Page 10

prototype probe does not. Additionally, the commercial probe contains individual wires
partially separated by air, thus having a relative permittivity (e,) close to 1, whereas for
polyimide, the inter-trace dielectric most commonly used in flex circuits, ¢ ~ 3.4 at 1 MHz
[41]. Taking these differences into account, when PiezoCAD simulations were used to
directly compare the two physical probes—the control probe, having a long cable and an
acoustic matching layer, versus the probe to be constructed, having a short flex interconnect,
printed circuit board, and no matching layer—the expected sensitivity gain was 7.2 dB for a
typical trace.

B. Transducer Aperture Characteristics

The designed sparse array having 128 transmit and 128 transmit/receive elements produces
the beamplots shown in Fig. 3. The dual-transducer system was constructed as in Fig. 6. On-
axis Field 11 simulations showed —6-dB beam width of 2.1° and side lobe level of -22.9 dB
at a depth of 7 cm. In comparison, the re-configured VVolumetrics cardiac array (6.3 mm
aperture) used previously [32] has a —6-dB beam width of 4.5° and side lobe level of —33.6
dBat 7 cm.

The fabricated probes used in testing and in vivo evaluation had element yields of 110/128
(86%) receivers and 220/256 transmitters (86%) and 109/128 (86%) receivers and 217/256
transmitters (85%).

C. Performance Testing Results

Mean center frequency was measured at 2.3 MHz with a fractional bandwidth of 20%.
Insertion loss was measured at —80 dB. Crosstalk was measured at —30 dB and is primarily
due to electrical crosstalk in the printed circuit board. This was evidenced by observation of
the transmit pulse bleeding across to adjacent channels and an observed decrease in severity
of crosstalk in channels which do not traverse the entire length of this board.

The measured gain in SNR was 6.8 dB in per-channel testing and 7.1 dB in beamformed
testing, in close agreement with simulations. Typical results from these tests are shown in
Figs. 7(a) (per channel) and 7(b) (beamformed). The average element-plus-cable capacitance
of the probe on the 0.279 m flex circuit was 60 pF, compared with 156 pF for the probe with
the 2.23-m cable.

D. Validation of Registration Algorithm

Mean errors were: 2.43 mm in x, 3.52 mm in y, and 3.89 mm in z. Shekhar and Zagrodsky
also report error in z that is approximately as large as in one lateral dimension [61].
Although registration error would ideally be smaller for clinical practice, these tests validate
the suitability of the correlation coefficient as a metric and confirm the implementation of
the algorithm. In vivo registered volumes are presented in Figs. 9-11.

E. Human Study

With contrast enhancement, cerebral blood flow was imaged in color Doppler mode in 4 of
4 subjects. We have successfully visualized flow without contrast agent in at least one
cerebral artery in 4 of 6 volunteers. Without contrast agent, one or more internal carotid
artery (ICA) was detected in 4 of 6 subjects, one or more middle cerebral artery (MCA) in 2
of 6 subjects, and one or more posterior cerebral artery (PCA) in 2 of 6 subjects. With
contrast agent, one or more ICA was detected in 4 of 4, one or more MCA in 4 of 4, and one
or more PCA in 4 of 4 subjects. In previous work, we had been unable to visualize 3-D color
flow without contrast agent [11], [42]. Fig. 8 shows a labeled screen shot from the real-time
display in one subject, a 24-year-old female.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2012 February 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lindsey et al.

Page 11

From the same subject, we also present registered renderings of bilateral middle and
posterior cerebral arteries in both the coronal [Fig. 9(a)] and transverse planes [Fig. 9(c)].
For these renderings, all Doppler data are shown in red and all echo data in white, with the
echo data depicting midline structures such as the falx cerebri. The coronal view is paired
with a typical (not the same subject) magnetic resonance angiogram [Fig. 9(b)] to indicate
the field of view captured by the ultrasound rendering [Fig. 9(a)]. For the transverse view
[Fig. 9(c)], common vessels are identified in an adjacent dissection image [Fig. 9(d)].

