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Abstract

In the diagnostic ultrasound (US) transducer technology, the high frequency US (HFUS) transducer over 20 MHz is one of the
current issues to be pursued for better resolution with the expense of penetration. HFUS single element transducers and the mechanical
scanning systems for imaging are reviewed, and HFUS array transducers are also briefly summarized. HFUS applications such as

the human applications in ophthalmology and dermatology and small animal applications for research purposes are reviewed with

vascular and blood imaging in this paper.
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I. Introduction

In the diagnostic uitrasound (US) technology,
there arc two research directions for researchers 1o
pursuc currently, Onc 1s Lo develop 2 dimensional
(D) array transducers for real time 30 imaging,
which would be useful to diagnose the diseases
related with the dynamical cardiac motion and blood
vessels, The other is to develop high frequency US
(HFUS) transducers over 20 MHz for better
resolution. With the ¢xpense of penetration depth,
the spatial resolution would go up to 15 pm for 100
Mllz. There are lwo spatial resolutions, namely axial
resolution and lateral resolution, Axial resolution

15 the resolution along the beam propagation, and
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proportional to pulse duration and defined by one of
handwidth. Lateral resolution is the resolution along
the perpendicular direction of the heam propagation,
and defined (o f —number multiplied by a wavelength,
where f—number is local Jength divided by the
diameter of a transducer. Axial resolution is impro—
ved as freguercy in creases, reaching up to 10 pm
for 150 MHz, and lateral resolution reaching up lo
10 pm for f—number of (.7. However, due 1o
increase of allcnuation coefficient in tissue wilh
frequency. the penctration deplh is imited 1o a few
millimeters for 100 Mllz and higher frequencies.
Therefore, the applications of IIIFUS are limited due
to the smaller penetration depth.

The most active applications of IIIFUS are in small
animal experiments for research purposes. Mouse,
rat, and zebra fish are the main species for HFUS
applications. In hwuman applications, ophthalmology
and dermatology are the two main application areas.

Skin tissue i1s relatively high attenuated but the
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penetration depth for diagnosis is required to be
small, so the dermatological applications of HFUS
are explored and investigated. The attenuation of
anterior part of the eye tissue except lens is small
so that HFUS 1s appropriate for imaging of the
anterior part of the eye. Currently, this anterior
imaging of the eye is the most popular human
application of HFUS and several commercialized HFUS
systems are currently available. Recently the posterior
section including retinal vessels was also investigated
with minimally invasive HFUS needle transducers.
Another HFUS application has been suggested in
blood tmaging, which could investigate the dynamical
change of red blood cell {RBC} aggregation in blood
in situ noninvasively., The summary of the near—
future direction of transducer technology is shown in
Fig. 1.

It is hard to develop array transducers and the
corresponding electronic systems with image proce—
ssing for HFUS. Recently Foster et al (2009) have
developed commercialized HFUS array transducers
and the electronic system, which was released by
Visualsonics Litd. in 2008 for the first time in the
world [1]. Another research group independently
developed HFUS array transducers using piezo—
composite materials, and 30 and 35 MHz linear array
transducers were designed and fabricated [2-3].
However, most of the applications for HFUS use a
single element transducer with different scanning
systems for imaging, since the HFUS array system
and transducers are much more complicated and
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Fig. 1. Summary of the near-future direction of transducer
technology. US: ultrasound, 4D: 4-dimension, HF:
high frequency.

expensive. There are several geometrical scanning
methods such as a linear scanning method, a sector
scanning method, an arc scanning method, a radial
scanning method, and a rotational motion of an angled
transducer, and so on.

In this review paper, we summarize the transducer
technology for HFUS including the single element
transducer with the different scanning methods and
the array transducer. Then we review the applications
of HFUS to animal and human imaging of vessel and
blood.

