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Abstract of Thesis 
 
 

Therapeutic Ultrasound-Induced Insulin Release 
 

Type 2 diabetes mellitus (T2DM) is a complex and chronic metabolic disease that 

results from the interplay of systemic insulin resistance of peripheral tissues and 

insufficient compensatory insulin secretion from pancreatic beta cells (American 

Diabetes Association, 2010; Kahn, 2001). The objective of this thesis was to investigate 

the safety and efficacy of low-frequency, low-intensity therapeutic ultrasound-induced 

insulin release as a non-pharmacological approach for modulating endogenous insulin 

concentrations in the early stages of T2DM. We utilized a preclinical in vivo murine 

model and multi-physics computational modeling of the human abdomen to assess the 

safety, feasibility, and efficacy of the proposed therapy. We observed an increase of 0.30 

± 0.32 ng/mL (mean ± std) in blood insulin concentration in vivo immediately after a 

five-minute sonication compared to a decrease of 0.37 ± 0.27 ng/mL in sham treated 

animals in terminal studies (n < 6, p < 0.005).  There was no difference observed in the 

change in glucose or glucagon concentrations between the groups. Comparisons of H&E-

stained terminal and survival pancreatic tissue showed no visible differences or evidence 

of damage. Computational modeling studies showed that continuous sonication at 1 MHz 

through a fluid-filled stomach results in a maximum pressure of 181 kPa and maximum 

temperature of 39.7ºC. This study is the first step is assessing the translational potential 

of low-frequency, low-intensity therapeutic ultrasound as a potential treatment for the 

early stages of T2DM as we have demonstrated that it is feasible to safely and effectively 

modulate insulin release noninvasively. 
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Chapter 1: Introduction 

Type 2 diabetes mellitus (T2DM) is a complex and chronic metabolic disease that 

results from the interplay of systemic insulin resistance of peripheral tissues and 

insufficient compensatory insulin secretion from pancreatic beta cells (American 

Diabetes Association, 2010; Kahn, 2001). Therapeutic ultrasound has previously been 

utilized to non-invasively and selectively target internal organs in humans, including the 

pancreas, in order to treat malignancies (Leslie & Kennedy, 2007; Zhao, et al., 2010; 

Sung, et al., 2011; Maloney & Hwang, 2015). Previous studies from our group have 

demonstrated that low-intensity and low-frequency ultrasound application can induce up 

to four-fold increases in insulin release in vitro compared to control, while retaining cell 

viability (Castellanos, Jeremic, Cohen, & Zderic, 2017).  The significance of this work 

lies in the fact that, to the best of our knowledge, ours is the first study to translate these 

findings into a preclinical model and investigate the safety and efficacy of ultrasound-

induced insulin release in vivo through a combination of terminal and survival animal 

studies and computational modeling. In addition, we assess the feasibility of clinical 

translational of this technology using computational modeling of the human abdomen.  

1.1 The endocrine pancreas 

The pancreas sits in the elbow of the small intestine, immediately behind the 

fundus of the stomach. It is comprised of two distinctly different tissue types. The vast 

majority of the parenchymal tissue is exocrine, secreting digestive enzymes into the bile 

duct (In't Veld & Marichal, 2010; OpenStax, 2016). Clusters of endocrine cells – which 

make up approximately 1 to 2% of the parenchyma – form micro-organs known as the 

islets of Langerhans and are scattered randomly through the pancreas in between the acini 
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and ductal structures (In't Veld & Marichal, 2010). In healthy human adults, these islets 

normally number in the several hundreds of thousands up to several million (In't Veld & 

Marichal, 2010). Despite comprising only 1 to 2% of the mass of the pancreas, islets 

receive 10 to 15% of the pancreatic blood flow and are innervated by both sympathetic 

and parasympathetic neurons. 

 

Figure 1: Structural diagram of the pancreas. The endocrine pancreas consists of clusters 
of cells known as the islets of Langerhans, shown in the micrograph. LM x 760. 
(Micrograph provided by the Regents of University of Michigan Medical School © 2012) 
(OpenStax, 2016).  

1.2 Cellular composition of the endocrine pancreas 

In adult humans, pancreatic islets are comprised of at least five separate cell 

types. The most well understood are the alpha and beta cells, first described by Michael 

A. Lane in 1907 (Lane, 1907). They make up the majority of islet cells and secrete 

glucagon and insulin, respectively. Also present are delta, PP, and epsilon cells, 

discovered in that order, which secrete various other hormones (In't Veld & Marichal, 

2010). Fig. 2 illustrates the relative spatial distribution of the various cell types.  
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Figure 2: Confocal reconstruction of the cells at the exterior of a mouse islet 
immunolabeled for insulin (red), glucagon (blue) and somatostatin (green), showing the 
relative spatial distributions of the various endocrine hormones and cell types. Scale 20 
µm. (Brereton, Vergari, Zhang, & Clark, 2015) 

1.2.1 Alpha cells 

Alpha cells are electrically excitable cells found in the islets of Langerhans that 

constitute 15 to 20% of the endocrine cells in the pancreas (In't Veld & Marichal, 2010; 

Brereton, Vergari, Zhang, & Clark, 2015). They are found more commonly in the 

dorsally derived region of the pancreas compared to the ventrally derived region (In't 

Veld & Marichal, 2010). The primary function of these cells is to secrete glucagon, a 29-

amino acid protein that acts to oppose insulin action and increase blood glucose 

concentration (In't Veld & Marichal, 2010). The importance of glucagon as an antagonist 
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to insulin is maintaining precise control over glucose homeostasis is well known 

(Brereton, Vergari, Zhang, & Clark, 2015). The importance of alpha cells was further 

highlighted by recent work from Lee et al which demonstrated in a glucagon receptor 

knockout mouse model that the inhibition of glucagon signaling prevents the appearance 

of many of the metabolic and clinical hallmarks of type 1 diabetes, despite comparable 

levels of beta cell loss (Lee, Wang, Du, Charron, & Unger, 2011) 

1.2.2 Beta cells 

Beta cells are responsible for between 50 and 80% of islet mass (In't Veld & 

Marichal, 2010). Insulin, a 51-amino acid hormone secreted solely by pancreatic beta 

cells in response to local changes in blood glucose concentration, is responsible for 

maintaining metabolic homeostasis throughout the body within a very narrow 

concentration range (Mann & Bellin, 2016; Ferrannini & Mari, 2004). In addition to 

insulin, beta cells also co-secrete amylin, which under pathological conditions 

polymerizes and forms large deposits that are characteristic of type 2 diabetes and 

insulinoma (In't Veld & Marichal, 2010). With a daily insulin requirement of 1.39 mg 

and an average insulin content per secretory granule of 8 fg, it is estimated that beta cells 

release approximately 1012 secretory granules every day (In't Veld & Marichal, 2010).  

