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Centre for Cardiovascular Science, University of Edinburgh, Edinburgh, United Kingdom

Ultrasound imaging is a well-established clinical imaging technique providing real-time,
quantitative anatomical and physiological information in humans. The lack of ionizing
radiation and relative low purchase and maintenance costs results in it being one of
the most frequently used clinical imaging techniques with increasing use for guiding
interventional clinical procedures. Until 20 years ago, translation of clinical ultrasound
practices to preclinical applications proved a significant technological challenge due
to the smaller size (259 vs. 70kg) and rapid conscious heart-rate (500-700 bpm vs.
60 bpm) of the mouse requiring an increase in both spatial and temporal resolution
of 10-20-fold in order to achieve diagnostic information comparable to that achieved
clinically. Since 2000 [1], these technological challenges have been overcome and
commercial high frequency ultrasound scanners have enabled longitudinal studies of
disease progression in small animal models to be undertaken. Adult, neonatal and
embryonic rats, mice and zebrafish can now be scanned with resolutions down to 30
microns and with sufficient temporal resolution to enable cardiac abnormalities in all
these species to be identified. In mice and rats, quantification of blood flow in cardiac
chambers, renal, liver and uterine vessels, and intra-mural tissue movements can be
obtained using the Doppler technique. Ultrasonic contrast microbubbles used routinely
for clinical applications are now being further developed to include targeting mechanisms
and drug-loading capabilities and the results in animal models bode well for translation
for targeted drug delivery in humans.

Keywords: ultrasound, preclinical, mouse model, rat model, zebrafish

INTRODUCTION

Although ultrasound has been used extensively since its development to study preclinical
animal models much of the early work in this field was undertaken using transducers
designed for ultrasound scanning of clinical small-parts or intra-operative imaging and operating
in the frequency range between 10 and 20 MHz. Such frequencies enable images with
spatial resolutions of the order of hundreds of microns to be acquired thus limiting their
effectiveness in detecting abnormalities in smaller preclinical models. Additionally, clinical
scanners designed to image the human heart with 60-100 beats per minute (bpm) had
insufficient temporal resolution to image the rapid heart movement of preclinical models
(400-600 bpm). The technological challenges of designing and manufacturing a commercial
ultrasound scanner capable of resolving structures smaller than 100 microns and with sufficient
temporal resolution to resolve cardiac motion within a mouse heart was overcome with
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the launch of the first commercially available preclinical
ultrasound scanner in year 2000. Since then there has been a
meteoric rise in the number of biology research publications
using preclinical ultrasound imaging to assess adult, neonatal
and embyronic rats, mice, and zebrafish with spatial resolutions
approaching 30 micron and with frame-rates of up to 350 Hz
achievable when imaging adult murine hearts enabling cardiac
abnormalities to be identified. In addition, blood flow within
cardiac chambers, renal, liver and uterine vessels can be measured
in real-time using the Doppler function on the scanners and
elastic properties of tissues can be measured using elastography
techniques. New and exciting applications using ultrasonic
contrast microbubbles designed to target specific biological
markers and with drug-loading capabilities are being developed
and tested in animal models. Technological advances in
transducer manufacture has resulted in linear array transducers
now replacing the first generation of mechanically-driven single-
element transducers.

In this manuscript we will review the different imaging
modes available on preclinical ultrasound scanners and highlight
their utility for imaging of preclinical models. For clarity, the
words preclinical animal model are used to describe small non-
companion animals for which the genetic footprint can be
modified and refers predominantly to mice, rats and zebrafish. All
images and experiments described were performed under a UK
Home Office Licence following ethical review by the University
of Edinburgh.

TECHNIQUES OF ULTRASOUND IMAGING

Ultrasound waves are emitted from an ultrasound transducer.
The choice of frequency of the transducer is important as higher
frequencies give increased spatial resolution (i.e., smaller objects
can be resolved) but the depth over which useful information
can be obtained is reduced. For preclinical imaging, frequencies
between 20 and 55 MHz are generally used with 15-20 MHz
(image depth 3-4cm) being used for adult rats, 30-40 MHz
(image depth 10-20 mm) for adult mice and higher frequencies
(up to 50 MHz, image depth 9 mm) used for neonatal mouse
studies and embryonic and adult zebrafish imaging. When the
transducer is coupled to the surface of the body using warmed
ultrasound coupling gel, ultrasound images can be acquired in
real-time. Ultrasound images are essentially two-dimensional
(2D) cross-sectional slices through the body with the portion of
anatomy closest to the transducer (generally the skin) displayed
at the top of the screen and organs more distal displayed at
depth. The depth at which organs are displayed on the screen is
determined by the length of time the emitted ultrasound beam
takes to return to the surface of transducer assuming a standard
speed of sound in soft tissue of 1,540 ms~! and assuming no
multiple scattering has taken place. Unlike clinical ultrasound
imaging in which scans are undertaken with the sonographer
moving the transducer in real-time over the skin surface, for
preclinical ultrasound scanning, the transducer is mounted in
a probe-holder with 3D versatile movement enabling the probe
to be oriented to any desired angle whilst avoiding small, but at

