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ABSTRACT  

This doctoral dissertation is examining various challenges presented in the use of 

High Intensity Focused Ultrasound in brain applications. The study is separated into 

five different sub-studies in the area of agar phantoms and brain applications. The 

first study is concentrated on the design and creation of a suitable agar-based 

phantom to be used in HIFU application on the blood brain barrier opening. A 

model that currently is not available to researchers, whereas all experiments are 

performed on animal models. The second objective of this dissertation is the 

evaluation of the attenuation of agar-based phantoms with various concentrations. 

The next study includes the evaluation of the mechanical properties of agar-based 

phantoms such as the structure and the stiffness since these data will help in 

understanding the structure of the phantom according to its composition. The fourth 

study includes the evaluation of an alteration in the composition of an agar phantom 

with the use of a preservative and its effect on the life of the phantom in combination 

with the storing conditions. Finally, the last study examines an application for the 

reduction of amyloid β plaques in a rabbit model with the use of antibodies crossing 

the blood brain barrier.  

Keywords: ultrasound, phantom, blood brain barrier, agar 
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1 Introduction 

1.1 Introduction to High Intensity Focused Ultrasound (HIFU)  

HIFU technology was first investigated in 1942. Lynn et al [1] designed a transducer and 

examined whether ultrasonic waves can be focused on a surface. The energy concentrated 

on the focal spot was found approximately 150 times higher than other surfaces closer to 

the transducer. From experiments performed on animals, it was realized that tissue 

changes can be both temporary and permanent according to the parameters used.  

In the following years further research was done on the MRI-guided ultrasound 

technology for surgery purposes [2][3]. Experiments in both gel phantoms and muscle 

were performed while monitoring the temperature and thermal effects of ultrasound. 

Experiments performed on dog muscle in 1993 demonstrated that tissue necrosis created 

from sonication could be visible by the MRI [3]. It was demonstrated that MRI showed 

the exact dimensions of the lesion and that sonication could be performed in the magnet. 

Furthermore, Hynynen et al in 1994 proceeded in investigating the effect of injecting a 

contrast agent by performing experiments in thigh muscles of rabbits [4]. The contrast 

agent was injected before the sonication. From the results, it was concluded that a contrast 

agent can give evidence for the volume of the necrosed tissue, since during experiments 

the contrast agent increased the signal intensity only at the muscles and not on the 

necrosed tissue. 

The first approved application of HIFU by the US Food and Drug Administration (FDA) 

in October 2004 was for the treatment of uterine fibroids. Since the first feasibility report 

in 2003 [5], Magnetic resonance-guided focused ultrasound (MRgFUS) has been used to 

treat symptomatic uterine fibroids. The ultrasound was located outside the abdomen, thus 

performing noninvasive thermal ablation of the targeted area. Nine women with 

symptomatic leiomyomas participated in the first clinical trial [5]. It was proven that 

HIFU can be effectively used for thermocoagulation and necrosis and that MRI was 

suitable for imaging the entire procedure and monitoring the temperature elevation. A 

study by Ikink et al [6] optimized the MRgFUS system by adding a cooled interface 

(direct skin cooling device) between the ultrasound and the patient providing constant 

cooling on the skin. This resulted in having less undesired heating in the area and fewer 

https://en.wikipedia.org/wiki/Food_and_Drug_Administration
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time intervals between the sonications for the area under cooling which results in reduced 

treatment duration. 

HIFU has been tested through numerous studies for its use in the treatment of cancer 

using ablation. With the involvement of thermal effects, the temperature can reach levels 

of more than 60 oC and destruct tumor cells. A big success for HIFU is the fact that tumors 

were ablated even in difficult locations as described in a study by Orsi et al [7]. In this 

study patients with tumors in main blood vessels, heart, stomach, bowel, and gallbladder 

were identified and treated with HIFU effectively. The characterization of the tumors as 

‘difficult’ was done according to their distance from a critical organ at risk. All of the 38 

tumors in 31 different patients were less than 1 cm away from a critical organ and were 

ablated with HIFU. Organs that gave promising research results were the pancreas, 

prostate, liver, kidney and breast [8][9]. 

For the treatment of prostate cancer, many trials have been performed during the last 

decade [9]. Basic research began in the 1980s, while early clinical trials during the 1990s 

found a correlation between HIFU and the coagulated prostate volume [10]. Experiments 

performed on patients with proven prostate cancer using a phased-array focused 

ultrasound proved that the use of MRgFUS ablation can be used with no side effects and 

short-term complications. The procedure followed was approximately 84 min with 7 to 

11 sonications per patient. Figure 1 demonstrates the equipment used  [11]. A study 

conducted for the quality of life of patients treated with HIFU showed very promising 

results.  Side effects were limited and some infections reported were mostly treated with 

antibiotics [12].  

As previously mentioned, HIFU can be used also for the treatment of breast cancer as an 

alternative option. Used mainly for small breast tumors, HIFU offers preservation and 

function of the breast with zero bleeding, scaring and radiation and no need for surgical 

exposure [8]. Many clinical studies on HIFU treatment were performed [13]–[16]. 

Hynynen et al reported that 9 patients were treated with HIFU with almost no adverse 

effects [17]. In another clinical trial, HIFU was performed on 48 women before 

mastectomy evaluating potential side effects. The results were very encouraging since 

mild pain and skin burn that was observed soon disappeared. Both breast cancer cells and 

normal tissues undergone necrosis around the targeted tissue, but according to 
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immunohistochemical staining no malignant behaviors (metastasis, invasion) were 

observed. 

 

 

 

 

 

 

 

 

 

Figure 1 : The insertion arm, featuring the 990-element phased-array focused ultrasound 

for MRgFUS system for prostate ablation [11]. 

Another potential area for HIFU is ablation for liver cancer. Due to the respiratory 

movement of the liver, the existence of the ribs and the tumors size, this application faces 

many challenges [8],[18]. Until now the most commonly method followed was the one 

of resection and transplantation. With studies on animal models [19] and after the first 

successful HIFU liver ablation in 1993, new approaches have been investigated 

concentrating on patients with unresectable hepatocellular carcinoma. A study done on 

39 patients with 42 tumors in total [20] proved that HIFU can be used for creating lesions 

with no major blood vessel injury. With the largest tumor being 22 cm long, it was a great 

achievement since half of the tumors were completely treated while the rest were ablated 

by more than 50 %. These facts provided promising evidence that a non-invasive 

treatment application like HIFU can be used also in liver cancer. 

A sector in which HIFU remains as an investigative procedure, but with many 

improvements is on kidney tumor ablation [9]. This type of cancer is currently diagnosed 

at early stages where most of the tumor is of small size. The most commonly used 

treatment method is surgery. However, there is a new shift to nephron sparing procedures. 

One of those procedures is HIFU. Ritchie et al reported that 17 patients with mean tumor 
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size of 2.5 cm underwent extracorporeal HIFU. Fifteen of them were treated according to 

protocol with no major complications [21]. Like other areas HIFU is suitable for kidney 

tumor ablation providing the patients a nephron sparing procedure with less recovery 

times and less radiation or chemotherapy. 

Lastly, one of the most difficult to treat cancers is pancreatic cancer. With this cancer 

more than 80 % of the patients diagnosed are inappropriate for surgical treatment. An 

area where prognosis is very poor and the only treatments are chemotherapy, radiotherapy 

or combination of both [8]. The aim for these patients is pain relief and improvement of 

the quality of life. Studies has shown that HIFU can have a direct effect on pain palliation 

[22]–[24].  

1.2 Research topics on HIFU for Brain Diseases 

1.2.1 Blood Brain Barrier 

The Blood Brain Barrier (BBB) is a specialized structure that blocks the delivery of 

molecules in the brain parenchyma [25].  It is consisted of capillary endothelium and 

under normal conditions it prevents molecules bigger than 400 – 500 Da to penetrate the 

brain parenchyma [26][27].  A big part of brain research is dedicated in finding ways to 

temporary disrupt the BBB and be able to apply medicinal treatments for several diseases. 

McDannold et al in 2008 investigated the effects of burst length, pulse repetition 

frequency (PRF) and ultrasound contrast agent dose on the resulting BBB disruption [28]. 

Twenty-six rabbits were sonicated in a total of 100 brain locations with different 

parameters. Bursts of 0.1, 1 and 10 ms were tested and PRFs of 0.5, 1, 2, 5 Hz along with 

peak negative pressure amplitudes of 0.1 to 1.5 MPa. The ultrasound contrast agent doses 

were also tested with doses of 50, 100 and 250 μl/Kg. It was concluded that for the range 

of parameters used the magnitude of BBB disruption did not depend on the PRF or the 

dosage of the ultrasound agent. On the other hand, burst length had significant effect. For 

all the parameters used though, no histological alterations were observed [28]. 

A different study was made by Choi et al in which sonications on mice skulls were 

applied, but with no skull removal prior to sonication [29]. Ex vivo and in vivo 

experiments were done. For the ex vivo experiments, 5 mice were sacrificed and their 

skulls were removed and for the in vivo experiments 4 mice were anesthetized and 
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sonicated. For imaging of the procedure, a diagnostic ultrasound was used in parallel with 

HIFU as shown in Figure 2. Indeed, opening of the BBB was achieved through the intact 

skull and skin with a single-element transducer. The amount of attenuation was small 

although in some areas some difficulties were observed due to different skull thickness. 

These results were a great achievement proving that with the use of a single-element 

transducer it is feasible to disrupt the BBB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Choi et al [30] proceeded in examining which pharmacological compounds could pass 

through the BBB according to the molecular weight of the drug[30]. The BBB was 

disrupted in mice through the intact skull and dextran of three different molecular weights 

was administered. The findings were analysed using fluorescence microscopy to 

investigate which dextrans can be distributed in the targeted region. Dextrans of 3 KDa 

and 70 KDa weight passed through the BBB and into the brain whereas 2000 KDa dextran 

couldn’t. Therefore, by using this method non-invasively, pharmacological agents of at 

least 70 KDa can be delivered at the targeted area of the brain. With this study, it is now 

known that the limit of molecular weight that can travel through the BBB is somewhere 

between 70 and 2000 KDa [30]. 

Figure 2 : Experimental set-up using both a diagnostic transducer and a HIFU transducer 

[36]. 
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Several studies were performed by Marquet and his team first on human and primate 

skulls [31]-[32] and then on actual non-human primates [33]. At first, they tested a single-

element transducer at frequencies between 300 to 1000 KHz on primate and human skulls. 

They concluded that the frequency of 500 KHz resulted to optimum ultrasound 

propagation in the case of human skulls and the frequency of 800 KHz on primates [31]. 

With a frequency of 500 KHz they explored the capability of targeting different 

structures. They observed that the lateral displacement was found to be small compared 

to the resolution of the transducer for the human skull and the thermal build-up in the 

skull was minimal [32]. BBB disruption was tested on an actual animal model [33]. They 

chose to use non-human primates and specifically 2 male macaques in 3 sessions. For this 

experiment, 2 different types of microbubbles were used. The first one was manufactured 

in-house and the second was the widely used Definity®. To keep the animal steady, a 

frame was placed around its head in order to precisely target with ultrasound. With the 

help of MRI, BBB disruption was confirmed at four locations. With different pressures 

being investigated, it was observed that maximum BBB opening was accomplished at 0.6 

MPa. Therefore, this feasibility study successfully demonstrated BBB opening in non-

human primates for the first time [33].  

Additional studies tested two different types of microbubbles (in-house or Optison® vs 

Definity®) [34]–[36]. One of them was made by Wang et al [36] where a total of 18 mice 

were tested with either Definity® or in-house microbubbles. Different pressures were 

tested and BBB disruption was monitored by MRI. It was concluded that the type of 

microbubbles can have a significant effect on BBB opening at lower pressures, but less 

on higher pressures. This was observed with no significant difference between Definity® 

and in-house microbubbles at higher pressures (0.45 and 0.6 MPa), but at a lower pressure 

(0.3 MPa), the in-house microbubbles showed higher permeability and opening volume. 

This fact was attributed to the cavitation that ruled the phenomenon [36]. 

For BBB disruption except from single element transducers, many researchers have used 

phased array transducers of multiple elements [37]–[40]. McDannold et al tested this 

technology on rhesus macaques in 2013 [37]. For their experiment, they used ExAblate 

4000 (InSightec, Israel) was used which is a hemispherical phased array transducer with 

1024 elements. Overall, 185 locations in 7 monkeys with specific targeted areas such as 

the thalamus and the hippocampus were sonicated. BBB disruption was successful and 
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confirmed with MRI. It was demonstrated that using such system for patient treatments, 

BBB can be opened repeatedly with no significant tissue damage. The animals were tested 

for their behaviour showing that their functions were normal and there were no deficits 

[37]. Liu et al [40] on the other hand designed a 256-channel phased array system and 

tested it on swine. They followed 3 patterns using different acoustic parameters each time 

and evaluated BBB opening by measuring the deposition of Evans blue dye. These 

preliminary animal experiments demonstrated the ability to disrupt the BBB through an 

intact skull with both single and scanned targeted regions. A system was developed that 

penetrated through the human skull in the future. 

Finally, several studies were conducted using glioma-bearing rat models [41]–[47]. It is 

known that malignant glioma remains one of the most deadliest forms of cancer in 

humans [41]. HIFU with the effects of cavitation, radiation and microstreaming can 

improve the permeability of drugs by disrupting the BBB. Yang et al [41] investigated 

the relative permeability after HIFU application on 4 glioma-bearing rats (4 were used as 

control with no treatment). Figure 3 shows the timelines used in this experiment. The 

ultrasound contrast agent was first administered through the vein and then pulsed HIFU 

was applied.  

 

 

Figure 3 : Diagram of experimental procedure followed [48]. 

Immediately after sonication each rat was injected with MRI contrast agent and Evans 

blue dye to quantify the extravasation. The MRI scan was performed after 60 minutes of 
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administration. The initial hypothesis was confirmed: pulsed HIFU application increased 

the tumor permeability and induced blood tumor disruption compared to intact brains. 

This could be applied for targeted chemotherapy and allow pharmaceuticals to cure brain 

diseases. 

Yang et al [42] performed more experiments later using a different experimental timeline. 

The difference with the first study was that Evans blue was injected at the beginning and 

several minutes before sonication. The second step was to inject the UCA and afterwards 

the sonication followed. Thirty minutes after sonication the rats were perfused and tested 

for Evans blue extravasation. This study proved that HIFU not only can increase the 

permeability of the blood tumor barrier, but also it can increase the tumor to brain drug 

ratio in the focal region that was caused by HIFU [42]. 

Many studies have been conducted throughout the years for BBB disruption. Each one of 

them used different animal models, ultrasound contrast agents or ultrasound parameters. 

Table 1 lists these parameters and their main results. 

Based on the studies mentioned on the Table 1, it is observed that the most common 

animal model used was the New Zealand white rabbits. Many studies preferred using rats 

(Wistar, Sprague-Dawley and Fischer). Three different types of ultrasound contrast 

agents were widely used (Optison®, Sonovue® and Definity®) with a small majority 

preferring Optison® as a contrast agent. Some studies also used 2 of the available 

ultrasound contrast agents in order to compare their effectiveness. The UCA doses ranged 

from 10 μl/kg to 0.4 ml/kg. The MRI contrast agent used in most of the studies was 

Magnevist® with the most common dose to be equal to 0.125mmol/kg for New Zealand 

white rabbits. Among the different ultrasound parameters examined, the most common 

ones were pulses of 10 ms with pulse repetitions of 1 Hz and duration of 20 s. Peak 

negative pressures varied from 0.071 MPa to 3.1 MPa. Therefore, it is obvious that BBB 

disruption can be achieved with numerous combinations of parameters and on different 

animal models
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  Table 1: Parameters and Results of BBB studies 

   

Group Year 
Animal 

model 

Dose 

ultrasound 

contrast 

agent 

Dose MRI 

contrast 

agent 

Peak 

negative 

pressure 

or 

intensity 

Pulse 

(ms) 

Pulse 

repetition 

(Hz) 

Time 

(s) 
Main results 

Hynynen et al [48] 2001 

18 male New 

Zealand 

white 

rabbits 

0.05 mL/kg 

Optison® 

0.125 

mmol/kg 

Magnevist® 

0.2- 

11.5W, 

16–690 

W/cm2 

10 or 

100 
1 20 

Opening of the blood-brain  

barrier was confirmed with detection of 

MR imaging contrast agent at the targeted 

locations. The lowest power levels used 

produced blood-brain barrier opening 

without damage to the surrounding 

neurons. 

Schlachetzki et al 

[49] 
2002 

7 male 

volunteers 

10 mL of 

Levovist® or 3 

mL of 

Optison® 

0.3 mmol/kg 

Magnevist® 

<2.69 

MPa 
- 3500 - 

Ultrasonic contrast microbubble 

destruction by 

HIFU even at low power levels can 

influence BBB permeability for Gd-based 

MR contrast agents without any damage to 

endothelial cells, neighbouring astrocytes, 

or neurons. 

Sheikov et al [50] 2004 

10 adult male 

New Zealand 

white rabbits 

0.05 ml/kg 

Optison® 

0.05mL/kg 

Magnevist® 
1- 3MPa 100 1 20 

Induced changes in endothelial cell fine 

morphology that resulted in the BBB 

opening. Mechanisms of macromolecules 

passage to BBB were identified. 

Hynynen et al [51] 2005 

22 New 

Zealand 

white rabbits 

0.05 ml/kg 

Optison® 

0.125 

mmol/kg 

Magnevist® 

-3.1 

Mpa 
10 1  20  

BBB disruption is possible at a frequency 

of 0.69 MHz with minimal damage to the 

exposed brain parenchyma cells. 

McDannold et al 

[52] 
2005 

24 New 

Zealand 

white rabbits 

0.05 mL/kg 

Optison® 

0.125 mol/Kg 

magnevist® 

0.7-1 

MPa 
100 1 20 

Ultrasound-induced BBB disruption is 

possible without inducing substantial 

vascular damage that would result in 

ischemic or apoptotic death to neurons. 
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Table 1: Parameters and Results of BBB studies (continuation)  

Group Year 
Animal 

model 

Dose 

ultrasound 

contrast 

agent 

Dose MRI 

contrast 

agent 

Peak 

negative 

pressure 

or 

intensity 

Pulse 

(ms) 

Pulse 

repetition 

(Hz) 

Time 

(s) 
Main results 

Yang et al [53] 2007 

16 male 

Wistar 

rats 

0-90 μL/kg 

Sonovue® 
- 

0.9 

MPa, 1.2 

MPa 

10 1 30 

If a proper quantity of UCA is used before 

performing HIFU the BBB disruption can be 

increased and localized especially in higher 

HIFU pressures (1.2 MPa). 

McDannold et al [54] 2007 

15 New 

Zealand 

white 

rabbits 

10 μl/kg 

Definity® 

and  

50 μl/kg 

Optison®   

0.125 

mmol/kg 

Magnevist
® 

0.2-1.5 

MPa 
10 1 20 

BBB disruption is possible using Definity® for 

the dosage of contrast agent and the acoustic 

parameters tested in this study. Optison® 

produced a larger effect for the same acoustic 

pressure amplitude. 

Choi et al [29] 2007 

9 brown 

CB57-

b16 type 

mice 

 

0.4 mL/kg 

Optison® 

0.5 mL 

Omniscan 

2.0, 2.5 

and 2.7 

MPa 

20 10 30 

Accurate and precise opening of the BBB 

through the intact skull and skin in mice with a 

single-element FUS transducer. 

McDannold et al [28] 2008 

26 New 

Zealand 

white 

rabbits 

50, 100, 250 

μl/kg 

Optison® 

0.125 

mmol/kg 

Magnevist
® 

0.1-

1.5Mpa 

0.1, 1, 

10 
0.5, 1, 2, 5 20 

BBB disruption is not affected by PRF or 

ultrasound contrast agent dose. Βoth the BBB 

disruption magnitude and its threshold depend 

on the burst length. 

Sheikov et al [55] 2008 
25 Wistar 

rats 

0.05-0.07 

ml/Kg 

Optison® 

0.03 

mmol/kg 

Magnevist
® 

1.1MPa 10 1 - 

Tests at several time periods after sonication 

showed that leakage of agents was 

accomplished. At 6 and 24 h after sonication 

function was fully restored and no leakage was 

observed. 

McDannold et al [26] 2008 

11 Male 

New 

Zealand 

white 

rabbits 

50μl/Kg 

Optison® 

0.125 

mmol/kg 

Magnevist
® 

0.3 to 2.3 

MPa 
10 1 20  

BBB disruption threshold expressed in terms of 

the peak negative pressure amplitude increased 

as a function of the frequency. 
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    Table 1: Parameters and Results of BBB studies (continuation)   

 

Group Year 
Animal 

model 

Dose 

ultrasound 

contrast 

agent 

Dose MRI 

contrast 

agent 

Peak 

negative 

pressure 

or 

intensity 

Pulse 

(ms) 

Pulse 

repetition 

(Hz) 

Time 

(s) 
Main results 

Choi et al [30] 2010 

13 wild-

type male 

C57BL/6 

mice 

25 mL 

Sonovue® 
- 

570 kPa 

(peak-

rarefactio

nal 

pressure) 

20  10 30 

Pharmacological molecules of 3 and 70 KDa 

can pass through the BBB when sonicated 

with HIFU while molecules of 2000 KDa 

can’t. 

Chopra et al [56] 2010 

12 New 

Zealand 

white 

rabbits, 25 

male 

Wistar rats 

10 μL/kg 

Definity® 

0.1 

mmol/kg 

Omniscan® 

0.2- 

0.8Mpa 
10 1 

30- 

1200 

Exposures less than 180 s in duration are 

linked with a low probability of irreversible 

damage to brain tissue. Lower power 

sonications for longer time gives higher 

permeability to the brain. 

