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Abstract—Angiogenesis plays a vital role in the progression 

of cancer. Non-invasive imaging techniques capable of 

assessing the microenvironment are therefore of clinical 

interest. Although highly sensitive vascular mapping has been 

demonstrated using ultrafast Power Doppler (PD), the 

detectability of microvasculature from the background noise 

may be hindered by the low signal-to-noise ratio (SNR) in 

deeper region and without the use of contrast agents. We 

recently developed acoustic sub-aperture processing (ASAP) 

processing for super-contrast vasculature imaging. This 

technique relies on the spatial coherence of the backscattered 

echoes over different acquisitions to substantially reduce the 

noise floor compared to the power Doppler (PD) technique. In 

this study, we demonstrate the feasibility of applying ASAP 

processing for non-contrast enhanced microvascular imaging 

in preclinical condition, and compare it with contrast enhanced 

ASAP as well as ultrafast PD.  Comparing to PD, ASAP exhibit 

SNR improvement up to 12 dB. Higher SNR and extra 

visibility of smaller vessel are also demonstrated in contrast 

enhanced images in comparison to the non-contrast images. In 

conclusion, we have demonstrated the feasibility of using ASAP 

in vivo for non-contrast microvascular imaging, and the added 

benefit of using contrast agents in microvascular imaging. 
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I. INTRODUCTION  

Conventional Doppler ultrasound imaging can be used to 

detect large vessels with relatively fast blood flow [1], [2]. 

However, the small vessels in the microenvironment is 

relatively slow and may not be detected using conventional 

Doppler. For this reason, contrast enhance ultrasound 

(CEUS) has been established to enhance the flow signal for 

microvascular imaging and several techniques have been 

developed to exploit the increase sensitivity and specificity 

of the injected microbubbles. These  include non-linear 

contrast imaging [3]–[6], non-linear Doppler [7], acoustic 

angiography [8], and acoustic super-resolution [9], [10].   

High frame rate ultrasound further enriched the 

development of vascular flow imaging with and without the 

need of contrast agents injection [11]–[15]. Real-time 

monitoring of the microvasculature is possible with the 

increased sensitivity of Doppler processing and advanced 

clutter filtering techniques benefited from the high temporal 

resolution [11], [16]–[18].   

We recently developed a technique known as acoustic 

sub-aperture processing (ASAP) to improve microvascular 

imaging using contrast agents [Antonio reference]. This 

technique relies on the spatial coherence of the 

backscattered echoes over different acquisition to reduce the 

background noise in Power Doppler (PD) technique. In this 

study, our objectives are to demonstrate the feasibility of 

applying ASAP processing for non-contrast enhanced 

microvascular imaging, and compare it with contrast 

enhanced ASAP as well as standard PD. 

 

II. METHODS 

A. Power Doppler versus Acoustic Sub-Aperture 

Processing 

The signal processing pipelines of PD and ASAP are 

shown in Fig. 1. In-phase quadrature (IQ) data is 

reconstructed by applying delay-and-sum to the radio-

frequency signal across all channels. A singular value 

decomposition (SVD) based filter is then applied to remove 

the tissue clutter and PD image is generated using an 

autocorrelation estimator estimator [1], [2]: 

  (1) 

where s is the clutter-filtered complex signal,  is the fast 

time (spatial location) sample index, and  is the slow time 

(temporal) sample index. The * denotes the complex 

conjugate and  denotes the modulus operator. 

With the same receive channel data, two set of IQ-data 

were reconstructed by splitting the channels into two non-

overlapping sub-apertures and cross-correlation estimator is 

applied to the clutter filtered signals as follow:  

  (2) 

where  is the complex cross-correlated signal, and  

are the clutter-filtered complex signals from the two sub-

apertures,  is the fast time sample index,  is the slow time 

sample index, and * is the complex conjugate operator 
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The advantage of the splitting the channel is that the noise 

in the two independent apertures is not correlated and  can 

be reduced[19]. It should be noted that splitting the channel 

introduce grating lobe as the pitch between the sub-group of 

elements increases, however such off -axis signal can be 

suppressed because the two sub-aperture are independent of 

each other and the grating lobes are 180 degress out of 

phase with each other [20]. We therefore introduce a weight 

vector to suppress the off-axis signals  

   (3) 

where k denotes the phase angle of the sample, and is 

empirically determined to attenuate out of phase signals at 

.  