high resolution, significant human movement compromising the
quality of image acquisition. For almost all ultrasound imaging
of preclinical models, the models are anesthetized prior to
ultrasound scanning. With rats and mice, prior to ultrasound
scanning, thick animal hair can be removed using electric hair
clippers followed by the application of a depilatory cream to the
scanning area. The use of the cream ensures that air bubbles are
not trapped under any remaining hair stubble. Once the hair
is removed, warmed coupling gel is placed on the body of the
animal. Meanwhile, the temperature of the animal is recorded
continuously especially in experiments where large amounts of
the mouse hair has been removed. The probe is then lowered
into the coupling gel. Due to the small size of preclinical models
and their physical fragility, when scanning most organs, the
ultrasound transducer does not touch the animal but scans
through a thin layer of gel between the transducer head and the
animal skin.

2D B-Mode Imaging

B-mode imaging or brightness-mode is the most commonly
used mode in ultrasound imaging. In B-mode imaging 2D
cross-sectional images of the animal are displayed in real-time
on the screen. Images are acquired in transmit-receive mode
where the transducer emits an ultrasound pulse, then pauses to
receive signals back at the transducer which have been reflected
and scattered from organ boundaries and parenchyma. This
received signal is rapidly processed to form the gray-scale image
displayed on the screen with highly reflective structures such as
organ boundaries giving brighter (whiter) echoes and structures
which scatter less ultrasound (e.g., blood) being darker. The
focal position (highlighted as a yellow arrow in Figure 1) is the
depth of optimal spatial resolution within the image. Using array
probes, multiple focal zones can be selected but this will have
a detrimental effect on the maximum frame-rate obtained. This
may not be important for the more static abdominal organs but
for cardiac imaging generally only one focal zone is used.

Due to the rapid generation of ultrasound images, all scanners
have the capability to freeze image acquisition and scroll (cine)
through a pre-defined number of images in order to review the
most recent acquisitions. Single images and short video clips
can be saved on the scanner—the length of video clip is usually
pre-set and tends to be longer for video clips acquired during
echocardiographic studies and contrast imaging studies than for
abdominal scans (see below).

M-Mode Imaging

M-mode imaging or motion-imaging is used principally to
study fast moving structures such as heart-wall movement or
valvular movement. A single line is selected in the B-mode
image intersecting the chamber walls or valves of interest and
ultrasound data is acquired only along the pre-selected M-
mode line. Consequently data is acquired with high temporal
resolution, as only one line of data is acquired rather than 128
lines of data in a full B-mode image. The M-mode data is
displayed as a continuous function of time scrolling across the
screen with depth on the y-axis and time on the x-axis (Figure 2).
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Vevo 3100

running through the center of the image is caused by shadowing from the ribs.

FIGURE 1 | 2D B-mode image of a rat heart in diastole. Transducer used is 21 MHz center-frequency and focus of the beam is set at 15 mm depth. The dark zone

Three-Dimensional (3D) and 4-Dimensional
(4D) Imaging

Currently, three-dimensional preclinical ultrasound images are
generated by the acquisition of consecutive B-mode ultrasound
images acquired at discrete step sizes along a pre-determined
path. Commercial software then reconstructs the 3D volume
with elevational resolution dependent on the step size between
consecutive B-mode image acquisitions (Figure 3). For cardiac
applications, images tend to be ECG and respiration-gated
enabling accurate volumes of left ventricles to be determined
which are not dependent on assumptions of the shape of the
organs. In newer preclinical ultrasound scanners, complete 3D
acquisitions are possible over a cardiac cycle (4D) enabling
the dynamic movement of the heart to be viewed from
any orientation. Acquisition times can be several minutes,
dependent on the step-size between acquisition slices and
relies upon good ECG and respiratory gating and high
frame-rates. 3D imaging is also used to good effect in
acquiring tumor volume data-sets, avoiding the need to make
assumptions about the shape of tumor from a 2D image
or the use of measurement calipers for superficial tumor
volume assessment.

Doppler Techniques
Measurement of blood flow relies upon the wuse of
the Doppler principle such that the measured change

in frequency between a transmitted and received
ultrasound beam is related to the velocity of the scatterers
(red Dblood cells) from which the ultrasound beam
is reflected.

Spectral Doppler

Spectral Doppler enables the Doppler frequency shift within
a pre-selected region-of-interest (Doppler sample volume)
to be displayed as a function of time. Most accurate
measurements are made when the Doppler scatterers (red
blood cells) are moving in the direction of the transmitted
ultrasound beam. If the ultrasound beam cannot be aligned
with the direction of blood flow, an angle correction can
be made which attempts to compensate for this lack of
alignment (Figure 4).