Marquet et al [33] 2011 

2 male 

rhesus 

macaques 

500μl In-

house 

microbubble

s and 

Definity® 

0.2 mL/kg 

Omniscan® 

0.3, 0.45 

and 

0.6MPa 

10 2 120 

Transcranial HIFU is shown for the first time 

to induce BBB disruption in non-human 

primates in 2 animals with different pressures 

and microbubbles type. 

Cho et al [57] 2011 
20 male 

Wistar rats 

0.02mmL/kg 

Definity® 
- 

0.071 to 

0.25 MPa 
10 1 120 

Different types of 

leakage can be attained by controlling peak 

negative pressure amplitude of sonication. 

O’Reilly et al [58] 2011 
28 Wistar 

rats 

0.02 ml/kg 

Definity® 

0.2 mL/kg 

Omniscan® 
0.54Mpa 

0.003

-10 
0.2-2 1-300 

Use of short burst lengths has the potential to 

decrease treatment times. PRF of 2 Hz may 

increase enhancement over a 1-Hz PRF when 

used with infusion microbubbles delivery. 

Yang [41] 2011 
8 male 

Fischer rats 

450 μL/kg 

SonoVue® 

1 mmol/kg 

Omniscan® 

0.5 

Mpa 
50 1 60 

Pulsed HIFU enhances the relative 

permeability of the BTB in glioma bearing 

rats. 
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Table 1: Parameters and Results of BBB studies (continuation) 

 

 

Group Year 
Animal 

model 

Dose 

ultrasound 

contrast 

agent 

Dose MRI 

contrast 

agent 

Peak 

negative 

pressure 

or 

intensity 

Pulse 

(ms) 

Pulse 

repetition 

(Hz) 

Time 

(s) 
Main results 

Choi [59] 2011 

99 

C57Bl6 

male 

mice 

0.01, 0.05, 

0.25 μL/g 

Definity® 

- 0.46MPa 
0.03- 

30 
0.1- 25 660 

Reducing the total number of emitted 

acoustic cycles was found to facilitate a 

more spatially uniform distribution of 

delivered dextran. 

Yang [42] 2012 

27 male 

Fischer 

rats 

300 μL/kg 

SonoVue® 

1 mmol/kg 

Omniscan® 
5.72W 50 1 60 

Pulsed HIFU significantly elevated the 

tumor:brain drug ratio in the focal region. 

Wei et al [60] 2013 29 swine 

0.3 

mL/kg/min 

SonoVue® 

0.1 

mmol/kg 

Magnevist
® 

0.26- 0.56 

MPa 
10 1 30 

Successful use of a neuronavigation system 

to guide FUS-induced BBB opening high 

advantages compared to MR-guided 

approach. 

Chu et al [43]  2013 

34 male 

Sprague-

Dawley 

rats 

2.4𝜇L/kg 

SonoVue® 

0.3 mL/kg 

Magnevist
® 

0.47MPa 10 1 90 

BBB opening dynamics characterization in 

normal and tumor tissues using Gd-DTPA 

and Evans Blue determined from tissues 

after sacrifice. 

Liu et al [40] 2014 10 swine 

0.3 

mL/kg/min 

SonoVue® 

- 
0.52- 0.78 

MPa 
10 0.1-1 30 

Prototype design of a 256-channel for 

transcranial BBB opening in the brains of 

large animals. Capability of dual-

frequency exposure to potentially enhance 

the BBB-opening effect. 

Wang et al [61] 2014 

18 

C57BL/6 

mice 

1 μl/g in-

house or 

Definity® 

0.3 mL  

Omniscan® 

0.3, 0.45, 

0.6 Mpa 
20 10 60 

Microbubbles have significant effects on 

FUS induced BBB opening at lower 

pressures, less important at higher 
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1.2.2 Drug Delivery 

Several methods have been developed to overcome the BBB and deliver drugs into the 

brain. The most common is the surgical approach in which needles or pumps are used and 

drugs are delivered with direct injections to the brain [25]. Although clinical trials showed 

encouraging results, the damage of healthy tissue and the risks due to surgery and 

anaesthesia lead researchers to explore other ways to deliver drugs into the brain [62]. A 

different method tested was applying the injection into the cerebrospinal fluid and not 

directly into the brain. But this could not predict the drug doses at the area of interest. 

Other novel methods turned their interest in improving the drug itself and increase its 

uptake by the brain and bypass the BBB. However, the concentrations of the agents that 

reached the brain were lower than the therapeutic ones [62-63].  

With these facts, BBB disruption with HIFU gave its way for a new innovating approach 

for targeted drug delivery. A variety of tracers and therapeutic agents were delivered in 

the brain of rodent models. Gadolinium-based contrast agents (500 – 900 Da) used during 

MRI imaging were successfully delivered to the brain with HIFU [64]. Trypan blue and 

Evan’s blue (70 KDa) were also commonly used to visualize the BBB disruption, proving 

the BBB opening [43]. Other tracers that were examined were horseradish peroxidase 

[50][55], Dextran molecules [57][65], Lanthanum chloride and superparamagnetic iron 

oxide [66-67].  

One of the sectors that research on HIFU enhanced drug delivery was focused on is for 

the treatment of glioblastoma. Nearly 20’000 patients are diagnosed every year with 

malignant brain cancer, with more than 50 % to be glioblastoma multiforme [68]. Yang 

et al [46],[69–71] showed that pulsed HIFU along with human atherosclerotic plaque -

specific peptide-1 (AP-1) which was combined with doxorubicin containing liposomes 

(Lipo-Dox) could act insynergy for treating brain glioblastoma. The experiments were 

performed on a brain tumor mouse model which was sonicated with HIFU after 

administering AP-1 Lipo-Dox or just Lipo-Dox intravenously. Indeed, these animals 

showed increased accumulation of the drug in tumor cells in conjunction with control 

animals that were not sonicated. Also, these experiments demonstrated that with the 

combination of these two methods the tumor growth ratio was decreased compared to 

chemotherapy itself. The results are shown of Figure 4.  



14 

 

 

Figure 4 : Decrease in tumor size in treated mice [71] 

Aryal et al [72] also tested Doxorubicin (DOX) with HIFU for the treatment of 

glioblastoma in three weekly sessions on rat glioma tumors. It was concluded that the 

median survival time was significantly increased compared to animals that received DOX 

treatment only.  

Similar experiments were also performed by Treat et al [73] using FUS with microbubbles 

in gliosarcoma baring rats which resulted in increased survival time after a single 

treatment of HIFU with DOX compared to DOX treatment only. It was also suggested 

that this method of treatment significantly increased the antineoplastic efficacy of 

liposomal DOX in the brain. Temozolomide (TMZ) was also tested for glioma treatment 

by Liu et al [74]. Mice with U87 human glioma cells were sonicated and administered 

with TMZ with doses ranging from 2.5 to 25 mg/Kg. The results demonstrated an increase 

in TMZ uptake, but also in TMZ degradation time in the tumor core. An improved tumor 

progression (up to 15 %) and survival rate (up to 30 %) depending on the TMZ doses was 

reported. A preclinical study using TMZ was also performed by Wei et al in 2013 [75]. 

Fischer rats were implanted with glioma cells and TMZ was quantitated in cerebrospinal 

fluid after sonication. Their results showed a reduction in tumor progression and an 

increase in median survival. All the above studies demonstrate that the delivery of TMZ 
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or DOX was enhanced with HIFU which gives great potential for future improvements in 

brain tumor treatment. 

Experiments were also performed on metastatic breast cancer cells into the brain [76–78]. 

The first study in 2006 by Kinoshita et al [76] was focused on delivering Herceptin 

(trastuzumab) in the CNS of mice through the BBB. According to the extent of the BBB 

disruption through MRI they indirectly calculated the amount of Herceptin delivered. 

They demonstrated that Herceptin could possibly pass the BBB and offer a promising 

technique for future development. Wu et al [78] on the other hand examined DOX along 

with HIFU hyperthermia on a mice model. Indeed, short-time HIFU hyperthermia had 

enhanced the delivery of DOX into the brain tumors after a single treatment. The 

concentration of DOX was significantly greater in treated tumors with HIFU compared 

to control groups. 

DOX was also tested on virus-induced anaplastic squamous cell carcinoma (Vx2 tumors) 

on superficial thigh muscles of rabbits [79]. Fifteen rabbits were randomly assigned in 3 

treatment groups: the first was treated with DOX, the second with low temperature 

sensitive liposomes (LTSLs) and the third with HIFU (mild hyperthermia) and LTSLs. 

DOX concentration was determined with high-pressure liquid chromatography analysis 

of the tumor. The results showed an increased concentration of DOX on the third group 

in both the periphery and core of the tumor. The other two groups showed lower DOX 

concentrations with its main distribution only on the tumor’s periphery. With only 25 % 

of the tumor volume being heated, showed potential for clinical applications for drug 

delivery on solid tumors. 

HIFU has a wide range of applications for enhanced drug delivery. Different studies have 

been made, each one of them using a different type of cancer or disease and different 

types of drugs. Such example is a study made by Park et al [80] regarding the use of HIFU 

with the chemotherapeutic drug Cetuximab in a colon cancer mice model. Cetuximab, 

HIFU therapy or both were administered three times per week on nude mice which had 

been injected with tumor cells 8 days before. With monitoring of the tumor growth for up 

to 34 days, it was observed that the combination therapy group showed the most 

suppressed tumor growth compared to all other groups. 

A different type of method for enhanced drug delivery includes the use of nanoparticles 

with HIFU. These therapeutic nanoparticles are 1 mm – 100 nm in diameter and are 
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delivered when HIFU transiently increases BBB permeability. The most commonly used 

nanoparticle is Au (AuNPs) which is non-toxic and bio-inert [81]. In studies where the 

BBB remained intact and AuNPs of 10 – 250 nm were used, only particles of 10 nm could 

be detected in the brain in very low concentrations [82]. The first demonstration of focal 

enhanced delivery of AuNPs was made by Etame et al [81]. Particles of 50 nm coated 

with thiolated PEG were delivered into the right hemisphere of 7 Wistar rats prior 

sonication and were observed with the help of MRI. Histological examination showed 

AuNPs in the perivascular spaces and 150 μm from the site of disruption. This proves that 

a significant amount of AuNPs were delivered into the brain with MRgFUS with no major 

adverse effects. Other studies have been conducted with AuNPs and HIFU, with all of 

them giving promising results for future development [83–86]. Magnetic nanoparticles 

(MNPs) were also used in experiments performed by Liu et al [87].  

Nanoparticles were also used along HIFU in other regions. Two feasibility studies were 

made using drug loaded nanoparticles [88][89]. The first one included the 

chemotherapeutic drug Docetaxel loaded in Pluronic nanoparticles (NPs) [88]. The NPs 

were extravasated into the interior cells in tumor tissue using HIFU without any severe 

tissue damage. This increased concentration of NPs in the tissue was observed at exposure 

of 20 W/cm2 since on higher exposures the tumor tissue was destructed due to the effect 

of thermal ablation, decreasing the concentration of the NPs. The second study made by 

Zhang et al [89] tested methotrexate (MTX)-loaded poly(lactic-co-glycolic acid) (PLGA) 

nanobubbles (NBs) which were further connected with anti-HLA-G antibodies (mAbHLA-

G) on nude mice. They concluded that the NBs can be used as a targeted drug carrier, an 

ultrasound contrast agent, but also in synergy with HIFU ablation for the treatment of 

choriocarcinoma. 

Finally, HIFU can be used also in activating a drug to release its active ingredient in 

localized regions. These type of drugs can be temperature sensitive liposomes or bubbles 

[90]. The main procedure for this type of drug delivery is the injection of the temperature 

sensitive formulation intravenously and HIFU to be applied externally on the target area. 

The elevated temperature due to HIFU will trigger drug release in the specific region. In 

this way, only the area of interest will receive the needed therapy. Some applications 

include delivery to the heart [91], the skeletal muscle [92] and cancer treatment [93]. 
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1.3 Conclusions 

HIFU technology has been in the foreground for years as an alternative non-invasive 

method for the treatment of various conditions. Its benefits were discovered many years 

ago and since then a great number of studies have been performed with numerous 

different types of applications. These include among others BBB disruption, targeted drug 

delivery and tumor ablation. It was not long until FDA approved the first HIFU 

application in the successful treatment of uterine fibroids [5]. Research continued with 

experiments on tumor ablation with thermal effects giving promising results. Trials were 

done for treating prostate [9]-[12], breast [13]-[17], liver [18]-[20] and pancreatic cancer 

[22]-[24] but also for the ablation of kidney tumors [21].  

It was then decided to examine the potential of using HIFU in one of the biggest 

challenges in the treatment of brain diseases with BBB opening. The BBB is a structure 

of capillary endothelium which prevents the large molecules from entering the brain 

parenchyma. This has as a result most of the known pharmaceuticals used until now to be 

blocked by the BBB preventing them from treating brain diseases. Due to this specialized 

structure only four diseases that occur in the brain can be treated (depression, chronic 

pain, epilepsy and affective disorders). All of the rest including Alzheimer’s disease, 

Parkinson’s disease, brain tumors and autism have no effective therapy. With these facts 

in hand, researchers turned their interest in contriving ways to disrupt the BBB and access 

the brain. HIFU which is noninvasive is a promising method. It was observed that with 

the use of HIFU in combination with microbubbles, BBB could be temporarily disrupted 

non-invasively, with no acute tissue damage. The microbubbles are injected 

intravenously, contract due to the ultrasonic waves and interact with the endothelial cells 

disrupting the BBB. Numerous studies were done on different animal models including 

rabbits [29-30], [34-35], [57-58], rats [31-33], [58-61] swine [47], [62], human primates 

[38-39] but also on human patients [55]. All of them used different combinations of 

ultrasound parameters (such as pulse repletion frequency, pulse duration and total time), 

different ultrasound contrast agents (Optison®, Definity®, SonoVue® or in-house UCA) 

and different MRI contrast agents (Magnevist®, Omniscan®) but reached to the same main 

conclusion: the BBB was effectively disrupted with no tissue damage and the increase of 

this disruption was correlated with the above-mentioned parameters. 
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Since the BBB disruption was achieved with HIFU, research advanced in examining drug 

delivery with the help of HIFU for specific diseases. Studies performed on glioblastoma 

bearing mouse models showed that drugs like Doxorubicin and Temozolomide were 

delivered into the brain giving positive results in tumor growth and survival rates. Other 

different drug delivered were Herceptin (which was delivered in mice with metastatic 

breast cancer into the brain), Doxorubicin (which was administered in tumors on 

superficial thigh muscles and squamous cell carcinoma cells) and Cetuximab (used in 

colon cancer mice models). With the use of HIFU various nanoparticles were also 

managed to pass through the BBB [81-87]. This includes among others gold 

nanoparticles, doxetaxel loaded pluronic nanoparticles and methotrexate loaded 

nanobubbles. 

HIFU constitutes a very useful tool for non-invasive treatment of different diseases. Apart 

from cancer treatments, novel research proved that HIFU plays a dynamic role in the 

treatment of brain diseases with achieving BBB disruption. A barrier that for decades was 

considered the main issue in treating brain diseases, has been bypassed with the help of 

HIFU. Extensive research has already been made in this area, but more knowledge is yet 

to be discovered and create treatments for diseases that today are considered non-

treatable. Therefore, there is a need for a BBB phantom that can be used to test different 

HIFU protocols. 



19 

 

2 Focused ultrasound phantom model for Blood Brain Barrier 

Disruption 

2.1 Introduction 

As mentioned before, the BBB is a specialized structure that blocks the delivery of 

molecules in the brain parenchyma [25].  It is consisted of capillary endothelium and 

under normal conditions it prevents molecules bigger than 400 – 500 Da to penetrate the 

brain parenchyma [26][27]. From the well-known diseases only depression, chronic pain, 

epilepsy and affective disorders respond to lipid-soluble small-molecule drugs that can 

pass through the BBB [27]. Neurodegenerative diseases such as Alzheimer’s disease 

(AD) and Huntington’s disease have no therapy. Multiple sclerosis, brain tumors, stroke, 

Human Immunodeficiency Viruses (HIV) infections, brain and spinal cord trauma, autism 

in children, ataxis and fragile X syndrome have no effective therapy either. Even 

Parkinson’s disease that is treated with L-dopa drugs, do not offer any cure to stop 

neurodegeneration caused by the disease [27]. A big part of brain research is dedicated in 

finding ways to temporary disrupt the BBB and be able to apply medicinal treatments for 

all the diseases mentioned above. [47], [51], [55], [62], [94]–[96].  

Some of the techniques of BBB disruption tested in the past were based on the use of 

hyperosmolar solutions such as mannitol to loosen the tight junctions of the barrier or 

even intracranial operations with the use of a needle. The latest advancements include the 

use of High Intensity Focused Ultrasound (HIFU) with microbubbles to disrupt 

temporarily and non-invasively the BBB [25]. The mechanism behind this disruption is 

not well understood yet. The microbubbles are injected intravenously and contract with 

the use of ultrasonic waves at the same frequency. In this way, the microbubbles interact 

with the endothelial cells and eventually disrupt the BBB [97]. Figure 5 shows 

schematically the principle of BBB opening.  
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Experimental studies for BBB disruption started in 2001 by Hynynen et a [48] by 

sonicating the brain of 18 rabbits. The rabbits were sonicated in four to six locations with 

0.2 to 11.5 W power. At first, a piece of skull was removed, and the skin was replaced to 

cover that area. On the day of the experiment, the animals were placed on their backs and 

the targeted area was fixed in position by a holder. Figure 6 shows the experimental 

arrangement followed. MRI was used for imaging and monitoring of the temperature and 

tissue changes while a contrast agent with microbubbles was injected via the ear vein 

before each sonication. 

 

Figure 6 : Diagram of experimental arrangement for BBB opening [29]. 

Figure 5 : Concept of the BBB disruption [28]. 
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The results showed that the BBB was indeed disrupted with no visible tissue damage. The 

contrast agent was leaked into the brain which means it was able to pass through the BBB. 

Tests performed in several time periods after the experiment showed that the BBB 

eventually returned to its initial state, while the histological examination showed some 

tissue damage depending on the pressure amplitude used. In conclusion, this study gives 

evidence that BBB can be opened with the use of HIFU and allow drugs like 

chemotherapeutic agents pass into the brain [48]. 

 In the following years, many important studies were performed in animal models 

(rabbits, mice, rats, swine and human primates) using different parameters of HIFU 

proving that the BBB can be disrupted for a short period with minimal side effects [47], 

[51], [55], [62], [94]–[96]. One of these studies was the one performed by Sheikov et al 

in which the cellular mechanisms that take part during BBB disruption were investigated 

[50]. Until then these mechanisms were mostly unknown. Experiments done on rabbits 

were studied for their endothelial cell fine morphology changes induced by ultrasound. 

For this to be done they followed an immunocytochemical procedure (for endogenous 

immunoglobulinG) along with electron microscopy. Their results showed that there are 

different mechanisms that macromolecules use to pass through the BBB after sonication: 

transcytosis, endothelial cell cytoplasmic openings, opening of a part of tight junctions 

and free passage through injured endothelium. Also, it was demonstrated that 

immunoglobulinG was delivered at the targeted brain areas by passing through the BBB. 

With these findings, this study was the first that actually described the routes of the 

macromolecules passage giving evidence for new developments in gene or drug delivery 

to the brain. 

Research continued with experiments on Wistar rats by Yang et al in 2006 [53]. The 

correlation between the ultrasound contrast agent (UCA) dose with the amount of Evans 

blue extravasation was investigated. Sixteen male rats were anesthetized, windows of 

skull were removed and sonicated by a 1 MHz transducer in two locations (one in each 

hemisphere). It was demonstrated that UCA can enhance BBB disruption. A higher UCA 

dose causes a higher cavitation degree while it concentrates the ultrasound energy on the 

focal region. Therefore, if a proper quantity of UCA is used before performing HIFU the 

BBB disruption can be increased and localized especially in higher HIFU pressures (1.2 

MPa).  Figure 7 shows the distributions of Evans Blue in the focal region at different 
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UCA doses and ultrasound pressures [53]. It is obvious that both the size and degree of 

staining were increased according to the UCA dose and in higher ultrasound pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A similar study in 2007 was made by Sheikov et al [55] on 25 rats with 1.5 MHz 

ultrasound bursts at two locations of the brain and a contrast agent to induce BBB 

disruption. The evaluation of results included also the examination of the distributions of 

TJ-specific transmembrane proteins (occludin, claudin-1, claudin-5 and submembranous 

ZO-1). These proteins are critical components of the tight junctions that prevent diffusion 

[98]. Tests performed at several time periods after sonication showed that leakage of 

agents was accomplished after application. At the same time periods, disintegration of the 

TJ proteins was also observed which proves the BBB disruption. At 6 and 24 h after 

sonication the function of the TJs was fully restored and no leakage was observed 

anymore. This means that the BBB disruption was achieved and then restored in its initial 

state with no side effects [55]. 

Figure 7 : Distributions of Evans Blue extravasation in the brain for UCA at four doses and 

ultrasound pressures of 0.9 MPa and 1.2 MPa [31]. 
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The difference in use of the ultrasound contrast agent was also investigated in 2007 [54]. 

