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ABSTRACT 

Formation of blood clots or thrombus in healthy blood vessels can lead to serious or even life-threatening complications. 
Sonothrombolysis is a promising tool for lysing the blood clots non-invasively using focused acoustic waves. Ultrasound 
(US) imaging is commonly used to detect the blood clots presents in veins. In this work, we explore the use of a 
combined ultrasound and photoacoustic (PA) imaging clinical system during sonothrombolysis. PA imaging is a hybrid 
and emerging imaging modality which has garnered the attention of the biomedical imaging community in recent years. 
While US imaging has been used to visualize the blood clot, PA imaging enables the study of composition of the blood 
clot due to its optical absorption. Blood clots may be red, white or mixed due to the higher count of red blood cells 
(RBCs), white blood cells (WBCs) or it being a combination of RBCs and WBCs, respectively. Each clot type has a 
different photoacoustic signal. In our work, blood clots rich in RBCs are taken in transparent polyurethane tubes for 
sonothrombolysis. Meanwhile, the ultrasound and photoacoustic signal-to-noise ratios (SNR) are measured at fixed time 
intervals to evaluate the size and optical properties of the clot. Two cases were taken: blood clot + DI water and blood 
clot + blood and their US and PA SNR values were compared after 30 mins of sonothrombolysis treatment. The PA 
signal of the blood clot obtained after performing sonothrombolysis can be used to determine its final composition which 
may, in turn, help in the administration of clot-dissolving drugs.         

Keywords: blood clot, sonothrombolysis, ultrasound imaging, photoacoustic imaging, signal-to-noise (SNR) ratios, 
microbubbles.  

1. INTRODUCTION 

The blockage of blood vessels by blood clots or thrombi can lead to many life-threatening diseases[1] including ischemic 
stroke, myocardial infarction, pulmonary embolism (PE), deep vein thrombosis (DVT) and so on. The procedure to 
break the thrombus using focused ultrasound waves generated by acoustic transducers is called sonothrombolysis.[2] It 
has been reported that the thrombolysis efficiency is much higher if sonothrombolysis is accompanied by clot dissolving 
drugs such as tissue plasminogen activator (tPA),[3, 4] heparin,[5, 6] etc. Based on histopathological evaluation, it has 
been observed that the composition[7] of the thrombus is diverse. The composition[8] depends on the volume fractions 
and distribution of red blood cells (RBCs), white blood cells (WBCs), fibrin, platelets, etc. The effectiveness of clot 
dissolving drugs like tPA[3, 4] depends on the composition of the blood clot. Blood clots with higher fibrin content 
require a higher dosage of tPA compared to those which are rich with RBCs and WBCs. So, it will be beneficial to 
incorporate active diagnostic monitoring of the blood clot during sonothrombolysis. Currently, direct thrombus imaging 
is done using techniques such as compression ultrasound (US) for DVT[9] whereas Computed Tomography Pulmonary 
Angiography (CTPA)[10], ventilation/perfusion (V/Q)[11] and Magnetic Resonance Imaging (MRI)[12] scans have 
been used for PE. There are several drawbacks[13] to these imaging modalities. For instance, an US sonographer cannot 
determine the age and composition of the thrombus accurately.[14] With CTPA, there is a risk of contrast-induced 
nephropathy.[13] Moreover, CTPA and V/Q uses ionizing radiations.[15] MRI uses a strong magnetic field and cannot 
be used on patients with metal implants or pace-makers.[16]  

Photoacoustic imaging (PAI)[17-20][21-23] uses non-ionizing radiation and is an emerging imaging modality. It offers 
unique advantages such as high spatial and temporal resolution, higher depth penetration, is speckle free and can provide 
both structural and functional information using various wavelengths. It utilizes a short-pulsed laser[24] on targeted 
biological tissues and detects the thermoelastic expansion using ultrasound transducers to identify a range of endogenous 
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and exogenous molecules[25-30] with high sensitivity. Using combined ultrasound and photoacoustic (PA) imaging, 
Karpiouk et al.,[31] reported that the amplitude of the photoacoustic signal is higher for an acute (fresh) clot compared to 
a chronic (long developing) clot at 532 nm. This is because the absorbance of oxygenated haemoglobin is higher than 
deoxygenated haemoglobin at this wavelength. In addition, the amplitude of the photoacoustic signal is directly 
proportional to the concentration of the RBCs[31] in the sample volume. PAI has also been demonstrated for label-free 
embolus detection[32] and for in vivo flow cytometry[33] of RBC and WBC rich blood clots using positive and negative 
contrast in the PA signal, respectively. Blood clots need to be observed in real time during sonothrombolysis as well to 
gain new insights into its mechanisms. Therefore, a dual modal ultrasound and photoacoustic imaging has been used in 
this work to actively monitor the blood clot. Combined US and PA imaging[34-37] provides sufficient spatial resolution 
and contrast with high sensitivity and specificity in real time. While ultrasound can provide structural information such 
as the size and density of the clot, photoacoustic imaging can also be used to analyse other important functional 
parameters such as change in the RBC and WBC concentration, haemoglobin concentration, haemoglobin oxygen 
saturation, etc. 