Color Doppler

In Color Doppler mode, the mean velocity of scatterers (red
blood cells) within a pre-selected region-of-interest are color-
encoded and superimposed on the gray-scale B-mode image.
In clinical applications blood moving away from the transducer
tends to be encoded in shades of blue and blood moving toward
the transducer in shades of red. For preclinical applications,
color Doppler is especially useful for the rapid location of vessels
(Figure 5).
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FIGURE 2 | M-mode of mouse heart showing short-axis B-mode image in top half of image with M-mode line selected (yellow line in image). Lower image shows
M-mode trace through the left ventricle at level of papillary muscles. Images acquired using a 40 MHz probe focussed at 9 mm depth.

FIGURE 3 | (A) 2D B-mode image of an inguinal lymph node and (B) 3D volume of lymph node after 3D acquisition.

Power Doppler

In Power Doppler mode the power of the Doppler signal
backscattered from red blood cells is displayed as a function
of time within a pre-selected region of interest. The color is
superimposed onto the gray-scale B-mode image. However, no
directional information on blood flow is obtained but power
Doppler is a more sensitive indicator of vascularity and thus
useful in the detection of small vessels containing slower blood
flow (Figure 6).

Doppler Tissue Tracking

The Doppler principle can also be applied to quantify both inter-
and intra- regional soft tissue movement in a technique known
as tissue Doppler imaging. In this technique, the sample volume
is placed within the moving tissue of interest, and the amplitude
of the high-pass filter is reduced to enable slow, high-amplitude
signals corresponding to tissue to be tracked [2]. By measuring
the velocities between tissues regions, velocity gradients (rate of
change of velocity with distance) and strain rate information
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FIGURE 4 | Spectral Doppler trace with Doppler sample volume situated in center of left ventricle enables both inflow and outflow from the left ventricle to be
measured with early (E) and late (atrial—A) waves and ejection time (ET) highlighted in the spectral Doppler trace. In addition isovolumic relaxation time (IVRT) and
isovolumic contraction time (IVCT) may be measured where IVRT is equal to the time from the closure of the aortic valve to opening of mitral value and IVCT is the time

of closure of mitral valve to opening of aortic valve.

can be calculated. However, tissue Doppler is only useful when
the tissue motion is aligned with the direction of the ultrasound
beam which has limitations in the assessment of cardiac radial
function but has been used to good effect in studying mitral valve
annulus movement.

Newer Imaging Techniques

Speckle Tracking

Alternative non-Doppler techniques such as speckle tracking
can also be used to track tissue motion and as such are not
reliant on alignment between beam and direction of movement.
Speckle is effectively the fine background noise on ultrasound
images. It is formed by the interference between echoes from
structures which are smaller than the resolution of the ultrasound
system. This interference pattern (speckle) is random and unique
for any volume of tissue and although it may change with
movement of the tissue, image processing techniques can be
used to recognize and track the movement in 2D and 3D [3].
In order to use speckle tracking techniques, high frame-rates
are required (>250 frames/s) with faster heart rates requiring

higher frame-rates to ensure points of maximal and minimum
strain and rate are captured. Using speckle tracking a range of
parameters can be measured including displacement, velocity
and strain and strain-rate.

Elastography Techniques

Ultrasound Elastography techniques are used to obtain
information on the stiffness of tissue and can essentially be
divided into those techniques which measure strain and those
which measure shear wave velocity and from that directly
measure Young’s modulus (stress/strain). Strain elastography
involves deformation of the tissue by application of a force
(stress) and measuring the resulting degree of compression
or extension of the tissue (strain) and comparing this to a
reference soft tissue yielding a parameter known as the strain
ratio. Since the magnitude of the stress applied is difficult to
measure, strain elastography is not an intrinsic measure of tissue
stiffness per se but the strain ratio can be used to infer tissue
stiffness. Strain-rate is the change of tissue deformation with
time. Both strain and strain-rate are routinely used in cardiac
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of blood away from the transducer and red toward the transducer.

FIGURE 5 | Color Doppler region of interest superimposed on 2D B-mode image of mouse liver. Color Doppler shows the vessel network —blue indicating movement

1.5 mm

2

applications, where strain and strain-rate values from different
regions of the myocardium can be compared. Strain analysis
using ultrasound is generally performed using speckle tracking
techniques whereby the speckle within different pre-selected
ROIs (kernals) is tracked and the relative displacement between
the two kernals can be measured. The distance between the two
kernals, enables strain to be calculated and the variation of strain
over time is strain-rate (s~1) [4] (Figure 7).

Alternatively, the measurement of shear wave velocity enables
a quantitative measurement of Young’s modulus of elasticity, E,
provided that the tissue can be assumed to be incompressible
(no change in density) and uniformly elastic (Figure 8). The
shear modulus G is related to the Youngs modulus of
elasticity E, by the following equation. E = 3G. Shear wave
velocity, ¢, generated as a result of a shearing force is given
by, ¢s = /(G/p). By measuring the shear speed (usually
between 1 and 10m.s~!) and knowing the density, p, of
the soft tissue (estimated at 1,000 kg.m~3), Youngs modulus
of elasticity can be calculated from the equation E = 3pc2.
Hence measuring the shear speed can provide quantitative
information on the elastic modulus. More detailed information
on elastography techniques can be found in Hoskins [5] and
Bamber et al. [6].

