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Abstract 

Chronic liver diseases, including cirrhosis and hepatocellular carcinoma, remain significant 

global health challenges due to their high morbidity and limited therapeutic options. This thesis 

investigates the potential of histotripsy, a non-invasive focused ultrasound technology, in two 

innovative applications: decellularization of liver tissue and facilitation of stem cell-derived 

3D-hepatocyte transplantation for liver regeneration. 

The first segment explores histotripsy’s efficacy in generating acellular liver scaffolds, 

emphasizing its mechanical precision in preserving vascular structures while minimizing 

collateral damage. Experimental methods, including histological assessments and 3D tissue 

reconstructions, demonstrate the feasibility of histotripsy for creating biocompatible scaffolds, 

paving the way for advanced tissue engineering applications. 

The second segment evaluates histotripsy-assisted implantation of stem cell-derived 3D 

hepatocyte spheroids in rodent models, aiming to overcome challenges in cell delivery, 

engraftment, and survival. Key findings include improved cell viability, enhanced tissue 

integration, and evidence of functional liver regeneration post-implantation. The thesis 

highlights histotripsy’s potential to synergize with regenerative therapies, offering a 

transformative approach to address organ shortages and advance treatment strategies for end-

stage liver diseases. 

These findings underscore histotripsy’s dual utility in liver tissue engineering and regenerative 

medicine, offering a foundation for future translational research and clinical applications. 
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Thesis Impact Statement 

This thesis addresses critical challenges in the management of chronic liver diseases, including 

cirrhosis and hepatocellular carcinoma, which are among the leading causes of morbidity and 

mortality worldwide. The innovative use of histotripsy—a non-invasive, focused ultrasound 

technology—offers transformative potential in both liver tissue engineering and regenerative 

medicine. The thesis represents a number of packages of work carried across an inter-

disciplinary collaborative team including Surgeons, Engineers, Pathologists, Stem Cell 

biologist to name a few. 

The research findings have significant implications across multiple domains: 

1. Advancing Liver Tissue Engineering: The study demonstrates the feasibility of using 

histotripsy for the decellularization of liver tissues, creating biocompatible scaffolds 

while preserving essential vascular and biliary structures. This approach provides a 

novel, non-enzymatic alternative to traditional decellularization methods, overcoming 

key limitations such as enzymatic damage and suboptimal structural integrity. These 

insights pave the way for developing functional bioengineered liver grafts, addressing 

the critical organ shortage crisis. 

2. Enhancing Regenerative Medicine: By leveraging histotripsy to facilitate the delivery 

and engraftment of stem cell-derived 3D hepatocytes, the research introduces a 

minimally invasive technique to improve cell viability, integration, and functionality in 

regenerating damaged liver tissues. This innovation has the potential to revolutionize 

cell therapy strategies for end-stage liver disease, reducing dependence on whole-organ 

transplantation. 

3. Clinical and Translational Impact: The combined applications of histotripsy in 

decellularization and cell transplantation offer a scalable, non-invasive, and cost-
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effective solution for addressing liver disease at various stages. These findings support 

the transition of histotripsy-based therapies from experimental models to clinical 

settings, benefiting patients with limited treatment options. 

4. Broader Scientific and Societal Implications: The interdisciplinary methodologies 

and technologies developed in this research contribute to the broader fields of 

ultrasound-based therapies, regenerative medicine, and bioengineering. The successful 

translation of these approaches could catalyse advancements in the treatment of other 

organ systems, creating new paradigms for managing organ failure and chronic 

diseases. 

By combining cutting-edge ultrasound technology with stem cell therapies, this thesis lays the 

groundwork for innovative, patient-centred solutions that could alleviate the global burden of 

liver disease. It highlights the potential of integrating emerging biomedical technologies to 

bridge the gap between basic science and clinical application. 
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Chapter 1 Clinical background to chronic liver 

disease and liver transplantation  
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1.1.1 Introduction: 

Liver disease is a major global healthcare problem (Figure 1), affecting an estimated 844 

million people worldwide (1). Despite this substantial burden, therapeutic options for the 

liver disease remain limited, in parts owing to a paucity of detailed analyses defining the 

cellular and molecular mechanisms that leads to chronic conditions in humans. New 

treatment strategies aim to alter the disease course and improve survival. The incidence 

of liver disease is on the rise and survival for many liver diseases is improving with new 

treatments. For example, recent advancements in hepatitis C virus (HCV) therapy have 

markedly enhanced results, particularly for patients with severe liver disease, including 

cirrhosis (2). In the last ten years, advancements in direct-acting antivirals (DAAs) have 

transformed HCV treatment, achieving elevated cure rates, including among patients with 

cirrhosis (2). Non-alcoholic fatty liver disease (NAFLD) and its advanced variant, non-

alcoholic steatohepatitis (NASH), are emerging as significant worldwide health issues 

owing to their swift rise in prevalence and correlation with serious consequences. Their 

increasing influence is directly associated with escalating rates of obesity, diabetes, and 

metabolic syndrome globally. Non-alcoholic fatty liver disease (NAFLD) currently 

impacts approximately 25% of the worldwide population, with prevalence rates notably 

elevated in North America, the Middle East, and certain regions of Asia (3). 

Consequently, NAFLD is the predominant chronic liver disease globally. Approximately 

20–30% of patients with NAFLD advance to NASH, a more severe condition marked by 

hepatic inflammation and fibrosis. This progression increases the likelihood of cirrhosis, 

liver failure, and hepatocellular carcinoma (HCC). 

In Europe alone, around 29 million people are estimated to suffer from the chronic liver 

disease (4). Recent data suggests that about 0.1% of the European population is affected 

by cirrhosis, corresponding to 14-26 new cases per 100,000 inhabitants per year or an 
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estimated 170,000 deaths per year (5). Given no effective medical treatment is available 

for advanced cirrhosis to reverse disease state (6), prevention and early intervention are 

crucial in mitigating the increasing burden of NAFLD and NASH and halting disease 

progression to cirrhosis (7). Advocating for lifestyle modifications, reducing metabolic 

risks, enhancing public knowledge, and endorsing healthcare policies aimed at 

preventative strategies are essential actions in alleviating the effects of these illnesses.  

Both cirrhosis and primary liver cancer (incidence of 1-13 new cases) are representative 

of end-stage liver disease. With almost 10% of cirrhotic patients undergoing surgery 

during their last year of life (8), this translates into an ever-increasing cohort of patients 

with complex medical needs requiring a form of therapeutic intervention (i.e. surgery)(9).  

 

 
Figure 1 – Global mortality related to liver disease and liver cancer. Worldwide mortality from liver disease ranks 11th 

worldwide.  Data from the Global Health Estimate 2015 is presented above and likely an underestimate as it does not 

account for deaths related to acute hepatitis. Death by  

Cause, Age, Sex, by Country and region, 2000-2015; Geneva, World Health Organisation. CDR: Crude death rates. 

[Figure adapted from data presented in Ref (10) ] 
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1.1.2 Epidemiology 

The exact prevalence of cirrhosis worldwide is unknown. In 2017, there were an estimated 

112 million cases of compensated cirrhosis and 10.6 million cases of decompensated 

cirrhosis prevalent worldwide (11). This is thought to be an underestimation as we 

recognise the high prevalence of undiagnosed cirrhosis in both NASH and hepatitis C 

patients (12). A prior study revealed that an alarming 73% of patients experiencing their 

initial admission for cirrhosis or liver failure had never been referred to a liver clinic, 

highlighting a significant deficiency in the early identification of liver illness (13, 14). 

Overall, the prevalence of liver cirrhosis has increased by 74.53% from 1990 to 2017 (11, 

15) this is partly related to improved diagnostics (16). The highest age-standardised 

prevalence of both compensated (2455 per 100,000) and decompensated cirrhosis (267.4 

per 100,000) was noted in the highest income Asia-Pacific region (11). 

1.1.3 Aetiology of Cirrhosis 

Cirrhosis can result from many different causes all leading to fibrosis and end stage liver 

disease (Figure 2). In some liver disease there is a single cause for example in cases of 

viral hepatitis or primary biliary sclerosis. However, in many cases cofactors maybe 

important which increase or decrease susceptibility to a disease process. Factors such as 

age, sex, obesity, alcohol, iron intake play a significant role in determining the risk and 

rate of developing cirrhosis (17, 18). A genome wide analysis (19) revealed that variants 

of FAF2, HSD17B13 and SERPINA1 genes increase the chance of cirrhosis in the context 

of fatty liver disease and further genetic studies have shown mutations of ANXA1 to 

increase the risk of cirrhosis too (20). This highlights an important role for the genetics, 

in addition to the environmental factors, can play that leads to development of or increases 

the chance of developing cirrhosis. More so, inherited liver illnesses comprise a collection 
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of metabolic and genetic disorders that generally lead to early chronic liver involvement 

(21, 22). The majority result from a deficiency in an enzyme or transport protein that 

modifies a metabolic pathway and has a pathogenic function primarily in the liver (23). 