1.2.3 Delta cells, PP cells and Epsilon cells 

Delta cells are neuron-like cells with long processes and a secretory-granule rich 

knob-like ending found near capillaries (In't Veld & Marichal, 2010; Brereton, Vergari, 

Zhang, & Clark, 2015). These cells account for 5 to 10% of islet volume and secrete 

somatostatin, an inhibitor of both insulin and glucagon secretion (In't Veld & Marichal, 

2010). The short half-life of both forms of somatostatin (14 amino acids and 28 amino 
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acids) and the localization of the secretory terminals near capillaries suggest that delta 

cells form a network for intra-islet communication through paracrine secretion (Brereton, 

Vergari, Zhang, & Clark, 2015).  

Pancreatic polypeptide (PP) cells are heavily concentrated within the ventral 

pancreas and make up 15 to 25% of pancreatic endocrine cell mass (In't Veld & Marichal, 

2010). PP cells secrete pancreatic polypeptide, a hormone released in a biphasic manner 

in response to protein ingestion that reduces appetite and acts a self-regulator of both 

endocrine and exocrine pancreatic secretion (Lonovics, Devitt, Watson, Rayford, & 

Thompson, 1981; Batterham, et al., 2003).  

Epsilon (or ghrelin) cells are the least abundant islet cell type, comprising less 

than 1% of endocrine cell mass in humans, and are the least understood islet cell type, 

having been discovered less than two decades ago (In't Veld & Marichal, 2010). The cells 

secrete ghrelin, a hormone that is secreted primarily by the stomach and is known to 

stimulate appetite, increase food intake, and promote fat storage (Klok, Jakobsdottir, & 

Drent, 2007; Andralojc, et al., 2009). While the exact role of ghrelin in the pancreas is 

not yet known, there is evidence to suggest that it promotes proliferation and cell growth 

and inhibits apoptosis of beta cells and expression and production of inflammatory 

cytokines (Andralojc, et al., 2009). 

1.3 Stimulus-secretion coupling 

To maintain tight control over glucose homeostasis, pancreatic islet cells must be 

able to respond quickly and appropriately to changes in the environment. Thus, functional 

stimulus-secretion coupling is required to allow, for example, a beta cell to secrete insulin 

in response to an increase in blood glucose concentration.  
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1.3.1 Insulin secretion 

 

Figure 3: Diagram of stimulus-secretion coupling in beta cells for glucose-induced 
insulin secretion.  

The accepted model for stimulus-secretion coupling for glucose-induced insulin 

release begins with glucose uptake by glucose transporters (GLUT2, GLUT4) and 

conversion into glucose-6-phosphate then to pyruvate then to adenosine triphosphate 

(ATP) (Esguerra, Mollet, Salunkhe, Wendt, & Eliasson, 2014; Ashcroft, et al., 1994; 

Henqiun, 2004). This triggers ATP-sensitive K+ channels to close, leading to membrane 

depolarization, and the activation of voltage-gated Ca2+ channels in the plasma membrane 

(Henqiun, 2004; Ashcroft, et al., 1994). The subsequent rise in the cytosolic 

concentration of calcium induces insulin secretion through the Ca2+ dependent exocytosis 
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of large dense core vesicles (LDCVs) containing insulin (Henqiun, 2004; Ashcroft, et al., 

1994; Barg & Rorsman, 2004).  

1.3.2 Glucagon secretion 

While the stimulus-secretion pathway for insulin has been characterized in great 

detail, the mechanisms underlying glucagon secretion have been more difficult to 

elucidate (Vieira, Salehi, & Gylfe, 2007). Glucagon, a hormone released by alpha cells in 

the islets of Langerhans, is traditional understood to be the antagonist to insulin action, 

stimulating glycogen breakdown to increase glucose concentrations when the body is 

hypoglycemic (Campbell & Drucker, 2015). The pathway is remarkably similar to insulin 

secretion, involving glucose transporters, glycolytic metabolism of glucose, ATP-gated 

K+ channels, voltage-gated Ca2+ channels, and secretory granules (Le Marchand & 

Piston, 2012). However, glucagon secretion is mediated, not only by glucose sensing and 

metabolism in alpha cells, but also by beta cell, delta cell, and central nervous system 

activity (Campbell & Drucker, 2015; Vieira, Salehi, & Gylfe, 2007). This complexity is 

best illustrated by the fact that, despite the importance of insulin in suppressing glucagon 

secretion, administration of exogenous insulin alone to individuals with T2DM is 

insufficient to restore normal glucagon dynamics (Campbell & Drucker, 2015). Multiple 

beta cell secretory products, including insulin, zinc, and γ-aminobutyric acid (GABA), 

are also involved in the suppression of glucagon secretion; somatostatin, a product of 

delta cells in the islets, is also involved in suppressing cAMP-dependent glucagon 

secretion (Campbell & Drucker, 2015; Vieira, Salehi, & Gylfe, 2007). In addition, 

multiple areas of the central nervous system (CNS), including the hypothalamus and 

some neurons within the solitary tract of the medulla, are involved in glucagon 
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stimulation during hypoglycemia via increased parasympathetic innervation (Campbell & 

Drucker, 2015). 

1.4 Insulin kinetics 

 

Figure 4: Plasma insulin levels in four groups of mice with the following glucose 
concentrations: ○, baseline; •, 11.1 mmol/l; □, 16.7 mmol/l; ▪, 30 mmol/l. Means ± SE, n 
= 6–10 (Henquin, Nenquin, Stiernet, & Ahren, 2006).  

Previous studies examining the dynamics of insulin secretion in response to 

square-wave glucose stimuli have found that release happens in a biphasic manner, with 

an initial transient release lasting approximately 10-15 minutes, followed by a second 

phase lasting 2-3 h with sustained release that gradually increases insulin concentrations 

if glucose concentrations remain elevated (Curry, Bennett, & Grodsky, 1968; Gerich, 

2002; Barg & Rorsman, 2004). Blood glucose will typically rise to a maximum of 10 mM 

in the postprandial period (lasting approximately 5 hours) in a normoglycemic patient 
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(Gerich, 1993). As shown in Fig. 4, physiologically, the rise in blood glucose 

concentration is coupled with a similarly sustained rise in insulin concentration up to 600 

pM over a period of at least 90 minutes (Gerich, 1993; Henquin, Nenquin, Stiernet, & 

Ahren, 2006).  

1.5 Diabetes mellitus 

Diabetes is a group of chronic metabolic diseases that are classically characterized 

by hyperglycemia. This hyperglycemia can be the result of deficits in insulin secretion, 

insulin action, or both, depending on the type of diabetes (American Diabetes 

Association, 2010).  

1.5.1 Type 1 

Type 1 diabetes mellitus describes a cellular-mediated autoimmune destruction of 

pancreatic beta cells and often results in an absolute insulin deficiency (American 

Diabetes Association, 2010). These patients who lose all or almost all their beta cell mass 

will require insulin for survival. Type 1 diabetes accounts for only 5 to 10% of patients 

with diabetes (American Diabetes Association, 2010).  