Non-linear Imaging Techniques

Non-linear imaging techniques are utilized principally in the
detection of ultrasonic contrast microbubbles (encapsulated
gas bubbles). Contrast microbubbles when insonated with an

ultrasound beam will begin to oscillate, expanding during
the negative phase of the cycle and contracting during the
positive phase. Dependent on the frequency and amplitude
of the transmitted ultrasound the microbubbles can produce
a significant non-linear backscattered signal without being
destroyed. Since soft tissues predominantly scatter ultrasound
in a linear manner by removing or canceling the linear
component of the backscattered signal the kinetics and dynamic
enhancement of organs can be visualized and quantified by
measuring the increase in non-linear signal as a function of
time. This can then be displayed in a variety of ways such as a
maximum intensity projection sequence which will enable the
dynamic filling patterns to be established within a region or as
a graph illustrating the backscattered intensity kinetics within a
region-of-interest (Figure 9).

Ultrafast Doppler

Novel imaging techniques such as ultrafast imaging and ultrafast
Doppler techniques enable exquisitely detailed images and
volumes of tumor vascularity to be built up even from vessels
with very slow flow which are difficult to locate with standard
Doppler techniques [7].

PRECLINICAL ULTRASOUND—CARDIAC
APPLICATIONS

The heart is probably the most challenging organ to image
within the rodent due to its small size and rapid and
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FIGURE 6 | 3D Power Doppler image of mouse testes. Imaged using 40 MHz probe.

complex motion. However, rodent models of cardiac diseases
and myocardial infarction (MI) give valuable insights into
anatomic and physiologic changes which are often directly
aligned with changes observed in human cardiac disease and thus
provide opportunities to assess novel therapeutic approaches
and interventions.

Adult and neonatal cardiac scanning in mice, is routinely
undertaken with the mouse in the supine position, hence
the standard views obtained from mouse models are not
exactly comparable to images acquired from clinical subjects
who are scanned while lying in the left decubitus position.
The ECG, respiration and temperature of the mouse are
continuously recorded and monitored to ensure minimal
variation throughout the scan-time. However, due to the
range of mouse strains, anesthetic choice and depth there is
a wide variation in accepted normal ranges of rodent cardiac
indices. A recent review recommended standardized methods of
measuring and reporting cardiac physiology in the adult murine
model [8] and forms a useful step toward the introduction of
standardized scanning procedures similar to those introduced
by the American Society of Echocardiography and the

European Association of Cardiovascular Imaging for clinical
practice [9].

Similarly to clinical studies, all of the ultrasound imaging
modalities: B-mode, M-mode, Doppler ultrasound and strain
imaging can be used to assess cardiac function in mice.

Measurement of Cardiac Function in Adult

Rodents

For adult mice scanning, transducer frequencies of 30-40
MH?z are used, while for rats, ultrasound transducers operating
between 10 and 25 MHz may be used—the higher frequencies for
applications in smaller rats. To achieve high temporal resolution,
only one focal position should be selected and placed at a depth
commensurate with the region-of-interest.

There are two standard views used for initial assessment
of the heart using parasternal 2D B-mode imaging—long-axis
and short-axis views. Using these views initially provides a
gross overview of the movement of left ventricular myocardial
walls and mitral and aortic valve movements enabling areas
of hyper-, hypo- or dyskinetic regions to be identified for
further investigation. Due to the rapid heart-rate, cine-loops
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FIGURE 7 | Strain rate imaging of a nude mouse with Ml as the result of ligation of left coronary artery. Top Ihs is long-axis view of heart with arrows indicating direction
and magnitude of movement of endocardial border. Bottom Ihs shows change in volume of cavity over consecutive cardiac cycles alongside ECG and respiration. Top
rhs shows radial strain-rate curves from five points selected on endocardial border while lower rhs shows longitudinal strain-rate curves from the same five points.

are generally acquired and can be reviewed at a much slower
rate enabling key-points in the cardiac cycle such as systole
and diastole to be identified. Alternatively a technique known
as electrocardiogram-gated kilohertz visualization (EKV) can be
used to investigate motion over one cardiac cycle with very high
temporal resolution (1,000 frames/s). EKV scanning acquisition
times are of the order of 30-60s with the acquisition gated
on the ECG and respiration cycles. Effectively sequential M-
modes are acquired across the heart and temporally interleaved
into a high temporal resolution 2D B-mode image data set of
a cardiac cycle. Using this technique enables easier tracking of
myocardial borders. Parameters that can be measured from B-
mode or EKV images include stroke volume, ejection fraction,
cardiac output, endocardial area, epicardial area, and percentage
fractional myocardial area change. The formula and techniques
used to measure these are beyond the scope of this review but
can be found in Lang et al. [10].