ll. Developments of transducer technology
in HFUS

2.1. Single element transducers and mecha-

nical scanning methods

Most of the HFUS systems use a single element
transducer and a mechanical scanning system for
imaging. Therefore, the single element transducer is
the most popular transducer for HFUS applications.
The active materials for HFUS transducer are
piezoelectric polymers such as poly {(vinylidine
fluoride) [PVDF) and co—polymer PV (DF—TyFE)
[4-5], piezoceramics [6—7), and single crystals
such as lithium niobate (LiNbO3) and piezoelectric
single crystals based on a relaxor (PZN or PMN) and
PT solid solution [8]. Piezoelectric polymers are
relatively easy to fabricate since they have a low
acoustic impedance (~4 MRayl) and a low diefectric
constant {¢%/e9< 10), but a poor electromechanical
coupling coefficient (& <0.3) [7]. It is still used for
very high frequency applications or hydrophones.
PZT ceramics are mostly often used for the
commercial systems, since they have higher eleciro—
mechanical coupling coefficients (4 = 0.5 for PZT—
5H). But they have higher acoustic impedances (~
34 MRay!) and very large dielectric constants (¢%/go
~1350). LiNbQ; is ideal for designing sensitive large
aperture single element HFUS transducers, displaying
good electromechanical coupling (4 = 0.5), a low
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dielectric constant (¢%/g0< 30), and high longitudinal
sound speed (7360 m/s). Though this material has
a high acoustic impedance (~34.5 MRayl) and very
high electrical and mechanical Q, it was shown to
provide improved sensitivity and similar bandwidth
when compared to devices from PVDF, lead titanate,
and PZT fiber composite [7]. The design and
fabrication of the efficient and broadband single
element HFUS transducers using LiNbO3; were well
summarized in [9].

As for other single crystals such as lead magne—
sium niobate—lead titanate (PMN—PT), or lead zinc
niobate—lead titanate (PZN-PT), they are ideal for
small aperture single element HFUS transducer
since they have much large dielectric constant (£%/e
0~797 for PMN—33PT) while they have the similar
coupling coefficient (4 = 0.58) and acoustic impe—
dance (~36.9 MRayl) with LiNbO3. Small aperture
(<1.0 mm) PMN-PT transducer was designed and
fabricated for 40 MHz [10], and needle—type trans—
ducers were also fabricated and applied to measure
the flow speed in retinal vessels for a Doppler
system [11]. HFUS transducers of 35 MHz and 60
MHz were recently fabricated using lead indium
niobate—lead magnesium niobate~lead tilanate (0.24
PIN-0.44 PMN—0.32 PT) as an active piezoelectric
material. The PIN-PMN-PT single crystal has
similar properties (k = 0.58, £”/e~700, 32.6 MRayl
of acoustic impedance) with PMN—PT, but higher
coercivity (6.0 kV/cm) and higher Curie temperature
(160 T) than PMN~PT crystal (2.5 kV/cm, 131 ©),
leading better thermal stability compared with the
PMN-PT transducers [12-13].

There are several scanning methods to get images
using a single element transducer. The simplest
scanning method is a straight linear motion for a
rectangular image formal [14—15]. For the concave
surface of the eye, an arc scanning method was tried
[16]. [n IVUS and endoluminal imaging, a radial
scanning is popular for a circular imaging format
[17]. A cylindrical C—scan method was tried to get
an image at a certain depth by combining a straight
scanning and a radial scanning [18]. These scanning

geometries are shown in Fig. 2 (a) to (d).

High frequency ultrasound over 40 MHz has been
used to image the anterior segment of the eye, but
it is not suitable for the posterior segment due to the
frequency—dependent attenuation of ultrasound and
thus the limitation of penetration depth. Therefore,
a novel scan method was recently suggested to
image the posterior segment of the eye with an
angled high frequency US needle transducer as
shown in Fig. 2 (e) and (f) [10]. In this method, the
needle transducer is inserted into the eye through a
small incision hole of 1 mm in diameter and rotated
to form a cone—shaped imaging plane, allowing the
gpatial information of retinal vessels and diagnosis of
their occlusion 1o be displayed. The feasibility of this
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Fig. 2. Scanning geometries for mechanically scanned highfre-
quency transducers. (a) Linear and (b} arc scanning approaches
are used for ocular and skin imaging applications and {¢)
radial scanning mode is prevalent in intravascular ultrasound
and other forms of endoluminal imaging, {d) LLook-ahead geo-
metries are stll very experimental [68]. Diagram explaining
how to convert a 3-D cone-shaped imaging plane (e) into a
sector one (f) [10]. When a [J-angled needle transducer is
partially rotated by an angle of ¢, part of a cone is formed
(e). The andle of n/2 — ¢represents half of the opening angle
(or aperture} of the cone. If the surface of this partial cone
is unfolded, it hecomes a sector shape with a central angle
of £ and a radius of z¢fcos{n/2 — ¢) ().
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novel technique was tested with images of a wire
phantom, a polyimide tube, and an excised pig eye
obtained by manually rotating a 40—MHz PMN-PT
needle transducer with a beveled tip of 450. Rota—
tional scan imaging may help expand the minimally
invasive applications of HFUS to other internal
tissues where it can be used as a combination with
endoscope.