1.5.2 Type 2 

Type 2 diabetes mellitus (T2DM) is a complex and chronic metabolic disease that 

results from the interplay of systemic insulin resistance of peripheral tissues and 

insufficient compensatory insulin secretion from pancreatic beta cells (American 

Diabetes Association, 2010; Kahn, 2001). Insulin resistance, while the more commonly 

known pathogenic feature of T2DM, would not result in hyperglycemia (and ultimately 

T2DM) without the associated deficiency in insulin secretion (Del Prato & Marchetti, 

2004; American Diabetes Association, 2010). The United Kingdom Prospective Diabetes 
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Study (UKPDS) found that beta cell function is reduced by up to 50% at the time of 

diagnosis and continues to progressively decline in subsequent years, regardless of 

treatment (U.K. Prospective Diabetes Study Group, 1995; Del Prato & Marchetti, 2004). 

T2DM has reached epidemic proportions around the world, affecting approximately 28.7 

million people in the United States alone as of 2015, with an additional 1.5 million new 

cases being diagnosed every year (Centers for Disease Control and Prevention, 2017; 

Zimmet, Alberti, & Shaw, 2001; Lam & LeRoith, 2012). T2DM has several characteristic 

long-term complications which can be separated into macrovascular and microvascular 

complications and result in significant morbidity and mortality (Nathan, 1993; Williams, 

Van Gaal, & Lucioni, 2002). Macrovascular complications affecting the heart and major 

blood vessels include coronary artery disease, peripheral arterial disease, and stroke 

(Fowler, 2008; Williams, Van Gaal, & Lucioni, 2002). Microvascular complications of 

T2DM include nephropathy, neuropathy, and diabetic retinopathy which is the leading 

cause of new cases of blindness among adults 20 to 74 years old  (Fowler, 2008; 

Williams, Van Gaal, & Lucioni, 2002).  

The progression of T2DM relies on a vicious positive feedback loop between 

insulin resistance and beta cell dysfunction where the initial defect contributes to 

subsequent insulin resistance and metabolic deterioration, which then results in 

worsening beta cell mass and function (Del Prato & Marchetti, 2004; Kahn, 2003). It is 

important to note that even in the presence of insulin resistance, near-normal glucose 

tolerance in a patient can be achieved, so long as there is sufficient insulin secretion to 

meet the increased requirements (American Diabetes Association, 2010). In the early 

stages of T2DM, insulin secretion dynamics are disrupted through the loss of the initial, 
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transient phase of insulin release and the ability of beta cells to respond to increases in 

glucose concentrations by releasing insulin is substantially compromised (Del Prato & 

Marchetti, 2004). In addition, beta cell mass decreases through apoptosis resulting from 

increased glucotoxicity and lipotoxicity within beta cells (Del Prato & Marchetti, 2004). 

Any intervention aimed at improving blood glucose levels can improve beta cell function 

to a certain extent (Inzucchi, et al., 2012). Current first-line pharmacological treatment 

courses often aim to stimulate endogenous insulin secretion and stabilize blood glucose 

concentrations over time (Inzucchi, et al., 2012). However, in addition to a number of 

gastrointestinal and other side effects that can result in further complications, such 

pharmacological agents often lower the effectiveness of glucose (Inzucchi, et al., 2012).  

1.6 Therapeutic ultrasound 

For decades, ultrasound has been utilized, not only as an imaging modality, but 

also a therapeutic agent as far back as 1930s (Fyfe & Bullock, 1985). There are two 

distinct types of therapeutic ultrasound: low intensity and high intensity. High intensity 

ultrasound, often referred to as high-intensity focused ultrasound (HIFU), typically 

utilizes intensities ranging from tens to thousands of W/cm2 and aims to heat or ablate 

various tissues (e.g. targeting prostate cancer cells) (Mason, 2011; Miller, et al., 2012). 

On the other hand, low-intensity therapeutic ultrasound has been studied a wide variety of 

applications ranging from delivery of thrombolytics, drug and gene delivery, as well as 

wound healing and bone regeneration (Miller, et al., 2012; Baker, Robertson, & Duck, 

2001; Yudina & Moonen, 2012).  

Despite this, there is relatively little literature regarding functional modulation of 

cells and tissues by therapeutic ultrasound. A significant portion of the existing literature 
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concerns wound healing, where it has been found that the non-thermal effects of low-

intensity therapeutic ultrasound are responsible for observed changes in cell function 

(Baker, Robertson, & Duck, 2001).  

It is well known that low-intensity ultrasound results in transient membrane 

permeabilization through the formation of small pores in the plasma membrane 

(Lammertink, Deckers, Storm, Moonen, & Bos, 2015). Previous studies have also 

established that therapeutic ultrasound can induce calcium transients in a number of cell 

types, including neurons, fibroblasts, and chondrocytes, among others (Castellanos, 

Balteanu, Singh, & Zderic, 2016; Robinson, Kinnick, Greenleaf, & Fernandez, 1996; 

Tsukamoto, Higashiyama, Watanabe, Furukawa, & Ushida, 2011). Tyler et al. 

demonstrated that application of low-frequency, low-intensity therapeutic ultrasound led 

to activation of voltage-gated Ca2+ channels in neural tissues (Tyler, et al., 2008). The 

primary mechanism of calcium influx is transient membrane poration caused by acoustic 

cavitation (both stable and inertial)  (Castellanos, Balteanu, Singh, & Zderic, 2016; 

Dinno, et al., 1989; Hsu & Huang, 2004; Haasan, Campbell, & Kondo, 2010; Tsukamoto, 

Higashiyama, Watanabe, Furukawa, & Ushida, 2011).  

1.7 Previous in vitro results 

Previous studies from our group have demonstrated that low-intensity and low-

frequency sonication can induce up to four-fold increases in insulin release in vitro 

compared to control, while retaining comparable cell viability to sham (Castellanos, 

Jeremic, Cohen, & Zderic, 2017). Briefly, INS 832/13 cells, an insulinoma beta cell line, 

were plated on 35 mm glass bottom plates and incubated for 14-18 hours. Immediately 

prior to experimentation, the RPMI media was removed and modified Krebs bicarbonate 
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solution (KBS) was added to each well. A planar ultrasound transducer with a center 

frequency of 800 kHz placed at the near field to far field transition distance was used to 

stimulate cells at 0.5 W/cm2 for durations ranging from 5 s to 5 min. To study the role of 

calcium, cells were exposed to 5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-

tetraacetic acid (EGTA), an extracellular Ca2+ chelator. The EGTA was added to the KBS 

and the cells were incubated for 10-15 minutes in the KBS+EGTA to allow the 

extracellular calcium to be chelated. 