M-mode is especially useful for the measurement of the
maximum and minimum dimensions of the ventricles for
calculation of cardiac indices such as fractional shortening and
for the assessment of myocardial wall abnormalities (Figure 2).
However, M-mode measurements of chamber size should not be

used for measurement of cardiac indices derived from volume
measurements (e.g., ejection fraction) as these make assumptions
re the shape of ventricles which are prone to error especially for
animal models which have suffered myocardial infarctions and
for which the shape of the ventricle can undergo deformation
and remodeling. M-mode imaging can also provide information
about valve movements with the M-mode line aligned with the
tip of the mitral valve leaflets to study the thickness of the leaflets
and valvular dynamics. Likewise for the aortic valve M-mode can
be used to assess aortic valve cusp separation.

Four-dimensional imaging of the rodent heart is undertaken
by acquiring multiple 2D EKV cineloops over a cardiac cycle.
Gating on the ECG and respiration can be done either during
acquisition or reconstruction of the 3D data-set. These cineloops
are acquired at discrete, user-determined distances in either long-
or short- axis views yielding a full 4D dataset. The cineloops
are then temporally interleaved and reconstructed to allow the
heart to be dynamically visualized over one cardiac cycle. 4D
imaging enables the volume of cardiac chambers to be established
with fewer inherent assumptions re the shape and dynamics
of the chambers compared to calculations using 2D images
(Figure 10). As such calculation of indices requiring volume
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calculations, e.g., ejection fraction are more accurate and precise =~ where color Doppler has being used to localize and identify
than measurements undertaken using 2D acquisitions [11]. the left anterior coronary artery and spectral Doppler enabling
Doppler measurements are used in echocardiography to  measurement of the velocities within the artery.
measure blood flow across the mitral and aortic valves within the
heart. With the Doppler sample volume sited at mid-ventricular ~ Strain and Strain-Rate Imaging
level, in the apical 4-chamber view, mitral valve early (E) and late Strain and strain-rate imaging are of speciﬁc value in rodent
[atrial (A)] inflow velocities can be seen in the mitral spectral  cardiac imaging providing information on regional myocardial
Doppler trace—the ratio of E/A and the deceleration time of  deformation. Most commercial scanners use speckle tracking
the E-wave are indicators used in the assessment of diastolic  to determine strain (deformation)—by measuring the relative
function (Figure 4). For some animals, separation of the E and  displacement of two kernals to determine strain and its variation
A waves can be difficult to achieve due to the high heart- over time to give strain-rate. In addition to a global strain
rates displayed by adult mice. However, isovolumic relaxation = parameter, radial, circumferential and longitudinal strain can
time can be measured along with systolic parameters such as  be obtained providing information on regional segmental
ejection time and isovolumic contraction time enabling the  myocardial motion and systolic function. The timing of
calculation of myocardial performance index, an indicator of = maximum and minimum strain and strain-rate values relative to
cardiac performance (see section on embryonic imaging). systole and diastole can provide data on desynchronises between
Color Doppler is used in adult rodent echocardiography for  different myocardial regions especially relevant in infarct models
the rapid assessment of blood flow within the chambers and  (Figure 7) [12-14].
specifically across valves. Constriction of valves can result in
jetting which can be visualized as rapid flashes of color across ~ Contrast Agents
the valves during contraction of chambers. This enables easier  Ultrasonic contrast agents used in preclinical studies for
localization of the spectral Doppler sample volume within the jet  yltrasonic enhancement are composed of lipid-encapsulated
to measure maximal velocities for assessment of constriction of  gas-filled microbubbles which are injected via the tail-vein
valves. Color Doppler can also be used to localize small vessels.  jnto the rodent. The agents are purely vascular agents, mixing
Figure 11 shows a duplex image (color and spectral Doppler) freely with the blood. Limited enhancement is achieved using
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B-mode imaging, but in many instances this is sufficient
to give enhancement of endocardial borders even at these
high frequencies far removed from the resonant frequency
of the microbubbles. Such enhancement enables better
visualization and delineation of chamber volumes. The
maximum recommended volume of contrast is 5 pl/g IV for
rats but for mice a bolus injection of 50 ul is sufficient to see
enhancement within the heart.

Measurement of Cardiac Function in

Embryonic Mice

In embryonic mice and rats, the ultrasound backscattered signal
from the circulating red blood cells is much greater than in adults.
This is due to the nucleation of the red blood cells within the
embryos and this enhancement can persist up to 3 to 4 days post-
birth. This enhancement of the cardiac chambers, along with the
complexities of determining the direction of blood flow within
embryonic hearts and subsequent alignment of the Doppler beam
along the direction of blood flow can make measurement of
cardiac performance of embryos a challenging technique. In
addition, since it is not possible to obtain an ECG from the
embryos, the timing of diastole and systole is determined either
by measurement of the movement of the myocardial walls or
from the spectral Doppler waveform. Finally, the user needs to
be mindful of the duration of anesthesia and its effect on both
dam and embryos.