2.2. Linear array transducers

Linear arrays are desired for several reasons,
including clinical convenience, increased frame rates,
improved and real—time blood flow measurement,
and the capability to focus the beam dynamically.
Limitations in spatial scale, hardware beamforming,
materials, and fabrication methods, however, have
precluded the development of operational linear and
phased arrays at frequencies over 20 MHz. A method
for fabricating fine—scale 2—2 composites suitable
for 30—Mlz linear array transducers was successfully
demonstrated in [19]. High thickness coupling, low
mechanical loss, and moderate electrical loss were
achieved. The piezo—composite was incorporated
into a 30 MHz array that included acoustic matching,
an elevation focusing lens, electrical matching, and
an air—filled kerf belween elements. For higher
frequency and more elements, the development of a
64—element 35—MHz composite ultrasonic array
was discussed [3]. This array was designed primarily
for ocular tmaging applications, and features 2—2
composite elements mechanically diced out of a
fine—grain high—density Navy Type VI ceramic.

The commercially available array transducer-
based ultrasound imaging system that enables micro—
ultrasound imaging at center frequencies between 15
and 50 MHz was recently reported [1]. The new
scanner uses a laser—machined high—frequency 256
element, linear transducer array capable of forming
dynamic diffraction limited beams. The power of the
linear array approach is emboedied in the uniform high
resolution maintained over the full field of view., This
leads to greatly expanded scope for real—time

functional imaging. The unprecedented images made
with the new imaging system will enable many new
applications including real—time visualization of flow
in the mouse placenta, visualization of flow develop—
ment in the embryo, studies of embryonic to adult
cardiac development/disease, and studies of
real—time blood flow in mouse models of tumor
angrogenesis.

2.3. Convex array

A single element transducer and a linear array
have drawbacks, especially for HFUS applications.
The aperture is translated mechanically for a single
element transducer, so that it has a fairly low frame
rate. For a linear array, its view width may be Loo
narrow to image the whole eye in one imaging plane,
and this limitation is more serious for higher
frequency due to smaller size of the array trans—
ducer. Therefore, convex array transducer was
recently proposed 1o resolve these problems [20].
The images of a dog eye were simulated with the
linear array and the convex array. As a result, the
convex array gives the wider view area than the
linear array. But the fabrication of convex arrays is
generally more difficult than linear or phased arrays
due to the curvature of the aperture. The radius of
curvature and the pitch on the array surface must be
accurately maintained in order to minimize the error
in beamforming. The ceramic should be fully diced
along the elevational direction to prevent cracks. HF
convex array transducers were recently designed,
fabricated, and tested for a whole view of the eye
[21].

lll. Animal applications

3.1. Measurement target

The HFUS measurement system should be verified
in terms of stability, accuracy and safety applying to
animals before the application to human body.
High—resolution /7 vive micro—imaging system

(Vevo systern) manufactured by VisualSonics Inc. is

76 THE JOURNAL OF THE ACOUSTICAL SOCIETY OF KOREA Vol 29, No,2E



the most widely used HFUS measurement system
for this kind of animal applications. Vevo 660 system
(VisualSonics Inc., Toronto, Canada) was used for
early lumor growth in mice bearing melanoma
xenografts in a4 noninvasive longitudinal assay [22].

Mouse modcls of abdominal aortic aneurysm
(AAA) have been commonly used In many
laboratories for studying molecular mechamsms of
AAA formation and development, as well as for
tesling novel therapeutic agents in the treatment of
AAA. However, because of the small size of the
animal, thc guantification and characterization of
AAA  decvelopment and progress is  difficult,
time—consuming and requires the sacrifice of the
experimental animals. To solve thesc problems,
Berlex Bioscience group has uscd the Vevo system
[23]. Similarly, the ability of a Vevo 660 was
assessed to detect AAAs and sequentially quantily
the aortic luminal diameter [241.