The prevalence varies; however, the majority are uncommon conditions (24).  

 

 

 
Figure 2 – Causes of cirrhosis  

1.1.4 Pathophysiology of Chronic Liver disease/Cirrhosis: 

As alluded before, chronic liver disease is one of the top 10 causes of death in the western 

world and causes severe morbidity (Figure 3). Cirrhosis is a reversible in early stage and 

a progressive process. Cirrhosis is a result of a variety of liver diseases and is 

characterized by fibrosis and distortion to the architecture of the liver with the formation 

of regenerative nodules. Its major causes include chronic viral infections, alcoholic or 
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non-alcoholic liver steatohepatitis (NASH), autoimmune disorders of the liver and 

metabolic disorders. Cirrhosis can have varied clinical manifestations and complications.  

 

 
Figure 3 – Data available from the Global Health Estimate 2015; Figure adapted from data in Ref (10) 

Frequent aetiologies of acute liver injury that typically resolve without advancing to 

chronic liver disease encompass: Hepatitis A, Drug-induced liver injury (DILI), Acute 

autoimmune hepatitis, ischemic hepatitis and hepatotoxin exposure. With these 

aetiologies when the offending agent is identified quickly and treated the liver’s function 

tends to return to normal without the sequelae to progress to chronic liver disease. The 

entities mentioned can pose distinct cellular challenges that can disrupt normal liver 

function and lead to cellular injury (Figure 4). It’s the ongoing or repetitive cellular injury 

that then leads to chronic liver disease. Therefore, advanced fibrosis and cirrhosis are 

regarded as the latter outcomes in the order of chronic liver damage, but they depend on 

the genetic and acquired etiological risks and factors. Most patients with chronic HCV 

progress slowly to cirrhosis at a rate of only 1-2% per year (25-28). Autopsy series have 

revealed that only 20-30% of patients with long-term HBV or HCV infection develop 

cirrhosis, and loaded HBV transgenic mice fail to progress normally to severe hepatic 

fibrosis (29-31). Further analysis of the nature and interaction of such risk factors will 

shed light on the development of novel therapeutic strategies. Only chronological 
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sequences of these rapidly progressive morphologic changes within well-defined stages 

of liver disease could detect the causal sequences (32). The present nine stages of chronic 

evolution were previously considered in discussions on distinct progression rates in 

patients with hepatitis C and alcoholics, who are also considered to develop advanced 

fibrosis and cirrhosis quite rapidly. These stages were also applied to patients with 

primary sclerosing cholangitis, and definitions conformed to data on specific distinct 

subpopulations of HCV patients, who are consistent with rapid progressors to cirrhosis. 

Chronic viral infections, especially with HCV, usually progress to end-stage fibrosis 

within 30 years, but these approximately 100-day intervals in the natural course of HCV 

are variable and depend on the interaction between viral and host factors, the amount of 

hepatocyte injury, and mild inflammation. 
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Figure 4 – Common aetiologies of acute liver injury and the possible cellular mechanism leading to injury summarised 

for each entity. 

 

At cellular level the cell type most implicated in the pathogenesis of liver fibrosis is the 

hepatic stellate cells (HSC) (33). In normal liver tissue, the HSC resides in the space of 

Disse and are though to play several key physiological roles including storage of vitamins 

(Vitamin A derivatives), help with maintenance of extracellular matrix (ECM), produce 

various growth factors (i.e. hepatocyte growth factor (HGF) and platelet-derived growth 

factor (PDGF)) and they have a role in immune regulation and response to injury and 
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activation (34, 35).  HSC display a dual behaviour in that they support liver health under 

normal conditions but dive fibrosis if chronically activated due to the persistence of 

injury(34, 35). When activated they turn into myofibroblasts (Figure 5) (33, 36). This 

results in increased expression of smooth muscle actin, motility, and contractility (37). 

Progression to liver fibrosis is because of stellate cells beginning to generate different 

types of matrices (38). Fibronectin is thought to be the earliest form of matrix produced 

by HSC (39); later as fibrosis progresses matrix is thought to includes type 1 collage (40). 

This transition from early fibronectin production to collagen-rich matrix is a hallmark of 

fibrosis progression, where HSCs transform into myofibroblast-like cells, contributing to 

the dense, scar-like ECM that characterizes advanced liver fibrosis (41, 42). Not only 

HSC are involved in the ECM remodelling but are thought to play an important role in 

the pathogenesis of hepatocellular carcinoma (HCC) (33, 38). Several other players have 

been implicated in the pathogenesis of the fibrosis (Figure 5) and the development of 

cirrhosis including immune cells (i.e. Kupffer cells), endothelial cells and epithelial cells 

(37). Immune cells contribute significantly to the development of liver fibrosis by 

releasing cytokines that regulate HSC activation, proliferation, and ECM deposition, all 

of which are essential for fibrotic processes (43). Macrophages are among the primary 

regulators of fibrogenesis (44-46). They polarize into pro-fibrotic (M2) and pro-

inflammatory (M1) types (47, 48), with M2 macrophages promoting fibrosis through 

cytokines like TGF-β, which activates HSCs (49). Kupffer cells, the liver’s resident 

macrophages, play a similar role in liver-specific fibrosis by secreting pro-fibrotic 

cytokines (49). Other immune cells such as neutrophils promote the activation of the HSC 

through release of enzymes and reactive oxygen species (ROS) therefore enhances the 

process of fibrosis(49). T cells (Th2 and Th17) have been shown to release cytokines (IL-

4, IL-13, IL-17) that enhance HSC activity and collagen production (50-52). B cells are 
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known to release cytokines but their role in the development of fibrosis is less understood. 

These immune cells, through complex signalling pathways such as TGF-β, JAK-STAT, 

and mTOR, actively regulate the fibrotic response, highlighting them as potential 

therapeutic targets for treating liver fibrosis (50). The consequential fibrosis and the 

remodelling of the ECM results in increased stiffness of the liver tissue. In turn the 

resultant cirrhosis will alter the liver’s physiological roles – synthesis of most serum 

proteins, metabolism of nutrients and drugs, excretion and detoxification of toxins to 

name a few. 

 

 

Figure 5 – Schematic diagram presenting overview of the process involved in development of fibrosis and cirrhosis. 

Injury to the epithelial cell results release of pro-inflammatory signals. In addition, activation of Kupffer cells results in 

further release of these pro-inflammatory signals and paracrine molecules being released from the sinusoidal 

endothelial cells. Combined effect is activation of HSC into myofibroblasts. Platelet derived growth factor (PDGF) and 

TGFb involving kinase pathway and integrin pathway activation are thought to play a significant role in the activation 

of myofibroblasts and ECM remodelling. Reversal of fibrosis results in deactivation of myofibroblasts, or its apoptosis 

or reverting to a senescence state. [Diagram adapted and modified from Ref(53)] 

 

The repeated cycle of injury to hepatocytes results in cascade of ongoing inflammation 

and attempted regeneration. However, due to chronic injury, this regenerative process 
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becomes dysregulated, resulting in abnormal clusters of liver cells surrounded by scar 

tissue (54). The architectural change in the liver parenchyma brought about by the 

ongoing fibrotic process can lead to impaired blood flow and an increase in resistant in 

the vasculature particularly in the portal system. This is accompanied by impaired 

synthetic function and dysregulated endocrine pathways. Development of portal 

hypertension (PHT) is a hemodynamic abnormality due to the architectural changes in 

the cirrhotic liver that results in increased intrahepatic resistance to portal flow. Cirrhotic 

liver shows endothelial dysfunction, defined by a decrease in response to endothelium 

dependent vasodilators and by a lower generation of nitric oxide (NO) (55). This causes 

a higher portal pressure in response to flow and a more marked reaction to 

vasoconstrictors (56, 57). Several pathways have been implicated in the development of 

the PHT and endothelial dysregulation that highlights the complex cross talk between the 

endothelial cells and the HSC involved in development of fibrosis (58). Namely, ET-1 

produced by HSC in response to injury can increase vascular tone by binding to ET-A 

and ET-B receptors (59, 60). In addition, loss of VEGF signalling leads to 

“capillarization” of liver sinusoidal endothelial cells (LSECs), increasing resistance and 

exacerbating portal hypertension (61). Pathological angiogenesis, supported by VEGF, 

increases splanchnic circulation, raising portal pressures (58). The Notch1 pathway is 

associated with abnormal intrahepatic vasculature (62).  

PHT in turn can lead to splanchnic vasodilatation which can exacerbate hypovolemia 

resulting in activation of renin-angiotensin-aldosterone system as well as sympathetic 

nervous system activation. The clinical manifestation of this is ascites. The liver 

undergoes both functional and morphological changes with the development of cirrhosis 

that can manifest itself in different ways clinically.  