McDannold et al performed experiments on rabbits using both Optison® and Definity® 

contrast agents on different rabbits to examine the feasilbility of using Definity® for BBB 

disruption. The same dosages of agents were used on 15 animals (9 with Definity® and 6 

with Optison®) which were sonicated with twenty 10 ms pulses at a repetition frequency 

of 1 Hz. The two contrast agents had a similar probability of BBB disruption correlated 

with the pressure amplitude. However, for the conditions and parameters used in this 

specific experiment (at 0.5 MPa) Optison® produced larger effects with more areas of 

extravasations [54]. 

Marty et al investigated the leakage of magnetic resonance (MR) contrast agents 

according to their hydrodynamic diameter, but also estimated the duration of the BBB 

opening, something that was not defined until then [99].  Forty-seven rats were 

anesthetized and injected with different MR contrast agents with values of hydrodynamic 

diameters ranging from less than 1 nm to 65 nm. It was observed that nanoparticles with 

diameter of up to 65 nm could be delivered without any edema or hemorrhages while the 

BBB recovered fully within 24 hours. Small molecules (around 1 nm) could pass the BBB 

for more than 10 hours from sonication, where larger particles (around 25 nm) could only 

pass for a few minutes. This showcases that if large molecules are to be injected it should 

be done right after or during sonication. 

Experiments for delivering exogenous and endogenous antibodies to the brain through 

the BBB using HIFU were made as a possible treatment for AD. One of these was 

conducted by Jordao et al on transgenic TgCRND8 mice [100]. The mice received a tail 

vein administration of ultrasound microbubbles to disrupt the BBB and the Magnetic 

Resonance Imaging (MRI) contrast agent Gadolinium, followed by an intravenous 

injection of an anti-Aβ antibody BAM-10. After the application of HIFU, it was observed 

that the mice that were sonicated and treated with BAM-10 showed a significant reduction 

of the plaques compared to other groups demonstrating that HIFU could disrupt the BBB 

and aid in delivering exogenous antibodies to the brain. 

Another application that HIFU research was focused on is for the treatment of brain 

tumors. Nearly 20’000 patients are diagnosed every year with malignant brain cancers, 

where more than 50 % of them are considered to be as glioblastoma multiforme [68]. 

Yang et al [46][69]–[71] showed that pulsed HIFU along with human atherosclerotic 
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plaque -specific peptide-1 (AP-1) which is combined with doxorubicin containing 

liposomes (Lipo-Dox) can act together for brain glioblastoma. The experiments were 

performed on a brain tumor mouse model which was sonicated with HIFU after 

administering AP-1 Lipo-Dox or just Lipo-Dox intravenously. Indeed, these animals 

showed increased accumulation of the drug in tumor cells in conjunction with control 

animals that were not sonicated. Also, these experiments demonstrated that with the 

combination of these two methods the tumor growth ratio was decreased even more 

compared to chemotherapy itself.  

Apart from animal models, HIFU research is widely based in the use of gel phantoms for 

performing experiments. Phantoms consist a valuable tool for gaining knowledge and for 

further development of HIFU applications. Unfortunately though, there is no well-known 

phantom to be used to represent BBB disruption until now. There are different materials 

used to create a phantom which mimics tissue and its acoustic properties. Phantoms can 

be made from various materials: gelatin [101]–[103], agar [104]–[106], polyurethane 

[107], polyacrylamide [21]- [22], N-isopropylacrylamide [110] and polyvinyl alcohol 

cryogel [111]. Gelatin based gels are low cost and used mainly for mimicking soft tissue 

while different additive materials are used. If no preservatives are added, they are 

vulnerable to microbial contamination. Also, they have a low melting point of 35 oC 

[101]–[103].  Agar phantoms are cheap and easy to produce, durable in high temperatures, 

nontoxic, disposable and with a melting point of 65 oC [112]. On the downside they lack 

of long term stability [112]. Polyacrylamide phantoms are also widely used in 

combination with bovine serum albumin [113]. They are transparent and can be used 

several times. Their production though includes handling of acrylamide which is a known 

neurotoxin and a carcinogen.  

This study aims to develop a phantom which mimics the BBB and can be used to evaluate 

HIFU protocols. This phantom improves the way experiments on the BBB are performed, 

because animal models can be avoided. This significantly reduces the cost and time 

needed for the experiment to be done providing a new innovative option for researchers. 

Also, it is a useful tool for training purposes and gives new opportunities for research in 

this area to develop with a faster pace and more precise protocols. Tubes demonstrate the 

function of the BBB vessels which do not allow any drugs to leak into the phantom and 

get disrupted when acoustic waves of HIFU are applied.  
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The aim of this study was to demonstrate a model that would have a constant liquid 

circulation that would allow liquid leakage only after HIFU were applied. There was no 

attempt to use materials that would have the same structure as BBB but establish a model 

that produced liquid leakage during the application of HIFU protocols. 

 

2.2 Materials and Methods 

An experimental setup that was used in all experiments was developed, which included a 

proper holder for the ultrasound transducer and the tube representing the artery. The 

design was done using the software Autodesk Inventor Professional 2019 (Autodesk, 

United States) and then printed in acrylonitrile butadiene styrene (ABS) plastic material 

by a 3D printer (FDM400, Stratasys, 7665 Commerce Way, Eden Praire, Minesota, 

55344, USA). The design drawings of the experimental setup can be shown in Figure 8. 

Figures 8A and 8B demonstrate the complete drawing of the setup, Figure 8C shows a 

side view of the setup and Figure 8D shows the top view. The set up comprised a holder 

for the ultrasound transducer at the bottom and a holder for the tube which is used to 

mimic liquid circulation. Then this is immersed in a degassed water bearing container, 

which provides the coupling needed for the transducer to interact with the tube or 

phantom. The water in all cases is degassed using a two-stage vacuum pump (VP2RS-3, 

VC2523AG, Vacuum Chambers, Poland). The tube holder’s height is always adjusted so 

that the transducer’s focal spot is exactly at the point the sonication is needed. 

The concept of this model is to use a proper tube that would be placed steadily in the tube 

holder, having a liquid circulation through it. During the experiments different types of 

tubes were developed and tested. Tubes of different dimensions bearing holes in numeral 

sizes and shapes were used attempting to seal these holes by testing various materials. 

Some of the materials unsuccessfully used were gypsum, glue, instant glue, tape, 3D 

printer support, plasticizer etc [114]. 
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Figure 8 : (A) and (B) complete view of the experimental setup, (C) side view of set up and 

(D) top view of set up 

 

The first successful experiment performed using a tube designed with Autodesk Inventor 

Professional 2019 (Autodesk, United States) and 3D printed with polylactic acid (PLA) 

plastic using the 3D printer (Ultimaker 3, Ultrimaker, Gendermalsen, Netherlands). The 

tube has a diameter of 4.4 mm, length of 40 mm and wall thickness of 1 mm with multiple 

openings of 0.4 mm thickness around its perimeter.  The tube has three similar openings 



27 

 

at an angle of 120o. Figure 9A and 9B show the design drawing of this tube, Figure 9C 

shows the actual printed tube and Figure 9D shows the internal view of the tube with all 

three openings. The liquid to be circulated used in this experiment was natural 

pomegranate juice (100 % natural juice, HCS AE, Greece) which is easily visualized 

during leakage. This liquid is circulated using a peristaltic pump (7518-60, Masterflex 

L/S, Germany). The tube lesions are hermitically sealed with a homogenous thin layer of 

a mixture of paraffin and vegetable oil wax. 

 

Figure 9 : (A) and [B] View of the tube design, (C) actual printed tube showcasing the 

dimensions and [D] inner view of the tube showing the three openings. 

The HIFU system used in all experiments is consisted of a spherical in-house transducer 

operating at 0.5 MHz with a diameter of 50 mm and geometric focus of 100 mm. The 

transducer was driven by an RF generator (RFG 750, JJA instruments, Duvall, WA 

98019, USA). The sonication was adjusted using an in-house software previously 

developed in C# (Visual Studio 2010 Express, Microsoft Corporation, USA) [115]. The 

electrical power of 150 Watt was applied with a duty factor (DF) of 10 % and pulses of 

10 ms for a duration of 60 seconds. The -3 dB radial width was 3.2 mm and the -3 dB 

axial length was 26 mm. The purpose of the sonication was to provide short and strong 

pulsed waves to disrupt the sealing barrier by mechanical means. During the sonication, 

temperature of the tube was measured with a 100 μ thermocouple (Omega engineering).  
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In some of the experiments, prior to the application of the HIFU exposure an ultrasound 

contrast agent (SonoVue; Bracco SpA, Milan, Italy) was injected in the tube at a dose of 

0.02 mL per 300 mL of liquid but results regarding this were inconclusive. 

The sonication protocol described above was applied on the sealed tube and investigated 

visually whether a disruption of the wax layer could be achieved releasing the liquid in 

the container. After eight seconds of sonication, a leakage was visually observed 

demonstrating that the ultrasound pulses disrupted the layer releasing the liquid from the 

tube’s lesions. Figure 10A shows the experimental setup before and Figure 10B shows 

the set up after sonication. After the disruption was achieved, liquid was released. Figure 

11 shows the disrupted layer from the tube after the sonication was done and the tube 

removed from the set up. During the sonication the maximum temperature never exceeded 

1.5 oC indicating mechanical effects. 

 

Figure 10 : A) Experimental set up before any sonication (B) Experimental setup during 

sonication and after liquid leakage with 150 W, DF 10 %, PRP 10 ms, pulse duration 60 

sec, frequency 0.5 MHz, diameter 50 mm and geometric focus 100 mm. 
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Figure 11 : The disrupted layer of wax on the tube caused by the ultrasound sonication. 

The experiment was repeated using the same exact parameters and protocols, to evaluate 

the repeatability of the model. It was observed that leakage was achieved also in that 

experiment, showcasing that the set up and protocol used produces constant results. 

Figure 12 shows the leakage during this experiment.  

 

Figure 12 : Leakage during HIFU application using parameters 150 Watt, DF 10 %, PRP 

10 ms, pulse duration 60 sec, frequency 0.5 MHz, diameter of 50 mm and geometric focus 

of 100 mm. 

In order to define more parameters with this model, an experiment was performed varying 

the electrical power used. In this case, using the same tube and wax sealing, four 

experiments were done, ranging the electrical power from 50 W to 200 W and keeping 
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the rest of the parameters the same. This was done to investigate at which exact power 

level a leakage was achieved, but also to find a correlation of the leakage amount with 

increasing power. The actual values used were 50 W, 100 W, 150 W and 200 W. Liquid 

leakage and therefore disruption of the wax layer was only observed using electrical 

power of 150 W and 200 W. It was also observed that with higher power, a greater leakage 

was achieved. Figure 13 shows the leakage of these two experiments. Figure 13A shows 

the leakage using 150 W power while Figure 13B the leakage with 200 W power. 

 

Figure 13 : (A) Liquid leakage using 150 W power (B) Liquid leakage using 200 W power 

and HIFU parameters, DF 10 %, PRP 10 ms, pulse duration 60 sec. 

In addition, the setup was also slightly changed for this experiment implementing a 

volumetric cylinder in between the liquid circulation as shown in Figure 14, so the loss 

in liquid caused by the leakage would be measured. This could help in quantifying the 

liquid leakage apart from the visual observations. Since the liquid circulation is in a closed 

system, any loss is attributed to the liquid leakage caused by the layer disruption. In this 

case, the difference in the liquid volume (initial liquid volume – end liquid volume) was 

determined. During the first two experiments using 50 W and 100 W power, there was no 

difference in the liquid volume since there was no disruption of the wax layer. In the case 

of the third experiment using 150 W power, the calculated liquid leakage was found equal 

to 2 ml while in the case of 200 W power the leakage was 13 ml. This confirms that the 

higher power causes a larger leakage and effect compared to 150 W. This observation can 

be made visually also from Figure 13 where the leakage is significantly greater causing a 

bigger disruption of the layer. In this way, more liquid is released. 
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Figure 14 : Experimental setup including a volumetric cylinder to quantify the leakage. 

In a continuation of the previous experiments, an attempt to standardize the thickness of 

the wax layer was made. Although in the experiments a correlation between the layer 

thickness and the leakage is not observed, since the layer never exceeded a thickness of 

3 mm at any point, it is important to have a uniform layer throughout the tube eliminating 

any chance that this could have an effect. Therefore, a mold was designed using the 

software Autodesk Inventor Professional 2019 (Autodesk, United States) and then printed 

in chlorinated polyethylene elastomer (CPE) plastic material by a 3D printer (Ultimaker 

3, Ultimaker, Utrecht, Netherlands). The set is comprised from a base that withholds the 

mold in a stable position and two identical compartments that create the mold when 

connected to each other. This design was made in order to be able to remove the connector 

easily from the mold without damaging the wax layer. The design drawings of the 

experimental setup can be shown in Figure 15. Figures 15A and 15B demonstrate the 

complete drawing of the setup, Figure 15C and 15D show the compartment from different 

angles. 
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Figure 15 : Complete drawing of the setup (A), (B), Compartments from different angles 

(C), (D). 

The mold was tested for its use, placing the tube connector in it, pouring liquid wax and 

waiting to solidify for a few minutes. The connector was then easily removed from the 

mold with a homogenous wax layer of 2 mm formed on its surface. Figure 16 shows the 

wax layer on the connector. The connector was tested with a HIFU sonication. Two 

differences are implemented on this experiment comparing with the previous trials. The 

RF generator is replaced by a combination of a signal generator Agilent (20MHz Function 

/ Arbitrary Waveform Generator, LXI, California, USA) and an amplifier AG 1012 (AG 

Series Amplifier, T&C Power Conversion Inc., New York, USA). The output used was 

exactly the same as previously (150 W), while voltage of 520 mV produced the same 

power. Another change implemented, is the replacement of the pomegranate juice with a 

cherry red food colorant (Flair Color, Essex, UK) which again provides the desired red  
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colour but has more stability in time. After the protocol was applied, liquid leakage was 

observed as shown in Figure 16.   

A different approach was investigated by replacing completely the tube connector and the 

wax layer by another material. The concept was to test if by removing these elements and 

by using only the silicone tube wiring could have the same effect and a more simple 

structure. Holes of 2 mm diameter were punctured on the silicone tube. This size allowed 

no liquid leakage before HIFU application, providing possibility of a leakage after HIFU 

application. Therefore, this setup was tested using again the same equipment and 

parameters (520 mV, 150 W, DF 10%, PRP 10 ms and pulse duration 60 s). After 

sonication, liquid leakage was observed from the tube, but in a small amount compared 

to previous experiments. Figure 17A and 17B show this leakage. 

An important part of the creation of the phantom model for BBB disruption was also to 

test this setup in an agar phantom and see what evidence can be extracted from this 

combination.  

 

Figure 16 : Liquid leakage using 150 W power, DF 10 %, PRP 10 ms, pulse duration 60 

sec, frequency 0.5 MHz, diameter of 50 mm and geometric focus of 100 mm. 
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Figure 17 : (A) and (B) Liquid leakage from the silicone tube using 150 W power, DF 10 

%, PRP 10 ms, pulse duration 60 sec, frequency 0.5 MHz, diameter of 50 mm and 

geometric focus of 100 mm. 

Two experiments were performed in this direction, using a tissue mimicking phantom 

created in-house using 6 % w/v Agar, 4 % w/v Silicon Dioxide and 30 % evaporated milk. 

These concentrations were selected from previous studies resulting in a phantom 

mimicking brain tissue [112]. The preparation includes dissolving agar and silicon 

dioxide in water and heating it to 90 oC. After it reaches the desired temperature the 

mixture is let to cool down and when it drops to 50 oC, the evaporated milk pre-warmed 

also at 50 oC is added. The mixture is then poured in a container and let to solidify. For 

the purpose of these experiments, the previously used tube was sealed with wax prior the 

phantom preparation and then placed in the phantom as described below. The HIFU 

protocol used for sonication was slightly modified now: the power was increased to be 

able to overcome the attenuation of the agar phantom. According to the correlation 

between the signal generator voltage of the Agilent generator (20MHz Function / 

Arbitrary Waveform Generator, LXI, California, USA) and the electrical power from the 

amplifier AG 1012 (AG Series Amplifier, T&C Power Conversion Inc., New York, USA) 

as shown in Figure 18, for the maximum achievable electrical power of 500 W the 

equivalent voltage to use was 1320 mV. This comes to an equivalent value of 156 W 

acoustical power. The rest of the HIFU parameters remained the same (0.5 MHz, 10 % 

DF, 10 ms PRP and pulse time 60 s). 
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Figure 18 : Correlation between voltage and electrical power. 

The first experiment was done using the same 3D printed PLA tube connector with 0.4 

mm holes in 120o angle between them. The tube was placed in the tube holder and was 

sealed with a wax layer as shown in Figure 19. 

  

 

 

 

 

 

 

 

Then, the agar phantom was prepared as previously described but before pouring it in the 

desired container, the tube holder was placed in steady position in the container. In this 

way the tube holder would be included in the phantom creating in this way a layer of 2 

cm of phantom around the sealed tube. The phantom solidified and then sonicated. 

Figures 20A and 20B show the phantom with the tube holder. 
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Figure 19 : Tube connector sealed with wax and placed in position on tube holder. 
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Figure 20 : A) Agar phantom containing sealed tube and holder top view and B) side view. 

Before sonication the phantom was again tested for any possible leakage due to a wax 

disruption that might occurred during the preparation of the phantom. The phantom was 

then placed in position and was sonicated using the parameters mentioned before. No 

obvious leakage was observed when applying the sonication. The phantom was removed, 

cut open and the wax layer was examined carefully for any signs of disruption. No visible 

signs were observed. After the removal of the agar phantom, the tube was placed back in 

position and tested for leakage with HIFU application and the same protocol as previously 

used. The layer was disrupted causing some small leakage. 

In order to investigate also the fact the maybe the agar phantom holds tightly the wax 

layer without allowing it to be disrupted, a second experiment was performed with one 

difference. A hole of 9.5 mm was punctured on the phantom from edge to edge so that 

the sealed tube would pass through it leaving a gap of 3 mm between the tube and the  
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Figure 21: Agar phantom with hole to include a sealed tube. 

agar phantom. In this case, the phantom would not block any possible disruption of the 

wax and the tube holder was no longer needed. Figure 21 shows the phantom with this 

modification. 

Figure 22 shows the experimental setup of the phantom and tube before sonication. The 

tube holder was placed on top to provide more stability. The same sonication protocol 

was applied with no visible signs of leakage. After the end of the sonication, the phantom 

was removed, cut open and checked for any leakage or disruption of the wax layer. No 

visible signs of disruption were observed for this experiment. 

2.1 Conclusions 

This study was inspired by the fact that all of the experiments performed for BBB 

disruption are usually done on animal models thus there is a need for a model of BBB 

opening so that HIFU protocols can be easily tested. This makes experiments in this area 

expensive and time consuming. Therefore, trials have been made in order to create a 

suitable phantom model that would represent the BBB function and disruption during 

HIFU applications, showcasing the leakage that actually occurs during this disruption. 

An initial model was achieved, showcasing a liquid flow in a closed system under normal 

conditions and a liquid leakage after HIFU application, just like what actually happens 

during BBB disruption applications of HIFU. This can be used as a base for advancing  
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and developing an accurate and innovative phantom model that will replace animal 

models in experiments. In this way researchers will be able to perform more accurate and 

cost-effective experiments using a phantom, testing several different protocols and 

parameters and gaining valuable knowledge for BBB disruption. 

The proposed model is simplistic regarding its physical structure. Liquid leakage can be 

established with HIFU protocols. The intention with this study is to inspire researchers to 

develop more advanced models that mimic BBB opening. The attenuation of the agar 

phantom did not allow liquid leakage with the current equipment. This model though can 

be used as a basis for others to advance further and create a more complex model. 

 

 

 

 

 

Figure 22 : Experimental setup before sonication. 
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3 Ultrasonic attenuation of agar, silicon dioxide, and evaporated milk 

gel phantoms 

3.1 Introduction 

The attenuation coefficient is recognized as being a foundational acoustic property of 

tissue since it essentially governs the wave-tissue interaction. This main ultrasonic feature 

of tissues is attracting considerable the interest of many researchers over the last decades. 

The research interest arises from the need to achieve an accurate measurement of the 

attenuation coefficient which has been questioned as the results of several studies deviate 

using various techniques. The correct quantification of human tissues and TMMs 

attenuation coefficient is of great importance since it represents a key factor in the 

establishment of optimal HIFU treatment strategies [116].  

An immersion technique to estimate the attenuation coefficient is the pulse-transmission 

method. This method was introduced by Nolle et al [117] in order to estimate the 

attenuation coefficient in high polymers. Following the same path in the 1960s and 1970s, 

McSkimin [118] suggested a method to measure the attenuation coefficient which was 

similar to the pulse-transmission technique. The different approach is that the pulsed 

signal is transmitted through the sample and received by a receiving transducer placed on 

the opposite side from the transmitting transducer. Two signals are recorded and 

analyzed, one without the sample and the other with the sample. A technique that 

compares the signals as received with different sample thicknesses was presented by 

Umchid et al [119]. In another technique [120], the attenuation coefficient was estimated 

using a transmitter and a receiver transducer with the main advantage that density 

estimation was not necessary.   

The above techniques have been widely used to estimate the attenuation coefficient of 

numerous materials and tissues. Emphasis has been given in changing the attenuation 

coefficient concerning the percentages of different liquid or solid materials for the 

manufacture of TMMs with desired values close to those of humans. The main target of 

TMMs is the replacement of human tissues and their use for testing diagnostic ultrasound 

and HIFU applications. Although the attenuation measurement methods may have 

imperfections and inaccuracies, nevertheless, the estimation of the attenuation coefficient 
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of human/animal tissues and TMMs with the same technique would give comparable 

results.  