A quick noninvasive screen of laboratory animal
organ phenotype by high—resolution ultrasound is
useful in biomedical research and new drug
discovery. During new drug testing, immaging animal
al the conscious state avoiding anesthesia does not
only speed up the screening process, but also avoids
the potential compounding interaction of ancsthetic
agents with the new drugs. The feasibility of imaging
kidrey m conscious rats with high—frequency ultra—
sound was explored by As{raZencca Pharmaceuticals
group [25]. They described the detection of two
cases of unilateral congenital hydronephrosis,

Other research group evaluated the possibility to
determine intima thickness in the rat carotid artery
alter baltoon injury and to monitor intimal hyperplasia
formation by UBM during pharmacological treatment
{26]. Similarly, a Catholic University of a Korca
research team oused a 40 Milz high—frequency
ultrasound biomicroscopy (Vevo 770, VisualSonics
Inc., Toronto, Canada) to investigate the association
between high—echogenic intimal  thickening  and
histologic ntimal thickness in the carotid artery.
They applicd these techniques in rats with normal

blood pressire, rats with spontaneous hypertension

and rats with athcrosclerosis that was induced
through a high=lipid diet [27].

For a rat sciatic nerve, Vevo 770 was used to
determine whether a new ultrasound imaging device
with 30 pm resolution would allow imaging of nerve
anatomy and regenerating axons, and whether the
data collected from a nerve in sittt was the same as
when the nerve was surgically exposed [28). As a
result, there was a difference in the appearance of
the scialic nerve when viewed through its overlying
muscles by Vevo 770. This 1s because when imaging
m vivo, a greal deal of ultrasound signal is lost before
reaching the nerve and thus only the strongest tissue
signals are detected.

The macromolecular struciure of renal artery
oslium was evaluated to better understand the
relationship of arterial wall structure to atherogenic
susceptibility in this clinically~relevant site of
alherosclerosis.  Blood velocity profiles  were
measured at the aortic entrance to the left renal
artery of living pigs using a Vevo 2100 system
(VisualSonics Inc., Toronto, Canada) equipped with
a 30MHz linear transducer [29].

3.2. Measurement technique

HIFUS is one of some methods such as magnetic
resonance imaging (MR, electrocardiography (ECG).
computed tomography (C'1} Lo measure the biological
tissue. And the HIFUS method has scveral advantages
such as real time, noninvasive, cost reduced
measurcment, and so on comparing to other methods.
To confirm these advantages and to compare HFUS
with MRI, ultrasound scans were performed on the
hear(s of normal and post myocardial infarction mice
with a Vevo770) scanncr {(VisualSonics, Toronto,
Canada) operating at 30 Mllz frequency. As a result,
ulirasound imaging, followed by 2D image tracking.
provides an effective, low cost, mobile method (0
quantify murine cardiac function accurately and
reliably [30].

The pulse—wave velocity has been used as an

indicator of vascular stilfness, which can be an early
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predictor of cardiovascular mortality. An invasive,
easily applicable method for detecting regional pulse
wave has been developed and tested to mice [31]).

Myocardial elastography is a novel method for
noninvasively assessing regional myocardial function,
with the advantages of high spatial and temporal
resolution and high signal—to—noise ratio (SNR). in
vivo experiments were performed in anesthetized
normal and infarcted mice one day after left anterior
descending coronary artery ligation using a high—
resolution {30 MHz) ultrasound Vevo 770 system.,
Results showed that the infarcts underwent thinning
rather than thickening during systole [32). Duchenne
muscular dystrophy (mdx) is a severe wasting
disease, involving replacement of necrotic muscle
tissue by fibrous material and faity infiltrates. One
primary animal model of this human disease is the X
chromosome—linked mdx strain of mice. The Vevo
system was applied to validate and quantify the
capability of both energy and entropy metrics of
radio—frequency ultrasonic backscatter to differentiate
among normal, dysirophic, and steroid—treated
skeletal muscle in the mdx model [33].

Electromechanical wave Imaging is a novel
technique for the noninvasive mapping of conduction
waves in the left ventricle through the combination
of electrocardiography gating, high frame rate
ultrasound imaging and radio—frequency (RF)—based
displacement estimation techniques. And this new
technique was developed and described using animal
application {34]. HFUS imaging using micro bubble
contrast agents is becoming increasingly popular in
pre—clinical and small animal studies of anatomy,
flow and vascular expression of molecular epitopes
[35]. Micro bubbles can be tailored for optimal
contrast enhancement in fundamental mode imaging
as a result.