 

1.1.5 Clinical Presentation 

Cirrhosis maybe classified as compensated or decompensated. Presence of variceal 

haemorrhage, ascites, encephalopathy, and jaundice characterises decompensated 

cirrhosis. In compensated cirrhosis these features are not present. Compensated patients 

have a median survival of 12 years compared to 2 years for decompensated patients (63).  

Compensated cirrhotic patients may be asymptomatic and may be diagnosed as an 

incidental finding on investigations for an unrelated condition. Commonly, there is 

evidence of deranged liver function test with radiological features such as replacement of 
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hepatic parenchyma with fibrotic tissue and evidence of regenerative nodules (64, 65). 

Decompensated patients on the other hand seek medical help due to presence of ascites 

or other complication of liver cirrhosis. Many complications seen in decompensated liver 

patients are thought to be due to a hyperdynamic circulation and peripheral vasodilatation 

altered systemic circulation (54) (Figure 6).  

 

 
Figure 6 - Altered physiology in cirrhotic liver and consequential effects [Figure adapted from(9)] 

 

1.1.5.1. Portal hypertension  

PHT can clinically manifest itself with:  

• Oesophageal Varices: Enlarged veins in the oesophagus are prone to rupture, 

leading to life-threatening gastrointestinal bleeding. The formation of varices 

serves as a surrogate indicator of PHT and denotes clinically significant portal 

hypertension. Hepatic venous pressure gradient (HVPG) serves as the most 

accurate surrogate marker for true portal pressure and PHT, with PHT defined as 

an HVPG over 5 mm Hg, and a value more than 10 mm Hg indicating clinically 

significant portal hypertension (54). 
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• Splenomegaly: Enlarged spleen due to increased portal venous pressure, often 

leading to low platelet counts (thrombocytopenia). 

• Ascites: Fluid accumulation in the abdomen, resulting from increased hydrostatic 

pressure and reduced albumin synthesis, causing abdominal distension and 

discomfort. 

• Caput Medusae: Visible distended veins around the umbilicus because of 

portosystemic shunting. 

1.1.5.2. Hepatic encephalopathy (HE): 

HE (Figure 7) is because of the failure of liver to eliminate toxins including ammonia 

causes neurotoxic buildup in the bloodstream, therefore affecting brain function (66). One 

contributing cause is portal hypertension-related shunting of blood around the liver. 

Symptoms range from subtle cognitive changes to severe confusion, lethargy, and coma. 

Early signs include personality changes, irritability, and poor concentration. HE can be 

classified according to underlying disease, severity of manifestation, its time course and 

according to precipitating factors (66).  
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Figure 7 – Classifications of HE according to cause, severity, time course and precipitating factors.  

 

1.1.5.3. Jaundice & Pruritus:  

Hepatocyte dysfunction leads to impaired bile synthesis and excretion, resulting in 

increased bilirubin levels in the bloodstream. Contributing factors encompass hepatic 

tissue degeneration and biliary duct blockage. 

 

1.1.5.4. Coagulopathy & Hypoalbuminemia:  

As liver function deteriorates, its ability to synthesise proteins, such as albumin and 

coagulation factors, is compromised. Low albumin levels contribute to oedema and 

ascites due to decreased oncotic pressure in blood vessels. There is increased bleeding 

tendency due to reduced clotting factors, presenting as easy bruising, prolonged bleeding 



28 

 

from minor injuries, or significant bleeding complications during medical procedures (67, 

68). Although, prolonged bleeding time is not a reliable indicator of bleeding risk in these 

patients due to compensatory increases in von Willebrand factor (VWF), which helps 

counterbalance platelet deficits (69). Despite prolonged prothrombin time (PT) and 

activated partial thromboplastin time (APTT) in chronic liver disease, these metrics do 

not accurately predict bleeding risk (69). The function of fibrinolysis in chronic liver 

disease is contentious. Certain studies suggest hyperfibrinolysis, whilst others do not (70-

73). There are imbalances in fibrinolytic activators and inhibitors, notably a decrease in 

thrombin-activatable fibrinolysis inhibitor (TAFI), however additional research is 

necessary to elucidate its function in bleeding problems. 

1.1.5.5. Hepatorenal Syndrome (HRS): 

HRS is a critical complication resulting from growing renal vasoconstriction and 

diminished renal blood flow in individuals with advanced cirrhosis and portal 

hypertension (74, 75). It remains a diagnosis of exclusion. Its pathophysiology is defined 

by a distinct triad: circulatory dysfunction, nitric oxide (NO) dysfunction, and systemic 

inflammation; however, specific renal damage has not been evidenced in 

clinicopathological studies (76). Kidney biopsies from patients with cirrhosis revealed a 

broad spectrum of renal impairment (76, 77). This presents with rapid decline in kidney 

function without structural kidney damage, leading to oliguria (low urine output) and 

azotaemia (elevated blood urea nitrogen and creatinine). Although there have been 

different studies evaluating role of biomarkers to aid diagnosis, no biomarkers 

demonstrate optimal performance in the differential diagnosis of AKI in patients with 

cirrhosis (77, 78). While the optimal biomarker would effectively differentiate between 

structural and functional AKI, additional validation studies are necessary for their 

generalised applicability. 
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1.1.5.6. Hepatopulmonary Syndrome: 

This comes about because of abnormal vasodilation within the lungs associated with 

chronic liver disease creating ventilation-perfusion mismatches and thus leading to 

impaired oxygenation (79). Its clinical manifestations include symptoms of shortness of 

breath, cyanosis, and hypoxemia, often worsening when the patient is upright (platypnea-

orthodeoxia). 

1.1.5.7. Systemic manifestations: 

The imbalanced hormones (i.e. increased oestrogen level), due to reduced liver 

metabolism, and hyperdynamic circulation contribute to systemic changes that can 

present with gynecomastia, spider angiomas and palmar erythema and muscle wasting.  

 

1.1.6 Diagnosis 

Liver disease can be diagnosed on histology, and therefore percutaneous liver biopsy is 

considered gold standard to assess liver fibrosis (80-82). However, liver biopsy is 

invasive, has a well-recognised risk, is costly and is associated with sampling error (17). 

Hence, a combination of clinical manifestation, laboratory findings, and radiological 

appearance can help the diagnostic process.  

There is no single blood test that can evaluate all liver functions while also assessing the 

presence and severity of portal hypertension (83). Commonly available tests for assessing 

liver functions include blood bilirubin, liver enzymes (alanine [ALT] and aspartate 

aminotransferase [AST], serum alkaline phosphatase [ALP], gamma glutamyl 

transpeptidase [GGT]), serum albumin, and prothrombin time. Sometime these may not 

be reflective of the true extent of the disease. More recently, development of non-invasive 

tests such as metabolic breath tests (84) have been viewed with more interest as they have 

potential to be point-of-care tests in setting of acute or chronic liver failure.  Quantitative 

liver functions such as indocyanine clearance tests [ICG-K] and methacetin breath tests 

[MBT] have been developed to examine the dynamic health of the liver, but each has its 

own limitations and availability (84, 85). 

Imaging alone often lacks the sensitivity to differentiate between the various causes of 

cirrhosis. However, frequently in advanced cirrhosis there is hypertrophy of the caudate 
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lobe and lateral segments of the left lobe (segments 2 and 3) with concomitant atrophy of 

the posterior segments (6 and 7) of the right lobe (Figure 8) (65, 86, 87). The primary 

imaging challenge involves differentiating regenerative nodules, siderotic nodules, and 

dysplastic nodules from one another (65, 86). 
 

 
Figure 8 – Imaging findings in cirrhotic livers [Image adapted from Ref: (65)] 

Tests such as transient elastography (TE) (88-90) can help stage the disease and through 

serial measurements disease progression can be tracked. Elastography methods, including 

Transient Elastography (TE), point-shear wave elastography (pSWE), bidimensional 

shear wave elastography (2D-SWE), and magnetic resonance elastography (MRE), 

provide liver stiffness measurements, which correlate with fibrosis and cirrhosis stages 

(90). TE has been reported to have a sensitivity of 87.5% and a specificity of 85.3% in its 

ability to predict clinically significant portal hypertension (89). All other modalities of 

TE have shown good sensitivity and specificity, however, due the limited number of 

studies conducted on heterogeneous populations, coupled with significant variability in 

cut-off values, indicates that pSWE is not currently advisable for routine screening of 

clinically significant PHT in patients with chronic liver disease (89, 91). Determining the 

extent of fibrosis may play an important role in clinical management of patients (89, 92). 

