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The field of vascular biology is broad, as the vascular 
system plays a role in the development and 
progression of many diseases and pathologies. 
Vascular research aims to uncover the underlying 
mechanisms of vessels as they relate to organ-
specific diseases. Research in this area can be 
focused on angiogenesis, microcirculation/perfusion, 
inflammation, etc. as it relates to cancer, diabetes, 
atherosclerosis, stroke, and other pathologies. 
 
Ultrasound imaging is a powerful tool that provides 
real time, non-invasive information and can be used 
to visualize vessels and evaluate blood flow. 
Preclinical vascular research is important for a wide 
range of diseases but demands high resolution in 
small animal models. Most conventional ultrasound 
systems are limited to frequencies in the 2-15 MHz 
range and do not afford resolution needed for small 
animal preclinical research [1, 2]. For this reason, 
VisualSonics has developed ultra-high frequency 
ultrasounds, or micro-ultrasound, to bridge the gap 
for preclinical research needs. VisualSonics Vevo 
3100 ultrasound system operates at frequencies 
ranging from 15 MHz up to 70 MHz which achieves 
spatial resolutions down to 30 microns. This high 
frequency micro-ultrasound imaging technology is 
perfectly suited for vascular biology preclinical 
research. 
 
Some applications and examples of vascular imaging 
measurements are: 

 Assess anatomical and physical changes in 
vessels 

o Intima-media thickness 
o Atherosclerotic plaque identification 
o Arterial wall motion 
o Systolic vs. diastolic diameter 
o Venous thrombus identification 

 Determine health of tissues supplied by a 
vessel  

o Resistive Index 
o Pulsatility Index  

 Determine flow volume or velocity 

 Pulse wave velocity (PWV) to assess arterial 
stiffness.  

 

 
 
 
 
 
 
 
In addition to ultrasound, VisualSonics offers a hybrid 
imaging system called Vevo LAZR-X, which is a 
photoacoustic imaging platform. Photoacoustics 
merges optical imaging, using laser light, and 
ultrasound. The high frequency ultrasound provides 
superior resolution and the laser operates in the 
wavelength ranges of 680-970nm and 1200nm-
2000nm. With these wavelengths it is possible to 
assess tissue oxygenation and image various 
contrast agents, allowing true molecular imaging 
capabilities for vascular researchers.  
 

Micro-Ultrasound Applications 

Many diseases are associated with abnormalities in 
vessel walls and hemodynamic changes. To 
accurately assess these changes ultrasound features 
a variety of imaging modes including B-mode, M-
mode, color Doppler, power Doppler, and pulsed-
wave Doppler.  
 
a. Anatomical Information 
B-mode is the basic grey scale mode used to 
visualize the anatomy. Many vessels, including the 
aorta, pulmonary, carotid, etc. can be easily imaged 
in B-mode (Figure 1). This mode can be used to 
follow vessel remodeling or plaque formation over 
time [3].  
 

 
Figure 1: B-mode image of mouse left common carotid 

 
M-Mode imaging, or “Motion-Mode” can be used to 
analyze vessel wall thickness as well as the 
movement of vessel walls over time. This can 
provide valuable information on the elasticity of the 
vessel wall as it changes in diameter from systole to 
diastole (Figure 2). Studies have shown that using 
both imaging modes described above are useful in 
evaluating carotid artery wall motion and plaque 
burden [4, 5]. Intima-media thickness of various 
vessels can also be assessed which is associated 
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with cardiovascular risks [6-8] and can be used as a 
predictor of major cardiac events [9]. 
 

 
Figure 2: M-mode image of mouse left common carotid. 

Measurements: wall thickness and vessel diameter in systole and 
diastole. 
 

b. Hemodynamics 
Further interrogation of vascular changes in 
preclinical animal models can be achieved by 
visualizing and quantifying hemodynamic changes 
with the use of color Doppler, power Doppler, and 
pulse wave (PW) Doppler. Color and Power Doppler 
enable visualization of either directional or non-
directional blood flow, respectively. The ability to 
observe blood flow in real-time is helpful in the 
evaluation of valvular disease, including stenosis and 
regurgitation [10, 11]. Color Doppler is also a critical 
tool to guide where to place sample volumes for PW 
Doppler which is used to display blood flow velocity 
(Figures 3 & 4). Changes in blood flow velocity, and 
in particular sheer stress [12], resistive index, and 
pulsatility index are calculated using PW Doppler 
measurements. Changes in these parameters can be 
prognostic indicators in abdominal aortic aneurysm 
[13], kidney disease [14], diabetic nephropathy [15], 
or placental insufficiency [16]. 
 