V. Human applications

4 1. Ophthalmology

The first ultrasonic study of ophthalmology was

published in 1956 [36]. Ophthalmic ultrasound has
been developed into a multifaceted diagnostic
discipline, and the basic methods are A—mode and
B—mode scan, Doppler techniques and recently
developed 3—dimensional approaches. From the mid
1990s, ultrasound biomicroscopy or ultrasound
backscatter microscopy (UBM) for the eye has been
gradually studied. Vertical cross—section images of
a 5 mm diameter area of the central cornea were
measured by UBM, and corneal thickness maps
were created by computer from corneal thickness
data [37]. The technology of ophthalmologic UBM
has been developed, so that UBM was capable of
imaging the peripheral retina, pars plana, and
anterior choroid [38]. In addition, in order to
measure the reaction of the eye to the conditioning
stimulus, a quantitative method was described for
measuring angle recess area and factors associated
with appositional angle—closure during dark room
provocative testing using UBM [39].

A research team demonstrated specific morphologic
patterns in congenital glaucoma after various
surgical procedures by means of UBM and to
investigate correlations between UBM morphology
and the effectiveness of glaucoma surgery in
reducing iniraocular pressure [40]. The capability of
UBM was assessed to describe the early charac—
teristics of the exfoliation syndrome in the zonules
of eyes that show no apparent signs of the
exfoliation syndrome in the iris or lens [41]. And the
usefulness of UBM was demonstrated in detecting
the morphological changes in the lens caused by the
spontaneous absorption of lens material and to
detect fundus abnormalities in a patient with
Hatlermann—Streiff syndrome [42]. Detecting and
following small tumors of the ciliary body is a
particular challenge because of their location, but
UBM can be successfully applied to measure the
tumor and even the growth behavior of the small
ciliary body tumors [43—44]. The ciliary sulcus also
can be directly measured by UBM [45]. Anterior
segment optical coherence tomography was developed
for the intraocular measurement, and compared with
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UBM [46]. The distribution of UBM parameters was
analyzed for the peripheral anterior chamber depth,
location of the ciliary body, and iris thickness in the
study population and related systemic and ocular
factors. As a result, configurations of the anterior
ocular segment were quantitatively evaluated [47].
Moreover, iris—sutured foldable posterior chamber
intraocular lenses (PCIOLs) could be found using
UBM. This provides a unique ability to assess
anatomic relationships between structures in the
anierior segment of the eye and thus is ideally suiled
to study iris—sutured PCIOLs [48].

4,2, Dermatology

HFUS is capable of noninvasive, nonionizing and
real—time examination of the skin, with a relatively
lower cost compared with other procedures such as
biopsy and MRI. The use of UBBM has attracted the
attention of the dermatology community. Particularly,
the growing interest in this field can be attributed to
the availability of several commercial UBM systems
operaling in the 20 to 30 MHz frequency range, and
to the appearance of several review articles
[49-50]. The frequency range was increased for
the high resolufion and real time measurement of
skin imaging [51]. UBM measurements were
performed before and after a single exposure to
ultraviolet radiation considering ultraviolet effecl to
skin [52].

Fibrosis is a common lale side effect of
radiotherapy treatmeni for cancer patients and is
considered to be a dose—limiting factor during the
therapy. The skin thickness and the ultrasonic
properties ol the neck skin with fibrosis in patients
were measured and compared with those of control
subjects [53]. UBM also can be used to detect
changes in skin thickness in a murine model of
scleroderma. The application of this technology will
provide in—life assessments that allow not only for
continued monitoring of the individual animals and
reductions in the numbers of animals used, but also

for deteclion of the effects of potential treatments

for scleroderma [54]. Using 20—MHz ultrasound
assessment, in some case, it was clarified that
medium-dose was more effective than low—dose
ultraviolet Al phototherapy for localized scleroderma
[55]). For the ultrasonic diagnosis, high variable—
frequency US is a recently available technique
capable of clearly defining skin layers and deeper
structures that provides local perfusion patterns
obtained in real time [56]. That means noninvasive
US imaging of skin lesions provides clinical
information that is highty relevant.

V, Vascular and blood imaging

5.1. Intravascular ultrasound (IVUS)

IVUS is one of the oldest and the most widely used
human applications of HFUS. The vascular appli—
cations are in the balloon angioplasty, stenting
procedures for the treatment of coronary artery
disease [57—59), and the assessment of vasculopathy
related (o heart transplantation [60]. The IVUS
applications have been more explored to the areas
of combined imaging and interventional tools [61—
62], forward looking devices {63], 3D reconstruction
techniques [64—65), improved methods for tissue
characterizalion such as elastography [66—67], and
high frequency imaging [68].