This helps guide the treatment strategy. While discussing all aspect of diagnostic tools 

for cirrhosis and liver fibrosis is beyond the scope of this chapter (see review (90)), we 

will briefly review the cut off point for TE in assessment of liver stiffness. Current 

recommendations for according to the Bevano VI consensus conference (93), liver 

stiffness measure of ≥10 kPa is suggestive of compensated advanced chronic liver disease 

(cACLD) and ≥15 kPa is highly suggestive of cACLD (89).  Liver stiffness less than or 
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equal to 5 kPa (1.3 m/sec) has high probability of being normal, liver stiffness less than 

9 kPa (1.7 m/sec), in the absence of other known clinical signs, rules out cACLD, and 

values greater than 13-15 kPa (2.1 m/sec) are highly suggestive of cACLD; in some 

patients with NAFLD, the cut-off values for cACLD may be lower and follow-up or 

additional testing in those with values between 7 and 9 kPa (94). While these non-invasive 

methods are used as adjunct to diagnosis of liver fibrosis, a more representative picture 

of fibrosis is through histology and there are several histological gradings developed (95-

99). In clinical practice, three primary histological scoring systems are frequently used: 

 

Metavir Scoring System: Commonly used for hepatitis C, this system grades fibrosis 

from F0 to F4 (95): 

• F0: No fibrosis 

• F1-F2: Mild to moderate fibrosis 

• F3: Advanced fibrosis 

• F4: Cirrhosis 

Knodell Score: Used less frequently, the Knodell scoring system is part of the Histology 

Activity Index and grades fibrosis separately from necro-inflammatory activity (100). 

 

Ishak Score: Provides a more detailed grading from 0 to 6 (Figure 9) (95): 

• 0: No fibrosis 

• 1-2: Mild fibrosis with expansion of portal areas 

• 3-4: Bridging fibrosis (connecting different regions) 

• 5-6: Cirrhosis 
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Figure 9 – Histological scoring system for liver fibrosis [adapted from: (96, 101)] 

 

1.1.7 Classifying severity of liver disease 
In addition to the assessment of the severity scores mentioned above, risk stratifications 

of patients to prioritise their treatment strategy is mandatory in patients with chronic liver 

disease. The Child-Turcott-Pugh (CTP) score or model for end-stage liver disease 

(MELD) score may be used to determine the severity of liver disease and the operative 

risk for an individual patient. More generic assessment of surgical risk such as the 

American Society of Anaesthesiologist (ASA) classification is less helpful for this patient 

group as it is not specific to the liver disease. More useful are the new models for risk 

estimation in the context of liver disease.  

CTP score (9) 

The CTP score is easy to calculate and correlates well with severity of disease and 

survival. It was originally developed to predict operative risk in patients undergoing 

portosystemic shunt surgery for variceal bleeds. It has been found to be a useful indicator 

of operative risk for other surgical procedures in patients with chronic liver disease. CTP 

score is obtained by adding the score for five parameters: encephalopathy, ascites, 

bilirubin and albumin level and the degree of coagulopathy. The score ranges from 5 to 

15 with a further classification of CTP scores into three classes: Class A (CTP score 5-
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6), Class B (CTP score 7-9) and Class C (CTP score 10-15), the higher scores reflecting 

a more severe liver disease and hence higher operative risks. Overall general surgical risk 

of mortality is 10% for CTP classes A, 30% for class B and 82% for class C (102). This 

means while patients with mild chronic liver disease can tolerate surgery, those with 

higher scores should have a realistic discussion about the associated risk of mortality and 

non-surgical options. They tend to fall in CTP class C, presenting as an emergency, their 

risk of mortality is several folds, and surgery may have a detrimental effect. Risk of 

morbidity from surgical procedure also increases with higher classes of CTP 

classification and can have an impact on the quality of life of the patient. Hence, any 

intervention should be offered not only with mortality in mind but also with morbidity 

associated with the intervention and its short- and long-term impact on the quality of life 

of the patient.  

MELD score (9) 

The MELD score was originally developed to predict mortality after TIPS and now is 

implemented in risk assessment of patients awaiting liver transplantation, as well as, to 

predict perioperative mortality risk in abdominal surgery (103). It has been validated for 

the prediction of both short- and long-term survival of cirrhotic patients to allow 

anticipated survival without any interventions to be considered.  When applied to the risk 

assessment of cirrhotic patients undergoing surgery A MELD score of 0-11 correlates 

with 5-10% 90-day mortality, a score of 12-25 with 25-54% mortality rate, and a score 

greater than 26 with a 90% postoperative mortality rate (104). In the non-transplant 

surgical group, there was approximately a 1% increase in mortality risk per MELD point 

below a score of 20, whereas there was a 2% increase in mortality risk per MELD point 

over 20 (105). A MELD score of greater than 8 in patients undergoing hepatic resection 

is associated with decreased long-term survival and correlates well with peri-operative 

mortality (106). Generally, a MELD score of 14 or greater should be considered as a 

replacement for CTP class C and as a predictor of being very high risk for abdominal 

surgery (107).  

The above models provide an estimation of operative and post risk as well as an indicator 

for both short- and long-term survival. However, there are other factors that need to be 

considered for risk stratification and prediction in cirrhotic patients undergoing major 

surgery. For patients with cirrhosis undergoing either elective or emergency surgery, CTP 

and MELD scores provide a good measure of global liver function and patient's overall 
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risk. Any patient with CTP class B/C or a MELD score of >8 should be carefully assessed 

for surgery where possible the above risk stratification models should be accompanied 

with other methods of functional liver assessment. More so, when considering the risk of 

surgery patient's other comorbid conditions should be considered such as their age, BMI, 

the presence of diabetes, cardiovascular status, renal function and presence of sepsis. This 

will reveal more about the patient's physiological reserve and ability to cope with the 

insult of surgery. 

 

1.1.8 Cirrhosis & Risk of HCC 

Chronic liver disease and cirrhosis are the most important risk factors for development of 

hepatocellular carcinoma (HCC) (108) of which viral hepatitis and alcoholic liver 

cirrhosis are the leading cause globally. In USA, HCC is the ninth leading cause of 

mortality. It has a preponderance of male over female patients. The incidence of HCC is 

thought to rise as the there is a rise in the non-alcoholic steatohepatitis (NASH) cases 

following rise of cases of obesity globally. Therefore, part of management of the 

compensated cirrhosis is screening for HCC with ultrasonography and tumour markers. 

Treatments for HCC can range from systemic therapy, local ablative therapy, and surgical 

resection as well as liver transplantation.  

 

1.1.9 Treatment Strategies 

In the context of liver cirrhosis, treatment would aim to reduce the progression of fibrosis 

and prevent the complications of end stage liver disease. Ultimately, when advanced 

cirrhosis is present with evidence of end stage liver disease suitable candidates are listed 

for liver transplantations. Although, anti-fibrosis treatment sounds like an ideal treatment 

strategy, several limitations have precluded its successful adaptation in human subjects. 

One limitation is the lack of effective tool to accurately measure fibrosis non-invasively 

(109). Despite advancement in the field of ultrasonography and MRI, most patients still 

require biopsy for diagnosis (110). Additionally, resolution of the fibrosis takes a long 

time, hence by the time a desired therapeutic effect is hoped to be achieved the fibrosis 

has progressed further. Lastly, liver fibrosis is a multifactorial process and therefore 

targeting a specific pathway may not necessarily halt disease progression, hence difficulty 

in appropriate pharmacological intervention.  The complexity of hepatic fibrosis 
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necessitates a multifaceted approach in drug development, targeting various pathways 

involved in fibrosis progression, such as inflammation, stellate cell activation, and ECM 

deposition (111-113). While several agents show potential (Figure 10), many are in early 

trial stages, and no drugs have received full FDA approval solely for hepatic fibrosis (111, 

112, 114). In a recent review Shan et al (111) suggested that combination therapies 

targeting multiple pathways may be the most effective strategy, reflecting the complex 

pathophysiology of hepatic fibrosis. Despite this, most of the clinical management is 

focused on screening for HCC and management of symptoms of decompensated liver 

disease.  

The only curative treatment for those with end stage liver failure is liver transplantation. 
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Figure 10 – Examples of the pharmacological agents with properties useful in treatment of hepatic fibrosis  
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1.1.10 Liver Transplantation 
The first human orthotopic liver transplantation was reported by Thomas Starzl in United 

States and a year later the first successful case was reported by Sir Roy Calne in Europe 

(115, 116).  Since then, liver transplantation has evolved rapidly becoming the standard 

therapy for acute and chronic liver failure of all aetiologies. With more than 80,000 

procedures performed to date, survival rates have improved significantly in the last three 

decades, achieving rates of 96% and 71% at one and 10 years after liver transplantation, 

respectively (116). With the advent and introduction of new immunosuppression 

regimens rates as high as 96% 1-year post transplant was achievable as opposed to 65% 

before introduction of calcineurin inhibitors (117). Despite this success, there is still a 

high mortality related to patients with end stage liver disease on the waiting list. Greatest 

challenge to liver transplantation is the availability of organs for transplantation. More 

so, it’s a complex procedure and costly to both the health care and patients. With the 

indications for liver transplantation expanding, this is unlikely to improve in the future 

and the demand for livers is predicted to increase in the next 20 years; thus, research has 

focused on regenerative strategies to overcome these limitations (i.e shortage of organs) 

(118, 119). As for indication for transplantation, due to the success of the new antiviral 

therapy a shift in the paradigm has taken place over the past decade. The indication for 

transplantation has now expanded to include certain cancers within strict criteria (120). 