In recent years there has been considerable interest in TMMs in the field of focused 

ultrasound. In the literature, there is a surprisingly high number of developed TMMs for 

which their attenuation coefficient was estimated and identified with values close to many 

tissues. The attenuation coefficient of polyvinyl chloride-plastisol (PVCP) gels doped 

with powder (PVC or graphite) was investigated using the through-transmission 

technique [121]. The acoustic attenuation values of this material were found to be similar 

to fat tissue. Polyacrylamide gels combined with bovine serum albumin (BSA) were also 

prepared and tested [122]. Different amounts of intralipid were added to modify the 

ultrasonic absorption properties. The increase of intralipid concentration caused an 

increase in the attenuation coefficient from 0.26 dB/cm-MHz without intralipid to 0.78 

dB/cm-MHz with 60 % volume to volume (v/v) intralipid concentration. 

The pulse-echo method was used in another study to estimate the attenuation of agarose 

phantoms doped with alumina powder granulation (Al2O3) in 3 different manufacturing 

techniques (manual, mechanical, or magnetic stirring) [123]. The acoustic attenuation of 

phantoms differed with the various stirring techniques. The developed phantoms with 

mechanical stirring presented a higher attenuation coefficient than the other 2 

manufacturing techniques. Polyvinyl-alcohol cryogel (PVA-c) phantoms with a different 

number of freeze-thaw cycles have been produced and their attenuation was investigated 

[124]. The attenuation coefficients were in the range of 0.085–0.124 dB/cm-MHz with 

the lowest value resulting from a single freeze-thaw cycle and the highest one from three 

cycles. 

The suggested attenuation coefficient slopes for use in phantom materials vary from 0.3-

0.7 dB/cm-MHz [125]. Whole milk, evaporated milk, liquid, and solid agar-based TMMs 

were previously developed and tested [126]. Bovine milk has been reported to exhibit a 

proportionality between the attenuation coefficient and a frequency over a wide range of 

1-40 MHz. The attenuation of homogenized whole milk was also measured, and a slope 

of 0.35 dB/cm-MHz was found [126]. Thereby, whole milk can be only considered as a 

valuable liquid material to replicate low soft-tissue attenuation coefficient. Evaporated 

milk contribution to attenuation was studied and an attenuation coefficient slope of about 

0.8 dB/cm-MHz was calculated [126]. The dissolution of evaporated milk with water 
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enables the selection of any lower slope attenuation coefficient in the range of 0.3-0.7 

dB/cm-MHz. Estimating the attenuation of agar-based gels at frequencies greater than 20 

MHz makes them possible for potential use in high-frequency applications [127]. The 

attenuation of an agar-based phantom that mimics brain and muscle tissue was also 

reported in a study by Menikou et al [112]. The brain tissue-mimicking gel resulted in an 

attenuation value of 0.59 dB/cm-MHz and the muscle TMM in a value of 0.99 dB/cm-

MHz.  

The slopes of the ultrasonic attenuation coefficient versus frequency for agar-based gels 

doped with glycerol have been shown to lay in the range of 0.35–0.46 dB/cm-MHz at 22 

◦C, which serves as a good approximation for the attenuation of many soft tissues [128]. 

For weight percent concentrations of up to 10 % of glycerol, the increase in attenuation 

coefficient slope was less than 0.02 dB/cm-MHz. Typical hydrogel values have been 

reported to be in-line with the attenuation values of non-doped agar-based gels and 

polyacrylamide (PAA) materials with values lower than 1 dB/cm [109], [129]. 

Polydimethylsiloxane (PDMS) samples demonstrated significantly higher attenuation 

values compared with samples of agarose and PAA materials [128]. Although attenuation 

values increase with material concentration, there were no statistically significant 

variations between the different quantities of non-doped materials. For high nanoparticle 

concentrations, statistically important variations were observed approximately between 

doped and non-doped samples [130].This demonstrates that the addition of barium 

titanate (BaTiO3) nanoparticles increases the attenuation coefficient of agarose, PAA, and 

PDMS gel phantoms.  

Gelatin-based phantoms comprised of dry gelatin, n-propanol, and preservatives were 

produced and their attenuation was adjusted between the range of 0.2-1.5 dB/cm-MHz by 

varying the concentration of graphite [131]. It has been stated that the attenuation 

increases as the amount of gelatin powder increases [102]. In another study [132], the 

attenuation of poly(vinyl alcohol) cryogel was found to be low in the range of 0.075 to 

0.28 dB/cm-MHz. However, the addition of enamel paint increases the values close to the 

values of human tissues. Standard BSA polyacrylamide hydrogel was also found to have 

a low attenuation coefficient using the pulse-echo method [108]. Despite this, the addition 

of scattering glass beads and the rise of the concentration of acrylamide to 30 % increased 

the attenuation coefficient of polyacrylamide gels close to the value of diagnostic 
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ultrasound systems. Commercial phantoms that are used in HIFU applications are 

available with an attenuation coefficient of 0.6 dB/cm-MHz [133]. Furthermore, the 

attenuation of polyacrylamide gels (with 9 % BSA) was approximately 8 times lower than 

that of soft tissues [113].  

Agar has already been used as a fundamental material of TMMs due to its ability for 

having a high melting point (> 90 oC) [24]. This particular property makes agar ideal 

material for HIFU applications and ablative procedures without losing its integrity. The 

agar was selected to provide intermediate stiffness and elasticity to the phantom. Agar-

based phantoms can resist to HIFU forces without cracking when HIFU applications are 

evaluated. Additionally, silicon dioxide powder was added to control scattering 

independently whereas evaporated milk served as a low scatter material that enhanced 

absorption [134].  

This study reports the observed changes in the attenuation coefficient of agar-based 

phantoms with different agar, silicon dioxide, and evaporated milk concentrations. The 

attenuation coefficient of each sample was estimated using the through-transmission 

techniques for varying agar, silicon dioxide, and evaporated milk concentration. 

 

3.2 Materials and Methods 

Measurements of the attenuation coefficient were performed in tissue-mimicking agar-

based materials and excised rabbit tissues. No patient data were included in this study. 

Therefore, no informed consent from patients or approval from an ethics committee was 

required. 

3.2.1 Samples preparation 

Agar-based gels with different concentrations of agar (Merck KGaA, EMD Millipore 

Corporation, Darmstadt, Germany), silicon dioxide powder (Sigma-Aldrich, St. Louis, 

Missouri, United States), and evaporated milk (Nounou, Friesland Campina, Marousi, 

Greece) were formed.  

The following nine samples were prepared: three samples with different w/v agar 

concentrations for each sample (2 %, 4 %, 6 %); three samples with different 

concentrations (w/v) of silicon dioxide (2 %, 4 %, 6 %) for agar concentration of 6 % 
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w/v; and three samples with different v/v concentrations of evaporated milk (10 %, 20 %, 

30 %) for 6 % w/v agar and 4 % w/v silicon dioxide.  

The manufacturing process until the addition of agar was the same for all the samples. 

The procedure was slightly differentiated after the addition of agar and depended on the 

number of materials used. Initially, ultrapure degassed/deionized water was slowly heated 

and continuously stirred using a magnetic stirrer (SBS, A160, Steinberg Systems, 

Germany) for a period of 10 minutes until its temperature reached 50 oC. During the 

procedure, the temperature increase was monitored using an electronic thermometer 

(Omega Thermometer, HH806AU, Omega Engineering, Norwalk, Connecticut, USA).  

For every batch, the agar content was added slowly in degassed/deionized water to 

mitigate aggregation. It is worth mentioning that since agar was in granular form with a 

particle size of approximately 1400 μm, it was first ground into powder before mixing 

with water to promote homogeneous jellification in the absence of impurities. In case no 

other material was added, the mixture was let to heat until it reached 90 oC and then to 

cool down to 50 oC. High temperatures allowed agar’s bonds to break and bind to the rest 

of the mixture (in case other materials were added). During the cooling period, the 

mixture was continuously stirred with the magnetic stirrer. The mixture started to solidify 

when the temperature dropped at around 50 oC. The amount of water that evaporated 

during boiling was replaced. The evaporation of the water was estimated by following the 

same procedure without the insertion of the solid materials. The evaporated water was 

calculated by subtracting the remaining volume of water from the initial volume. Care 

was taken by stirring the solution gently to avoid the creation of air bubbles that are known 

to reflect ultrasound waves. When other materials were added to the mixture, the silicon 

dioxide was first added 2-3 minutes after the agar insertion. The mixture including both 

the agar and silicon dioxide was heated until it reached 90 oC. Afterward, the mixture was 

left to natural cool down to 50 oC. Following this, the evaporated milk (v/v) was heated 

to 50 oC and added to the rest of the mixture. For a final step, the whole mixture was 

stirred well to allow full dissolvement of all ingredients.    

The preparation procedure for each phantom was simple and did not last more than 20 

minutes. The mixture was poured into a Polylactic Acid (PLA)-designed mold and was 

let to jellify overnight at room temperature. The dimensions of each mold were 40 mm in 

height, 26 mm in width, and 32 mm in length with 3 mm thickness. Two open circular 
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holes of 22 mm diameter were left on both sides of the mold container to allow ultrasound 

waves to propagate through the sample. The designed molds could be easily attached and 

fitted to the experimental setup, making them ideal for accurate attenuation coefficient 

measurements.  

Attenuation measurements for the nine samples were taken within 24 hours post-

fabrication to avoid decomposition by microbial growth. Thus, preservatives were not 

added but their use can be beneficial for prolonging shelf life needed when characterizing 

properties and their change over time. Figure 23A illustrates a computer-aided design 

(CAD) drawing of the PLA mold and Figure 23B shows the samples with different agar, 

silicon dioxide, and evaporated milk concentrations. 

 

Figure 23 : A) Drawing of the PLA mold. B) Front view of the developed samples with 

different amounts of agar, silicon dioxide, and evaporated milk. 

 

3.2.2 Experimental setup to measure the attenuation coefficient of agar-

based gels 

Attenuation measurements were conducted using the through-transmission technique, 

previously reported by Madsen et al [135]. Attenuation coefficient is an important 

acoustic property of tissues and gel phantoms especially designed for HIFU applications 

since it governs the efficiency of acoustic energy transformation into heat. Therefore, 
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adequate matching with the respective replicated soft tissue coefficient is a matter of great 

importance.  

Two well-known methods are broadly used to estimate the attenuation coefficient; pulse-

echo and through-transmission method. Both techniques require the submersion of the 

sample in a tank filled with degassed/deionized water and all measurements are 

performed with immersion planar ultrasonic transducers. The through-transmission 

technique that was used herein, involved two planar transducers; one for transmitting the 

continuous ultrasound signal and one for receiving.  

For the experimental setup, a special acrylonitrile butadiene styrene (ABS) plastic holder 

was designed (Inventor Professional 2018, Autodesk, California, USA) and printed using 

a 3D printer (F270, Stratasys Ltd., Minessota, USA) as shown in Figure 24. The ABS 

holder retained the planar transducers and the sample at fixed positions and provided 

stability for more accurate measurements. The holder included two cylindrical cavities 

for tightly fitting the transducers with their active elements facing each other. A 30 mm 

diameter planar immersion transducer (CeramTec, Plochingen, Germany) operating at 

1.1 MHz, transmitted an amplified sinusoidal acoustic wave signal that propagating 

through 26 mm of the sample. The same type of transducer located 65 mm from the 

transmitter was used to record the attenuated resulting signal, which was displayed on a 

digital oscilloscope (TDS 2012, Tektronix, Inc., Karl Braun Drive, United States). Each 

sample was positioned in the near field of the emitting transducer where the intensity of 

the sound wave is relatively constant with distance traveled. Figure 24 shows the 

experimental setup for the attenuation coefficient measurements. 

 3.2.3 Analytical method to calculate the attenuation coefficient of agar-

based gels  

The attenuation in dB was calculated from the difference between the peak-to-peak 

voltage of the recorded signal from each sample compared to a reference signal traveling 

for the same distance in degassed/deionized water under the same experimental 

conditions. The attenuation coefficient was calculated in units of dB/cm-MHz by dividing 

the measured attenuation in dB with the product of the transmitting frequency (1.1 MHz)  
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and sample thickness. The calculated result included the attenuation induced by the 

propagation of the acoustic wave in water. One advantage of this technique is that there  

was no need to calculate the reflection or transmission coefficients at each interface [136]. 

The attenuation coefficient in units of dB/cm-MHz was calculated using equation 1 [137], 

where As corresponds to the reference peak-to-peak voltage without the sample, Ar to the 

peak-to-peak voltage at the receiver side with the addition of each sample between the 

two planar transducers, αw is the attenuation of water in Np/cm-MHz, Δχ is the sample’s 

thickness in cm and f is the transmitting frequency in MHz. 

This procedure was repeated 10 times, for each one of the phantom recipes under test. 

Ten (10) different samples of each recipe were manufactured and attenuation calculation 

 𝜶 =
𝟐𝟎

𝒍𝒏⁡(𝟏𝟎)
∗ [
𝒍𝒏⁡(

𝑨𝒔
𝑨𝒓
)

𝜟𝒙 ∗ 𝒇
+ 𝒂𝒘] 

 

             

(1) 

Figure 24 : Experimental setup for the measurement of the ultrasonic attenuation coefficient 

of agar-based gels with different amounts of agar, silicon dioxide, and evaporated milk. 
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was performed for each one, thus evaluating the stability of the measurement system and 

estimating the uncertainty in measurements.  

3.2.4 Ultrasound imaging 

A diagnostic ultrasound imaging system (UMT-150, Shenzhen Mindray Bio-Medical 

Electronics Co., Ltd., Shenzhen, P.R. China) was used to scan the sample with 6 % w/v 

agar and 4 % w/v silicon dioxide in order to check the echogenicity and the structural 

homogeneity of the sample.  

3.2.5 Frequency dependence of attenuation 

The frequency dependence of attenuation of the phantom recipe with 6 % w/v agar and 4 

% w/v silicon dioxide was investigated in the frequency range of 1 to 2 MHz. For each 

ultrasonic frequency, the attenuation coefficient was calculated according to the 

previously described method, using equation 1. 

3.2.6 Insertion loss  

A slightly different method was then used, in order to estimate the insertion loss in the 

phantoms. The attenuation coefficient of the agar-based gels was estimated according to 

the variable-thickness method, using the same experimental set up described in the 

previous subsections (two identical transducers of 1.1 MHz central frequency fitted inside 

an acrylic tank at specific locations). Although, a different procedure was followed in the 

case of the variable-thickness technique, in which the signals through samples of different 

thicknesses are compared. For that purpose, specifically designed thinner molds (with a 

total volume of 10.0 cm3) were printed using PLA material. In this case, the acoustic 

waves propagated through a 13 mm sample, as shown in Figure 25.   

First, the thinner sample (𝑥1 = 13⁡𝑚𝑚) was placed and the peak to peak voltage was 

measured on the oscilloscope. The procedure was repeated by replacing the specimen 

with the thicker one (𝑥2 = 26⁡𝑚𝑚). The attenuation coefficient of each recipe was 

estimated by including the measured voltage in the presence of the thinner (𝑨𝒙𝟏) and 

thicker (𝑨𝒙𝟐) samples, together with the thickness of the samples and the ultrasonic 

frequency 𝒇, in the following equation [13]: 

                          𝒂 =
𝟏

𝒇
∗

𝟐𝟎

𝒙𝟐−𝒙𝟏
∗ ⁡𝒍𝒐𝒈 ൬

𝑨𝒙𝟐

𝑨𝒙𝟏
൰                                  (2) 
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Figure 25 : Top view of the thinner and thicker mold used in the variable-thickness 

technique.                                                                

3.2.7 Ultrasonic attenuation in rabbit tissue 

Ultrasonic attenuation in freshly excised rabbit tissues, including liver, kidney, and 

muscle was estimated according to the through-transmission method of the two identical 

planar transducers of 1.1 MHz central frequency, previously described for the attenuation 

measurement of the agar-based gels. Firstly, the soft tissues were carefully cut at a 

thickness of approximately 4 mm, placed in a vacuum chamber, and degassed such that 

microbubbles accidentally trapped in tissue were eliminated. The attenuation coefficient 

of each tissue was calculated using equation 1.  

3.3 Results 

Samples of different amounts of agar, silicon dioxide, and evaporated milk were prepared 

following a simple preparation procedure. The attenuation coefficient of each sample was 

calculated using the through-transmission immersion technique. In total 10 calculations 

of the attenuation coefficient were made for each recipe, in 10 different phantoms 

designed with the same concentration of agar, silicon dioxide, and evaporated milk, from 

which a mean value and a corresponding standard deviation were obtained. The estimated 

values can be seen in Table 2. Figure 26 shows the estimated attenuation coefficient with 

respect to the measurement number, for a recipe with 6 % and 4 % w/v agar and silicon 

dioxide respectively. The estimated values are normally distributed around a mean value 

of 1.10 ± 0.09 dB/cm-MHz.  
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Figure 26 : Attenuation coefficient vs measurement number of the phantom with the 

optimum recipe (6 % agar, 4 % silicon dioxide). Uncertainty bars represent standard 

deviations. 

The optimum recipe was defined as the recipe that was found (6 % w/v agar and 4 % w/v 

silicon dioxide) to possess an attenuation coefficient close to that of human muscle [138]. 

Initially, experiments were performed to estimate the attenuation coefficient by varying 

the agar concentration. Figure 27 shows the attenuation coefficient as a function of agar 

concentration (n=10) without any amount of silicon dioxide and evaporated milk. This 

was to done to assess the attenuation purely induced by agar in the absence of other 

materials that enhance scattering or absorption. 

The next step was quantify the attenuation coefficient of agar-based gels by varying the 

amount of silicon dioxide and evaluate its effect on attenuation. Figure 28 shows the 

attenuation coefficient dependence of silicon dioxide concentration (n=10) using 6 % agar 

and 0 % evaporated milk. At low doses of silicon dioxide (< 4 %), the attenuation 

coefficient increased with an increase in silicon dioxide percentage. Although the increase 

of silicon dioxide concentration above 4 % increased scattering, however that scattering 

increment further lowered the ultrasonic absorption at a significant level as previously 

found [25] and the overall attenuation coefficient decreased.  

 



50 

 

According to the linear regression analysis (R2 = 0.995), for silicon dioxide concentration 

up to 4 %, the attenuation coefficient increased by 0.101 dB/cm-MHz for every 1 % 

increase of silicon dioxide concentration.    

 

Figure 28 : Attenuation coefficient vs silicon dioxide (n=10) with 6 % agar and 0 % 

evaporated milk. Uncertainty bars represent standard deviations and the dashed line 

represents linear regression fitting (R2=0.995). 

Figure 27 : Attenuation coefficient vs percentage of agar (n=10) for 0 % silicon dioxide 

and 0 % evaporated milk. Uncertainty bars represent standard deviations and the 

dashed line represents linear regression fitting (R2=0.961). 
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The effect of the variation of the evaporated milk amount on the attenuation coefficient 

of agar-based gels was also assessed. Figure 29 shows the attenuation coefficient versus 

the percentage of evaporated milk (n=10) for a preliminary agar and silicon dioxide 

concentration of 6 % and 4 % respectively. The sample lost its stiffness with an 

evaporated milk percentage of over 30 % as suggested in a previous study [134] and 

became too difficult to handle. Therefore, further investigation for higher evaporated milk 

concentrations was excluded. An attenuation coefficient increment of 0.013 dB/cm-MHz 

was observed for every 1 % increase of evaporated milk. The contribution of evaporated 

milk to the increment of ultrasonic attenuation was found to be significantly smaller than 

the one found for silicon dioxide. 

 

Figure 29 : Attenuation coefficient vs percentage of evaporated milk (n=10) for 4 % silicon 

dioxide and 6 % agar. Uncertainty bars represent standard deviations and the dashed line 

represents linear regression fitting (R2=0.996). 

Further to the through-transmission method in which the signal through the reference 

(water) path is essential, the variable-thickness method was also used, in order to assess 

the insertion loss through the phantoms. As previously mentioned, using the specific 

technique, the signals through samples of different thicknesses were compared. Thereby, 

the ultrasonic attenuation due to the reflection phenomenon on the water/phantom 

interface was eliminated, and thus the results represented only the insertion losses (mostly 

absorption). The estimated attenuation coefficients were found to be smaller or very 
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similar to the ones obtained by the through-transmission method previously used. This is 

mostly attributed to the fact that agar-based phantoms possess acoustic impendences 

similar to that of water [112], and thus the reflection on a water/agar-based gel interface 

is significantly small. The results obtained by both methods were compared as shown in 

Table 2, indicating a good agreement with the underlying theory. 

Table 2 : The mean value of the attenuation coefficient and the corresponding standard 

deviation of each phantom, compared to the insertion loss obtained by the variable-

thickness method. 

Phantom Recipe 

 

 

Mean value of 

the attenuation 

coefficient 

 (dB/cm-MHz) 

 

Standard 

deviation 

(dB/cm-

MHz) 

 

Insertion  

loss 

(dB/cm-

MHz) 

 

Standard 

deviation 

(dB/cm-

MHz) 

Agar 

(% 

w/v) 

Silicon 

dioxide 

(% 

w/v) 

Evaporated 

milk 

(% v/v) 

2 0 0 0.30 0.02 0.22 0.02 

4 0 0 0.43 0.06 0.39 0.03 

6 0 0 0.70 0.06 0.67 0.04 

6 2 0 0.92 0.11 0.94 0.06 

6 4 0 1.10 0.09 1.03 0.06 

6 6 0 1.01 0.10 0.97 0.06 

6 4 10 1.22 0.04 1.25 0.08 

6 4 20 1.34 0.04 1.30 0.08 

6 4 30 1.49 0.09 1.41 0.09 

 

The sample with the optimum recipe (6 % w/v agar and 4 % w/v silicon dioxide) was 

scanned with a diagnostic ultrasound imaging system (UMT-150). The sample appeared 

with increased echogenicity due to the ability of silicon dioxide to scatter ultrasound 

waves as travel through the sample (Figure 30). 
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Figure 30 : Ultrasound image of the sample with the optimum recipe (6 % agar, 4 % 

silicon dioxide). 