Since determination of the orientation of the heart can be
challenging, even in older embryos, measurement of ratios
calculated from the Doppler spectral trace will negate the
angle dependence associated with aligning the Doppler beam
with the direction of flow. Hence E/A ratios discussed above
are useful indices to obtain although in embryos the A wave
tends to be larger than the E wave. Likewise a parameter
known as the myocardial performance (Tei) index which
is a ratio of timing intervals determined from the spectral
Doppler trace [summation of the isovolumic relaxation time
(IVRT) and isovolumic contraction time (IVCT) divided by
the ejection time (ET)] is useful and is largely unaffected by
the angle of insonation. The myocardial performance is an
indicator of overall cardiac performance with higher index values
corresponding to an increasing dysfunctional heart. Strain rate
imaging in embryonic mice is challenging and this may be due
to the increased echogenicity of the blood pool, making speckle
tracking more difficult.

Measurement of Cardiac Function in

Neonatal Mice

Cardiac scanning of neonatal mice from day 1 post-partum (P1)
is also possible. However, due to their small size and reduced
hair-cover, care needs to be taken to ensure that they maintain
body temperature (monitored using a neonatal rectal probe)
throughout the scan. In addition, neonates can present anesthesia
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challenges and use of an adaptor and nose cone to ensure
sufficient depth of anesthesia is recommended. In addition,
dependent on the scanning table utilized, it is often necessary
to use copper-tape to extend the electrodes to ensure a good
ECG signal is obtained [15]. Ultrasound probes operating up to
50 MHz can be used to image early post-partum neonates and
EKV scanning can be used to acquire high temporal and spatial
resolution images.

Measurement of Cardiac Function in
Zebrafish

The zebrafish (Danio rerio) has increasingly become an
important tool in medical research [16], with significant
application to the investigation of an extensive range
of cardiovascular human diseases [17]. Its small size and
corresponding small space requirements, relatively rapid sexual
maturity (~3 months), generation of hundreds of embryos every
week and external fertilization makes it increasingly one of the
accessible animals for study.

The cardiac function of zebrafish can be imaged using
preclinical ultrasound. The zebrafish heart is composed of
4 chambers—sinus venosus, atrium, ventricle and bulbus
arteriosus. Light anesthesia can be induced for adult fish by
injection of MS222 in the tank water. The fish can then be
manipulated and placed on their dorsal side and gently restrained
using plasticine that is lightly hand-molded around their bodies.
Transducers up to 55 MHz can be used to image the hearts in
both long and short axis views. Obtaining an ECG signal from
adult zebrafish is challenging so the timing of systole and diastole
is determined from cardiac chamber size and spectral Doppler
traces with adult heart rates ranging from 120 to 180 beats/min.
Additionally, the echogenicity of blood within adult zebrafish is
similar to the surrounding tissue structures (Figure 12) making
the differentiation of chamber volumes challenging.

Measurement of Cardiac Function in
Embryonic Zebrafish

Assessment of cardiac function in embryonic zebrafish using
ultrasound is also possible although the optical transparency of

FIGURE 12 | Spectral and color Doppler (Duplex) image of adult zebrafish heart.
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FIGURE 13 | B-mode image of a 5 day-post-fertilization zebrafish embryo suspended in agar. Embryo imaged at 55 MHz.

embryos means that cardiac function can also be studied using  required for imaging the kidneys so multiple focal positions can
light microscopy techniques including video edge-detection  be selected across the depth of the kidney. Frequencies used tend
techniques. Using Doppler ultrasound techniques, a rapid be between 30 and 40 MHz dependent on the size of the animal.
assessment of cardiac function can be undertaken with heart-  B-mode imaging is used to locate the kidney with the cortex
rates in zebrafish embryos dependent on the temperature but at  of the kidney tending to have increased backscatter (brighter)
28°C are around 200 bpm [18]. Before scanning, embryos are ~ compared to the central medulla. Both kidneys can be scanned
anesthetized in a petri-dish using MS222 and then embedded in  in the adult rodent. Figure 14 shows an image of a mouse kidney
agarose. Once the agar has set, fresh aquarium water is added to  and a duplex image using color Doppler to locate the vessel
the dish to limit the effects of anesthesia. Individual embryonic  and direction of flow before placing the spectral Doppler sample
fish can be then identified, and the orientation of their hearts ~ volume within the vessel. Renal blood flow can be measured
noted using a stereomicroscope. The dish is then placed on  and the renal arterial resistive index calculated (peak systolic
top of a heated plate and temperature maintained at 28.5°C  velocity—the end diastolic velocity) /peak systolic velocity) and
whilst scanning is being undertaken with a thermocouple placed its value indicative of the resistance to blood flow in the vascular
adjacent to the embryo to monitor temperature. The ultrasound  bed [19].
transducer is then lowered into the water and individual embryos Vascularity of the kidney can also be studied using ultrasonic
may then be scanned (Figure 13). contrast agents. When contrast is being used, the mouse is
scanned in the prone position avoiding the potential of imaging
artifacts caused by intestinal shadowing which can occur when