1.7.1.1 ELISA 

 

Figure 5: ELISA analysis of the change in extracellular insulin concentration 
immediately after a five-minute 1 W/cm2 800 kHz ultrasound application in the presence 
and absence of EGTA (n=5, p < 0.005). (Castellanos, et al., 2017) 

On average, the extracellular insulin concentration of beta cells exposed in 

suspension to five minutes of 1 W/cm2 800 kHz ultrasound rose by approximately 44 

ng/mL. As shown in Fig. 5, there was a statistically significant decrease in extracellular 
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insulin levels following a five-minute ultrasound application from cells treated with 

EGTA which did not release any insulin (n = 6, p < 0.005). 

1.7.1.2 Carbon fiber amperometry 

 
Figure 6: Representative current peaks detected after 800 kHz ultrasound stimulation 
with intensity of 0.5 W/cm2 applied to dopamine-loaded cells (black) and unloaded cells 
(red) (n = 6, p < 0.001). Sonication durations shown in gray. (Castellanos, et al., 2017) 

During carbon amperometry studies, 0.5 mM neurotransmitters, specifically 

dopamine and its precursor L-DOPA, were loaded into the secretory vesicles in 

pancreatic beta cells and co-released with insulin (Ustione, Piston, & Harris, 2013). 

Secretion of insulin was detected by proxy through the oxidation of these 

neurotransmitters using commercially available carbon fiber electrodes (Kation 

Scientific, Minneapolis, MN). During a single trial, three ultrasound stimuli were applied 

of varying length – 5 s, 10 s, and 15 s with at least thirty seconds in between stimuli to 

allow the cells to return to baseline.  

As shown in Fig. 6, carbon fiber amperometric recordings indicated an immediate 

secretory response following ultrasound of the cells loaded with dopamine compared to 
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unloaded cells. The duration of the response increased as the duration of the stimulus 

increased. In addition, the secretory response stopped abruptly within fifteen to thirty 

seconds after cessation of the stimulus. This result suggests that tight control of insulin 

secretion might be possible in vivo.  

 
Figure 7: Representative current peaks detected after 800 kHz ultrasound stimulation 
with varying intensities: 0.5 W/cm2 (black) and 0.1 W/cm2 (purple) (n = 6, p < 0.001). 
Sonication durations shown in gray. (Castellanos, et al., 2017) 

Comparisons between sonication at 0.1 W/cm2 compared to 0.5 W/cm2 is 

depicted in Fig. 7. There is a marked decrease in the signal amplitude at 0.1 W/cm2 such 

that the signal looks very similar to that of the unloaded cells. Therefore, it is possible 

there is a minimum acoustic pressure necessary to achieve the bioeffects and below this 

threshold no effects can be observed. Finally, investigation into the Ca2+ dependence of 

ultrasound-induced insulin secretion was conducted by exposing a group of cells of 

EGTA, a Ca2+ chelator. The presence of EGTA (shown in Fig. 8) produced a statistically 

significant reduction in the oxidation current (n = 5, p < 0.05). However, in comparison 

to the ELISA results shown in Fig. 5, the carbon fiber amperometry studies still show 
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some evidence of exocytosis. This is likely to due the fact that in the ELISA studies we 

are directly measuring insulin secretion, whereas during the carbon fiber amperometry 

studies we measure insulin exocytosis indirectly by measuring dopamine, a molecule 

almost 40 times smaller than insulin. Due to its smaller size, it is possible that some 

dopamine was still able to leave the cell but insulin was not able to.  

 
Figure 8: Representative amperometric recording of pancreatic beta cells with (green) 
and without (black) EGTA during ultrasound stimulation of varying lengths (n = 6, p < 
0.05). Sonication durations shown in gray. (Castellanos, et al., 2017) 
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Chapter 2: Determination of the safety and efficacy of ultrasound-induced  

insulin release in vivo  

 In this chapter, we investigate the safety and efficacy of low-frequency, low-

intensity therapeutic ultrasound-induced insulin release in a preclinical in vivo murine 

model. Safety was assessed through gross examination of the skin and interior abdominal 

organs following necropsy and H&E staining of the isolated pancreas. Efficacy was 

evaluated through blood serum analysis of insulin, glucose, and glucagon concentrations 

in ultrasound-treated mice compared to sham.  

2.1 Materials and Methods 

2.1.1 Animal preparation 

All animal experiments were performed under an approved animal protocol at 

The George Washington University and in compliance with the National Institutes of 

Health (NIH) Guide for the Care and Use of Laboratory Animals. Animals were 

randomly assigned to either the treatment or sham groups. Transgenic mice (FVB/N-Tg 

(Ins2-IAPP) RHFSoel/J a.k.a RIPHAT, Jackson Laboratory, Bar Harbor, Maine) that 

express human islet amyloid polypeptide (h-IAPP) aged between 28 and 40 weeks were 

utilized for these experiments.  

The terminal mice were randomly assigned to ultrasound and sham groups. Mice 

in the treatment group (n = 7) received one five-minute ultrasound treatment and were 

then immediately sacrificed for necropsy and histological analysis of the pancreas. Age 

matched controls received a sham treatment (n = 8). A preliminary survival study was 

conducted in parallel with the terminal studies to study the feasibility of therapeutic 

ultrasound as a long-term treatment. A small population of transgenic mice (n = 4) 
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received between two and four five-minute ultrasound treatments every 10 days. The 

mice were then sacrificed, necropsied and their pancreases were excised for histological 

analysis.  

 
Figure 9: Representative image of the transverse view of the mouse abdomen obtained 
on the Vevo 3100 imager with the 40 MHz probe. Gain of 35 dB, dynamic range of 60 
dB.   

Animals were anesthetized with isoflurane (1-3%) which was titrated to maintain 

a heart rate of 400 bpm ± 50 bpm. Heart rate was monitored through ECG electrodes on 

the VisualSonics Vevo 3100 small-animal imaging platform (FUJIFILM, Tokyo, Japan). 

Mice were prepared for treatment by shaving and depilating their abdomens with 

depilatory lotion. Animals were placed supine on the imaging platform and the 

ultrasound transducer was positioned transcutaneously over the pancreas. Proper 
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positioning of the transducer was confirmed through ultrasound imaging using the 

VisualSonics Vevo 3100 Preclinical Imaging System (FUJIFILM, Tokyo, Japan). Fig. 9 

is a representative image acquired on the Vevo 3100 imager, depicting how the pancreas 

was located; the therapeutic transducer was then positioned in the same region as the 

imaging probe. Murine body temperature was monitored using a rectal probe. A 250 W 

infrared heat lamp and a heating pad within the Vevo 3100 imaging platform was used to 

maintain an appropriate body temperature.  

2.1.2 Sonication protocol 

 

Figure 10: Experimental set-up and study design. a) Diagram and protocol for 
sonication. Mice in the supine position were placed on the imaging platform under 
anesthesia. The flat, unfocused ultrasound transducer was positioned transcutaneously 
over the abdomen and positioning was confirmed through ultrasound imaging. Heart rate 
and body temperature were monitored throughout. b) Experimental timeline of blood 
collection and sonication. Approximately 100 µL of blood (50 µL for survival animals) 
was collected via tail nick immediately prior to, immediately after, and 30 minutes after 
ultrasound application.  