A successfully registered rendering without contrast enhancement is shown in Fig. 10 for a
42-year-old male. For the Doppler data, color (either red or blue) is used to indicate the
acquiring transducer (left or right), whereas all echo data are shown in white. The rendered
Doppler and echo data [Fig. 10(b)] is shown paired with a typical (not the same subject)
magnetic resonance angiogram [Fig. 10(a)] to indicate anatomy. An enlarged view of the
vessels, identified as bilateral internal carotid arteries, is also presented [Fig. 10(c)].

Finally, we present in Fig. 11 a volume rendering of three different views from a single
subject using the probe positions proposed in Fig. 1 without contrast agent. First, two
transtemporal volumes were acquired from this 42-year-old male subject, which were later
registered using the described algorithm. In these volumes, both posterior cerebral arteries as
well as midline structures were visible. Next, the subject was rotated to lie on his side and a
single transforaminal volume was acquired using all of the image lines on a single
transducer. The yellow arrow indicates the manual positioning of the transforaminal volume
with respect to the other two volumes, as a vertebral artery rises toward posterior cerebral
arteries. Integration in time of several volumes of pulsatile flow likely contributes to the
bulbous appearance of vessels.

V. Discussion

Several potential improvements in materials and fabrication have been illuminated by this
process. Although the use of the multilayer flex circuit has reduced fabrication times and
provided mechanical stability during imaging, the high &, of the polyimide substrate limits
sensitivity. Bandwidth could also be improved through the use of one or more acoustic
matching layers.

Our in vivo imaging experiences have led us to believe that it may be worthwhile to
investigate the effects on image quality of increasing aperture size in conjunction with
decreasing transmit frequency. The impact of aberration and frequency-dependent
attenuation would be reduced in this scenario and might address a need for imaging a greater
percentage of the population, because anywhere from 8% to 29% of individuals have
temporal windows deemed insufficient for TCD or transcranial imaging [66]-[69]. The
proposed modifications would also potentially improve the ability of personnel with limited
training to acquire useful scans, because the importance of positioning the entire probe
within the window would be diminished.

Although we are encouraged by the diagnostic potential of this still-experimental system,
any future diagnostic value is dependent on the image quality of the two acquired volumes,
the ability to display them simultaneously, and the ability to increase diagnostic information
over that present in single-transducer scanning. These considerations will need to be
evaluated in future work. Several additional improvements are necessary to extend the
proof-of-concept prototype presented in this paper to the proposed three-transducer system
capable of remotely transferring 3-D volumes, though all should be technically feasible on a
portable scanner. Real-time phased array 3-D ultrasound is not yet available in a laptop
scanner, although the GE Voluson i provides 3-D fetal scanning with a mechanically
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scanning 1-D array probe. Pre-processing and registration could be performed in the laptop,
allowing a single fused data set to be sent over the Internet to a hospital.

Registration could be improved by using multiple iterations or increasing the number of
transformation parameters. Optimization of registration using a cost function or a coarse-to-
fine approach could improve runtimes and allow for multiple iterations. Graphics processing
units (GPUSs) have also been demonstrated in processing of 3-D ultra-sound data and could
vastly improve runtimes for this application [70], [71]. In clinical scanning of a diseased
individual, registration error could impose a limitation on the ability to detect abnormal
flow, emphasizing the importance of reducing this error and further underscoring the
significance of SNR. It is also worth noting that the aberrating and refractive properties of
the skull differ on the two sides of the head, suggesting that non-rigid registration may
eventually be necessary to account for the entrance angles at which the ultrasound beams
enter the brain.

A third transducer could be added by splitting the channels even further, however image
quality obviously suffers because of decreases in spatial sampling and in beamformed SNR
with a reduced number of active elements per transducer. This problem might be addressed
by multiplexing, although high-voltage switches typically carry high capacitances which
would reverse most of the gains presented here. For example, the Supertex HV20220
(Supertex, Sunnyvale, CA) carries typical on and off shunt capacitances of 48 pF and 152
pF, respectively, for a 4:1 configuration. This dilemma underscores the importance of total
interconnect design for 2-D arrays, taking into account the electrical characteristics of the
transducer element, the cable, and the preamplifier or switching electronics [37], [38].