For the optimum recipe (6 % w/v agar and 4 % w/v silicon dioxide) further investigation 

was conducted for estimating the frequency dependence of attenuation. Figure 31 shows 

the estimated attenuation coefficient plotted against the probe frequency, in the frequency 

range of 1 to 2 MHz. The attenuation coefficient was found to varied from 0.97 (at 1.1 

MHz) to 2.93 dB/cm-MHz (at 1.9 MHz). The least-squares method that was used to 

determine the line of best fit to data indicated a linear behavior (R2 = 0.978), as shown in 

Figure 31.  

The attenuation coefficient of freshly excised rabbit tissues was also estimated using the 

same experimental setup and formula used for the ultrasonic investigation of the agar-

based phantoms. Overall, 10 measurements of the reference and attenuated (in the 

presence of the tissue) signal were made, approximately 1 hour after excision. The mean 

value of attenuation coefficient for samples of about 4 mm thickness, at 1.1 MHz, was 

found to be 0.86 ± 0.20, 1.18 ± 0.46, and 1.46 ± 0.44 dB/MHz-cm for the liver, muscle 

and kidney respectively. The estimated values for the soft tissues were compared to the 

ones obtained for the agar-based phantoms as shown in Table 3. The recipes with no 

evaporated milk were preferred due to their increased durability. An optimum amount of 

6 % w/v agar, along with a silicon dioxide concentration of 0 to 4 % can be used to mimic 
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the rabbit tissues. Generally, the phantom with 6 % and 4 % w/v agar and silicon dioxide 

concentration respectively was considered optimum for mimicking the rabbit tissue. 

 

Figure 31 : The attenuation coefficient vs frequency of the phantom with the optimum 

recipe (6 % agar, 4 % silicon dioxide). Uncertainty bars represent standard deviations and 

the dashed line represents linear regression fitting (R2=0.9776). 

Table 3 : The estimated mean value of the attenuation coefficient and the corresponding 

standard deviation of each rabbit tissue, and the phantom recipes that could be possibly 

used to mimic tissue. 

Tissue Mean value of 

attenuation 

coefficient 

(dB/cm-MHz) 

Standard 

Deviation 

(dB/cm-MHz) 

Phantom Recipe 

Silicon 

dioxide 

(% w/v) 

Agar 

(% 

w/v) 

Evaporated 

milk 

(% w/v) 

Liver 0.86 0.20 0-4 6 0 

Muscle 1.18 0.46 2-4 

Kidney 1.46 0.44 2-4 

 



55 

 

3.4 Conclusions 

In this study, the variation of ultrasonic attenuation coefficient with different 

concentrations of evaporated milk, agar, and silicon dioxide was evaluated. A 

repeatability test (n=10) was performed for each one of the tested recipes and attenuation 

coefficients were acquired using the through-transmission method. Small day to day 

variability was observed for most of the agar-based gels, indicating the stability of the 

measurement system. The variable-thickness technique was also used and resulted in 

slightly lower values of attenuation coefficients, as expected, proving extra evidence of 

the accuracy of the estimated values.  

Depending on the agar, silicon dioxide, and evaporated milk concentration, the 

attenuation coefficient varied in the range of 0.30-1.49 dB/cm-MHz. A linear increment 

of attenuation was observed with increasing agar (up to 6 %), silicon dioxide (up to 4 %), 

and evaporated milk (up to 30 %) concentration. 

The attenuation contribution of agar percentage from 2 % to 4 % was 0.13 dB/cm-MHz, 

while a more significant (approximately double) contribution with a total attenuation 

increase of 0.27 dB/cm-MHz was found from 4 % to 6 %. Agar concentrations over 6 % 

resulted in stiff phantom and did not resemble realistically the stiffness of soft tissue, 

therefore agar was limited to 6 %.  

It was noticed that the attenuation coefficient can best be regulated by varying the amount 

of silicon dioxide. The addition of 1 % w/v of silicon dioxide contributed to an increase 

of attenuation by 0.101 dB/cm-MHz up to a 4 % concentration. Although the scattering 

of the sample increased with the addition of silicon dioxide for an amount of over 4 % 

w/v, the contribution of silicon dioxide to absorption significantly decreased [134]. 

Thereby, it seems that for a silicon dioxide concentration of more than 4 % w/v, the 

attenuation is strongly affected by the decrement of absorption [134], rather than the 

enhancement of the scattering phenomenon. 

The addition of 10 % v/v evaporated milk increased the attenuation by 0.127 dB/cm-MHz 

probably due to absorption. Evaporated milk was found to have a minimal contribution 

to attenuation (0.013 dB/cm-MHz for every 1 % v/v of evaporated milk), compared to the 

attenuation contribution of silicon dioxide (0.101 dB/cm-MHz for every 1 % w/v of 

silicon dioxide). The concentration of evaporated milk was limited to 30 % because 
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although attenuation (and absorption as it was previously reported [134]) can be further 

raised with increased evaporated milk concentration, increased milk concentration results 

in loose phantom. Evaporated milk has been already suggested as a material that increases 

attenuation by Madsen et al [126]. 

Other materials such as glycerol (more than 5 %) and graphite powder have been reported 

to increase the attenuation of TMMs [131], [128]. The range values of the attenuation of 

agar/gelatin-based gels doped with glass bead scatterers were found in the lower range 

(0.35-0.46 dB/cm-MHz) of the attenuation results of this study [128]. Similar to the range 

of the estimated attenuation values are the gelatin-based gels doped with graphite [18]. 

The pure gelatin (with water and alcohol) gel demonstrates an attenuation in the range of 

0.2-0.3 dB/cm-MHz. By adding a uniform amount of powdered graphite, the attenuation 

can be adjusted between 0.2-1.5 dB/cm-MHz (at 1.1 MHz) which is similar to the 

attenuation range values found in this work.  

The ultrasonic attenuation coefficient of the sample with 4 % agar (0 % of silicon dioxide 

and evaporated milk) was found to be 0.43 ± 0.06 dB/cm-MHz which is close to the value 

found for human fat, liver, and cardiac tissue [138], [139]. In addition, the ultrasonic 

attenuation with an amount of agar of 6 % was found to be 0.70 ± 0.06 dB/cm-MHz which 

is almost equal to that of the human brain, according to [139]. The recipe with identical 

agar and silicon dioxide concentration of 2 %  (0 % evaporated milk) was found to possess 

attenuation close to that of a bovine spleen (0.87 dB/cm-MHz), while a silicon dioxide 

concentration of 2-4 % w/v induced attenuation similar to the bovine brain (0.97 dB/cm-

MHz) [140]. Mast et al [138]reported an attenuation coefficient of human muscle similar 

to the one obtained for the phantom with the optimum recipe of 6 % agar and 4 % silicon 

dioxide. Finally, using the recipe with 6 % agar, 4 % silicon dioxide and 10 % evaporated 

milk, the attenuation coefficient was found to be 1.22 ± 0.04 dB/cm-MHz which is close 

to the value of porcine liver (1.25 dB/cm-MHz) [140]. 

A linear relation between the attenuation coefficient and frequency was estimated for the 

phantom of the recipe (4 % agar, 6 % silicon dioxide). In agreement with our findings, 

other studies for tissue-mimicking phantoms, including polyacrylamide hydrogel-based 

phantoms [113], and gelatin-based phantoms doped with graphite [131], have reported a 

linear relationship between attenuation and frequency, in the range of 1 to 5 MHz.  
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Finally, the accuracy of the measurement system was confirmed by measuring the 

ultrasonic attenuation of freshly excised rabbit tissue, since our findings were in a very 

good agreement with the values reported in [141] for rabbit liver. The suitability of agar-

based phantoms in mimicking real tissue was also assessed. Since the estimated values of 

the attenuation coefficient for both (the phantoms and liver tissues) lie within the same 

range, we can safely conclude that agar-based phantoms can be used to mimic rabbit 

tissue. Specifically, the optimum recipe of 6 % w/v agar and 4 % w/v silicon dioxide 

concentration, with an attenuation coefficient of 1.10 ± 0.09, was found to be suitable for 

mimicking rabbit tissue.  

The findings of this study have been compared to the attenuation coefficient values found 

in the literature for human and animal tissues, as well as to the ones obtained for the 

freshly excised rabbit tissue in the current study. Our work has led us to conclude that 

agar-based phantoms with attenuation coefficient values similar to those of human and 

animal tissues can be developed with the proper selection of percentage of agar, silicon 

dioxide, and evaporated milk. 
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4 Determination of mechanical properties of agar, silicon dioxide, 

and evaporated milk gel phantoms 

4.1 Introduction 

Many studies have been conducted for defining the stiffness of various tissues of interest, 

particularly for cancer tissues and their differences in stiffness comparing to normal 

tissues [142]. Some examples are muscle and liver tissue ranging from 1 to 34 kPa in 

conjunction to cancerous tumors ranging between 112 and 638 kPa [143]. Figure 32 

shows a comparison of the elastic modulus, size and time frames of different materials 

[144].  

 

Figure 32 : Multiple scales of soft biomaterials. (a) Length scales from the molecular to the 

organ level; (b) timescales of different physiological processes; and (c) comparisons of the 

elastic modulus among different typical materials [143]. 

With the increase in interest for this area, many methods were developed for measuring 

the stiffness based on tissue deformation when applying a mechanical force. One of these 

methods is called nanoindentation. Nanoindentation is considered as a useful tool to 
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analyse mechanically materials in the micro/ nano scale. This allows to concentrate on a 

specific area in a region, but also it has no restrictions in the morphology that a tissue 

must have in order to measure its stiffness [145]. The nanoindenter involves the 

application of a controlled load and depth to the surface to create a local deformation.  

A study made by Van Dommelen et al [146] examined different parts of brain tissue and 

showcased their differences in terms of stiffness. Halves of porcine brains from 6-month-

old pigs were formed into samples of 30 mm dimension. After performing indentation 

with 0.1 mm/s speed they observed that the shear moduli of the white matter (posterior, 

superior and anterior) gave higher values than the one of the grey matter. On the other 

hand, samples from the thalamus and midbrain were similar to the ones of the white 

matter. 

Measurements completed in histological specimens show differences in the elastic 

modulus according to the layer of the material. Akhtar et al [147] studied the elastic 

modulus of the aorta and the vena cara. Large arteries, such as the aorta, balance the blood 

pressure differences using their elastic properties. The aorta showed significant changes 

in the elastic modulus from the outer layer (~30 MPa) to the inner layer (~8 MPa). 

Hai et al [148] performed a different kind of study measuring the Young’s modulus both 

in agar phantoms and in human volunteers using the quantitative photoacoustic 

elastography (QPAE) method. They first created agar phantoms with concentrations of 

20, 25, 30, 35 and 40 g/L added in gelatin background with 1 % intralipid. The cross 

sections of each phantom were around 3 mm. Then, they calculated the Young’s modulus, 

imaging the right arm of a healthy human volunteer by applying different loadings pulling 

his arm straight. Figures 33 and 34 show the results of this study. 

Maccabi et al also did some comparative studies measuring the elastic modulus of 

phantoms and of animal tissues [149]. Specifically, they evaluated the viscoelastic 

properties of these materials, defining the elastic modulus (stiffness) and the long-term 

shear modulus (viscosity). They prepared three different types of phantoms: agar, 

polyvinyl alcohol (PVA) and gelatin. The selections were made in order to represent the 

acoustical and mechanical properties of human structures such as liver, breast and 

prostate. In parallel, they measured samples from porcine liver, rat liver and porcine 

gallbladder. Table 4 shows the results obtained for each sample.  
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Figure 33 : QPAE of agar phantoms for increasing Agar concentrations (a-e), Young’s 

modulus by QPAE related to agar concentrations (f) [148] . 

 

Figure 34 : QPAE of human biceps with different loadings a) 0.0 b) 2.5 c) 5.0 d) 7.5 and e) 

10.0 Kg. Young’s modulus value for each layer (f) [148]. 

According to Kaczmarek et al [150], the properties of an agar phantom depend on the 

pore size which varies along with the agar concentration. Higher agar concentration 

results in a decrease of the pore size, but the size increases with temperature due to 

melting of the weak junctions. The increase in agar concentration also produces stiffer 

materials giving a higher elastic modulus [150]. Manickam et al [151] investigated the 
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elastic properties of agar phantoms varying the agar concentration from 1.7 % to 6.6 % 

w/w. The tested samples were of cylindrical shape with dimensions of 38 mm diameter 

and 70 mm height. The calculated Young’s modulus ranged from 50 kPa to 450 kPa, 

where the increase in agar concentration again increased the shear modulus of the 

samples. 

Table 4 :  Mean Elastic Modulus values for each sample tested [149]. 

Sample Mean Elastic Modulus (kPa) 

14% PVA phantom 5.660 

17% PVA phantom 9.435 

20% PVA phantom 33.715 

10% Gelatin Phantom 16.348 

15% Gelatin Phantom 45.210 

20% Gelatin Phantom 65.959 

2% Agar Phantom 104.638 

2.5% Agar Phantom 135.476 

3% Agar Phantom 195.166 

Porcine Liver 2.553 

Rat Liver 2.758 

Porcine Gallbladder 4.730 

 

A similar study was conducted by Dwihapsari et al [152], calculating the shear modulus 

of agar phantoms of 2.5, 5 and 7.5% w/v concentrations. Agar was mixed with 50 ml 

distilled water, boiled for 20 min and poured in plastic tubes with 57 mm diameter and 

75 mm height. The shear modulus of agar ranged from 130 – 180 kPa for 5% w/v and 

300 – 380 kPa for 7.5 % w/v. The results confirmed the hypothesis that the shear modulus 

increases with higher agar concentrations.  
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Measurements for the determination of the hardness of hydrogels using nanoindentation 

were also done by Panteli et al [153]. The resistance to penetration by the nanoindenter 

was defined in five multiple network hydrogels and were correlated to the number of 

networks. The results showed that the nanoindentation hardness and elastic modulus 

increased with the increase in networks. 

Other researchers, like Nayar et al [154], used nanoindentation to define the reduced 

modulus of agar phantoms varying agar concentration. They created phantoms containing 

agar dissolved phosphate buffered saline with agar concentrations of 0.5, 1.0, 2.0 and 5.0 

% by weight. It was observed that the reduced modulus increased with agar 

concentrations resulting in values of reduced modulus equal to 30 kPa for 0.5 % 

concentrations to 700 kPa to 5.0 % concentrations. Also, the dynamic modulus was 

determined with varying load, frequency and amplitude. The results showed the same 

trend with values from 30 to 2300 kPa. An interesting observation made was the fact that 

constant hydration of the samples before each sampling, resulted in avoiding pores in the 

phantom structure.  

On the other hand, Manickam et al [155] carried out a pilot study as part of a broader 

study, measuring the Young’s Modulus for phantoms containing agar, N-propanol and 

deionized water. The tested samples were of cylindrical shape with 38 mm diameter and 

70 mm height. Confirming the findings of other studies, the results indicated an increase 

in the Young’s Modulus with increasing agar concentration. Agar ranged from 2 g (1.7 

%) to 8 g (6.6 %) in the samples resulting in a Young’s Modulus from 50 kPa to 450 kPa 

covering the entire range of tissue stiffness. Figure 35 demonstrates the correlation 

between the concentration of agar and Young’s Modulus in the examined samples. 

Other indications of the Young’s Modulus varying with agar concentrations gave a study 

made by Movahed et al [156]. Agar hydrogels were created including agar, water and 

dimethyl sulfoxide with dimensions 5.5 x 5.5 x 6 cm. The Young’s Modulus was 

measured using microindentometry and presented results of 105, 175 and 347 kPa for 

phantoms containing 1.5, 2.0 and 3.0% of agar. 
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McIlvain et al [157] created samples of agar phantoms which contained salt quantities. 

Among other measurements, they also observed the structure of samples varying one 

phantom preparation parameter each time. They varied the agar concentration, the salt 

concentration and the temperature. The observed the dependency of the phantom’s 

mechanical properties from the preparation protocol, by examining the phantom structure 

with a microscope showcasing the microstructural changes of the gel. The baseline 

phantom was prepared at 90 oC, with 0.6% w/w salt and 1.0% w/w agar. Then they varied 

one parameter at a time with: temperatures 84 and 96 oC, salt concentration 0.3 and 0.9 

% w/w and agar concentration 0.6 and 1.4 % w/w. Figure 36 shows the images they 

obtained for each sample. 

A study made by Wrobel et al examined the morphology of a polydimethylsiloxane 

(PDMS) phantom using an Scanning Electron Microscope (SEM) [158]. They identified 

where the intrinsic scattering comes from while varying the concentration of glycerol in 

the phantom. Figure 36 shows the SEM images with the cavities in the phantom according 

to the glycerol concentration. The increase in glycerol causes the formation of increased 

and larger cavities. The chemical composition of the phantom showed that the two 

materials do not react with one another, but the PDMS working as a matrix with cavities 

and glycerol as a filler.  

 

Figure 35 : Mean and standard deviation of Young's Modulus for samples with agar 

concentrations 2 - 8 g. [155] 
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Figure 36 : Microscopy images of agar phantoms. Middle value images refer to the 

baseline gel [157]. 

 

Figure 37 : SEM images of the internal structure of phantoms with glycerol concentrations 

from 0 to 10 parts per volume [158]. 
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4.2 Materials and Methods 

4.2.1 Samples preparation 

As in previous study for attenuation, agar-based gels with different concentrations of agar 

(Merck KGaA, EMD Millipore Corporation, Darmstadt, Germany), silicon dioxide 

powder (Sigma-Aldrich, St. Louis, Missouri, United States), and evaporated milk 

(Nounou, Friesland Campina, Marousi, Greece) were formed [159].  

The following ten samples were prepared: three samples with different w/v agar 

concentrations for each sample (2 %, 4 %, 6 %); three samples with different 

concentrations (w/v) of silicon dioxide (2 %, 4 %, 6 %) for agar concentration of 6 % 

w/v; and three samples with different v/v concentrations of evaporated milk (10 %, 20 %, 

30 %) for 6 % w/v agar and 4 % w/v silicon dioxide. The last sample included 6 % of 

agar, 6 % of silicon dioxide but aged for 10 days before testing, to observe any alterations 

on the material through time. 

The manufacturing process until the addition of agar was the same for all the samples. 

The procedure was slightly differentiated after the addition of agar and depended on the 

number of materials used. Initially, ultrapure degassed/deionized water was slowly heated 

and continuously stirred using a magnetic stirrer (SBS, A160, Steinberg Systems, 

Germany) for a period of 10 minutes until its temperature reached 50 oC. During the 

procedure, the temperature increase was monitored using an electronic thermometer 

(Omega Thermometer, HH806AU, Omega Engineering, Norwalk, Connecticut, USA).  

For every batch, the agar content was added slowly in degassed/deionized water to 

mitigate aggregation. It is worth mentioning that since agar was in granular form with a 

particle size of approximately 1400 μm, it was first ground into powder before mixing 

with water to promote homogeneous jellification in the absence of impurities. In case no 

other material was added, the mixture was let to heat until it reached 90 oC and then to 

cool down to 50 oC. High temperatures allowed agar’s bonds to break and bind to the rest 

of the mixture (in case other materials were added). During the cooling period, the 

mixture was continuously stirred with the magnetic stirrer. The mixture started to solidify 

when the temperature dropped at around 50 oC. The amount of water that evaporated 

during boiling was replaced. The evaporation of the water was estimated by following the 

same procedure without the insertion of the solid materials. The evaporated water was 
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calculated by subtracting the remaining volume of water from the initial volume. Care 

was taken by stirring the solution gently to avoid the creation of air bubbles that are known 

to reflect ultrasound waves. When other materials were added to the mixture, the silicon 

dioxide was first added 2-3 minutes after the agar insertion. The mixture including both 

the agar and silicon dioxide was heated until it reached 90 oC. Afterward, the mixture was 

left to natural cool down to 50 oC. Following this, the evaporated milk (v/v) was heated 

to 50 oC and added to the rest of the mixture. For a final step, the whole mixture was 

stirred well to allow full dissolvement of all ingredients.    

The preparation procedure for each phantom was simple and did not last more than 20 

minutes. The mixture was poured into a Polylactic Acid (PLA)-designed mold and was 

let to jellify overnight at room temperature. The dimensions of each mold were 40 mm in 

height, 26 mm in width, and 32 mm in length with 3 mm thickness.  

4.2.2 Scanning Electron Microscope 

Images of the phantoms have been acquired using a SEM (FEI, Quanta 200). Prior to the 

investigation, all samples were sputter coated with a thin (<10 nm) silver layer to reduce 

electron charging effects. Images were collected at 5 kV to 20 kV accelerating voltages 

in various magnifications. 