In the last decade, this focus has shifted from techniques such as cellular therapy to novel 

engineering techniques (tissue engineering) as new ways to either expand donor pool or 

to halt disease process so that time can be bought on the waiting list (118).  

1.2 Cell therapy & other regenerative treatment strategies 
The most reported technique in liver regeneration is cellular therapy and the oldest form 

of cell therapy described is hepatocyte cell transplantation (HTx) (Figure 11) (118). 

However, the focus has now shifted to other sources of cells and other bioengineering 

techniques (i.e organoids and artificial liver support systems (121)). They can be used as 

bridging therapy to liver transplantation and can be reproduced using bioengineering 

techniques. 
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1.2.1 Primary Hepatocyte Transplantation (HTx): 

Hepatocytes are the functional unit of the liver and are not only involved in physiological 

functions but also play an important part in liver regeneration making isolated primary 

hepatocytes the most obvious candidate for cell therapy. HTx (Figure 11) was viewed as 

an alternative to whole organ transplantation due to its presumed benefit of replacing lost 

hepatic function in the recipients (122). Initial experience of cellular therapy for liver 

disease involved infusing primary human hepatocytes via portal veins (123). The ideal 

candidates for this form of therapy are those with certain genetic or metabolic liver 

disorders. Patients with Crigler-Najjar Syndrome Type 1, Urea cycle defect, Factor VII 

deficiency and glycogen storage disease type 1 were among the first to receive hepatocyte 

transplantation (124). Apart from the factor VII deficiency were the requirement for factor 

VII reduced by 80%, the rest of the entities did not show a success rate more than 50% 

(125). Despite some successful cases, the authors note limitations such as inconsistent 

cell engraftment, viability, and the gradual loss of transplanted cell function over time. 

Future directions that were proposed included enhancing cell engraftment techniques, 

improving cryopreservation methods, and potentially utilizing stem cells or genetically 

modified hepatocytes to increase long-term efficacy and accessibility of the treatment 

(124, 126). Although intraportal injection is the preferred method of cell delivery, 

intrasplenic hepatocyte transplantation is under investigation as an alternative effective 

therapy for liver failure to overcome challenges with intraportal injection (i.e. cell 

engraftment & portal hypertension) (127, 128). The intraportal method entails measuring 

portal pressure prior to infusion of cells and can accommodate up to 100 million cells per 

kilogram of patient body weight infused over several sessions. While its minimally 

invasive and allows for repeated infusion, it can be associated with limitations such as 

poor cell engraftment, increased portal pressure and can result in thrombosis at times.  
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Figure 11 – Donor organs not suitable for whole organ transplantation are used to harvest hepatocytes for cell 

therapy. Often these donor organs tend to be of poorer quality as they have been declined for human transplant. The 

organs are subjected to an enzymatic digestion process to detach the hepatocyte from the ECM. The lysed cells are 

centrifuged several times to separate the cells from debris. Once isolated hepatocytes are assessed for quality and 

number, they can be transplanted fresh or can be cryopreserved for later implantation. Several routes of 

transplantation have been investigated. The entire process of enzymatic digestion and cryopreservation produces a 

loss of viable cells and a reduced cell function.  

 

In a 5-year follow-up study of intrasplenic transplantation in 7 acute-on-chronic liver 

failure patients, Wang et al. reported clinical improvements in all patients following 

intrasplenic hepatocyte transplantation, with no splenic or liver infections or thrombotic 

complications (128). Three patients fully recovered, and one patient was bridged to 

transplantation. Although this is a small sample size and further studies are needed to 

evaluate the efficacy, this study suggests the possibility of intrasplenic hepatocyte 

transplantation as a promising therapy to decrease mortality rates in end-stage liver 

disease patients waiting for liver transplantation (128). While this route allows for 

hepatocytes to be deposited within the spleen's sinusoidal spaces, enabling them to 

function in a supportive role, it can be limited by efficacy of engraftment and within 

spleen hepatocytes can have limited function. 
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Foetal hepatocytes are a promising alternative to adult hepatocytes due to their high 

regenerative capacity. Pietrosi et al. assessed the safety and clinical efficacy of human 

foetal hepatocyte transplantation in 9 patients with the end-stage chronic liver disease 

through intrasplenic infusions (127). In this study, foetal hepatocytes were obtained from 

medically aborted foetuses aged 16 to 26 weeks of gestation. The foetal liver was obtained 

immediately post-abortion, preserved in University of Wisconsin storage solution, and 

transferred on ice to the laboratory for cell isolation. A vascular perfusion technique was 

employed to separate foetal hepatocytes, yielding around 1.5 billion cells with an average 

viability of 80%. Cells exhibiting vitality below 70% were excluded from transplantation. 

When compared to control patients on standard therapy, the treatment group showed 

improved Child-Pugh scores (10.1 to 9.1) with no adverse events related to the procedure. 

In addition, patients in the treatment group with a history of recurrent portosystemic 

encephalopathy had no further episodes during follow-up, whereas no improvement was 

observed in the control group. Due to the small sample size and non-randomized 

selection, the efficacy of foetal hepatocyte transplantation cannot be evaluated. However, 

the treated patients tolerated the procedure well and showed a stabilization in MELD 

score and positive effects on clinical scores, demonstrating that foetal hepatocyte 

transplantation is safe in end-stage liver disease patients (127).  

The goal of hepatocyte transplantation is to aid regeneration of the native liver or to act 

as a bridge to liver transplantation (118). However, hepatocytes are often harvested from 

livers not suitable for transplantation, with the key limitation to hepatocyte transplantation 

being the poor availability of donor organs for the isolation of good quality hepatocytes 

(123, 129). In addition, necessary cryopreservation of cells affects viability and 

engraftment (130). Although, universal clinical guidelines for hepatocyte transplantation 

are not developed, numerous standards and best practices have been established by 

prominent research institutions and field professionals. These protocols include multiple 

facets of the procedure, such as: hepatocyte isolation and preparation (131), 

cryopreservation techniques (131), transplantation procedures (132), post-transplant 

monitoring (133). Therefore, alternative sources of cells have been investigated.  

 

1.2.2 Stem Cells: 

Stem cells can divide and renew themselves and can give rise to undifferentiated 

specialized cells (134). Liver stem cells are found in the Canals of Hering and are 
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considered to have the ability to differentiate into hepatocytes, however their true ability 

to transdifferentiate into mature hepatocytes is not fully known (135). Alternatively, 

researchers have generated hepatic progenitor cells from human embryonic stem cells 

through direct differentiation techniques. However, mesenchymal stromal/stem cells 

(MSC) are the most promising treatment for cirrhosis and have been identified as ideal 

candidates for cell therapy (130, 136). MSCs are a subtype of adult cells that have the 

capacity for self-renewal and the potential to differentiate into hepatocytes and 

hepatocyte-like cells (137). Although they are less effective than adult hepatocytes, MSCs 

can be isolated from multiple tissues, including bone marrow, adipose tissue, umbilical 

cord blood, and placenta (137). Additionally, they easily expand ex vivo and can 

selectively migrate to and engraft into damaged tissue following administration (136). 

In the past decade, multiple studies have utilized human embryonic stem cells and MSCs 

derived from different sources to treat patients (Table 1). Different routes of 

administration have been investigated. These studies demonstrated the safety of cells in 

treating liver disease, but no significant improvement was found in the treatment group. 

Despite the reported benefits from some studies, robust, randomized clinical studies are 

still required to gain confidence in the clinical efficacy of both stem cells and MSCs to 

treat liver disease (137). Additionally, a method to successfully track transplanted cells 

in the host liver is needed to collect quantitative data on repopulation, which is currently 

rare (129).  

 
Table 1 - Clinical studies evaluating the use of stem cells and mesenchymal stem cells in liver disease. BM-MSC (bone-

marrow-derived mesenchymal stem cell), SC (stem cell), MNC (mononuclear cell), G-CSF (granulocyte colony-

stimulating factor), UC (umbilical cord), MELD (Model of End-Stage Liver Disease), AST (aspartate transaminase), ALT 

(alanine transaminase), INR (internationalized ratio) (138-150) 

First 

Author 

(Date) 

Type of Study No. 

of 

pati

ents 

treat

ed 

Contro

ls (n) 

Treatment 

received 

Route of 

administratio

n 

Follo

w up 

(mon

ths) 

Primary 

Outcome 

Second

ary 

Outcom

e / 

Results 

Amer 

(2011) 

RCT 20 Yes 

(20) 

Autologous BM-

MSC 

Intrasplenic 

(10) 

Intrahepatic 

(10) 

6 Safety and 

short term 

efficacy 

Improve

ment in 

ascites + 

serum 

albumin

. No 

significa
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nt 

differen

ce 

between 

route of 

administ

ration  

Amin 

(2013) 

Cohort Study 20 No  BM-MSC Injection 6 Safety and 

efficacy 

Decreas

ed 

bilirubin

, AST, 

ALT, 

INR 

levels. 