In an [VUS system, a catheter with a single
element transducer at its tip is rotating in the vessel
lumen in order to visualize and measure the vessel
wall and any associated plaque form. The aperture
size of the IVUS transducer within the catheter
whose outer diamelers is 0.9 ~1,17 mm is limited to
the order of 0.5 to 0.75 mm [(69]. The fabrication of
IVUS catheter is practically difficult so that the high
quality of HFUS image i1s challenging. Because of
size limitation, a linear or phased array transducer
was difficult to fabricate so the [VUS array trans—
ducer was not commercially available yet even
though it was developed for the purposes of research
(3] [9].

IVUS systems initially started to use 20— to
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30—MHz of frequency whose lateral and axial
resolutions are of 250-500 pm and 80-100 pm,
respectively. In order to provide the images of better
resolution of important structures of normal coro—
nary arteries, IVUS systems have been developed to
operate at higher frequencies in the 40-50—MHz
range [70—72]. However, as frequency increases,
the scattering signal from the blood increases rapidly
with increasing frequency [69][73), which causes a
problem in defining the boundary between lumen and
vessel wall. The increased signal from blood
provides an opportunity to develop decorrelation—
based color—flow mapping techniques with which to
segment the image and estimate volume flow [74]
and to investigate the blocod properties including red
blood cell aggregation [75].

5.2. High—frequency Doppler system

HFUS Doppler in the frequency range over a few
tens of MHz can measure blood flow in the
microcirculation, Moreover, HFUS Doppler increases
sensitivity because the backscattering from blood is
increasing with frequency as a 4th power. Therefore,
a continuous wave {(CW) Doppler ultrasound system
with a transducer of a center frequency of 40—MHz
using lithium niobate crystals and a 50—MHz pulsed
wave (PW) Doppler system with a focused PVDF
transducer were developed [76—77]. The CW HFUS
Doppler system can detect and measure velocities on
the order of the blood velocities found in the
capillaries (1 mm/s) and arterioles (5 mm/s) with
suitable velocity (50-500 pm/s) and temporal (20—
250 ms) resolutions. The PW HFUS system is
capable of detecting velocities on the order of the
blood velocities found in the capillaries (0.5 mm/s)
and arterioles (5 mm/s) with suitable velocity
(30—300 um/s) and temporal (15~100 ms) resolu—
tions with sample volumes with dimensions 70 um
laterally by 90—900 pm axially. /7 vivo measure—
ments demonstrate that PW HF Doppler can detect
and measure blood velocities of less than 5 mm/s in
arterioles and venules with diameters as small as 20

nm and 35 um, respectively, using a sample volume
of only 70 um laterally by 150 pym axially [76—77].

Another research group developed high—frequency
needle ultrasound transducers with an aperture size
of 0.4 mm using PMN-33 % PT as an active piezoelectric
material. The measured center frequency and —6 dB
fractional bandwidth of the PMN—PT needle trans—
ducer were 44 MHz and 45 %, respectively. The
two—way insertion loss was approximately 15 dB. in
vivo high—frequency PW Doppler patterns of blood
flow in the posterior portion and in vitro UBM images
of the rabbit eye were obtained with the 44—MHz
needle transducer [11].

Using the HFUS PW Doppler system, blood flow
velocity from choroidal and retinal vessels of rabbits
was measured. The average measurement error was
597%1.34 %, and the velocities gradually slowed
from the disc edge to the distal part, and temporal
velocities were faster than nasal velocities at all
measurement sites. This study demonstrated the
feasibility of reliably measuring retinal blood flow
velocity using a 45 MHz ultrasonic Doppler system
with a needle transducer [78]). This group also
developed the first HF PW Doppler system including
a l6—channel IIF analog beamformer, a [IF PW
Doppler module, timing circuits, HF bipolar pulsers
and analog front ends using a 30—MHz linear array
transducer, assessing the cardiovascular functions in
small animals. The two—way beamwidths were
determined to be 160 ym to 320 pm when the array
was electronically focused at different focal points at
depths from 5 to 10 mm. The system is capable of
detecting motion velocity of the wire phantom as low
as 0.1 mm/s, and detecting blood—mimicking flow
velocity in the 127—pm tube lower than 7 mmy/s. The
system was subsequently used to measure the blood
flow in vivo in two mouse abdominal superficial
vessels, with diameters of approximately 200 um,
and a mouse aorta close to the heart [79].