In combination, the proposed improvements might yield several additional decibels of SNR
and further increase un-enhanced image quality. In this work, we have not used any of the
many schemes for phase or amplitude correction [72], which could also contribute to the
desired gains.

V. Conclusion

We have presented in vivo results from automated registration of two simultaneously-
acquired transcranial volumes, the first known result of this kind. It is our belief that a
system such as this—particularly when no contrast injection is required—shows significant
potential for rapid cerebrovascular imaging of stroke and related conditions. Improvement of
SNR from reduction in interconnect length has been demonstrated through simulation and
experimental validation for a dual-transducer transcranial imaging system, where this
improved sensitivity allowed real-time in vivo 3-D color flow imaging without microbubble
contrast agent.
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Fig. 1.
Probe placement for proposed transcranial imaging system using three 2-D arrays.
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Coronal

Fig. 2.

Volume interrogated during a typical transtemporal 3-D ultra-sound examination. Coronal
and transverse plane views are displayed simultaneously. A steerable Doppler beam is
shown (blue in the online version). &
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Fig. 3.

(a) Designed aperture (gray elements only transmit, white elements transmit and receive)
and (b) resultant on-axis beamplot simulated using Field Il. Simulations of the aperture
steered to (c) +16° and (d) +32° in both azimuth and elevation at 2.5 MHz and a 7-cm focus.
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Fig. 4.
Photograph of an array after completion of dicing.
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lllustrative cross-section of fabricated probe (not to scale to show detail).
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Fig. 5.

Ilustrative stack of transducer fabrication (not to scale). PZT is bonded to the polyimide flex
circuit and diced, then two-sided LCP is bonded to the PZT. A lossy backing is bonded to
the back of the flex (not shown). &
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Fig. 6.
(a) schematic and (b) photograph of the completed system for in vivo scanning. &
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Fig. 7.
(a) Single-element pulse echo-waveform from aluminum block reflector. (b) A 128-channel
beamformed reflection from target at 7-cm focus. &
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Fig. 8.

Real-time display view of contrast-enhanced flow in middle cerebral arteries (MCA),
internal carotid arteries (ICA), and posterior cerebral arteries (PCA) using described system.
Directional information of flow has been discarded. Labels have been added to indicate
anatomy as well as the sectors displaying the subject's right coronal, right transverse, left
coronal, and left transverse imaging planes. &
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Fig. 9.

(a) Ultrasound rendering in the coronal plane and (b) representative magnetic resonance
angiogram (MRA) (not the same subject) showing the area under ultrasound examination.
(c) Paired ultrasound rendering in the transverse plane and (d) dissection image indicating
anatomy in vessels of the Circle of Willis. ICA = internal carotid artery, MCA = middle
cerebral artery, PCA = posterior cerebral artery. Original MRA image (b) produced by Ofir
Glazer, Biomedical Engineering Department, Tel Aviv University, Israel. Reproduced with
permission of the author. Original photograph (d) produced by Prof. John a. Beal,
Department of Cellular Biology and Anatomy, Louisiana State Health Sciences Center,
Shreveport, LA. Reproduced with permission of the author. &
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Fig. 10.

(a) The same magnetic resonance angiogram of Fig. 9 is used to indicate the field of view
for the registered, (b) rendered ultrasound data acquired without microbubble contrast agent.
(c) an enlargement of the color flow data. Blue indicates data acquired by the right
transducer; red indicates data acquired by the left transducer. (a) is reproduced with
permission of the author, Ofir Glazer, Department of Biomedical Engineering, Tel Aviv
University, Israel. &
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Fig. 11.
Automatically registered rendering of posterior cerebral arteries from simultaneous

transtemporal scans along with manually registered (yellow arrow) transforaminal scan.
Vessels are paired with a dissection image (inset), with blue arrows indicating common
structures. No microbubble contrast agent was used. Dissection image reproduced with
permission of the author, Prof. John A. Beal. &
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