Experiments were conducted using a flat, unfocused ultrasound transducer. 

Ultrasonic waveforms were generated using an Agilent 33220A function generator 

(Agilent Technologies, Santa Clara, CA, USA) and amplified (50 dB gain) using a 

150A100B RF amplifier (Amplifier Research, Souderton, PA, USA). Approximately 100 
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µL (50 µL for survival mice) of blood was collected immediately prior to sonication by 

tail nick (see Fig. 10b). Animals were sonicated (f = 1 MHz, duration = 5 minutes, 

estimated de-rated intensity = 0.93 W/cm2) and a further 100 µL of blood was collected 

by tail nick. Ultrasound exposure parameters were chosen based on our previous work 

(Castellanos, Jeremic, Cohen, & Zderic, 2017; Castellanos, et al., 2017). A final blood 

sample was collected 30 minutes after sonication. At the time of each tail nick, a small 

quantity of blood was collected, and glucose was measured using OneTouch Ultra 2 

Blood Glucose Monitoring System (LifeScan, Chesterbrook, Pennsylvania) with 

OneTouch Ultra glucose test strips with a measurement range between 1.1 and 33.3 mM.   

2.1.3 Blood serum analysis 

 Whole blood was collected in uncoated microcentrifuge tubes (Thermo Fisher 

Scientific, Waltham, Massachusetts) and allowed to coagulate for one hour at room 

temperature. The clotted blood was then centrifuged at 3000g for 15 minutes and stored 

at −20 °C (Greenfield, 2017; Argmann & Auwerx, 2006). Blood insulin concentration 

was quantified using an ELISA Insulin Kit with a range of 0.1 ng/mL to 10 ng/mL 

(MilliporeSigma, Burlington, Massachusetts) and a SpectraMax iD5 Multi-Mode 

Microplate Reader (Molecular Devices, San Jose, California). Briefly, after preparing all 

serum samples according to instructions from the colorimetric ELISA kit, absorbance of 

each sample was measured at 450 nm and 590 nm. Samples were diluted to fall within 

the range of the assay. The calibration curve (generated using standards ranging from 0.2 

ng/mL to 10 ng/mL) was fitted to a sigmoidal 4-parameter logistic curve with the 

difference in absorbance on the y-axis and the known concentrations on the x-axis. The 

final insulin concentration for each sample was determined by multiplying the measured 
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concentration by its respective dilution factor. The change in insulin concentration was 

calculated by subtracting the initial insulin concentration prior to sonication from the 

insulin concentrations at 0 minutes and 30 minutes.  

 Glucagon concentration was quantified using a Glucagon Enzyme Immunoassay 

Kit with a minimum detectable concentration of 4.77 pg/mL (RayBiotech Life, Norcross, 

Georgia) and a SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices, San 

Jose, California). Briefly, the assay utilizes a spiked biotinylated glucagon peptide on the 

samples and standards; after they are added to the plate, the biotinylated glucagon 

competes with the endogenous (and unlabeled) glucagon for binding to the anti-glucagon 

antibody. Any bound biotinylated glucagon interacts with horseradish peroxidase-

streptavidin, catalyzing the color reaction. The plate is read at 450 nm using the 

spectrophotometer and the intensity of the signal is inversely proportional to the 

endogenous glucagon present in the sample. The calibration curve was generated with 

standards ranging from 1 to 1,000 pg/mL and fitted to a 4-parameter logistic curve with 

the ratio of the optical density of the standard (normalized to the blank) to the optical 

density of total biotinylated glucagon binding (normalized to the blank) on the y-axis and 

endogenous glucagon concentration on the x-axis.  

2.1.4 Necropsy and histology 

 Animals were euthanized by CO2 inhalation followed by cervical dislocation 

according to American Veterinary Medical Association (AVMA) guidelines. The 

abdominal cavity was opened and visually inspected for gross damage including 

discoloration, burns, and bleeding. The whole pancreas was isolated and 3-5 µm thick 

mouse pancreatic slices were prepared for histological analysis with hematoxylin/eosin 
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(H&E) staining. Images of the pancreatic slices were obtained at 10x and 40x 

magnification using a ZEISS Axio Imager.A2 microscope and AxioCam MRc camera 

(Carl Zeiss, Oberkochen, Germany).  

2.1.5 Statistical analysis 

 Metabolic and hormonal changes in non-diabetic, hemizygous terminal mice were 

compared using a student t-test assuming unequal variance between the two groups 

(ultrasound and sham). Significance was established at p < 0.05. Statistical analysis of the 

diabetic terminal groups was conducted in a similar fashion. Comparison of insulin and 

glucose concentrations in the survival groups were compared to using analysis of 

variance with Tukey post hoc comparisons (Minitab 18 Statistical Software) to identify 

significant differences between groups: sham mice, ultrasound mice after first treatment, 

and ultrasound mice after second treatment. Differences were considered significant if p 

< 0.05.  

2.2 Results 

2.2.1  Metabolic changes after sonication 

To study the efficacy of stimulating insulin secretion through transcutaneous 

ultrasound stimulation, we first conducted terminal studies on non-diabetic (Tg/+) mice 

to establish a baseline for therapeutic effectiveness in a normoglycemic environment. 

Fig. 11a shows an increase of 0.30 ± 0.32 ng/mL (mean ± std) in blood insulin 

concentration in vivo immediately after a five-minute sonication compared to a decrease 

of 0.37 ± 0.27 ng/mL in sham treated animals in terminal studies (n < 6, p < 0.005). 

While the blood insulin concentration 30 minutes after ultrasound application is 1.37 ± 

2.21 ng/mL higher on average compared to insulin levels prior to sonication and a 0.32 ± 
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0.41 ng/mL decrease in insulin was observed in sham mice, the difference is not 

statistically significant due to the high variance in the ultrasound group. Fig. 11b 

demonstrates the high variability of the changes in the blood glucose after sonication.  

 

Figure 11: Blood analyte concentrations in terminal mice a) Sonication caused a 
statistically significant increase in insulin concentration immediately after the five-minute 
stimulus was ceased as compared to sham in mice (n > 6, p < 0.005). b) There is no clear 
trend in blood glucose levels apparent from these studies as these measurements are 
characterized by high variability. c) There was also no statistically significant difference 
between the ultrasound and sham-treated mice at either time point. 
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There was no statistically significant difference observed in the change in glucose 

concentration between non-diabetic, terminal mice exposed to ultrasound and mice that 

received a sham treatment (n = 6). Fig. 11c shows no significant difference in glucagon 

concentrations between ultrasound-treated and sham-treated terminal, non-diabetic mice 

at either time point.  