PRECLINICAL ULTRASOUND —KIDNEY the kidneys are scanned with the mouse in the supine position.
APPLICATIONS Contrast agents are bolus-injected or infused using a syringe

pump via the tail-vein. An injection of 50 pl Micromarker
The kidneys in a mouse can either be scanned with the mouse  (Bracco Research SpA, Geneva, Switzerland) over a 5 second
in supine or prone position. The hair can be removed firstly — period of a 1:5 dilution is a typical dosing regimen. For
with electric hair clippers and then with depilatory cream. Unless ~ acquisition, baseline images are acquired in contrast-specific
contrast agents are being used, high temporal resolution is not  imaging mode immediately prior to injection of the contrast
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FIGURE 14 | (A) B-mode image of kidney. Note the two focal positions on the image. (B) Duplex image of mouse kidney. In the Duplex image, the sample volume is
localized using the color Doppler box as an indicator to show where the vessel lies and direction of blood flow.

agent and are saved either as a separate data-set or a temporal
stamp is placed on the contrast image sequence indicating when
contrast is injected and images taken prior to this time-stamp are
considered baseline images. An alternative approach is to inject
the contrast agent, then destroy the contrast agent within the
2D plane using a short, low-frequency high pressure acoustic
pulse. The low-pressure contrast-specific imaging sequence is
then reinstated, with the initial frames immediately after these
high pressure pulses regarded as baseline images with subsequent
frames displaying contrast enhancement. After contrast injection
along sequence of 2D images are obtained, the length of sequence
can be pre-set by the user. Once the sequence has been saved,
either in-house software or contrast-specific software developed
by the manufacturers can be used to map the intensity of the
backscattered signal within the regions-of-interest (eg medulla,
cortex) to study the perfusion-dynamics. Metrics of interest
include area-under-the curve, time-to-peak enhancement, wash-
in rate and these can be used as indicators of blood volume and
vessel density [20]. In many instances if an ischemic-reperfusion-
injury (IRI) mouse model is being studied, one kidney can act as
a control and both B-mode and contrast-enhancement data can
then be acquired from both kidneys.

PRECLINICAL ULTRASOUND—-LIVER
APPLICATIONS

The liver is a large organ within the mouse and consists of four
lobes. To image the mouse liver, the mouse is again scanned in
the supine position using insonating frequencies between 30 and
40 MHz (Figure 15). B-mode ultrasound can be used to image
all 4 lobes of the liver while ultrasound enables the portal vein
and hepatic artery to be identified and blood velocities measured.
Identification and sizing of tumors; staging of non-alcoholic fatty
liver disease [21] and determination of fibrosis in the liver can
also be achieved at preclinical frequencies. For the assessment
of fibrosis in the liver, shear wave imaging techniques can also

be used to measure the viscoelastic properties of mouse liver
(Figure 8) [22]. For preclinical imaging applications, shear waves
are generally generated by a lower frequency 20 MHz radiation
pulse and a 40 MHz probe used to measure the shear wave
propagation within the liver tissue.

PRECLINICAL—ULTRASOUND: GUIDED
INJECTIONS

High-frequency ultrasound can also be used to guide injections
into specific areas within the mouse anatomy. For injections
into joints, this has recently been shown to have a higher
success rate than using traditional anatomic landmarks [23].
Moreover, the less invasive approach of inducing infection
within the uterus of a mouse using ultrasound-guided injections
of lipopolysaccharide rather than through a mini-laparotomy
clearly aligns with the principles of reduction, replacement
and refinement which are central considerations for animal
research [24]. Injections into fetal brains on externalized
embryos, into adult kidneys and pancreas for orthotopic
tumor cell injections and into the myocardium can all
be undertaken.

PRECLINICAL ULTRASOUND: LYMPH
NODES

Due to their size and location, identification of lymph nodes
using high frequency ultrasound can be difficult within the mouse
model with many lying deep within the body, encapsulated in fat
pads and some, such as the mesenteric lymph node, surrounded
by the intestines. However, for cancer models it is important to
locate the sentinel lymph node i.e., the node to which the primary
tumor drains to first. To this end, both novel contrast agents [25]
and novel ultrasound imaging techniques are under development
to aid the detection of the location of this node [26].
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the liver.