5.3. Blood echogenicity

Since a red blood cell is a Rayleigh scatterer up to
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50 Mz or higher frequency, the backscattering
coefficient is a function of the 4th power as shown
in Fig. 3. Therefore, as frequency is higher. the
backscattering from blood 1s increasing abruptly
while the one from the other tissues increases less.
Then the contrast of the backscattered signals
between the tissue and blood would be smaller as
frequency i1s higher, leading to potential to see the
echo from blocd in US images at higher frequency.
The sensitivity and resolution are higher at higher
frequency, so that HFUS is a good 100! to explore the
dynamic blood properlies /i srfiv using B—mode
imaging.

Two papers werc recently published to measure
the pulsatility of echogenicity from whole porcine
blood under pulsatile flow using high—[requency
[80~81]. In a pulsatile Couclte fow apparatus,
cyclic variations of the backscattered signals from
porcine blood due to changes in shear rate for stroke
rates of 20 1o 70 beats per minute (BPM) were
measured using two single clement transducers at
10 and 35 Mllz. At 35 MHz, cyclic varialions in
backscatter were observed from 20 to 70 BPM with
its higher magnitude, while they were delected only
at 20 BPM at 10 MHz. The increased sensilivity at

ESL

Baciacatter Coefficiond (St *mm’”")
g

Fig. 3. Ultrasound backscatter coefficients for a variety of
tissues in the 20- to 100-MHz range. Solid lines represent
extrapolations of measurements for human femoral adventitia
and media, human sclera, ciliary muscle, iris, and cornea, and
whole human blood at low and high shear rales {wide grey
fines). Integrated backscatter coefficients for coronary media
and human dermis are also given. All measurements were
made at 37C. with the exception of dermis (22 - 247.). See
original publications for error bars [69].

35 Mllz to small changes in aggregate size might be
the reason for the better characterization of RBC
aggregation at physiological stroke rates, corrobo—
rating /17 vivo observations of cyclic blood echogenicity
variations in patients using a 30—Mllz intravascular
ultrasound catheter [80].

In another research [81], the intcgrated backs—
catter (IB) and flow velocity as functions of time
were calculated directly using RF signals from
flowing porcine blood with 3  single—clement
transducers at frequencies of 10, 35, and 50 MHz in
a mock flow loop. Cyclic variations of the IB curve
were clearly observed at a low flow velocity and a
hematocrit of 40 % when using 50 MHz ultrasound
while Lhese cyclic variations were delected only at
10 cm/s when using 10 Mtz ultrasound. The peak
of the IB curve from whole blood led the peak of the
velocity waveform, which could be explained by the
assumption that a rapid flow can promotc RBC
aggregation under pulsatile flow. showing that the
sensitivity  and  resolution  of  detecting  blood
properties are higher for 50 Mllz ultrasound than for
10 MHz ultrasound.

A superficial cephalic vein in the wrisl of a normal
subject was examined with a high—frequency (30
MHz) ultrasound system with an annular—array
broadband (ransducer [82]. The echo was enhanced
1 hour after the subject had eaten and was further
enhanced when the central side of the vein was
compressed. This increased spontaneous ccho contrast
after a meal appears to resemble the aggregation of
crythrocyles and further by compressing larger
veins. This intravenous echo contrast in superficial
veins may prove useful in the noninvasive study of
Lhe physiologic dynamics of erythrocyle aggregation
[82].

We also measured the cychic vanation of blood
echogenicity from radial artery of a normal subject
using a HFUS UBM system of center frequency of
30 MHz |83].

Therefore, HFUS would be a promising tool to
explore RIBC aggregation /n sifu 7 vivo noninvasively,

which is changed dynamically in time and vessel
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position in the near future.
VI, Conclusions

Recent techniques of HFUS and its applications
were summarized in animal and human imaging
focusing on vascular and blood imaging, HFUS could
be applied to the broad areas of the biclogical tissues
and organs even though the penetration depth of
ultrasound is small, The HFUS transducer tech—
nologies of single element and array transducers
were briefly reviewed with applications in small
animal imaging for research purposes and in human
imaging for ophthalmology and dermatology. Blood
imaging and vascular imaging are considered as
promising areas of HFUS applications in the near
future.
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