4.2.3 Nanoindentation and Elastic Modulus 

Nanoindentation on all samples was performed using a NanoTest Platform 

(Micromaterials Ltd, UK), using a three-sided pyramidal diamond indenter (Berkovich 

type) with an angle between its central axis and one of its faces of 65.3°, and a tip 

curvature of about 10 nm was used. The samples were subjected to a maximum load of 

0.53 mN, the loading time was set to 5 s, the hold time at maximum load was set to 30 s, 

and the unloading time was set to 2 s. Figure 38 demonstrates the geometry of the indenter 

in the phantom. During the test the load (P) and depth of penetration (h) was continuously 

monitored, in order to measure the mechanical responses of the materials in load-

displacement curves. For each sample, a total of 6 indentation experiments were 

performed. The hardness (H) and reduced elastic modulus (Er) of the materials were 

extracted from the nanoindentation load-displacement curves using: 

                                  𝐻 =
𝑃𝑚𝑎𝑥

𝐴
                                             (3) 
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                                𝐸𝑟 = ⁡
√𝜋

2
𝑆

√𝛢
                                                    (4) 

where Pmax is the maximum applied load, A is the projected contact area at maximum 

load, , vs is the Poisson’s ratio of the sample, vi is 

the Poisson’s ratio for the diamond indenter (0.07), Es is the sample elastic modulus, Ei is 

the indenter elastic modulus (1141 GPa), and S is the contact stiffness found from the 

slope of the unloading portion (dP/dh) of the load-displacement curve at Pmax. 

 

 

 

 

 

 

 

4.3 Results 

All ten phantoms were analysed using the SEM comparing the structure of the phantoms 

while varying the concentration of one element each time. As mentioned before, prior to 

the analysis the samples were sputter coated with a silver layer as shown in Figure 39. 

Figure 39 : Picture of the samples before (A) and after (B) the sputter coating. 

Figure 38 : Geometry of the Berkovich type pyramidal indenter and the phantom. 
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The following figures present the SEM images while analysing the different phantoms. 

Figure 40 shows the images obtained for phantoms with 2 %, 4 % and 6 % w/v of agar. 

It is observed that the increase in the agar concentration results to a denser, harder and 

smoother phantom. Figure 41 demonstrates the variation of images when increasing the 

concentration of silicon dioxide. The pictures include the internal structure of phantoms 

with 6 % w/v agar and 0 %, 2 %, 4 % and 6 % of silicon dioxide. The silicon dioxide 

affects the roughness of the texture, while increasing its concentration. Figure 42 includes 

the SEM captions while varying the evaporated milk concentration. Concentrations used 

were 6 % agar, 4 % silicon dioxide w/v and 0 %, 10 %, 20 % and 30 % v/v of evaporated 

the phantoms.  

 

 

 

 

 

 

 

 

 

 

Figure 40 : SEM images of the internal structure of agar phantoms containing agar A) 2 % 

w/v B) 4% w/v and C) 6% w/v 

Figure 41 : SEM images of the internal structure of agar phantoms containing agar 6% w/v 

and silicon dioxide A) 0 % w/v, B) 2% w/v, C) 4% w/v and D) 6% w/v. 



69 

 

 

 

 

 

 

 

 

 

 

 

The effect of phantom ageing was also investigated by obtaining SEM images for two 

samples with same concentrations (6 % agar, 6 % silicon dioxide) but one tested at four 

days after preparation and the second one at 10 days. Based on the images, no significant 

microstructural changes were observed among the two specimens. Figure 43 includes the 

SEM images for these two specimens.  

 

 

Figure 42 : SEM images of the internal structure of agar phantoms containing 6% w/v 

agar, 4% w/v silicon dioxide and evaporated milk A) 0 % v/v, B) 10% v/v, C) 20% v/v and 

D) 30% v/v. 

 

Figure 43 : SEM images of the internal structure of phantoms with 6 % w/v agar, 6 % w/v 

silicon dioxide and different day of preparation A) at four days and B) at ten days after 

preparation. 
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As mentioned before, for all the samples the elactic modulus was also defined using the 

nanoindentation method. As observed by the SEM images, the increase in the agar 

percentage gave denser and tougher phantoms. This is also confirmed by the values of 

the elastic modulus where higher agar concentrations lead to stiffer materials. Figure 44 

shows the mean and standard deviation of the phantoms with ranging agar percentage 

from 2 to 6 % w/v. On the contrary when the agar concentration was kept constant and 

the percentage of silicon dioxide increased, the elastic modulus was increasing up to a 

certain point but for samples with 4 and 6 % w/v of silicon dioxide, the values dropped. 

This is probably due to fact that higher concentration of silicon dioxide become harder to 

mix and dissolve in the phantom mixture but also voids could be created during mixing. 

Figure 45 demonstrates the values of elastic modulus obtained for the four samples. 

Finally, the elastic modulus was calculated also in correlation to the evaporated milk 

concentrations which confirmed the findings of the SEM images. An increase of the 

evaporated milk reduces the elastic modulus as shown in Figure 46. 

 

 

 

 

 

 

 

 

 

Figure 44 : Correlation of the elastic modulus (kPa) with agar concentrations of 2 %, 4 % 

and 6 % w/v. 



71 

 

 

 

 

 

 

 

 

 

 

Figure 45 : Correlation of the elastic modulus (kPa) with silicon dioxide concentrations of 

0 %, 2 %, 4 % and 6 % w/v. 

Figure 46 : Correlation of the elastic modulus (kPa) with evaporated milk concentrations of 

0 %, 10 %, 20 % and 30 % v/v. 



72 

 

4.4 Conclusions 

These experiments aimed in investigating the mechanical properties of the widely used 

agar phantoms and their correlation to each of the phantom’s components. There are 

various phantom formulations used among researchers each providing a different 

characteristic to the phantom. Our laboratory uses agar phantoms in combination with 

silicon dioxide. Evaporated milk is added in some cases. Since the mechanical effects of 

these phantoms were not measured before, this study presents the structure of the 

phantoms using SEM and the estimated elastic modulus, for each combination of 

composition. 

It was observed that each of the three components of the phantom, have a major effect on 

the structure of the phantom itself.  By increasing the agar percentage, the phantoms 

become denser, smoother and stiffer. When the agar concentration was kept constant and 

the percentage of silicon dioxide changed, the phantoms became rougher in terms of 

texture and the elastic modulus increased until it reached its peak. One possible cause for 

this fact is the increase in bubbles when preparing the phantom, while mixing and 

dissolving the larger quantities of silicon dioxide becomes more difficult. Additionally, 

the increase in evaporated milk showed a significant decrease in the stiffness of these 

phantoms since milk is a less rough material. Finally, the aging parameter was also 

investigated while examining the structure of two phantoms with similar composition but 

different day of preparation. The phantoms were stored in refrigeration and tested for 

microstructural changes in specimens aged at four and ten days respectively. There were 

no significant changes in the structure between the two phantoms. 
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5 Evaluation of the effect of preservative addition and storing 

conditions in the shelf life of agar phantoms 

5.1 Introduction 

As previously mentioned, HIFU research is widely based on the use of gel phantoms for 

performing experiments. Phantoms consist a valuable tool for gaining knowledge and for 

further development of HIFU applications. There are different materials used to create a 

phantom which mimics tissue and its acoustic properties. Phantoms can be made from 

various materials: gelatin [101]–[103], agar [104]–[106], polyurethane [107], 

polyacrylamide [21]- [22], N-isopropylacrylamide [110] and polyvinyl alcohol cryogel 

[111]. Agar phantoms are cheap and easy to produce, durable in high temperatures, 

nontoxic, disposable and with a melting point of 65 oC [112]. On the downside they lack 

of long term stability [112]. Agar is generally used for representing biological tissues 

since it has similar mechanical characteristics but also because these characteristics vary 

according to concentration [154]. Additionally, agar phantoms are reusable and resist 

melting [160].  

The storing conditions play a key role in the durability of the agar phantom. There are no 

studies investigating the life span of agar phantoms in different storage conditions. 

Manickam et al [155] noticed as part of another study that agar phantoms stored in 

distilled water for 3 months showed no signs of alteration of their properties. Earle et al. 

[160] studied several phantoms for their properties and durability. They created phantoms 

with agar concentrations ranging from 2.5 % to 10 % of agar and compared them with 

gelatin phantoms of 5% and 10 % concentrations using diagnostic ultrasound. Also, some 

of the phantoms included different additives (flour and red dye) to investigate any 

increase in opacity, ethanol for bubbles removal, liquid latex as a skin alternative. The 

durability of the phantoms was examined by repeatedly punching with a needle a small 

area of the phantom until the later lost its resistance and fragmented. They observed that 

the red dye increased the opacity, but the flour increased the echogenicity and its 

correlation to real tissue. Ethanol was effective in removing bubbles but reducing the 

echogenicity and liquid latex created skin resemblance but needed four days to set on the 

sample. They also noticed that agar phantoms that were left for one week in room 

temperature did not show any alteration in the appearance, except from some shrinking. 
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Agar phantoms that were stored in refrigeration did not show any signs of change at all. 

This was not the case for the gelatin phantoms they tested, where the phantoms developed 

moulds in room temperatures by the fourth day. Regarding durability, agar phantoms 

resisted in more needle punctuations before fragmenting compared to gelatin phantoms. 

Another interesting observation from this study, is the fact that agar phantoms were 

recycled, by melting them and reusing the material for creating a new phantom. The 

properties were similar to the original phantoms but the new phantoms were denser, 

probably due to water loss. 

Another study conducted by Ntombela et al. [161] aimed in creating agar phantoms that 

would represent the optical properties of brain, bladder wall and lung tissue. Agar was 

combined with aluminium oxide and India ink to improve scattering. The resulting 

phantoms were wrapped and stored in refrigeration to evaluate their stability. There were 

no degradation signs of the samples for up to three weeks, in conjunction with samples 

that were stored in room temperatures that desiccated after one week. 

Souza et al. [162] created a standard operation procedure for fabricating agar phantoms 

providing clear manufacturing steps for the specific tissue mimicking phantoms. The 

phantom includes glycerol, benzalkonium chloride, silicon carbide, aluminium oxide, and 

agar. The researchers mention that the resulting phantom should be stored in a closed 

container in a water/glycerol mixture in room temperature to avoid contact with air. In 

this way, the specific phantom can last up to one year. Also, it is mentioned that with the 

addition of benzalkonium chloride acting as an antifungal agent the phantom shelf life 

could be extended to two years. 

It is obvious that researchers are investigating the addition of different additives to 

improve the performance of their phantoms. For the agar phantoms, the addition of an 

effective preservative would improve the phantom’s biggest drawback which is its 

durability. Preservatives are compounds that postpone or protect from the 

microorganisms’ action, providing chemical stability and durability. One type of 

preservative widely used in food and pharmaceutical industry to avoid fungal growth is 

sodium benzoate [163]. Quantities of sodium benzoate directly tested in the growth of 

fungus in suspensions presented a high activity in preventing fungal growth and this 

activity increased with increased concentrations of the preservative [164]. Sodium 

benzoate with a chemical formula of C6H5COONa, is a synthetic preservative that is safe 
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and one of the first food preservatives applied to prevent food spoilage as approved by 

FDA [165]. While this compound provides a water soluble and safe option for microbial 

growth, high doses can cause toxicity. Studies made in rats showed weight loss, increase 

in creatinine, urea, uric acid and decrease of white blood cells when administered with 

high doses of benzoic acid [165]. For the effects of its use in humans, numerous studies 

indicate both its benefits and its potential threats but still no conclusions can be safely 

assumed regarding its use [166]. 

This study aims in investigating the effect of sodium benzoate when added in the 

formulation of agar phantoms in combination with the phantom’s storing conditions. It is 

an attempt to observe any changes in the durability of the agar phantom with the use of 

sodium benzoate in combination with evaporated milk, but also to confirm the effect of 

the storing conditions in the phantoms trying to define the optimum conditions for longer 

phantom life span. 

5.2 Materials and Methods 

For the purpose of this study sixteen agar phantoms were formulated using the usual 

method of preparation. Agar (Merck KGaA, EMD Millipore Corporation, Darmstadt, 

Germany), silicon dioxide powder (Sigma-Aldrich, St. Louis, Missouri, United States), 

and evaporated milk (Nounou, Friesland Campina, Marousi, Greece), sodium benzoate 

(Sigma-Aldrich, St. Louis, Missouri, United States) and glycerol with 99 % purity 

(Sigma-Aldrich, St. Louis, Missouri, United States) were used. 

The agar and silicon dioxide concentrations were kept constant for all samples and equal 

to 6 % w/v of agar and 4 % w/v of silicon dioxide. From the sixteen samples, eight of 

them contained 30 % v/v of evaporated milk and eight of them contained 0.4 % w/v of 

sodium benzoate. The concentration of sodium benzoate was chosen based on the most 

commonly used ranges used in the pharmaceutical and food industry as preservative but 

selecting the maximum percentage since the phantoms are not intended for human use 

and since is stated that its preservative action increases with an increase in its 

concentration [167] [164].  

The manufacturing process until the addition of agar was the same for all the samples. 

The procedure was slightly differentiated after the addition of agar and depended on the 

number of materials used. Initially, ultrapure degassed/deionized water was slowly heated 
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and continuously stirred using a magnetic stirrer (SBS, A160, Steinberg Systems, 

Germany) for a period of 10 minutes until its temperature reached 50 oC. During the 

procedure, the temperature increase was monitored using an electronic thermometer 

(Omega Thermometer, HH806AU, Omega Engineering, Norwalk, Connecticut, USA).  

For every batch, the agar content was added slowly in degassed/deionized water to 

mitigate aggregation. It is worth mentioning that since agar was in granular form with a 

particle size of approximately 1400 μm, it was first ground into powder before mixing 

with water to promote homogeneous jellification in the absence of impurities. The silicon 

dioxide was first added 2-3 minutes after the agar insertion. For the samples containing 

sodium benzoate, this was added 2-3 minutes after the silicon dioxide insertion. The 

mixture was let to heat until it reached 90 oC and then to cool down to 50 oC. High 

temperatures allowed agar’s bonds to break and bind to the rest of the mixture (in case 

other materials were added). During the cooling period, the mixture was continuously 

stirred with the magnetic stirrer. The mixture started to solidify when the temperature 

dropped at around 50 oC. The amount of water that evaporated during boiling was 

replaced. The evaporation of the water was estimated by following the same procedure 

without the insertion of the solid materials. The evaporated water was calculated by 

subtracting the remaining volume of water from the initial volume. Care was taken by 

stirring the solution gently to avoid the creation of air bubbles that are known to reflect 

ultrasound waves. Following this for the samples that contained milk, the evaporated milk 

(v/v) was heated to 50 oC and added to the rest of the mixture. For a final step, the whole 

mixture was stirred well to allow full dissolvement of all ingredients.    

The preparation procedure for each phantom was simple and did not last more than 20 

minutes. The mixtures were poured into Polylactic Acid (PLA)-designed molds and were 

let to jellify overnight at room temperature. Due to the high number of samples prepared, 

mold of different dimensions were used according to availability. The following day the 

phantoms were removed from their molds and separated to four different storing 

conditions which were: room temperature, refrigeration, in 12/88 % glycerol/water 

solution in room temperature and in 12/88 % glycerol/water solution in refrigeration. 

Table 5 shows the composition and storing condition of each produced sample. The 

samples that were not kept in a glycerol/water solution, were wrapped to minimize the 

contact with air that would enhance microbial growth. The 12/88 % glycerol/water 
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solution was selected based on the study made by Souza et al [162] which mentioned that 

agar phantoms can be preserved for longer periods of time in this type of environment. 

Each sample was monitored visually for changes in its appearance and dimensions. 

Pictures of each sample were taken approximately every two weeks until fungal growth 

was observed and the sample for discarded. 

Table 5 : Composition and storing conditions of produced phantoms. 

Sample 

No 
% Agar 

% Silicon 

Dioxide 

% Evap. 

Milk 

% Sodium 

Benzoate 
Storing Conditions 

1 6 4 30 0 4 oC 

2 6 4 30 0.4 4 oC 

3 6 4 0 0 4 oC 

4 6 4 0 0.4 4 oC 

5 6 4 30 0 25oC 

6 6 4 30 0.4 25oC 

7 6 4 0 0 25oC 

8 6 4 0 0.4 25oC 

9 6 4 30 0 4oC Glycerol/Water 

10 6 4 30 0.4 4oC Glycerol/Water 

11 6 4 0 0 4oC Glycerol/Water 

12 6 4 0 0.4 4oC Glycerol/Water 

13 6 4 30 0 25oC Glycerol/Water 

14 6 4 30 0.4 25oC Glycerol/Water 

15 6 4 0 0 25oC Glycerol/Water 

16 6 4 0 0.4 25oC Glycerol/Water 

 

5.3 Results 

From the first group of samples with different compositions that were wrapped and stored 

in refrigeration at 4 oC it was observed that although the phantoms were stored in low 

temperature, the contact with air allowed the growth of fungus on all four samples. It is 

noted that the sample containing evaporated milk presented fungal growth at a great 

extent comparing to samples that did not contain any quantities of milk. This is because 

milk provides suitable environment and nutrients that encourage microorganisms to 
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develop. On the other hand, samples 3 and 4 presented fungal growth at the same period, 

but to a smaller extent due to the absence of milk. It is also observed that sample 4 showed 

fewer fungal areas compared to sample 3, which might indicate that the addition of 

sodium benzoate had an effect in preventing to some extent the fungus to develop further. 

For the four samples of this group no alteration in the dimensions of the samples occurred. 

Figures 47 – 50 show the progress of each of the samples 1, 2, 3 and 4 with photos taken 

at week 0, week 1 and week 3 in which the samples were discarded. 

 

 

 

 

 

 

 

 

Figure 47 : Sample 1; progress from week 0 to week 3 (containing 30 % evaporated milk 

and 0 % sodium benzoate, stored at 4oC) 

Figure 48 : Sample 2; progress from week 0 to week 3 (containing 30 % evaporated milk 

and 0.4 % sodium benzoate, stored at 4oC) 

Figure 49 : Sample 3; progress from week 0 to week 3 (containing 0 % evaporated milk 

and 0 % sodium benzoate, stored at 4oC) 
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The second group of phantoms were wrapped to minimize exposure to the environment 

and stored in room temperature of 25oC. All four samples presented fungal growth after 

one week, while their structure was severely shrank and deformed. Samples 5 and 6 that 

contained 30 % of evaporated milk, showed more intense signs of fungus and shrinkage, 

with their dimensions being alternated by 1 cm. In this case, the presence of the 

preservative in sample 6 did not have a positive effect on the fungal growth. Samples 7 

and 8 also indicated fungal growth but in less extent, mainly due to the absence of milk 

in their composition. Deforming and shrinkage of 0.5 cm was also observed. When 

visually inspected, sample 8, which contained the preservative quantity, showed less 

fungus count on its surface compared to sample 7. This confirms the hypothesis from the 

first group of phantoms that the existence of the preservative in the composition might 

have a slight effect on preventing or delaying fungal growth. This quantity though was 

not enough to completely prevent the fungal growth in these storing conditions. Figures 

51 to 54 demonstrate the progress of samples 5, 6, 7 and 8 for week 0 and week 1 in which 

the samples developed fungal growth and were discarded. 

Figure 50 : Sample 4; progress from week 0 to week 3 (containing 0 % evaporated milk 

and 0.4 % sodium benzoate, stored at 4oC) 

Figure 51 : Sample 5; progress from week 0 to week 3 (containing 30 % evaporated milk 

and 0 % sodium benzoate, stored at 25oC) 
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The third group of phantoms contained the four phantoms with respective compositions 

but stored in glycerol/water 12/88 % solution and placed in refrigeration at 4oC. The four 

samples were monitored for a period of 21 weeks with no signs of fungal growth, 

shrinkage or deformation occurring. Figures 55 to 58 show the progress of samples 9, 10, 

11 and 12 from week 0 and up to week 21 when the experiment concluded.   

Figure 53 : Sample 7; progress from week 0 to week 3 (containing 0 % evaporated milk 

and 0 % sodium benzoate, stored at 25oC) 

Figure 54 : Sample 8; progress from week 0 to week 3 (containing 0 % evaporated milk 

and 0.4 % sodium benzoate, stored at 25oC) 

Figure Sample 6; progress from week 0 to week 3 (containing 30 % evaporated milk and 

0.4 % sodium benzoate, stored at 25oC)52 : Sample 6; progress from week 0 to week 3 

(containing 30 % evaporated milk and 0.4 % sodium benzoate, stored at 25oC) 
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It is visible that the phantoms were preserved intact in the glycerol/water solution at 

temperature 4oC for a period of 21 weeks. There were no visible signs of difference 

between the samples containing the preservative or the samples that contained milk. All 

four samples remained in the original visual condition.  

Figure 55 : Sample 9; progress from week 0 to week 21 (containing 30 % evaporated milk 

and 0 % sodium benzoate, stored in glycerol/water at 4oC) 
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Figure 57 : Sample 10; progress from week 0 to week 21 (containing 30 % evaporated milk 

and 0.4 % sodium benzoate, stored in glycerol/water at 4oC) 

Figure 56 : Sample 11; progress from week 0 to week 21 (containing 0 % evaporated milk 

and 0 % sodium benzoate, stored in glycerol/water at 4oC) 
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Finally, the fourth group of phantoms contained the four phantoms with respective 

compositions but stored in glycerol/water 12/88 % solution in room temperature at 25oC. 

The samples initially showed no signs of fungal growth, but at week 3, fungus developed 

on the surface of the solution. In fact, the solution’s surface was the only part that came 

into contact with air. It is not clear if nutrients from only one phantom caused the fungal 

growth on the surface of the solution, since the four phantoms were stored together. When 

the phantoms were removed from the solution, there were no indications of fungal growth 

on the surface of the phantoms. Therefore, the solution contamination cannot be attributed 

to one single phantom, but probably to nutrients existing in all phantoms.  In addition, 

there was no difference between the samples containing sodium benzoate or evaporated 

milk. It is visible that the glycerol/water solution does not provide a suitable environment 

for long-term storage of phantoms in room temperatures. Figures 59 to 62 show each of 

the samples 14, 15, 16 and 17 for week 0 to week 3. 