FIGURE 15 | (A) B-mode image of right lobe of normal mouse liver. Imaged using 40 MHz probe. (B) Color Doppler image of liver showing hepatic blood flow within

PRECLINICAL ULTRASOUND: CRANIAL

The use of ultrasound to study the development of the
embryonic mouse brain in utero is well-established [27, 28]
with development of individual embryos tracked throughout
gestation. However, the effects of attenuation and resultant
aberrations in the ultrasound field caused by the skull in
post-natal mice and rats tend to yield poor quality images
resulting in the need for either a craniotomy or thinning
of the skull to remove or reduce these effects. However in
recent years, the use of high frequency transcranial ultrasound
to study brain vasculature and cortex activation in non-
anaethetised mice enabling longitudinal studies on post-natal
brain development has been demonstrated [29]. The techniques
utilized ultrafast (>500Hz) compound Doppler techniques
where the backscatter from multiple plane-wave emissions
acquired at a range of angles are compounded. These early studies
show in exquisite detail the future potential of using ultrasound
for neuroscience applications.

DISCUSSION

The real-time nature of ultrasound, its small footprint in the
preclinical laboratory and the inexpensive nature of ultrasound
imaging compared to MRI and PET/CT, have made it a vital
element within the preclinical imaging laboratory. However, the
ease of image acquisition using ultrasound by non-specialist
researchers has also resulted in a lack of rigor in the reporting of
the scanning planes utilized to acquire measurements. This lack
of rigor has resulted in a lack of consensus on the “normal” range
of physiological values. The effect of heart-rate, temperature, type
and depth of anesthesia also influence cardiac measurements and
are essential to report in any study [30, 31].

The vast increase in computing power has resulted in
reductions in acquisition time of 3D volumes of organs and
tumors and 4D acquisitions of the moving heart. Although
these extra imaging dimensions will undoubtedly result in more

accurate volume measurements it is not yet clear of their potential
to provide additional diagnostic information. However, for the
non-specialist user of ultrasound acquiring data in 3D enables
visualization of structures more easily than from a single 2D
imaging plane.

Although widely used within the clinical community,
techniques such as strain, strain-rate and shear wave imaging are
still gaining traction within the preclinical community. Strain and
strain-rate values and the timing of their maximum values within
the cardiac cycle may well prove useful as early indicators of
myocardial dysfunction similar to that found in clinical studies.
The use of shear wave imaging to measure fibrosis in the liver
has been developed on one commercial preclinical platform.
Certainly, the evidence is encouraging that these techniques
can provide useful diagnostic information but more studies
are required to validate this for preclinical rodent models and
similarly to clinical studies there must be an understanding of the
limitations of the technique [4].

Contrast agent development has been ongoing for the last
30 years with initial emphasis on the development of agents to
highlight the ultrasound signal from vascular structures. Since
contrast-specific imaging techniques rely on generating images
based on the non-linear signal scattered from the microbubbles,
a transducer of sufficient frequency bandwidth and sensitivity
to these signals is required. At the frequencies used in clinical
applications this is easily achieved (for a 4 MHz center frequency
transducer, second harmonic is at 8 MHz) and transducers
used for contrast imaging are usually sensitive up to at least
the second harmonic i.e., twice the fundamental transmitted
frequency. However, at preclinical frequencies, this is more
challenging—in order to capture signals generated at the second
harmonic, a much broader bandwidth transducer is required
(20 MHz center frequency with second harmonics generated
at 40 MHz and sub-harmonics at 10 MHz). Consequently,
it tends to be the lower frequency preclinical transducers
which have been optimized for contrast-specific imaging and
thus, especially in mouse and zebrafish studies, there is an
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immediate reduction in spatial resolution when undertaking
contrast studies. The development of capacitive micromachined
ultrasound transducers (CMUTs) may provide a solution for
higher resolution contrast microbubble work. CMUTS rely on
a change in capacitance for generation of ultrasound rather
than piezoelectricity and because they can be micromachined,
lightweight 2D arrays are easily manufactured. In addition, they
can be operated over a broad bandwidth and hence may be
useful in the generation and detection of non-linear signals from
contrast agents at higher frequencies necessary for optimal spatial
resolution in preclinical animal models.

Super-resolution imaging can be used to generate very
high resolution images. Using a sparse distribution of contrast
microbubbles whereby single microbubbles are considered as
point sources and over multiple ultrafast frame acquisitions
composite images can be built up with resolution beyond the
diffraction limit of the transmitted ultrasound [32]. Although
the images require considerable post-processing, these images are
exquisite in the detail. Improved computing power will improve
the speed at which these images can be generated.

Although there is only one commercially available
contrast agent manufactured for preclinical applications,
lipid-encapsulated microbubbles can be made within the lab
environment [33]. These microbubbles can be formulated to
be used not only as contrast-enhancing agents but also as
theranostic agents since targeting ligands can be relatively easily
attached to the lipid shells and a drug payload incorporated
within or loaded onto the microbubble shells. Although it is
known that the drug payload can be released by insonation
of the contrast microbubble by a high pressure acoustic pulse
the translation of results obtained under highly controlled
conditions in vitro have not yet been effectively translated to
preclinical and clinical studies [34]. However, the development
of mono-disperse microbubbles coupled with increasing access
to the drive electronics within commercial preclinical scanners
is likely to prompt new imaging sequences specifically tailored
to these unique microbubble formulations and provide new and
exciting theranostic applications.
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