 
Figure 3: Color Doppler mode image of a mouse abdominal aorta, 
showing branching of the superior mesenteric artery (SMA) and 

celiac artery. 

 

 
Figure 4: PW Doppler waveform of mouse renal artery. 
 
c. 3D and 4D Imaging 
3D imaging provides accurate volume quantification. 
For example, if a plaque is identified in a vessel 
using 2D ultrasound, 3D imaging can be used to 
generate images for plaque volume characterization 
(Figure 5a, 5b). 3D imaging has been reliably used 
for abdominal aorta segmentation and volume 
analysis [13]. 
 

 
Figure 5a: 2D image showing atherosclerotic  
plaques in a mouse aortic arch 
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Figure 5b: 3D mesh view of a mouse aortic  
arch (blue) with plaques (red) 

 

4D imaging is one of the newest developments by 
VisualSonics that is a blend of 3D imaging plus high 
temporal resolution using EKV acquisition. EKV (or 
ECG gated Kilohertz Visualization) data is taken at 
every time point along the cardiac cycle during 3D 
image acquisition (Figure 6), allowing one to see the 
dynamics of a blood vessel. 4D removes 
assumptions regarding shape or dynamics of vessels 
including volumetric changes, area changes, and 
linear measurements on individual frames. 
 

 
Figure 6: 4D image of a mouse abdominal aorta 
 

4D imaging has enhanced researchers’ ability to 
understand the complex dynamics associated with 
vessel kinetics and geometry. Cebull et al. have 
developed a novel, customized image acquisition 
and processing method that allows strain mapping of 
4D ultrasound in abdominal aortic aneurysms (Figure 
7) [17].  
 

  
Figure 7: Representative end of study images of 3D strain in 
mouse AAA model (Cebull et al. 2019). 

 

d. Contrast Enhanced Ultrasound (CEUS) 
Ultrasound contrast agents are used to assess 
macrovascular and microvascular perfusion. Gas 
filled bubbles which have been optimized for high 
frequency ultrasound can be intravenously injected 
and easily detected within a specific region of 
interest. The microbubbles are restricted to the 
vascular space and true tissue perfusion (down to 
the capillary level) can be quantified based on the 
kinetics of the contrast microbubbles. This technique 
has been adopted in vascular medicine to help 
evaluate extracardiac events of ischemia and 
neovascularization in diseases such as 
atherosclerosis [18], and peripheral artery disease 
[19-20]. 
 
Microbubbles can also be targeted to vascular 
ligands of importance using streptavidin and biotin 
coupling, enabling ultrasound molecular imaging. 
The ability to detect and monitor differential 
expression of molecules within the vasculature can 
be used as a prognostic indicator and aid in the 
diagnosis of disease. Targeted microbubbles are 
particularly of interest in atherosclerotic plaque 
development because angiogenic events are unable 
to be detected with current diagnostic imaging 
modalities [21]. 
 
Over the past several years ultrasound molecular 
imaging has gained traction. Some promising 
targeted contrast agents demonstrate high potential 
for clinical translatability [22] or have received FDA 
approval (BR55, VEGFR2 target by Bracco).  
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e. Advanced Vascular Analysis 
In addition to conventional approaches used to 
derive vascular parameters (described above), semi-
automated approaches have been developed that 
provide a more in-depth understanding of vascular 
disease and remodeling. Vevo Vasc is an analysis 
package that applies advanced speckle tracking 
algorithms to quantify vessel wall displacement 
during a cardiac cycle (Figure 8).  
 

 

Figure 8: B-mode image of the abdominal aorta with vessel wall 
velocity vector arrows used in strain analysis. 

 

Strain, which is a measurement of this displacement, 
is a useful indicator of a vessels mechanical 
properties, such as stiffness. In  
atherosclerosis of the coronary artery [23], plaque 
development leads to vessel stiffening and is 
associated with a reduction in strain. Similarly, strain 
is reduced in intimal hyperplasia [24], where stiffness 
increases due to thickening of the tunica intima.  
 
Pulse propagation velocity is another advanced tool 
that measures flow velocity by taking the ratio 
between the change in blood flow and the change in 
cross-sectional area of the vessel following a cardiac 
cycle [25]. With Vevo Vasc it is possible to estimate 
these changes across the entire length of the vessel. 
Similar to strain, these measurements can provide a 
good indication of vessel stiffness and could be 
useful to detect subtle changes in vascular diseases 
[26]. 
 