Increase

d 

albumin 

Andreone 

(2015) 

Phase I clinical 

study 

12 No  BM-SC Reinfusion 12 Safety Signific

ant 

improve

ment 

within 2 

months  

El Ansary 

(2012) 

Phase II 

clinical study 

15 Yes 

(10) 

MSC IV injection 6 Safety and 

efficacy 

Partial 

improve

ment of 

liver 

function 

tests  

Jang (2014) Cohort Study 11 No  Autologous BM-

MSC 

Injection 

through hepatic 

artery 

3 Improveme

nt in 

patients' 

histological 

features 

Liver 

histologi

cal 

improve

ments 

seen in 

6/11 

patients. 

Liver 

function  

Mohamadn

ejad (2013) 

RCT 15 Yes 

(12) 

Autologous BM-

MSC 

Infusion 

through cubital 

vein 

12 Efficacy 

through 

absolute 

changes in 

MELD 

score 

No 

significa

nt 

changes 

in liver 

scores 

between 

two 

groups  
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Mohamadn

ejad (2016) 

RCT 14 Yes (6) Autologous BM-

MNC 

Intraportal 

infusion 

6 Absolute 

changes in 

MELD 

score 

  

Nikeghbali

an (2011) 

Cohort Study 6 No  Autologous BM-

SC 

Intraprtal 24 Safety and 

feasibility 

  

Park (2013) Case series 5 No  BM-MNC Hepatic artery 

infusion 

4 Safety and 

feasibility 

Serum 

albumin 

levels 

improve

d 

Peng (2011) Cas-control 

study 

53 Yes 

(105) 

Autologous MSC Hepatic artery 

infusion 

48 Safety, 

short and 

long-term 

efficacy 

Albumi

n, 

MELD 

score 

significa

ntly 

improve

d.No 

significa

nt 

differen

ces in 

incidenc

e of 

HCC 

and 

mortalit

y  

Salama 

(2012) 

Prospective 

cohort study 

50 Yes 

(50) 

SC Portal vein or 

hepatic artery 

infusion 

12 Health 

related 

quality of 

life 

Greater 

survival 

seen in 

stem 

cell 

group. 

Grade of 

ascites 

improve

d 

Sparh 

(2013) 

RCT 28 Yes 

(30) 

Autologous BM-

MCT + G-CSF 

Hepatic artery 

infusion 

3 Absolute 

changes in 

MELD 

score (>3 

point 

decrease) 

MELD 

score 

improve

d in 

parallel 

in both 

groups. 

No 

significa

nt 



44 

 

improve

ments 

reported 

in 

treatmen

t group  

Zhang 

(2012) 

Controlled 

study 

30 Yes 

(15) 

UC-MSC IV infusion 12 Safety and 

efficacy 

Some 

clinical 

signs/ 

sympto

ms 

improve

d -

reduced 

ascites 

volume, 

decrease

d levels 

of serum 

liver 

cirrhosis 

markers 

+ 

improve

d liver 

function   

In addition to direct administration, MSCs have been found to provide structural and 

trophic support to hepatocytes, improving the function and viability of transplanted 

primary human hepatocytes, irrespective of the route of administration (151). Fitzpatrick 

et al. found that direct co-culture of human MSCs isolated from the human umbilical cord 

or adipose tissue with primary human hepatocytes in-vitro improved production of both 

albumin and urea in comparison to hepatocyte monoculture (152). Additionally, the 

reported viability of cocultured hepatocytes was 16% greater than monocultured cells, 

demonstrating that coculture improved both function and viability, which could aid 

hepatocyte survival for cell therapy (152). Co-culturing with MSCs supports hepatocyte 

survival and function, making it a promising approach for enhancing cell-based therapies 

in liver disease and transplantation, however, it remains to be tested in clinical setting.  

 

1.2.3 Induced Pluripotent Stem Cells (iPSCs): 

In the last decade, advancements have been made in inducing terminally differentiated 

cells such as skin fibroblasts into pluripotent stem cells. These iPSCs can be sourced from 
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multiple cells and then induced to differentiate into liver-like cells (induced hepatocytes), 

providing yet another alternative source of cells (123). However, induced hepatocytes 

completely resembling the mature hepatocyte phenotype have yet to be reported, with 

cells more similar functionally to foetal hepatocytes (118, 153, 154). iPSCs yet are not 

viable to produce enough functional 2D hepatocytes for therapeutic applications (155). 

Additionally, they are restricted in their clinical application in human trials due to an 

associated risk of malignancy (156). Production of safe hepatocyte iPSCs is necessary 

before human clinical trials can be carried out. Despite this, iPSCs and induced 

hepatocytes have potential to aid pharmaceutical development in the future, as an 

unlimited source of cells to create cellular models of disease (118, 134). Rashid et al. 

successfully generated patient-specific human iPSCs from dermal fibroblasts of patients 

with different inherited metabolic diseases of the liver (157). Following differentiation of 

iPSCs into hepatocytes, they found that in 3 of the inherited conditions, generated 

hepatocytes recapitulated key pathological features of the disease, demonstrating how 

iPSCs can be used to model disease (157).  

 

1.2.4 Bioengineering: 

Modern liver tissue engineering has rapidly evolved in the last 10 years, and efforts now 

involve creating whole, implantable, and functional tissue-engineered liver construction 

(158). While U.S. Food and Drug Administration (FDA) has approved artificial skin and 

cartilage constructs, their clinical use remains limited. More so, there are no FDA or 

MHRA approved hepatic tissue engineered for tissue regeneration. Attempts to develop 

these platforms have been made mostly in in-vitro studies. Three-dimensional (3D) 

platforms include both scaffold-based systems and scaffold-free platforms that can 

provide support to cultured cells and allow the production and organization of cells in 

vitro (153). Scaffold-based systems offer structural support and mechanical properties 

needed for load-bearing tissues, while scaffold-free systems provide a more natural cell 

environment and are advantageous for soft tissues or applications where biocompatibility 

and immunogenicity are concerns (159, 160). In this way, the use of scaffolds can be 

combined with cell therapy to optimize hepatocyte transplantation. As mentioned 

previously, the main limitation of hepatocyte transplantation is insufficient cell survival 

following harvesting and isolation and then engraftment and immune clearance. 
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However, Török et al. found that by incorporating freshly isolated human hepatocytes 

onto a biodegradable polymer scaffold, hepatocyte function was preserved, and the initial 

cell loss seen in hepatocyte transplantation was reduced. These scaffolds were then 

cultured in a flow bioreactor that provided a pulsatile flow of nutrient-rich medium, 

promoting cell viability and function. In addition, a greater relative yield of hepatocytes 

with high viability was reported from smaller specimens of liver tissue, as opposed to an 

entire liver or lobe (161). This is significant considering the shortage of organs and tissues 

from which to culture cells, a key barrier limiting the advancements in cell therapy. While 

this is a useful step in advancing the technology, the study’s six-day culture period, while 

useful for observing initial cell behaviour, may be insufficient to evaluate long-term 

hepatocyte function and the scaffold’s support over extended periods, which are relevant 

for therapeutic applications.  

Similarly, Yuan et al. were able to generate a scaffold from an acellular human amniotic 

membrane, which was combined with hepatocyte-like cells derived from human adipose 

stem cells to create a hepatic tissue graft, allowing effective engraftment of hepatocytes 

into the liver (162). Despite the short-term engraftment success, the paper was faced with 

a few challenges namely long-term engraftment, functionality, and immune 

compatibility. In this study use of 3D-AHAM scaffold supported hASC-HLCs with 

improved functional properties compared to traditional 2D cultures. While they did not 

provide an exact total cell mass transplanted, they demonstrated that hASC-HLCs 

cultured on the 3D-AHAM secreted higher levels of albumin (11 ng/10^5 cells/day) and 

produced urea more effectively, indicating enhanced liver-specific function. The 

decellularized organs provide an ideal transplantable scaffold, however, there is limited 

availability and alternatives must be sought. Despite these scaffolds demonstrating 

improved liver function in animal models, they have yet to be trialled in humans. More 

recently, attempts have been made to provide a decellularized liver scaffold using a novel 

ultrasonic energy known as boiling histotripsy (163). Through mechanical disintegration 

of liver tissues while preserving the important structures like portal vein and bile duct, it 

provides a scaffold devoid of hepatocytes with can potentially be repopulated with cells. 

Although it is still an experimental entity it shows great promise for use in cell therapy as 

it does not have the negative effect collagenase enzymes pose on tissue and cells during 

cell isolation.  