2. METHODS 
2.1 FORMATION OF BLOOD CLOT AND SONOTHROMBOLYSIS 

 
For the formation of blood clots, porcine blood was collected from an abattoir (Primary Industries Pte. Ltd., Singapore) 
in 200 ml Schott glass bottles (Sigma, Singapore) and allowed to coagulate. First, experiments were performed using a 
blood clot + DI water in the tube. The clot was inserted in a polyurethane tube of outer diameter 4 mm and thickness 
0.75 mm. Thereafter, DI water was injected into the tube. Once injected, the DI water was pushed and withdrawn 
repeatedly until the blood clot is surrounded by the DI water in the tube. Following this, experiment was performed using 
blood clot + blood in the tube. For this. porcine blood was collected from the same abattoir and was mixed with heparin 
with a concentration 30 units/ml to prevent it from coagulating during transportation. Prior to experiments, protamine 
sulfate (1 mg/100 units of heparin) was added to heparinized blood for reversing the effects of heparin. Thereafter, a 
blood clot was again inserted into a polyurethane tube following which the porcine blood containing heparin and 
protamine sulfate was injected into it.  

 

Fig. 1 (a) Schematic illustration (top view) of the arrangement of the sonothrombolysis and imaging ultrasound transducers (UST) on 
the blood clot. The blood clot is taken in a polyurethane tube which itself is immersed in a water tank. The green region is used to 
illustrate the laser at 532 nm (b and c) Experimental images obtained by the imaging UST of the Alpinion E-Cube system when the 
sonothrombolysis UST was off (b) initially and later it was (c) turned on.   

For sonothrombolysis, ultrasound waves were directed at the blood clot with a focused single element immersion 
transducer (0.5 MHz, V318-SU-F0.93IN-PTF, Olympus). A 10% duty cycle and an input voltage of 1 Vp2p was delivered 
by a function generator (AFG3101, Tektronix Inc.). The function generator was connected to a radio-frequency (rf) 
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amplifier (AG 1021, T&C Power Conversion, Inc., USA) which was operated at a gain of 55dB and 330 W (maximum 
amplification). 
2.2 PHOTOACOUSTIC AND ULTRASOUND IMAGING OF THE BLOOD CLOT 

 
Photoacoustic imaging of the blood clots was done with a clinical ultrasound-photoacoustic imaging system. A clinical 
research ultrasound system (ECUBE 12R, Alpinion, South Korea) was used. To use the system in the PA mode, laser 
excitation needs to be provided with a trigger,[37-39] which synchronizes the excitation of the laser and the signal 
acquisition by the ultrasound transducer. The blood clot containing tube was placed under water in a tank and a linear 
array ultrasound transducer L3-12 (128 element linear array with centre frequency of 8.5 MHz, 95% fractional 
bandwidth) was placed over the tube for sending and receiving the signals. A Q-switched 532-nm Nd: YAG laser, was 
used as an excitation source for PA spectrum measurements. The laser generates 5-ns duration pulses at 10-Hz repetition 
rate.  
 
As mentioned previously, a spherically focused single element immersion transducer was used for sonothrombolysis in 
this work. The vibration of water surrounding the tube containing the blood clot due to the acoustic waves generated by 
the single element immersion transducer and it results in an echo which is received by the imaging transducer and are 
clearly visible on the clinical research ultrasound system in the B-mode. This has been shown in Figs. 1(b) and (c).  
 