B. Experimental setup 

In-vivo experiment was conducted as shown in Fig 2.  A 
Balb-c mouse was anesthetised via inhalational anaesthetic 
agents and the body temperature was maintained by a 
warming pad during the experiment. All procedures 
complied with the Animals Act 1986 and were approved by 
the Local Ethical Review Process Committee of Imperial 
College London.  

Mouse kidney was scanned using a L22-14v linear probe 
mounted on a Verasonics Vantage system (Verasonics Inc., 
Redmond, WA, USA). Coherent compounded plane wave 
imaging was performed to collect images at an effective 
frame rate of 500 Hz. To form an image, fifteen 1-cycle 
pulses were transmitted at the centre frequency of 18  MHz, 
spanning the angle range of 150. Non-contrast images were 
first acquired at the mechanical index (MI) of 0.12 whereas 
contrast images were acquired after the bolus injection of 
50ul of home-made microbubbles (106 microbubbes/ml) at 
the MI of 0.05. The experiment was repeated on the second 
day with higher bubble concentration (108 microbubbles/ml).  

C. Data processing and evaluation  

PD and ASAP images were generated as described in the 
previous section. A graphical processing unit (GPU)-based 

beamformer was used to accelerate image reconstruction 
process. The image quality was accessed by comparing the 
vascular images generated by ASAP and PD. The signal-to-

noise ratio (SNR) was quantified as follow: 

   (4) 

where   are the mean value of the signal and 

noise region, respectively. 

III. RESULTS AND DISCUSSION 

Fig. 3 shows the comparison between PD and ASAP 

images of a mouse kidney. Significant background noise is 

clearly seen in all the PD images. As the background noise 

is also increasing with the imaging depth, small vessels are 

barely distinguishable at deeper regions. ASAP, on the other 

hand, suppressed the background noise and produce high 

contrast vasculature images. By manually selected the signal 

(white boxes, Fig. 3) and noise region (green boxes) from 

both PD and ASAP images, the contrast improvement in 

terms of SNR are shown in Table I. ASAP is demonstrated 

to improve the SNR up to 12dB in comparison to PD.   

 
 

Fig. 1.  Signal processing pipelines of Power Doppler and Acoustic sub-aperture processing.  

 
 

Fig. 2.  Experimental setup of the 3D imaging system.  



Higher SNRs were expected for contrast images than 

non-contras, and more microvasculature can indeed be seen 

after contrast injection. (white arrows in Fig 3). Besides, 

high concentration bolus injection does reveal more 

vasculature in comparison to the low concentration bolus 

injection. However, excessive dose of contrast agents may 

cause acoustic shadowing[21]. It should also be noted that 

that while the contrast enhanced ASAP would offer more 

sensitivity to detection of smaller microvasculature and 

flow, it does require contrast agent injection. Whether to use 

such contrast enhanced approach should depends on the 

application, particularly when subtle changes in 

microvascular information is required in e.g. detection of 

early changes in angiogenesis.   

 
 

Fig. 3.  In-vivo demonstration of mouse kidney processed using Power Doppler (PD) and Acoustic sub-aperture processing (ASAP), with and without 

contrast.  
TABLE I 

Comparison of the SNR of the PD and ASAP 

 

Image 
SNR (dB) 

PD ASAP 

Low concentration (106
 MBs/ml) 

Non-contrast 0.61 9.46 

Contrast 0.48 10.71 
 

High concentration (108
 MBs/ml) 

Non-contrast 0.65 7.34 

Contrast 3.65 16.25 

* PD = Power Doppler, ASAP= acoustic sub-aperture processing, 

MBs=microbubbles 

 

 



It should be noted that the ASAP processing has a very 

similar computational load as PD, and hence has potential to 

be realised in real-time.  

 

IV. CONCLUSION 

In conclusion, we demonstrated the feasibility of using 

ASAP in vivo for non-contrast microvascular imaging. We 

also demonstrate the added value of using contrast agents in 

microvascular imaging.  
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