47 

 

 

1.2.5 Organoids: 

Organoids are 3D human micro-tissues that are generated in vitro, exploiting the general 

capacity of cells to self-organize and self-assemble into 3D spheroid structures known as 

liver buds(153, 164). Stem cells and primary human hepatocytes, as well as co-cultures 

of multiple and different cell types, can be used to form these transplantable 

organoids(153). Hu et al. successfully isolated human foetal liver cells to create hepatic 

organoids in vitro. Additionally, cryopreserved paediatric and adult primary human 

hepatocytes were used to establish organoids, but these were found to be more limited in 

expansion when compared to foetal cultures (165). Hu et al. demonstrated the ability to 

culture and expand human hepatocytes over long periods of time, which is significant 

since a key challenge in cell therapy has been maintaining viable and functional 

hepatocytes in culture for greater than two weeks (165). In fact, hepatocyte organoids 

derived from foetal liver cells were successfully cultured and expanded for an extended 

period, reaching over 11 months. It is hoped that, by providing a better understanding of 

the processes underlying mature hepatocyte expansion, novel therapeutic techniques in 

regenerative medicine can be designed (165). Liver organoids can be utilized to evaluate 

diseases including fibrosis, metabolic diseases, hepatitis, and malignancies (166).  

One of the challenges with scaffolds is a lack of vascularity, resulting in cell necrosis and 

loss of function and failure of the graft to survive or function following transplantation in 

animal studies (158, 164). Takebe et al. successfully generated a functional and 

vascularized human liver from human iPSCs by transplanting liver buds that they created 

in vitro (167). Up to 48 hours after seeding, human iPSCs self-organized into 3D cell 

clusters which were mechanically stable and could be physically manipulated (167). 

Upon transplantation into a immune-deficient mouse model, human blood vessels within 

the liver bud connected to host vessels, forming functional vessels essential for successful 

engraftment (167). This process indicated that the host animal’s vasculature and 

surrounding tissue provided the necessary stimuli for the differentiation and maturation 

of the hepatic organoids into a more complex, functional structure containing both 

hepatocytes and endothelial cells. While these findings are encouraging, administration 

of liver buds via blood vessels is currently not possible due to their large size, making 

routine use of organoids difficult (153). An alternative approach to tackle this limitation 

could be combining techniques by incorporating organoids into natural decellularized 
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liver scaffolds. Once repopulated, these scaffolds can recapitulate organ function, 

allowing for the formation of larger liver structures (164). This is one example of the 

barriers that need to be addressed prior to the successful application of organoids to 

human studies.  

1.2.6 3D printing: 

The introduction of 3D printing has allowed bioengineers to develop 3D tissue structures 

in which different types of cells can be organized, better preserving the function of 

cultures in vitro (164). Bio-printed tissue does not currently perfectly resemble the 

physical properties and function of the native liver. However, they do provide a better 

approximation of outcomes following injury than simple monocellular cultures, 

facilitating long-term assessment of liver toxicity and disease (164). It is unlikely that 

bioprinting and 3D fabrication techniques will be used to successfully treat patients with 

liver disease soon, but instead disease modelling will be the primary focus. As of today, 

bio-printed tissues are being used to model liver biology and disease and assess toxicity 

at a tissue level (164).  

1.3 Conclusion 

End stage liver disease of different aetiology is on the rise except for HCV which has 

reduced due to the success of new anti-viral. Despite the success of the liver 

transplantation, limitations of available donor pool, means mortality on the waiting list is 

unlikely to reduce in years to come. Effective anti-fibrosis therapies could transform the 

management of chronic liver disease by halting or reversing liver damage before cirrhosis 

sets in. For patients with significant fibrosis but without decompensated cirrhosis, such 

therapies could reduce the likelihood of needing a liver transplant. However, for advanced 

cirrhosis where fibrosis is extensive and liver architecture severely disrupted, anti-fibrosis 

therapy may only serve as a complementary approach, emphasizing the need for 

regenerative strategies or cell therapies to rebuild functional liver tissue. While still in 

experimental phase with no clinically approved regenerative technique, the proposed cell 

therapy and regenerative techniques have their own limitations. Lack of good quality 

donor organs, enzymatic digestion of the tissue that can affect the morphology of the cells 

and the invasive nature of the cell delivery are all common problems of cell therapy 

techniques.  
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Chapter 2 Therapeutic Ultrasound and 

applications  
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2.1 Introduction 

Ultrasound (US), which is a first-line diagnostic investigation, as an energy source is now 

being adopted in various therapeutic applications e.g. drug delivery and ablation of small 

tumours (168-170). Its non-invasive nature and safe track record (171, 172) make it an 

appealing tool to be considered for therapeutic purposes. This is surmounted by the fact that 

it has real-time imaging capabilities; it’s cost-effective as imaging modality and easily 

portable as a technology (173). Aside from advances in medical imaging, the US has shown 

potential for its use in wound healing, drug delivery, neural stimulation, bone healing, and 

use in orthodontic practice (Figure 12) (174-182). In addition to the above, its role in treating 

benign and cancerous lesions, as well as control of bleeding in a whole host of conditions is 

ever-expanding. More recently, the U.S. Food and Drug Administration (FDA) has approved 

histotripsy, a non-invasive technique that uses focused ultrasound waves to break down 

tumours, for the treatment of liver cancer (183). In addition, FDA has approved use of 

therapeutic focused ultrasound in treatment of essential tremor and Parkinson (184, 185). In 

UK, National Institute for Health & Care Excellence (NICE) has provided guidance on the 

use of ultrasound-guided high-intensity transcutaneous focused ultrasound for treating 

symptomatic uterine fibroids and in treatment of localised prostate cancer (186, 187). NICE 

has evaluated the EXOGEN ultrasound bone healing system for long bone fractures with non-

union or delayed healing, providing guidance on its use (188). 

Central to this expansion lies a better understanding of the fundamental properties of 

ultrasonic technology that can be harnessed in a safe manner. Ultrasound is described as a 

wave that can transport mechanical energy through the local vibration of particles (at 

frequencies of 22kHz or more), with no net transport of the particles themselves (172). Our 

understanding of this rather simplistic view of the US wave has changed greatly in medicine 

since its first experimental use as a diagnostic tool in the 1940s. Innovation of probes that can 

manipulate these frequencies beyond 30 MHz allows for greater penetration of tissues (Table 

2 & Table 3)(in terms of depth and different tissue consistencies) and hence expands the 

range of tissues that can be targeted. High-frequency probes (shorter wavelength) provide 

better resolution but penetrate less deeply into the tissue; where as low-frequency probes 

(longer wavelength) but with reduced image resolution. Ultrasound probes used in therapeutic 

ultrasound (Table 3) focus the waves in one point/small area. In addition to depth of the tissue 

targeted, improved focus on target tissues through its small wavelength and precision control 



52 

 

over the shape and location of the energy position are considered advantages over other 

energy sources (189). However, it has challenges that needs to be addressed. Namely, injury 

can be sometime difficult to detect and its more difficult to monitor the effect and determine 

the adequacy of treatment. By tailoring therapeutic ultrasound probes to specific frequencies, 

power levels, and mechanisms, these devices can address a wide range of medical conditions 

non-invasively and with high precision. 

Table 2 – This shows organized view of depth penetration, applications, and characteristics for different diagnostic 

ultrasound frequency ranges. These higher frequencies allow for: (1) greater depth penetration, (2) enhanced tissue 

differentiation, (3) expanded therapeutic application, (4) broadening diagnostic horizon, and (5) integration with 

emerging modalities (i.e. contrast enhanced US scans) 

Frequency 
Range 

Depth of 
Penetration Applications Characteristics Reference 

Low 
Frequency 
(2–5 MHz) 

Up to 30 cm 
- Imaging deep structures: abdomen, liver, kidney 

High penetration, lower 
resolution 

Hedrick, et 
al. (190) 

- Obstetric imaging: fetal anatomy 
- Cardiac imaging 

Mid 
Frequency 
(6–10 MHz) 

3–10 cm 
- Superficial organs: thyroid, breast 

Balanced resolution and 
penetration 

Kremkau 
(191)  

- Vascular imaging: carotid arteries, deep vein thrombosis 
- Small-part imaging: testes, prostate 

High 
Frequency 

(10–30 
MHz) 

1–5 cm 

- Dermatological imaging: skin lesions 
Excellent resolution, 
limited penetration 

Kremkau 
(191) 

- Ophthalmology: anterior eye segment 

- Musculoskeletal imaging: tendons, ligaments, nerves 

 

 

 
Table 3 – Classification based on Frequency and Power Output of therapeutic ultrasound 

Type 
Frequency 
Range Power Output Applications 

Histotripsy Probes 200 kHz–1 MHz High (mechanical effects) 

Non-invasive tissue 
ablation (e.g., liver 
tumours, thrombolysis). 