 

 

Figure 58 : Sample 12; progress from week 0 to week 21 (containing 0 % evaporated milk 

and 0.4 % sodium benzoate, stored in glycerol/water at 4oC) 
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Figure 60 : Sample 13; progress from week 0 to week 3 (containing 30 % evaporated milk 

and 0 % sodium benzoate, stored in glycerol/water at 25oC) 

Figure 61 : Sample 14; progress from week 0 to week 3 (containing 30 % evaporated milk 

and 0.4 % sodium benzoate, stored in glycerol/water at 25oC) 

Figure 62 : Sample 16; progress from week 0 to week 3 (containing 0 % evaporated milk and 

0.4 % sodium benzoate, stored in glycerol/water at 25oC) 

Figure 59 : Sample 15; progress from week 0 to week 3 (containing 0 % evaporated milk and 0 

% sodium benzoate, stored in glycerol/water at 25oC) 



85 

 

5.4 Conclusions 

This study’s main objective to investigate the effect of the addition of a widely used 

preservative such as sodium benzoate into a well-tested composition of agar phantom. In 

parallel, the influence of the storing conditions were examined and correlated with the 

use of the preservative. Based on the results of this study some conclusions can be made 

about the whole process. At first, the presence of evaporated milk in the composition 

holds a key role for its preservation. The milk provides the perfect ground for fungus to 

grow with all the necessary nutrients for further development. In addition, the existence 

of sodium benzoate in some of the phantoms provided indications of a mild fungal growth 

prevention but not enough to avoid the growth completely. A detrimental role in the 

stability and life span of the phantoms holds the storing conditions. A phantom cannot be 

preserved in room temperatures without spoiling even if it is not in contact with air. On 

the contrary, phantoms that were stored in glycerol/water solution and in refrigeration 

remained intact for the entire course of this study. Therefore, this way of storing is an 

effective way to store the produced agar phantoms for longer periods of time. 

A future development of this study could be the measurement of the pH of the agar 

phantom and its correlation with a more suitable preservative. Each preservative varies 

its effect according to the pH of the environment, making some more suitable for certain 

cases. Eventually, if the pH of the phantoms is defined, then a preservative could be 

selected and investigate the effect it would have on the durability of the phantom. 
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6 Amyloid β plaque reduction with antibodies crossing the blood brain 

barrier opened in 3 sessions with focused ultrasound in a rabbit model. 

6.1 Introduction 

Alzheimer Disease (AD) is a major form of Dementia. There were an estimated 46.8 

million people with dementia worldwide in 2015 [168] . This number will increase to an 

estimated 75 million in 2030, and 131.5 million in 2050. Much of the increase will be in 

developing countries. There are 9.9 million new cases of dementia each year, implying 

that there is a new case of dementia globally every four seconds. The total estimated 

worldwide cost of dementia was 818 billion US$ in 2015 [168]. 

Among the brain changes believed to contribute to the development of Alzheimer’s 

disease is the accumulation of Amyloid β (Aβ) peptide outside neurons. Aβ is generated 

from β-amyloid precursor protein (β-APP). Another change is the accumulation of an 

abnormal form of the protein tau inside neurons (called tau tangles). In Alzheimer’s 

disease, information transfer at synapses begins to fail, the number of synapses decline, 

and neurons eventually die. AD is a complex and serious neurodegenerative disorder, 

with no established treatment, and therefore there are enormous research efforts 

worldwide for therapeutics of AD. Our study focuses on the feasibility of using repeated 

pulsed focused ultrasound (FUS) in combination with antibodies as a new potential 

therapeutic modality.  

Part of this study was immunotherapy which is one of the promising therapeutic 

approaches focused on using antibodies to facilitate clearance of the Aβ peptide [169]. 

One mechanism that could explain the process is the soluble equilibrium mechanism 

which is based on antibodies neutralizing soluble Aβ and shifting the equilibrium to favor 

dissolution [169]. This mechanism of action usually takes place in both the periphery and 

central compartments. However, one limitation of delivering antibodies in the brain is the 

blood-brain barrier (BBB). It has been reported that that only 0.1% of exogenous 

antibodies administered endovascularly enter the brain [170]. Direct administration of 

antibodies to the brain of transgenic mice has been shown to reduce Aβ plaques [171], 

because more antibodies reached the affected region. However, these methods are 

invasive since the injection is administered through the skull [172]. 
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The nature of the BBB makes it the most significant obstacle to the transport of drugs into 

the brain. This obstacle prohibits all large-molecules and most small molecules from 

entering the brain. This is a limiting factor for the application of therapies in the brain. In 

the last decade, important studies in animal models (rabbit, mice, monkeys) have shown 

that pulsed ultrasound administered with ultrasound contrast agent can open the BBB for 

a short period with minimal side effects [29], [48], [173], [53], [174], [175], [176]. The 

opening of BBB using FUS can be utilized as a noninvasive method for delivering drugs 

to the brain. 

Relevant studies for AD treatment using FUS by Jordao et al [177],[100] have shown that 

endogenous antibodies entered the brain after BBB opening using magnetic resonance 

imaging guided FUS (MRgFUS) and eliminated cortical Aβ plaques in the transgenic 

TgCRND8 mice. Moreover, in the study by Jordao et al [177] exogenous antibodies were 

used (BC-10) as a therapeutic agent against Aβ plaque destruction. This transgenic animal 

model was chosen because it exhibits abundant plaque load.  

In another study by Burgess et al [178] it has been shown that repeated MRgFUS led to 

spatial memory improvement in a transgenic mouse model of AD. The behavior changes 

could be attributed to decreased amyloid pathologic abnormalities and increased neuronal 

plasticity. Recently, Leinenga and Götz [179] removed Aβ with repeated scanning 

ultrasound (SUS) using similar pulsed exposure as other groups in mouse brain, without 

any therapeutic agent. Plaque burden was reduced in SUS-treated AD mice compared to 

sham-treated animals, and cleared plaques were observed in 75% of SUS-treated mice. 

The Leinenga and Götz [179] study, which was conducted concurrently with our study, 

reported an additional treatment session one month after the first treatment.  

In order to test this new therapy, an animal model for AD was needed. A rabbit model fed 

with high cholesterol diet was utilized, which creates Aβ plaques in the brain. The first 

study to report that high cholesterol diet in rabbits results to accumulation of Aβ plaques 

has been demonstrated by Sparks et al [180]. The Aβ plaques were created with a 2% 

cholesterol-enriched diet for the duration of up to 8 weeks. The mechanism of developing 

Aβ plaques is not fully understood yet. The rabbits were sacrificed at the end of the 

experiment because the 2% cholesterol diet caused hypercholesterolemic side effects, at 

8 weeks [180].   

Our proposed study includes the following major tasks: 

javascript:void(0);
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http://www.ncbi.nlm.nih.gov/pubmed/?term=Leinenga%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25761889
http://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%B6tz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25761889
http://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%B6tz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25761889
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Utilize an existing reliable rabbit model that creates AD plaques in the brain. This is 

achieved by delivering high cholesterol diet in rabbits, a concept that was inspired mostly 

by the Sparks et al study [180]. Multi session (3 times) BBB opening was applied, either 

with FUS only or with FUS in synergy with antibodies. Finally, a comparison of the 

effects of treating with FUS only and with FUS and antibodies was provided [181]. Since 

there was evidence that the BBB opening was sustained for about 3 hours [64], and based 

on the evidence of the therapeutic effect of endogenous and exogenous antibodies 

reported by Jordao et al [177], then it can be claimed that by opening the BBB in 3 

successive sessions, increased therapeutic effect due to the repeated entrance of these 

antibodies can be achieved. The rabbit AD model offered larger brain volume and larger 

plaque size, therefore it could serve as a better model than mouse.  

6.2 Material and Methods 

6.2.1 Animals and diet 

The animal experimental protocol was approved by the national body in Cyprus 

responsible for animal studies (Ministry of Agriculture, Animal Services). A total of 52 

New Zealand rabbits (3.4–4.1 kg) were used during the experiments. The rabbits were 

divided randomly into the following groups: In group A (n=3) the rabbits were fed with 

normal chow. The purpose of this group was to demonstrate the histology of brain without 

Amyloid beta plaques. In the following groups, the animals were fed a 2 % high 

cholesterol diet (T2030, Harlan laboratories SRL, Udine, Italy) for 4 months. The daily 

average consumption of this specialized diet was 200 g per rabbit. Three rabbits (group 

B) were sacrificed without any treatment in order to be used as a reference for measuring 

the initial plaque load. Two rabbits (group C) received only antibody treatment. Two 

rabbits (group D) were exposed only to BBB opening with FUS in order to assess the 

effect of diffusion into the brain possibly by endogenous antibodies or other proteins. 

Two rabbits (group E) were exposed to BBB opening with FUS and exogenous antibodies 

in order to assess the effect of both endogeneous antibodies or other proteins, and 

exogenous antibodies. In Group F, 16 rabbits were treated with only FUS and antibodies 

in order to study the effect of time on plaque clearance. In Group G twelve rabbits were 

treated with only FUS (1, 2 and 3 sessions with n=4 per session). In Group H twelve 

rabbits were treated with FUS and antibodies (1, 2 and 3 sessions with n=4 per session). 

Since the staining used required the animal to be sacrificed, the contralateral side of the 



89 

 

brain served as a control. Additionally, group B received no treatment and therefore gave 

an indication of the initial plaque density load. The brain of three rabbits underwent 

Enzyme-Linked Immunosorbent Assay (ELISA) evaluation in order to confirm the 

creation of Amyloid beta plaques (Aβ-42). Table 6 summarizes the various groups used 

during this feasibility study. All animals that received the high cholesterol diet were 

sacrificed in 4 months, because severe side effects appeared (hypercholesteremic side 

effects such as weight loss, appetite loss, and jaundice). In addition, these rabbits at this 

stage demonstrated significant cognitive deficits. After delivering high cholesterol diet 

for 4 months, the creation of Aβ plaques was present in all animals.  

Table 6 : Various groups used during the study for the disruption of Amyloid beta plaques 

in rabbits 

Group n Condition Treatment Purpose 

A 3 Normal diet None Demonstrated histology of 

brain without Amyloid beta 

plaques. 

B 3 2 % high 

cholesterol diet 

None Real control. Use to measure 

initial plaque load. 

C 2 2 % high 

cholesterol diet 

No FUS. Antibodies 

only. 

Prove that without BBB 

opening, the injection of 

antibodies is not so useful. 

D 2 2 % high 

cholesterol diet 

FUS only. Effect of endogenous 

antibodies or other proteins. 

E 2 2 % high 

cholesterol diet 

FUS and antibodies. Effect of exogenous 

antibodies. 

F 16 2 % high 

cholesterol diet 

FUS and antibodies. Effect of time in days in 

clearing Amyloid beta 

plaques (1, 2, 3, and 4 days). 

G 12 2 % high 

cholesterol diet 

FUS only. 1, 2 and 3 

sessions with n=4 per 

session 

Effect of endogenous 

antibodies or other proteins 

with multiple sessions. 

H 12 2 % high 

cholesterol diet 

FUS and antibodies. 

1, 2 and 3 sessions 

with n=4 per session 

Effect of exogenous 

antibodies with multiple 

sessions. 
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6.2.2 Focused ultrasound system 

The focused ultrasound system was composed of a signal generator (HP 33120A, Agilent 

technologies, Englewood, CO, USA), an RF amplifier (150 W, AR, Souderton, PA, 

USA), and a spherically shaped bowl transducer made from piezoelectric ceramic of low 

magnetic susceptibility (Etalon, Lebanon, IN, USA). The transducer operates at 1 MHz, 

had a focal length of 10 cm and a diameter of 4 cm. The welfare of the animal was 

monitored by an MRI compatible camera (MRC Systems GmbH, Heidelberg, Germany).  

The positioning device had 3 computer controlled axes (X, Y, and Z). All the parts of the 

positioning device were manufactured using a 3D printer (FDM400, Stratasys, 7665 

Commerce Way, Eden Prairie, Minnesota, 55344, USA). The positioning device can be 

placed on the table of any MRI scanner. The range of the robot was: X: 120 mm, Y: 80 

mm, and Z: 50 mm. The positioning device was manufactured by MEDSONIC LTD, 

Limassol, Cyprus. Figure 63 shows the placement of the rabbit in the positioning device 

for performing in vivo experiments.   

 

 

 

 

 

 

 

 

 

Figure 63 : Placement of the rabbit in the positioning device for performing in vivo 

experiments. 

The FUS system was utilized in an MRI scanner (Signa 1.5 T, by General Electric, 

Fairfield, CT, USA). A spinal coil (USA instruments, Cleveland, OH, USA) was used to 

acquire the MRI signal. The opening of the BBB was imaged using MRI contrast-

enhanced T1-weighted fast spin echo: Repetition time (TR): 500 ms, Echo time (TE): 18 

X axis Y axis 
Z axis 

Transducer 
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ms, Echo train length (ETL): 4, Bandwidth (BW): 16 kHz; matrix size: 256 X 256; 

Number of excitations (NEX): 4; Field of view (FOV): 10 cm; slice thickness: 3 mm; 

interslice spacing: 0.3 mm). The MRI contrast was achieved using a contrast agent 

(Magnevist®, Berlex Laboratories, Inc., Wayne, NJ), which was injected intravenously 

at a dose of 0.125 mmol per kg of body weight as a bolus injection. The contrast agent 

was injected roughly 5 mins after sonication, and imaging was initiated 5 mins after the 

injection of the contrast agent. 

6.2.3 Antibodies 

A dose of 40 μg/kg of anti β amyloid protein antibody (BC-10, Sigma Aldrich, St Louis, 

MO, USA) with molecular weight of 100 KDa was delivered through the ear vein. It has 

been shown by Bard et. al., 2000 [182] that antibodies delivered peripherally bind to the 

Aβ plaques. The antibodies were delivered about 5 minutes before BBB opening. 

6.2.4 Cholesterol measurement 

The cholesterol of the rabbits was measured by extracting blood from the ear vein after 

overnight fasting immediately before sacrificing the species using the enzymatic 

cholesterol oxidase method (kit by Sigma Aldrich, Saint Louis, MI, USA). 

6.2.5 Histopathological techniques 

Coronal frozen sections (20 μm) were cut from the excised brains, and cut at the level of 

the hippocampus from treated rabbits. The sections were air-dried, fixed in 10% formalin 

for 10 min, and treated with 1% hydrogen peroxide in PBS. Then the sections were 

incubated with blocking solution of 1.5% normal serum (Vector Laboratories, 

Peterborough, UK).  For the estimation of amyloid plaque load sagittal sections of 20 μm 

thicknesses spanning all the hippocampal formation were chosen for Thioflavine-S 

staining (Sigma Aldrich, Saint Louis, MI, USA). Sections were incubated for 8 minutes 

in aqueous solution of Thioflavine-S (1% w/v). The sections were then differentiated with 

80 % Ethanol for 3 minutes, and with 95% Ethanol for 3 minutes. Sections were rinsed 

three times with double distilled water. Imaging for Thioflavine-S was performed on an 

Olympus microscope (BX 50, Tokyo, Japan).  

The plaque load was measured using the freeware software imageJ, which counted dots 

in histological slides which were stored in digital format. The software measured dots 

either in automatic mode or, in the case of dots that were very close, in manual mode. 
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6.2.6 Measurement of acoustic pressure  

The peak negative pressure was measured in a tank filled with degassed water. The 

measurement was performed using a calibrated hydrophone (HGL series, ONDA 

Corporation, Sunnyvale, CA 94089 USA). The free-field pressure field produced by the 

FUS transducer was measured using a 3-D positioning device with the needle hydrophone 

(ONDA Corporation). The spatial resolution was 0.1 mm in the radial direction (X- and 

Y -axes) and 0.5 mm in the axial direction (Z-axis), with measured distance of 40 and 120 

mm in the Z axis and 3 mm in the radial direction. The maximum peak negative acoustic 

pressure measured at the focus was 0.8 MPa, which was equivalent to 190 W of electrical 

power. The half-pressure length of the acoustic field measured with a hydrophone 

(ONDA corporation), was 21 mm and the corresponding half-pressure width was 1.5 mm. 

The value reported for the rabbit experiments was estimated in the brain based on 

ultrasound attenuation of 5 Np/m/MHz [183] through a 1 cm path. A loss of 14 dB/cm-

MHz was considered for the 3 mm skull, based on the data reported Pinton et. al.  [184]. 

The total power delivered by the transducer was measured before the beginning of each 

experiment with an ultrasound power meter (Model UPM-DT-100N, Ohmic Instruments, 

Easton, MD, USA). 

6.2.7 Hematoxylin and Eosin (H&E) 

Histologic examination using H&E was performed in 3 rabbit brains. After sacrifice, the 

brains were removed and formalin-fixed, and paraffin-embedded sections were prepared 

with a thickness of 20 μm. Sections were stained with H&E for histologic evaluation of 

the effects of the FUS exposure. There are many papers discussing the pressure threshold 

for hemorrhage during BBB opening, but these papers either used different frequency, or 

the pressure indicated might not be the minimum. Therefore, the H&E test was used to 

ensure that no hemorrhage was caused by the acoustic pressure used (0.8 MPa).  

6.2.8 ELISA analysis 

The rabbit Beta Amyloid 1-42 (Aβ42) ELISA kit (Thermo Fisher Scientific) was used for 

the quantitative determination of Aβ42 in brain tissue using a 96-well plate and a 

microplate reader. The assay recognizes rabbit Aβ42. The Aβ antigen binds to the 

immobilized (capture) antibody. Bound rabbit antibody was detected by the use of a 

horseradish peroxidase-labeled anti-rabbit antibody. After removal of excess anti-rabbit 
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antibody, a substrate solution was added, which acted upon by the bound enzyme to 

produce color. The intensity of this colored product was directly proportional to the 

concentration of rabbit Aβ42 present in the original specimen. Treated and untreated brain 

tissue from 3 rabbits was homogenized in a 20 mM Tris-buffered solution. Soluble Aβ 

was extracted using DEA/NaCl solution, followed by centrifugation. The supernatant was 

removed and neutralized for soluble Aβ analysis. The total fraction was solubilized in 

cold formic acid, followed by sonication and centrifugation. The supernatant was 

similarly collected and neutralized.  

6.2.9 In vivo experiments 

The rabbits were anaesthetized using a mixture of 500 mg of ketamine (100 mg/mL, 

Aveco, Ford Dodge, IA), 160 mg of xylazine (20 mg/mL, Loyd Laboratories, 

Shenandoah, IA), and 20 mg of acepromazine (10 mg/mL, Aveco, Ford Dodge, IA) at a 

dose of 1 mL/kg.  

The rabbits were sacrificed at different timing depending on the study group (ranging 

from 1 to 4 days) in order to allow enough time for exogenous antibodies to bind to the 

plaques. There is evidence that the BBB after FUS exposure remains open for 3 hours 

[64].  

The total time of sonication was 20 s. The pulse length was 10 ms with pulse repetition 

period of 1 s. One pulse sonication was needed to open the BBB. The decision of using 

these parameters was based on the study by McDannold et al 2005 [174], and Hynynen 

et al 2001 [64]. The power used was adjusted so that the peak negative pressure was set 

to 0.8 MPa. 

The ultrasound contrast agent used was SonoVue (Bracco Imaging France SAS, 

Courcouronnes, France). The injection was administered 10 seconds before sonication. 

The method of delivering the contrast agent was intravenous from the ear vein as a bolus 

injection. The dosage used was 50 μl/kg of body weight [174], which is the dose used in 

humans.  

6.2.10 Statistical Analysis 

Data were analyzed for statistical significance using one-way analysis of variance 

(ANOVA). All values in each group were expressed as mean value ± SEM. All group 

comparisons were considered significant at p < 0.05. 
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6.3 Results 

Serum total cholesterol concentrations varied from 40 to 85 mg/dL in control rabbits 

(n=4) and from 659 to 1600 mg/dL in the cholesterol-fed rabbits (n=28). The mean in the 

28 cholesterol-fed rabbits was 955 mg/dL (standard deviation was 226 mg/dL). 

The opening of the BBB was demonstrated as shown in Figure 64A with MRI contrast-

enhanced T1-W fast spin echo. The contrast agent was injected 5 mins after sonication, 

and imaging was initiated 5 mins after the injection of the contrast agent. The contrast-

enhanced area (with enhanced signal) corresponds to the area sonicated by the transducer 

(4 X 4 grid with step of 2 mm). Therefore, the volume of the BBB opening was 

approximately 1 cm X 1 cm X 2 cm (2 cm3). This was calculated based on the size of the 

10 mm X 10 mm grid (plane perpendicular to the transducer beam) and the 20 mm 

penetration depth (plane parallel to the transducer beam) which basically covered almost 

the entire brain of the rabbit. The targeting of the site shown was achieved by navigating 

the transducer using the positioning device. The temperature change in the brain tissue 

during BBB opening did not exceeded 2 oC. The beam was identified using the technique 

of applying low acoustic intensity, and thus detecting the beam spot using MR 

thermometry. In this particular figure, the target was placed in the right lobe. Figure 64B 

shows HE staining of the FUS exposure used in Figure 64A (ie BBB opening) 

demonstrating no haemorrhage due to the level of applied pressure. 