Table 1 Blood serum analysis in survival mice  

(mean ± std) Δ Insulin (ng/mL)  Δ Glucose (mg/dL) 

Group 0 minutes 30 minutes  0 minutes 30 minutes 
After … Treatment      

First 2.06 ± 2.82 -0.18 ± 1.04  -1.5 ± 46 38 ± 84 
Second -0.87 ± 0.81  4.07 ± 1.21  -9.7 ± 20 14 ± 47 
Third* − 0.80  3.0 31 
Fourth* − 0.50  -12 -46 

SHAM 0.19 ± 1.71 0.09 ± 0.27  -36 ± 57 61 ± 128 
*Only one non-diabetic, wild type mouse received four ultrasound treatments. Collected blood volume 
immediately after sonication was too small for ELISA analysis after due to repeated collection.  

 A small population of mice were utilized to investigate the safety and efficacy of 

repeated ultrasound treatments. Two mice received two treatments, 10 days apart. A third 

mouse received a total of four ultrasound treatments every 10 days. These animals were 

compared to age-matched, wild type sham mice (Table 1). 

2.2.2 Histological evaluation after sonication 

Careful examination of both terminal and survival mouse abdominal cavity was 

performed to determine if the proposed ultrasound parameters resulted in injury to the 

pancreas or other organs. After visual inspection, no gross damage to any of the 

abdominal organs – such as discoloration, burns, or bleeding – was apparent in any of the 

ultrasound treated animals, including the survival mice that received either two or four 

sonications. Comparison of H&E-stained terminal pancreatic tissue from ultrasound-
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treated groups and sham-treated groups did not show any visible differences (Fig. 11 

top). There was no evidence of discoloration, burns, or cell lysis in the endocrine or 

exocrine tissue. Islets of Langerhans maintained similar random distributions in both 

groups and the individual islets maintained their circular geometry. Similar results were 

observed for survival animals subjected to multiple sonications versus sham-treated mice 

(Fig. 11 bottom).  

 
Figure 12: Comparison of H&E-stained terminal ultrasound-treated mouse pancreases 
with sham-treated pancreases imaged at 10x (top). The islets of Langerhans (shown in the 
insets at 40x magnification) maintain their circular shape, no cell lysis or damage is 
visible throughout the samples, and tissue integrity is retained. A similar comparison of 
H&E-stained survival animals also does not show any visible damage in ultrasound-
treated mice when compared to sham-treated mice (bottom).  

2.4 Discussion of results 

In this study, we investigated whether unfocused, low-frequency, low-intensity 

therapeutic ultrasound applied transcutaneously is capable of safely and effectively 
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modulating insulin secretion from pancreatic beta cells. First and foremost, we find no 

evidence that ultrasonic stimulation caused any functional or anatomic damage to the 

pancreatic, intestinal, or other abdominal tissues. As shown in Fig. 12, there are no 

visible differences between H&E-stained pancreatic tissue from ultrasound-treated mice 

and sham-treated mice. There was no visible evidence of cell lysis or damage to either the 

exocrine or endocrine tissues, even after repeated sonications. In addition, we did not 

observe any gross visible damage, including bleeding, burns, or discoloration, to any 

other organs in the abdominal cavity during necropsy to either terminal or survival 

animals.  

2.3.1 Effect on insulin 

 The most important finding of this study is that therapeutic ultrasound was 

capable of modulating insulin release from pancreatic beta cells in our terminal group, as 

shown in Fig. 10a. However, we can only demonstrate a statistically significant effect 

immediately after sonication ends. The high variability in blood insulin concentrations 30 

minutes after sonication is likely due to individual differences in insulin kinetics and 

degradation. Given that the half-life of insulin is relatively short (approximately 4-6 

minutes), that is not an unexpected result (Duckworth, Bennett, & Hamel, 1998). 

Therefore, if a more sustained effect is desired, a longer, possibly discontinuous, 

exposure time would be necessary. Further work in this area will likely utilize focused, 

pulsed ultrasound for longer exposure times to maximize the therapeutic effect.  

2.3.2 Effect on glucose 

 It should be noted that the effect of therapeutic ultrasound on blood glucose levels 

is not clear from these studies. There was no statistically significant difference between 
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the blood glucose levels in ultrasound-treated and sham-treated mice in diabetic or non-

diabetic mice. As evidenced by the high variability evident in blood glucose levels in Fig. 

10b even among the sham-treated mice, it is possible that the amount of insulin released 

was not sufficient to affect systemic changes in blood glucose concentrations. Previous 

studies examining the dynamics of insulin secretion in response to square-wave glucose 

stimuli have found that release happens in a biphasic manner, with an initial transient 

release lasting approximately 10-15 minutes, followed by a second phase lasting 2-3 h 

with sustained release that gradually increases insulin concentrations if glucose 

concentrations remain elevated (Curry, Bennett, & Grodsky, 1968; Gerich, 2002; Barg & 

Rorsman, 2004). Blood glucose will typically rise to a maximum of 10 mM in the 

postprandial period (lasting approximately 5 hours) in a normoglycemic patient (Gerich, 

1993). Physiologically, this rise in blood glucose concentrations is coupled with a 

similarly sustained rise in insulin concentrations (Gerich, 1993). Therefore, it is possible 

that our therapy would need to be more sustained to significantly affect blood glucose 

levels.  

2.3.3 Effect on glucagon 

 Exactly why we find that therapeutic ultrasound is able to modulate insulin 

concentrations yet does not seem to impact glucagon concentrations is not clear. 

However, it is possible that because ultrasound is only acting locally, it does not affect 

the systemic factors – like parasympathetic innervation – that contribute to glucagon 

secretion. In addition, recent studies have shown that serotonin, which is co-released with 

insulin, inhibits glucagon secretion from alpha cells via 5-HT1F receptors that decrease 



28 
 

cAMP (Almaca, et al., 2016).  Thus, it is possible that when we stimulate the release of 

insulin, the co-released serotonin suppresses any release of glucagon. 

2.3.4 Mechanism of therapeutic ultrasound 

Previous studies have established that therapeutic ultrasound can stimulate 

calcium transients in a number of cell types, including electrically excitable cells like 

neurons (Castellanos, Balteanu, Singh, & Zderic, 2016; Robinson, Kinnick, Greenleaf, & 

Fernandez, 1996; Tsukamoto, Higashiyama, Watanabe, Furukawa, & Ushida, 2011). 

Tyler et al. demonstrated that application of low-intensity, low-frequency therapeutic 

ultrasound led to activation of voltage-gated Ca2+ channels in neural tissues (Tyler, et al., 

2008). The primary mechanism of calcium influx is transient membrane poration caused 

by acoustic cavitation (both stable and inertial)  (Castellanos, Balteanu, Singh, & Zderic, 

2016; Dinno, et al., 1989; Hsu & Huang, 2004; Haasan, Campbell, & Kondo, 2010; 

Tsukamoto, Higashiyama, Watanabe, Furukawa, & Ushida, 2011). Previous work in our 

laboratory demonstrated that these secretory events from pancreatic beta cells occur in a 

calcium dependent manner (Castellanos, et al., 2017).  