Photoacoustic Imaging Applications 

Photoacoustic imaging is an emerging biomedical 
imaging technique that combines the high specificity 
of optical imaging techniques with the spatial 
resolution of ultrasound [27]. Using photoacoustic 
imaging, it is possible to measure several 
endogenous molecules including hemoglobin, 
melanin, collagen, and lipids. There are also a variety 
of dyes and nanoparticles that can administered in 
order to enhance photoacoustic imaging contrast. 
The Vevo LAZR-X system enables imaging of both 
endogenous and exogenous absorbers.  

a. Hemoglobin 
Hemoglobin is an abundant molecule present in red 
blood cells that provides strong photoacoustic 
contrast within the near infrared light range. The 
binding of oxygen to hemoglobin modifies its optical 
properties, making it possible to distinguish 
differences in oxy- and deoxy-hemoglobin content. 
The Vevo LAZR-X Oxy-Hemo mode takes advantage 
of these differences to provide information on both 
tissue hemoglobin levels as well as blood oxygen 
saturation. 
 
Photoacoustic imaging creates opportunities to study 
vascular biology through mapping blood vessel 
structure, assessing tissue perfusion, and detecting 
hypoxia [28]. The safety and feasibility of 
photoacoustic imaging for visualizing normal 
vasculature has been demonstrated in healthy 
human subjects [29, 30]. Likewise, photoacoustic 
imaging is capable of detecting vascular 
abnormalities in subjects with arteriovenous 
malformations [31] or within tumor tissues [32].  
 
In cases of vascular injury, photoacoustic imaging 
allows for determination of thrombi location and size, 
and can help measure changes in tissue perfusion 
following occlusion [33]. Photoacoustic based 
hemoglobin measurements have also been 
performed in mouse models of peripheral arterial 
disease [34]. These studies reveal reduced tissue 
perfusion that are accompanied by increased 
deoxyhemoglobin levels. These measurements are 
also useful when evaluating novel therapeutics to 
restore vessel function after injury [35]. Similar 
observation have also been made in patients with 
Reynaud’s disease [36]. 
 
The ability of photoacoustic imaging to measure 
blood oxygenation levels has garnered considerable 
interest in the research community. Reduction in 
blood oxygenation levels are a good indicator of 
vascular injury and vessel occlusion [34], as loss of 
perfusion leads to increased hypoxia (Figure 9). 
Photoacoustic oxygen saturation measurements can 
also be performed in the brains of small animals [37] 
to identify regions of ischemic stroke [38]. The 
oxygenation status of chronic, hard-to-heal wounds is 
an area of increasing interest for wound therapy. 
Photoacoustic imaging can provide a non-invasive 
approach to assess wound oxygenation levels and 
evaluate new treatments that improve oxygenation 
[39]. 
 
 
 

Figure 9: (left) B-mode image of mouse hindlimb. Corresponding photoacoustic imaging of oxygen saturation levels 

during ischemia (middle) and after reperfusion (right). 

Ischemic region 
Reperfused 
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b. Lipids 
Photoacoustic imaging is capable of detecting 
endogenous signals from lipids within tissues.  
These signals are typically measured in the second 
near infrared window, between 1200-2000 nm. Given 
the lipid rich nature of plaques in atherosclerosis [40], 
photoacoustic imaging may provide clinicians with 
critical information on the risk of plaque rupture and 
help guide treatment.  
 
Studies in ex vivo carotid [41] and aorta [42] samples 
highlight the ability of photoacoustic imaging to 
measure plaque lipid content, and reveal good 
spatial agreement with histology. Longitudinal 
photoacoustic imaging studies in mouse models of 
atherosclerosis also show the potential to detect 
plaque development over time [43]. Researchers are 
now examining miniaturized photoacoustic imaging 
probes that can be used for intravascular 
photoacoustic imaging [44-45]. Importantly, these 
approaches provides a non-destructive method to 
measure lipid content. 
 
c. Collagen 
Collagen is an endogenous absorber present in the 
connective tissues that line vessels to provide 
additional strength and maintain elasticity. Although 
collagen is not a dominate absorber in the near 
infrared region, it can be measured through multi-
wavelength photoacoustic imaging and the advanced 
spectral unmixing tool available in Vevo LAB. 
Photoacoustic imaging of vessel collagen levels has 
not been performed to date, however it has been 
utilized to measure increased collagen deposition in 
kidney fibrosis models [46]. As atherosclerotic 
plaques are known to develop a fibrous collagenous 
cap, this could be another method to examine their 
underlying biology. Photoacoustic imaging of 
collagen may also be useful in studying other 

vascular diseases that involve fibrosis and vessel 
narrowing. 
 
d. Contrast Agents 
A variety of exogenous agents have been developed 
to enhance photoacoustic imaging contrast. 
Untargeted contrast agents provide useful 
information on tissue perfusion and vascular 
permeability. Optical dyes such as methylene blue, 
indocyanine green (ICG), and evans blue are 
common untargeted agents. In ischemic stroke 
models, injection of evans blue can be applied to 
study contrast leakage in the infarcted area [47], 
while in tumor models, ICG is used frequently to 
assess tumor perfusion and vessel permeability [48].  
 