Fig 65A shows a coronal section of a rabbit brain, cut in the hippocampus of a control 

rabbit with no diet (Group A) showing no plaque accumulation. Figure 65B shows a 

coronal section of a rabbit brain (Group B), cut in the hippocampus of a high cholesterol-

fed rabbit with no treatment. Fig 65D shows a coronal section of a rabbit brain, cut in the 

hippocampus with treatment with antibodies only (Group D) showing no visible 

destruction of plaques. Fig 65C shows a coronal section of a rabbit brain, with BBB 

opening using FUS (Group C) demonstrating some visible reduction of plaques in the 

right hemisphere.  
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Figure 64 : A) Demonstration of BBB disruption using MRI contrast-enhanced T1-

Weighted fast spin echo. B) HE staining of the FUS exposure used in Figure 64A 

 

 

 

 

 

 

 

 

 

 

Figure 65 : A) Coronal section of a rabbit brain, cut in the hippocampus of a rabbit with 

no diet (group A), B) Coronal section of a rabbit brain, cut in the hippocampus of a 

control rabbit with no treatment at all (group B). C) Coronal section of a rabbit brain, 

with BBB opening using FUS only (group D). D) coronal section of a rabbit brain, cut in 

the hippocampus with no BBB opening and treatment with antibodies only (group C). E) 

Coronal section of a rabbit brain, with BBB opening using FUS and antibodies (group E). 

Bar=100 μm. 

A B 
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The plaque load decreased from 200/cm2 (control of group B) to 190/cm2. Fig 65E shows 

a coronal section of a rabbit brain, with BBB opening using FUS and antibodies (Group 

E) demonstrating some visible reduction of plaques in the right hemisphere. The plaque 

load decreased from 200/cm2 (control of group B) to 133/cm2.  Test performed in selected 

rabbits using ELISA kits confirmed that these plaques were Aβ-42 plaques. 

Fig 66 shows the plaque load in rabbit brain measured at different days after treated with 

FUS and antibodies and only one session. This result showed that the full effect of 

antibodies on plaque reduction was reached after 3 days. 

 

 

 

 

 

 

Figure 66 : Plaque load in rabbit brain measured at different days after treated with FUS 

and exogenous antibodies. 

Figure 67A shows a coronal section of a rabbit brain, cut in the hippocampus treated with 

exogenous antibodies and 1 session of BBB opening using FUS. The left part of the brain 

included severe accumulation of Aβ 42-plaques. The right part of the brain showed 

substantial reduction of Aβ plaques.  Figure 67B shows a coronal section of a rabbit brain, 

cut in the hippocampus treated with exogenous antibodies and 2 sessions of BBB opening 

using FUS. Each session was 3 days apart. The right part of the brain showed reduction 

of Aβ plaques compared to the case of 1 session FUS with p<0.001.  Figure 67C shows a 

coronal section of a rabbit brain, cut in the hippocampus treated with exogenous 

antibodies and 3 sessions of BBB opening. Each session was 3 days apart. The right part 

of the brain showed reduction of Aβ plaques compared to the case of 1 session FUS with 

p<0.001. In all animal groups injected with exogenous antibodies, a significant reduction 

in plaques was observed (p<0.05, p<0.001 and p<0.001 for 1, 2 and 3 sessions, 

respectively).      
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These preliminary findings motivated us to acquire some more data from the histological 

sections in order to get quantitative measurements of the reduction in the number of 

plaques for the two different treatments (FUS only and FUS and antibodies).  

 

Figure 67 : A). Coronal section of a rabbit brain, cut in the hippocampus treated with 

exogenous antibodies and 1 session of BBB opening using FUS. B) Coronal section of a 

rabbit brain, cut in the hippocampus treated with exogenous antibodies and 2 sessions of 

BBB  opening using FUS. C) Coronal section of a rabbit brain, cut in the hippocampus 

treated with exogenous antibodies and 3 sessions of BBB opening using FUS. 
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Figure 68 shows the distribution of plaque sizes in rabbits fed with high cholesterol diet, 

with 1 session (Figure 68A), with 2 sessions (Figure 68B), and with 3 sessions (Figure 

68C). Plaques larger than 10 μm in diameter represents only 4 % (8/200) of the total 

plaques (based on the untreated area for session 1). Most of the plaques (145/200) were 

of diameter between 2-10 μm. Finally, small plaques (< 1μm) represent 22.5 % (45 out 

of 200) plaques. The number of plaques for this animal model was approximately 200 

plaques/cm2 with surprisingly small variability (standard deviation is 9). The plaque size 

in humans with AD could be larger, and therefore it was possible that the efficacy of the 

proposed method was overestimated in this small animal model. 

 

Figure 68 : Distribution of plaque size using the high cholesterol diet in rabbits with 1 

session (Figure 68A), with 2 sessions (Figure 68B), and with 3 sessions (Figure 68C). 

The reduction of the number of plaques due to the two methods (FUS only and FUS with 

antibodies) is summarized in Table 7. This table shows the average number of 

plaques/cm2 with standard deviation vs treatment method at different instances (control, 

after opening the BBB once, twice and three times). 
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Table 7 : Average Number of plaques/cm2 (standard deviation) vs. treatment method 

(FUS only, FUS and antibodies) at different instances (control, after 1 BBB opening, 2 

BBB openings and 3 BBB openings) with statistical indicators included. 

 Average Number of plaques per cm2 (standard deviation)  

 Control 

N=3 

One BBB 

session 

N=4 

Two BBB 

sessions N=4 

Three BBB 

sessions 

N=4 

FUS only 200 (9) 190 (12) 

p=0.07 

179 (11) 

p=0.02 

177 (9) 

p=0.03 

FUS and 

antibodies 

200 (9) 127 (7) 

p=0.05 

104 (14) 

p=0.001 

78 (14) 

p=0.001 

 

6.4 Discussion 

High-cholesterol-enriched diet produced Aβ plaques in the rabbit brain as it was shown 

previously by Sparks et. al 2004 [185]. This useful animal model was also confirmed in 

this study. The molecular mechanism by which high cholesterol diet produces Aβ like 

plaques is not fully understood yet. This animal model has been also used by other groups 

for other applications. One example was atherosclerosis which had been reported to 

positively correlate with the cerebral deposition of Aβ plaques in the B6Tg2576 mouse 

model for Alzheimer's disease [186]. In this article the goal was to develop an animal 

model for the evaluation of FUS for reducing Aβ plaques.  

Our study showed that the maximum size of plaque was 30 μm (see Figure 65B). The size 

of Aβ plaques in mice as reported from the study by Yan et. al. 2009 [187] was 20 μm. In 

the study by Prasanthi et. al. 2008 [188] the plaques in rabbit were approximately 10 μm 

and in another study by Sharma et.al. 2008 [189] the maximum plaque size in rabbit was 

close to 20 μm. We cannot confirm whether the maximum plaque size was achieved, 

because we had to sacrifice the animal after 4 months, to avoid distress of the rabbit. It 

was suggested by Serrano-Pozo et. al. 2012 [190] that plaques in humans reached a stable 

size distribution and did not substantially grew over decades. Therefore, we are not certain 

whether maximum plaque size and quantity was reached.  

Although dietary cholesterol has no effect on the processing of β-APP or on the 

production of Aβ in the brain, high cholesterol diets results in the production of Aβ 
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plaques in the brain. This was demonstrated from studies of cholesterol-fed animals [169], 

[170], [191], [192], and also confirmed by our study.  Similar effect was also seen in 

mice-fed with high cholesterol diets [191]. A primary goal of the proposed study was the 

delivery of a therapy with multiple BBB openings (called sessions). Each session was 

three days apart, and a maximum of 3 sessions were used. The major conclusion is that 

by increasing the number of sessions, the number of plaques decreased (both for FUS 

only approach and for the FUS and antibodies approach). With FUS only, the number of 

plaques dropped from 200 plaques/cm2 (average) to 170 plaques/cm2 (average). The 

overall drop of 30 plaques/cm2 (average) was possibly caused by the endogenous 

antibodies and it was comparable to the numbers reported by Jordao et. al. 2010 [177] 

and Jordao et. al. 2013 [100]. From Figure 68 one can observe that not all large plaques 

(> 10 μm) were eliminated with FUS only. The reason that the number of plaques 

decreased due to the multiple sessions with FUS and bubbles only is possibly attributed 

to the fact that the body produced endogenous antibodies [177] and thus by opening the 

BBB frequently contributed to plaque reduction. The rate plaque elimination due to FUS 

alone which was close to 10 /cm2 per session is considered slow. In the future if a patient 

with serious AD is treated with a phased array transducer non-invasively with multiple 

opening of the BBB (e.g. for 5-10 sessions) it may be possible to reduce the plaques for 

this patient without the need of any drugs.  

The effect of exogenous antibodies was more drastic. With 3 sessions the average number 

of plaques/cm2 was reduced from 200 to 78. As we know part of this reduction (nearly 30 

plaques/cm2) was possibly due to the endogenous antibodies [177], [100] which entered 

the brain due to BBB opening. The rest of the reduction is attributed to the exogenous 

antibodies. Jordao et. al. 2010 [177] showed that in some mice a reduction in the number 

of plaques of almost 20 % was achieved due to exogenous antibodies. The larger drop 

observed in our results is attributed to the multiple sessions delivered (3 sessions). If 

endogenous antibodies affected the results, then with multiple BBB openings (3 in our 

study) then this effect was possibly additive. It is possible to enhance the proposed 

treatment further, by prolonging the opening of the BBB by using repeated FUS as 

proposed by Yang et. al. 2011 [193]. The prolongation of the BBB will allow more time 

for the antibodies to enter the brain. 
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Thus, the proposed study demonstrated that by opening the BBB, it will be possible to 

deliver exogenous antibodies to the brain, which reduces Aβ plaques. More importantly 

by opening the BBB frequently (3 times in this study) the reduction in the number of 

plaques was accelerated. Therefore, FUS has the potential to be used non-invasively for 

the treatment of AD. The response seen in plaque elimination in rabbits needs to be 

investigated also in humans. This dramatic response observed for rabbits might not be as 

prominent in humans, but even a less drastic response could be very beneficial for this 

neurodegenerative disease. FUS has been already proven successful for treating patients 

with essential tremor [194], therefore it may also play a role in other neurological 

diseases. 

According to Mould and Sweeney [195] the half-time of the various antibody isotopes in 

humans varies between 2 and 6 days (exception is IgG which is 23 days). It is logical to 

assume that the manufacturers of animal antibodies try to produce antibodies with half-

times close to humans. It was observed in our experiments that the antibodies must be 

allowed to react with amyloid beta plaques for at least 3 days. Therefore, 3 days must 

elapse until a new session of FUS is initiated.  

Since the animals had to be sacrificed it was impossible to assess whether the plaque 

reduction restored the neurological deficits. This is a very important study that has to be 

done in the future. It must be proven, that by reducing the plaque load, the neurological 

deficits are hopefully restored. 

By opening the BBB frequently more time was allowed for the exogenous antibodies to 

react with the plaques and therefore better therapeutic result was achieved. If this 

application is proven successful, it may be possible in the future that patients visit a 

hospital frequently on an outpatient basis and receive FUS/antibody therapy (similar to 

Dialysis patients). 

The main advantage of the rabbit model compared to the mouse model is the bigger size 

of the brain which provides larger brain and therefore possibly better focusing. Also, the 

plaque size in rabbits is probably larger than the plaques produced in mice. However, 

there are several drawbacks with the production of the rabbit model. The skull thickness 

for the rabbits we used varies from 2-3 mm. If thermal ablation was the targeted modality, 

this would have required high energies in order to create ablative temperatures in the 

brain. This would have resulted to severe skull heating. However, for the purpose of BBB 
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opening, the high power used for few ms was sufficient to open the BBB. Nevertheless, 

regarding ultrasound transmission the mouse model is superior because its skull thickness 

is smaller. Additionally, the cost of implementing the rabbit model is five times bigger 

than the mouse model (mostly attributed to the expensive diet). Furthermore, the rabbit 

model requires 3 months to be fully developed, whereas the mouse model requires 

approximately 2 weeks. Finally, the possibility of producing Amyloid beta plaques in the 

mouse is quite high. From our experience some rabbits did not produce the expected 

plaques. 

In the future it is planned to perform experiments for a larger group of animals, thus 

producing sufficient statistical evidence. A longterm study, outside the scope of the 

current study, is required to evaluate whether this decrease of amyloid β plaque restores 

neurological deficits. Another improvement is to realize the attachment of antibody to 

amyloid plaques using antibody labeling. This attachment was shown by Jordao et al. 

2010 [177], but needs to be demonstrated also for the delivery of multiple sessions using 

FUS. Finally, another important issue is to evaluate the effect of any other protein that 

could possibly enter through the BBB. This requires extensive experimental work using 

proper protein labeling.  

 

6.5 Conclusions 

The main objective of the study was to remove Amyloid beta plaques using multiple 

sessions of FUS-induced BBB opening using microbubbles with and without antibodies 

in a rabbit model. An animal model using high cholesterol diet in rabbits for 4 months 

was used.  With this model plaques of 30 μm in diameter were produced. By increasing 

the number of sessions, the number of plaques decreased (both for FUS only and with 

FUS and antibodies). With FUS only the average number of plaques/cm2 dropped from 

200 (before treatment) to 170 plaques/cm2. The effect of FUS with exogenous antibodies 

was more drastic. With 3 BBB opening sessions the average number of plaques/cm2 was 

reduced from 200 to 78. This study demonstrated that by opening the BBB, it will be 

possible to deliver exogenous antibodies to the brain, which eliminates Amyloid β 

plaques. More importantly by opening the BBB frequently (3 times in this study) the 

reduction in the number of plaques was accelerated. 
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7 Conclusions 

This doctoral dissertation has examined various challenges for the use of HIFU in a brain 

application. The study was separated into four different sub-studies in the area of agar 

phantoms and brain applications. The first study was concentrated on the design and 

creation of a suitable agar phantom to be used in HIFU application on the blood brain 

barrier. A model that currently is not available to researchers, whereas all experiments are 

performed on animal models. The second objective of this dissertation was the evaluation 

of the attenuation is agar phantoms with various concentrations. The next study included 

the evaluation of the mechanical effects of agar phantoms such as the structure and the 

stiffness since these data will help in understanding better the effect in the structure of the 

phantom according to its composition. The third study included the evaluation of an 

alteration in the composition of an agar phantom with the use of a preservative and its 

effect in the life of the phantom in combination with the storing conditions. Finally, the 

last study examined an application for the reduction of amyloid β plaques in a rabbit 

model with the use of antibodies crossing the blood brain barrier.  

The first study was inspired by the fact that all of the experiments performed for BBB 

disruption are usually done on animal models thus the need for a model of BBB opening 

is important in order for HIFU protocols to be easily tested. This made experiments in 

this area expensive and time consuming. Therefore, trials have been made in order to 

create a suitable phantom model that would represent the BBB function and disruption 

during HIFU applications, showcasing the leakage that actually occurs during this 

disruption. An initial model was achieved, showcasing a liquid flow in a closed system 

under normal conditions and a liquid leakage after HIFU application, just like what 

happens during BBB disruption applications of HIFU. This model was comprised by a 

set of tubes properly sealed that allowed fluid circulation with no leakage in steady state. 

When a common HIFU protocol for BBB disruption in animal models was applied, this 

system allowed liquid leakage.  

This model can be used as a base for advancing and developing an accurate and innovative 

phantom model that will replace some animal models. In this way researchers will be able 

to perform more accurate and cost-effective experiments using a phantom, testing several 

different protocols and parameters and gaining valuable knowledge for BBB disruption. 
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The proposed model is simplistic regarding its physical structure. The intention with this 

study is to inspire researchers to develop more advanced models that mimic BBB 

opening. The attenuation of the agar phantom did not allow liquid leakage with the current 

equipment. This model though can be used as a basis for others to advance further and 

create a more complex model. 

The second study involved the evaluation of the variation of ultrasonic attenuation 

coefficient with different concentrations of evaporated milk, agar, and silicon dioxide. A 

repeatability test was performed for each one of the tested recipes and attenuation 

coefficients were acquired using the through-transmission method. Small day to day 

variability was observed for most of the agar-based gels, indicating the stability of the 

measurement system. The variable-thickness technique was also used and resulted in 

slightly lower values of attenuation coefficients, as expected, proving extra evidence of 

the accuracy of the estimated values.  

Depending on the agar, silicon dioxide, and evaporated milk concentration, the 

attenuation coefficient varied in the range of 0.30-1.49 dB/cm-MHz. A linear increment 

of attenuation was observed with increasing agar (up to 6 %), silicon dioxide (up to 4 %), 

and evaporated milk (up to 30 %) concentration. It was also noticed that the attenuation 

coefficient can best be regulated by varying the amount of silicon dioxide. The addition 

of 1 % w/v of silicon dioxide contributed to an increase of attenuation by 0.101 dB/cm-

MHz up to a 4 % concentration. The addition of 10 % v/v evaporated milk increased the 

attenuation by 0.127 dB/cm-MHz probably due to absorption. Evaporated milk was found 

to have a minimal contribution to attenuation (0.013 dB/cm-MHz for every 1 % v/v of 

evaporated milk), compared to the attenuation contribution of silicon dioxide (0.101 

dB/cm-MHz for every 1 % w/v of silicon dioxide).  

The findings of this study have been compared to the attenuation coefficient values found 

in the literature for human and animal tissues, as well as to the ones obtained for the 

freshly excised rabbit tissue in the current study. This work has led to the conclusion that 

agar-based phantoms with attenuation coefficient values similar to those of human and 

animal tissues can be developed with the proper selection of percentage of agar, silicon 

dioxide, and evaporated milk. 

The third study aimed in investigating the mechanical properties of the widely used agar 

phantoms and their correlation to each of the phantom’s components. There are various 
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phantom formulations used among researchers each providing a different characteristic 

to the phantom. Since the mechanical effects of these phantoms were not measured 

before, this study revealed the structure of the phantoms using SEM and estimated their 

elastic modulus, for each combination of composition. 

It was observed that each of the three components of the phantom, have a major effect on 

the structure of the phantom itself.  By increasing the agar percentage, the phantoms 

become denser, smoother and stiffer. When the agar concentration was kept constant and 

the percentage of silicon dioxide changed, the phantoms became rougher in terms of 

texture and the elastic modulus increased until it reached its peak. One possible cause for 

this fact is the increase in bubbles when preparing the phantom, while mixing and 

dissolving the larger quantities of silicon dioxide becomes more difficult. Additionally, 

the increase in evaporated milk showed a significant decrease in the stiffness of these 

phantoms since milk is a less rough material. Finally, the aging parameter was also 

investigated while examining the structure of two phantoms with similar composition but 

different day of preparation. The phantoms were stored in refrigeration and tested for 

microstructural changes in specimens aged at four and ten days respectively. There were 

no significant changes in the structure between the two phantoms. 

The fourth study had as its main objective to investigate the effect of the addition of a 

widely used preservative such as sodium benzoate into a well-tested composition of agar 

phantom. In parallel, the influence of the storing conditions were examined and correlated 

with the use of the preservative. Based on the results of this study key conclusions were 

made revolving the whole process. At first, the presence of evaporated milk in the 

composition holds a key role for its preservation. The milk provides the perfect ground 

for fungus to grow with all the necessary nutrients for further development. In addition, 

the existence of sodium benzoate in some of the phantoms provided indications of a mild 

fungal growth prevention but not enough to avoid the growth completely. A detrimental 

role in the stability and life span of the phantoms plays the storing condition of the 

phantom. A phantom cannot be preserved in room temperatures without spoiling even if 

it is not in contact with air. On the contrary, phantoms that were stored in glycerol/water 

solution and in refrigeration remained intact for the entire course of this study. Therefore, 

this storing method is an effective way to store the produced agar phantoms for longer 

periods of time. 
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A future development of this study could be the measurement of the pH of the agar 

phantom and its correlation with a more suitable preservative. Each preservative varies 

its effect according to the pH of the environment, making some more suitable for certain 

cases. Eventually, if the pH of the phantoms is defined, then a preservative could be 

selected and investigate the effect it would have on the durability of the phantom. 

Finally, the last study focused in removing Amyloid beta plaques using multiple sessions 

of FUS-induced BBB opening using microbubbles with and without antibodies in a rabbit 

model. An animal model using high cholesterol diet in rabbits for 4 months was used.  

With this model plaques of 30 μm in diameter were produced. By increasing the number 

of sessions, the number of plaques decreased (both for FUS only and with FUS and 

antibodies). With FUS only the average number of plaques/cm2 dropped from 200 (before 

treatment) to 170 plaques/cm2. The effect of FUS with exogenous antibodies was more 

drastic. With 3 BBB opening sessions the average number of plaques/cm2 was reduced 

from 200 to 78. This study demonstrated that by opening the BBB, it will be possible to 

deliver exogenous antibodies to the brain, which eliminates Amyloid β plaques. More 

importantly by opening the BBB frequently (3 times in this study) the reduction in the 

number of plaques was accelerated. 

These five studies are only a small part of the studies and investigations performed in the 

Therapeutic Ultrasound Laboratory of Cyprus University of Technology. The lab 

completed  numerous studies involving robotic systems and positioning devices used in 

various areas of therapeutic ultrasound [115], [196]–[202]. Also a wide range of 

phantoms has been developed, each of them focusing on a different tissue and application 

[112], [114], [203]–[205] In addition, studies in vitro and in vivo were conducted using 

also applications in animal models [181], [206]–[209]. The investigations examine 

multiple diseases that humanity deals with in daily life such as cancer, Alzheimer’s 

Disease, atherosclerosis, fibroids etc, providing possible treatments using therapeutic 

ultrasound.  
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