3. RESULTS AND DISCUSSIONS 
 

To investigate the change in composition of the blood clot during sonothrombolysis, experiments were performed using 
blood clot + DI water and using blood clot + blood in the polyurethane tube. The arrangement of the sonothrombolysis  
 

 
Fig. 1 (a-d) Raw experimental images on the ECUBE system obtained for ultrasound (US) and photoacoustic (PA) imaging where (a), 
(c) shows the blood clot in a tube filled with DI water at time, t = 0 mins; (b), (d) shows the diminished blood clot in a tube filled with 
DI water at time, t = 30 mins. The signal-to-noise ratios (SNR) are shown for each figure. (e) Schematic illustration of the red blood 
cells (RBCs) expelled from the blood clot during sonothrombolysis which results in a drop in PA SNR values.  

and imaging transducers is shown in Fig. 1 (a) from the top view. The sonothrombolysis work presented in this report is 
performed without any thrombolytic agents. The experimental images in the ultrasound mode and photoacoustic mode 
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are shown in Figs. 2 and 3. The blood clots have been highlighted. The signal-to-noise (SNR) is given in decibels (dB) 
by = 20 × ( / )	, where V is the PA signal amplitude and n is the mean of the background noise. The blood 
clot is taken in DI water in Fig. 2 and in blood in Fig. 3. DI water is used to simulate the presence of saline. It is to be 
noted that the blood clots used in this work are not controlled ones and hence, the initial weight of both will vary in Figs. 
2 and 3.  
 
For blood clot + DI water experiment [Figs. 2(a, b)] in the tube, at time, t = 0 mins; US SNR and PA SNR of the blood 
clot in blood was 49.4 dB and 40.4 dB. Thereafter, US and PA images were collected after mediating sonothrombolysis 
for 30 minutes continuously. The blood clot appeared diminished and SNR values of US and PA reduced to 42.9 dB and 
15.8 dB, respectively. This has been shown in Figs. 2(c, d) and implies, the US and PA SNR values reduced by 13.2% 
and 61%, respectively. Next, experiments were performed with blood clot + blood (Fig. 3) in the tube. At time, t = 0 
mins [Fig. 3 (a, b)]; the US and PA SNR values were 18.3 dB and 47 dB. After sonothrombolysis treatment of 30 mins, 
the US and PA SNR values were reduced to 17 dB and 39.4 dB, respectively as shown in Figs. 3(c, d). In this case, the 
US and PA SNR values diminished by 7.1 % and 16.2 %, respectively. Since the blood clots used in the two cases: blood 
clot + DI water and blood clot + blood, are different; the SNR values fell by different percentages. However, there is a 
significant change in the PA SNR values between the two cases. This occurred due to the greater diffusion of RBCs from 
the blood clot to DI water compared to blood. It has already been reported that the concentration of RBCs determines the 
PA signal amplitude.[31] The importance of this work in that in a real scenario, where the clinicians observe a significant 
drop in the PA signal amplitude of the blood clot during sonothrombolysis, but the US SNR does not change much, it 
will provide a feedback to the doctor that the clot is rich in fibrin and platelets. In such a case, a higher dosage of clot 
dissolving drugs such as tPA[4] needs to be administered.  

 

Fig. 2 Raw experimental images on the ECUBE system obtained for ultrasound (US) and photoacoustic (PA) imaging where (a), (b) 
shows the blood clot in a tube filled with blood at time, t = 0 min; (c), (d) shows the shows the blood clot in a tube filled with blood at 
time, t = 30 mins. The signal-to-noise ratios (SNR) are shown for each figure. 

4. CONCLUSION 
 
A combined US and PA imaging set up was used to determine the relative changes in the composition of porcine blood 
clots before and after sonothrombolysis for two cases: blood clot + DI water and blood clot + blood. As the blood clots 
used in this work were not controlled, the US and PA SNR values were also different before and after sonothrombolysis 
for two above mentioned cases. However, there is a significant reduction in the PA SNR value for the first case due to 
the diffusion of RBCs from the blood clot to the surrounding DI water. This was achieved without the use of any 
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exogenous contrast agent due to the rich optical contrast of the blood clot. Hence, for a blood clot which has a rapidly 
decreasing PA SNR value compared to the US SNR value, it implies that the clot is rich in fibrin and platelets in 
comparison to its surroundings. An insight into the clot composition during sonothrombolysis can be used to facilitate 
treatment approaches which can expedite the recovery of the patient.    
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