Targeted agents provide an additional level of 
specificity to contrast imaging. Near infrared 
erythrocyte-derived transducers (NETs) have been 
developed to accumulate in sites of stenosis or 
blockage in coronary artery disease [49]. 
Angiostamp

TM
 800 is a commercially available agent 

that targets αvβ3 integrin and provides excellent 
photoacoustic contrast [50]. The αvβ3 integrin is 
overexpressed on the surface of activated 
endothelial cells and therefore is a marker of 
angiogenesis and neovascularization (Figure 10). 
Another strategy is to place the contrast agent into a 
living cell that can migrate through the body. For 
instance, loading macrophages with gold 
nanoparticles can be exploited to measure 
macrophage migration into atherosclerotic plaques 
[51]. Although these are a few examples, there is 
tremendous potential for contrast enhanced 
photoacoustic imaging in vascular disease. 
 
 
 
 

Figure 9: (left) B-mode image of mouse hindlimb. Corresponding photoacoustic imaging of oxygen saturation levels 
during ischemia (middle) and after reperfusion (right). 

Ischemic region Reperfused 
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Figure 10: (left) Fluorescent and (right) photoacoustic image of 
angiostamp accumulation in mouse kidney. 
 
e. PA EKV  
Photoacoustic EKV (PA EKV) is an advanced 
photoacoustic acquisition mode available on the 
Vevo LAZR-X that is built on similar principles as 
ultrasound EKV. In PA EKV, photoacoustic images 
are acquired over several cardiac cycles and 
averaged to create a signal dataset with high 
temporal resolution. In Oxy-Hemo mode, PA EKV 
can measure hemoglobin and oxygen saturation 
levels in the myocardium throughout the cardiac 
cycle (Figure 11). PA EKV can be useful for studying 
cardiovascular disease, including myocardial 
infarction, where MI results in reduced oxygen 
saturation levels in the anterior myocardium that 
recover slowly over several days as neoangiogenesis 
is stimulated [52]. Oxy-Hemo PA EKV can also be 
applied for vascular imaging to assess changes in 
vessel hemodynamics. Using a multi-spectral 
acquisition mode, PA EKV can be combined with 
exogenous contrast agents to perform cell tracking 
and targeted molecular imaging for cardiac and 
vascular applications.  
 

 

 
Figure 11: PA EKV image of blood oxygen saturation levels in the 
mouse heart during (top) diastole and (bottom) systole 

 

Conclusions and Future Outlook 

High frequency ultrasound and photoacoustic 
imaging represent a diverse toolbox to diagnosis 
vascular disease and study underlying disease 
biology. While ultrasound provides insight into 
changes in vessel structure and hemodynamics, 
photoacoustic imaging creates opportunities to 
assess hypoxia and characterize molecular changes 
that occur throughout the progression of disease. 
Advanced acquisition methods such as 4D imaging 
and EKV enables acquisition of high frame rate 
datasets that can be combined with state-of-the-art 
analysis algorithms to detect subtle mechanical 
changes in vessel function.  
 
With the release of the new Vevo F2 imaging 
platform, VisualSonics gives researchers the power 
to develop the next-generation of ultrasound and 
photoacoustic imaging tools. This is accomplished 
using the F2 system Vevo Advanced Data 
Acquisition (VADA) mode, which allows researchers 
to access and customize the ultrasound signal 
transmit and receive channels. Super-resolution 
imaging is one field that seeks to overcome the 

Anterior Myocardium 
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inherent resolution limits of conventional ultrasound 
by detecting single microbubbles in circulation. This 
approach can provide detailed vascular network 
images and is capable of visualizing small 
abnormalities in the vessel wall in atherosclerosis 
[53]. Plane wave imaging is another field of research 
which is pushing the limits of ultrasound imaging 
speeds, with frame rates exceeding 1000 frames per 
second [54]. Furthermore, shear wave elastography 
is an advanced technique which is able to directly 
measure tissue stiffness and can be applied in a 
variety of pathologies. Combining these advanced 
techniques with high frequency ultrasound and 
photoacoustic imaging will allow researchers to study 
vascular disease and biology in a capacity never 
before possible. 
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