 In glucose-induced insulin secretion, the exocytosis of insulin from large dense 

core vesicles (LDCVs) is directly preceded by a calcium influx through a voltage-gated 

calcium channel (Henqiun, 2004; Ashcroft, et al., 1994; Barg & Rorsman, 2004). Thus, 

this offers a potential mechanism for how therapeutic ultrasound is able to modulate 

insulin release from pancreatic beta cells. It should be noted that the stimulus-secretion 

pathway for the stimulation of glucagon closely mirrors that of insulin. As previously 

discussed, it is possible that glucagon is suppressed due to co-secretion of serotonin from 

beta cells. In addition, ex vivo studies of mouse pancreatic islets have shown that in 
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hyperglycemic environments, glucagon secretion is decoupled from an increase in Ca2+ 

concentration (Le Marchand & Piston, 2012). Therefore, in diabetic patients, this could 

offer another pathway for the regulation of unwanted glucagon secretion.  

Another potential mechanism underlying this phenomenon is the stimulation of 

mechanoreceptors located on the plasma membrane. Stretch-activated cation channels 

(SACCs) that are activated by mechanical stretching of the plasma membrane in 

hypotonic conditions have been directly implicated in insulin secretion (Takii, et al., 

2006). Therefore, activation of SACCs due to mechanical perturbations of the cellular 

structure could cause membrane depolarization, activation of voltage-gated Ca2+ channels 

and result in insulin secretion. Some groups have proposed a bilayer sonophore (BLS) 

model that postulates that ultrasound induces intramembrane cavitation between the lipid 

bilayer (Plaskin, Shoham, & Kimmel, 2014). Such cavitation, which has been implicated 

in neuromodulation, could activate these mechanosensitive ion channels, resulting in the 

exocytosis of insulin.  

The novelty of this study lies in that fact we are utilizing physiotherapy 

parameters for therapeutic ultrasound applied transcutaneously to stimulate hormonal 

release from the murine pancreas. To the best of our knowledge, this is the first study to 

investigate the potential therapeutic effects of ultrasound in the pancreas or in endocrine 

tissues more broadly in vivo. Most ultrasound stimulation of the pancreas thus far has 

been focused on ablative cancer therapies or delivery of gene therapies (Kotopoulis, 

Dimcevski, Gilja, Hoem, & Postema, 2013; Jang, Lee, Lee, Kim, & Hwang, 2010; Chen, 

et al., 2010; Chen, et al., 2014). Other abdominal tissues – like the liver or spleen – as 

relatively homogeneous with respect to the distribution of various cell types. However, 
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98% of the pancreatic parenchyma is composed of exocrine tissue, while only 1-2% 

consists of endocrine tissue (In't Veld & Marichal, 2010). This fact makes it even more 

remarkable that therapeutic ultrasound was able to modulate the hormonal response of the 

endocrine tissue in the pancreas.  

2.3.5 Future studies 

 Future studies will need to implement focused ultrasound applied for longer 

periods to better mimic a physiological insulin response to elevated glucose 

concentrations. In addition, optimization of parameters like intensity and pulse duration 

will be necessary in order to maximize the therapeutic benefits. Finally, longer term 

survival studies investigating the consequences of repeated, daily sonications will be 

necessary, particularly in determining the effect of therapeutic ultrasound on the exocrine 

pancreas. In conclusion, this study is the first step is assessing the translational potential 

of low-frequency, low-intensity therapeutic ultrasound as a potential treatment for the 

early stages of T2DM as we have demonstrated that it is feasible to safely and effectively 

modulate insulin release noninvasively.  
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Chapter 3: Computational modeling 

 In this chapter, we investigate the clinical feasibility of anterior extracorporeal 

sonication in normal BMI conditions. The pancreas is a notoriously hard organ to image, 

thus clinical feasibility relies heavily on finding an appropriate acoustic window that 

avoids air-filled organs and minimizes standing waves. Models based on a generic 

references and computer tomography (CT) images are generated to determine the 

maximum pressures and temperatures in various biological tissues in the path of the 

wave.  

3.1 Modeling based on a generic reference 

3.1.1 Methods 

 

Figure 13: a) Axial cross-section of an adult human abdomen with a normal BMI range. 
Inset shows the section to be modeled (Netter, 2014) b) Air and water-filled geometric 
models based on the generic reference.  

PZFlex, a multi-physics finite-element analysis software (Weidlinger Associates, 

Mountain View, CA, USA), was used to develop a model of an axial slice of the human 

abdomen based on anatomy from a reference atlas, shown in Fig. 13a, to stimulate the 

range of acoustic pressures and thermal energy that the body would be exposed to during 
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extracorporeal sonication. The simulation software considers nonlinear acoustic wave 

propagation along with both longitudinal and transverse wave propagation. PZFlex 

models of biological structures have previously been validated by our lab and others 

(Zhao, et al., 2010; Leslie & Kennedy, 2007). Simulation parameters were determined as 

previously reported (Hensel, Mienkina, & Schmitz, 2011). Material properties and 

parameters were obtained from published data and shown in Table 2 (Duck, 1990). The 

transducer region was modeled as a vacuum. As recommended by the software 

manufacturer, the grid size was set to one fifteenth of the center sonication frequency to 

ensure sufficient spatial resolution (Nabili, Geist, & Zderic, 2015).   

Table 2 Acoustic properties of tissues and materials for generic model (Duck, 1990)  

Material 
Density 
(kg/m3) 

Bulk Modulus 
(MPa) 

Heat Capacity 
(J/kg/ºC) 

Thermal Conductivity 
(W/m/ºC) 

Water 1000 2200.0 4200 0.610 
Air 1.24 343.0 1005 0.026 
Fat 911 1440.2 2348 0.21 

Muscle 1090 1588.4 3421 0.49 
Pancreas 1087 1591.0 3164 0.51 

 The acoustic window chosen was the simplest one possible – the ultrasound 

transducer was aimed directly at the pancreas and no attempt was made to avoid the 

stomach. As shown above in Figure 13b, two variations of the model were constructed: 

the first with an “empty stomach” containing only air and the second simulating 

conditions after a meal when the stomach is full of water. The purpose of these two 

models was to determine if the proposed treatment could be administered to a patient on 

an empty stomach (i.e. before a meal). A continuous 800 kHz, 0.5 W/cm2 ultrasound load 

was applied to the model for 5 minutes. The maximum pressure in model was measured 
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once it reached steady-state. The maximum temperature was recorded for the duration of 

treatment and for one minute after ultrasound application. 

3.1.2 Results 

Figure 14: a) Pressure and b) temperature maps of the air-filled model compared to the 
water-filled model.  

Table 3 Maximum temperature and pressure values for the generic model  

Model Maximum Pressure (kPa) Maximum Temperature (ºC) 

Air 397.2 39.2 
Water 400.7 41.2 

As shown in Fig. 14a, the air-filled model did not experience full penetration of 

the ultrasound energy to the pancreas. Therefore, the pressure and thermal energy 

deposited by the treatment were restricted to the subcutaneous fat. Despite this, the 

highest temperatures were observed in the water-filled model. In addition, while the 

pressure maps in the water model shows clear standing waves in the first half of model 
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through the stomach, as the wave travels deeper, it diffuses into less well-defined regions 

of compression and rarefaction.  

3.1.3 Discussion 

These initial results indicated that the stomach must be filled with fluid to avoid 

significant burning of the skin and to allow ultrasound energy to penetrate through the 

stomach to the pancreas. It should be noted that the maximum temperature observed in 

the water-filled model was still below the threshold for tissue damage or death (Table 3). 
The temperature increases observed in both models are considered borderline safe, 

indicating the need for pulsed ultrasound and potentially movement of the transducer 

during sonication to minimize thermal effects. Finally, although comparable pressure to 

previous in vitro work is achieved within the pancreas in the water model, the diffuse 

nature of the pressure map in that region could suggest a future difficulty in targeting 

ultrasound energy to the desired, islet-rich locations (Castellanos, et al., 2017).  

3.2 Modeling based on computer tomography (CT) references 

3.2.1 Methods 

 

Figure 15: a) Computer tomography (CT) image and b) 1/10 scale model of the axial 
view of the abdomen of a healthy, 15-year-old female (obtained from Children’s National 
Hospital, Washington, DC).  

a) b) 
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 PZFlex was used to develop a 1/10 scale model of the complete axial view of the 

human abdomen based on computer tomography (CT) images to have greater flexibility 

when choosing an acoustic window. The reduced scale was necessary to reduce the 

runtime of the model since a full-scale model would take days to run to completion. Once 

the acoustic window has been optimized at this scale, a full-scale model will be run to 

verify the results. CT images were from a healthy 15-year-old female patient and were 

imaged with an oral contrast agent. Anonymized images were obtained from Children’s 

National Medical Center in Washington, DC. 

 The model was first developed in Adobe Illustrator (San Jose, California) by 

drawing ellipses on top of the CT reference image to approximate the various organs. The 

desired ratio between the pixel size and the model was calculated and all objects were 

scaled uniformly. This geometry could then manually be written into the PZFlex 

platform. As before, biological tissues and other material properties and parameters were 

obtained from published data (Table 4), the transducer region was modeled as a vacuum, 

and the grid size was set to one fifteenth of the center sonication frequency to ensure 

sufficient spatial resolution (Nabili, Geist, & Zderic, 2015; Duck, 1990).  

Table 4 Additional acoustic properties of tissues and materials for CT-based model  

Material 
Density 
(kg/m3) 

Bulk Modulus 
(MPa) 

Heat Capacity 
(J/kg/ºC) 

Thermal Conductivity 
(W/m/ºC) 

Bone 1908 1880.0 1313 0.32 
Liver 1079 1585.7 3540 0.52 

Kidney 1066 1554.3 3763 0.53 
Blood 1050 1578.2 3617 0.52 
Skin 1109 1624.0 3391 0.37 

This model was developed as an extension and improvement to the water-filled 

model of the previous section. Therefore, the regions of stomach and bowel (shown in 
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green in Fig. 15b) were modeled as fluid-filled organs. A continuous sonication regime 

of 1 MHz at 1 W/cm2 was applied extracorporeally for five minutes. The maximum 

pressure was calculated once the model had reached steady state. The maximum 

temperature rise was measured for the duration of the treatment.  

3.2.2 Results 

 
Figure 16: Maximum pressure map after 1 MHz continuous sonication (kPa).  

 The maximum pressure and temperature maps for the initial model are shown in 

Fig. 16 and 17. Computational modeling studies showed that continuous sonication at 1 

MHz through a fluid-filled stomach resulted in a maximum pressure of 181 kPa and 

maximum temperature of 39.7ºC. The maximum pressures occur in two distinct 

locations: the first is at the interface between the body and the transducer and the second 

is within the spinal column. As expected, the maximum deposition of thermal energy was 

found at the transducer-to-skin interface since the treatment was delivered continuously. 
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In addition to this interface, there is also an accumulation of thermal energy in the 

posterior region, emanating out in a “V” shape directly behind the pancreas (Fig. 17).  

 

 
Figure 17: Maximum temperature map after five min of continuous sonication (ºC).  

3.2.3 Discussion 

The preliminary results from this 1/10 scale model of the abdomen are promising 

in terms of the clinical feasibility of this technology. Even in the extreme case of a five-

minute continuous sonication where no attempt is made to avoid the stomach or the 

spinal column, we achieve comparable pressures within the pancreas to previous in vitro 

studies and observe a maximum of only 2.7 ºC in temperature rise, which is below the 

threshold for tissue damage and depth.  

3.2.4 Ongoing and future studies 

Work is currently ongoing to more precisely study the effect of air within the 

stomach and bowels. One variation of the model is an air-filled organ with only the 
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thickness of the stomach and bowel lining modeled as tissue. The other intermediate 

variation on the 1/10 fluid-filled model contains varying levels of air pockets within the 

digestive organs, in the hopes of understanding how what amount of air is tolerable 

within the stomach and intestines for safe administration of the therapy.  

Other future work includes optimization of the acoustic window. This will be 

accomplished by rotating the transducer 360º around the abdomen and evaluating where 

the pressures fall within the desired range and minimizes temperature increase. Finally, 

when the acoustic window has been optimized, the optimized model will be run at full-

scale to verify the results compared to the 1/10 scale model.  
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Conclusions 

The objective of this work was to investigate the safety and efficacy of low-

frequency, low-intensity therapeutic ultrasound-induced insulin release as a non-

pharmacological approach for modulating endogenous insulin concentrations in the early 

stages of T2DM. The significance of our work lies in its novel, cost-effective, target-

specific, and non-invasive approach that utilizes the application of ultrasound energy to 

augment insulin release from pancreatic beta cells. Current pharmacological treatments 

often come with a long list of potential side effects and may accelerate the progression of 

the disease by promoting β-cell failure (Raskin, 2008). Furthermore, medication comes in 

doses not optimized for individual patients; leading to unwanted side effects. A clear 

advantage of using ultrasound to correct β-cells secretory deficiencies, as compared to 

pharmacological approaches lies in its potential for non-invasive and selective therapeutic 

targeting of the pancreas. We expect that our approach using careful selection of 

ultrasound parameters may provide a safe, controlled and targeted stimulation of insulin 

release from the pancreatic β-cells. This study is the first step is assessing the 

translational potential of low-frequency, low-intensity therapeutic ultrasound as a 

potential treatment for the early stages of T2DM as we have demonstrated that it is 

feasible to safely and effectively modulate insulin release noninvasively. Future studies in 

optimizing ultrasonic dosages to tightly control insulin release and long-term survival 

studies in diabetic animals are still required as we move towards clinical translational. 
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