HIFU Probes 0.5 MHz–10 MHz High (thermal effects) 

Tumour ablation, fibroid 
treatment, prostate 
cancer. 

Low-Intensity Probes <1 MHz Low (non-thermal effects) 

Neuromodulation, soft 
tissue healing, drug 
delivery. 
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Broadly speaking, US relies on two forms of energy to yield its desired effect: electromagnetic 

and mechanical energy. It is thought that the interaction of these energy forms with the tissue 

would result in thermal and non-thermal effects (192, 193). While the thermal and non-

thermal effects of the US are considered separate entities (Table 4), but in reality, they are 

not separable (192). In practice, they are interrelated and typically occur simultaneously 

during therapeutic ultrasound applications. This interdependence means that isolating one 

effect from the other is challenging (192). However, by exploiting either form of these two 

effects (through manipulation of frequency range, power, & duration) one can achieve 

different therapeutic end results both in-vitro and in-vivo (194-196). These biological 

responses to the therapeutic effect of the US have played a major role in its current adoption 

(192). Hence, understanding how at the molecular or cellular level focused ultrasound can 

alter the properties of tissue can help in its better use and utilization leading to its translation 

into clinical endpoints. Here, we provide a summary of Focused Ultrasound and its other 

modalities with a particular focus on histotripsy and its potential clinical application. 

 

Table 4 –Mechanisms involved in therapeutic ultrasound n both high and low frequency ultrasound 

Mechanism Description Examples 

Mechanical 
(Cavitation) 

Uses focused ultrasound to create cavitation (microbubble 
formation and collapse) in targeted tissues, disrupting cell 
structures. 

- Histotripsy for 
non-invasive tumor 
ablation. 

Thermal (Focused 
Heating) 

Ultrasound waves generate localized heating to coagulate or 
ablate tissues without damaging surrounding structures. 

- HIFU for uterine 
fibroids and liver 
tumors. 

Non-Thermal 
Effects 

Low-energy ultrasound used to enhance cellular processes, 
stimulate healing, or facilitate drug delivery. 

- Low-intensity 
ultrasound for 
neuromodulation 
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Figure 12 - General principle of mechanisms involved in the biophysical effect following sonication with focused 

ultrasound. 
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2.2 High-Intensity Focused Ultrasound (HIFU) 
High intensity focused ultrasound (HIFU) is a non-invasive, non-ionizing energy modality 

that over the past decade has been under the spotlight of research as a promising technology 

in treatment of benign and cancerous lesions (189, 197). HIFU was first demonstrated for its 

therapeutic potential in central nervous system functional disorders (i.e. essential term and 

neuropathic pain) by Lindstrom and Fry in the 1950s (198, 199). Since then, it has seen its 

use expanded in different areas of clinical practice. With recent advancement in MRI 

technology, HIFU targeting of the tissues can be more focused and the effect can be monitored 

(200). MRI can monitor tissue changes induced by HIFU through various parameters: (1) 

temperature mapping during treatment (real-time visualisation) which enables precise control 

of thermal dose to achieve effective ablation while minimizing damage to surrounding tissues 

(201); and (2) Post-treatment tissue characterisation which allows for evaluating tissue 

viability using parameters such as T1 and T2 relaxation times, diffusion-weighted imaging 

(DWI), and contrast enhancement patterns (202). Histological analysis obtained from resected 

surgical specimens post HIFU treatment are used to validate imaging findings and refine MRI 

protocols for better accuracy in assessing HIFU-induced tissue changes (203). 

HIFU energy can pass through subcutaneous tissue without any damage and focus on a 

localised area in the deeper tissue. At the area where the beam is focused, temperature can 

rapidly reach 60°C or higher, leading to tissue changes that could range from thermal injury 

to coagulative necrosis with very sharp demarcations between the sonicated area and normal 

tissue (204).  

2.2.1 Biophysical effects 
The fundamental properties of the ultrasound technology rely on local particle vibrations 

(172). By altering the frequency between 0.7 MHz and 3.2 MHz, ultrasound can be 

manipulated for its mechanical and thermal effects. To large extent evidence for these effects 

has been examined through in vitro studies (177, 192, 205-212) and only recently in vivo 

investigations have gained pace (182, 213-221). The molecular consequence of biophysical 

effects can be divided into the following categories: physical changes as a result of either heat 

or mechanical stress, chemical and stress-induced changes which can be either reversible or 

irreversible (Figure 12) (175, 222).   

Rise of temperature in the focus of the sonication is dependent on a few important factors, 

which can be quantified by thermal index (Figure 2). Signal strength, area of targeted tissue, 
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amount of energy absorbed, medium/consistency of the tissue along with duration of exposure 

are all deemed important properties that affect the rate and extent of heat produced (172, 223, 

224). Consequently, as the energy transported by ultrasound passes through tissue it gets 

attenuated, and its effect is far less in distant tissues. The attenuation of ultrasound energy as 

it passes through tissue is measured in decibels per centimetre (dB/cm) and depends on the 

tissue type, frequency of the ultrasound, and depth of penetration (225). For frequencies used 

in HIFU, attenuation can reduce intensity substantially within 2–10 cm (226). This means that 

for each centimetre the ultrasound wave travels through soft tissue, its intensity decreases by 

approximately 5 dB (227, 228). At a depth of 1 cm, the intensity drops by 5 dB, leaving about 

31.6% of the original intensity (227, 228). Additionally, reduced heating occurs with pulsed 

ultrasound as opposed to continuous ultrasound. Hence, the heating produced by pulsed 

ultrasound is approximately dependent on the rate of on:off ratio (192, 229).  

Draper et al (223) in a study examining the effect of continuous ultrasound (1.5W/cm2 for 10 

min) on temperature rise demonstrated the importance of depth and medium through which 

the energy is transferred. Comparing the temperature rise in human calf muscle following 

application of topical gel or underwater treatment, they were able to demonstrate ultrasound 

gel as a better conducting medium than water. The resultant temperature rise in topical gel 

group was 4.8◦C compared to 2.1◦C in water group (P<0.001). A suitable medium can help to 

reduce dissipation of the energy form in low frequency modalities. Also, the authors 

demonstrated the form of delivery of energy (continuous vs pulsed short wave) can affect the 

rate of rise of temperature. Thus, demonstrating this difference is due to the distinct energy 

delivery methods of each modality, rather than heat dissipation from the muscle. 

Thermal: 

Lesion size and tissue response 

Typically, thermal effects are temporary unless they are used in increased orders of treatment 

and with a focused area of sonication. Whatever range frequency used, the extent of 

physiological response to heat may depend on several factors, including maximum 

temperature achieved, rate of temperature rise, time of heating and heated volume (193, 230). 

This is particularly relevant when considering clinical application of ultrasonic energy. 

Furthering the chain of variables, at lower number of soniation  typically cellular function is 

altered via either (a) structural disruption (i.e. partial cell lysis) (231) or (b) enzymatic changes 

which respond to heat either via change of enzyme structure or by alteration of function (232). 
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At higher intensitiessimilar effects occur but are more pronounced and lead to cell death or 

necrosis.  

Currently, large-volume ablations (volume is relative and depends on target tissue i.e. for 

uterine fibroid 100-200 cubic centimetre (233) & for liver volumes exceeding 50 cubic 

centimetre (234)) are most efficient at frequencies of 500-700 kHz and depths of 100-150 mm 

(235). However, the limitation of such high frequency is an accumulation of near-field heat 

which prevents large-volume ablation. The rapid heating associated with high-frequency 

ablation can cause tissue charring or vaporization, creating an insulating layer that impedes 

further energy transmission and limits the size of the ablation zone (236). Because of this 

accumulated effect on healthy tissue / beyond the margins of ablation, lower frequencies are 

preferred (235). Additionally, if one is concerned with the preservation of blood vessels then 

pulsed HIFU has been shown to have better efficiency to induce tissue damage without 

affecting the blood vessels (237). While preservation of such structures is important to the 

regenerative applications, for cancer treatment the effect would have to get to the entire lesion, 

including the most distant from the transducer. Such understanding of the structural responses 

to HIFU is essential when considering the repair and regeneration of tissue. In studies 

demonstrating the effect of HIFU on tumour mass, the ultrasound beam is a focus to ablate 

the cancerous tissue along with the blood vessels that supply it. As demonstrated by Guan et 

al (238), the thermal effects of HIFU are not limited to cancerous cells only, the surrounding 

blood vessels that supply the malignant tissue are also destroyed. Using colour Doppler flow 

imaging, they were able to demonstrate the disappearance of peripheral and internal blood 

flow of the endometrial cancer tissue following HIFU therapy in the rabbit model.  

HIFU and angiogenesis 

Preventing angiogenesis may well be an important strategy in tumour growth suppression, 

however, at the other end of spectrum, tissue regeneration is a processes dependent on 

stimulation of angiogenesis (239). Thermal exposures equivalent to 41-45 ◦C for at least 5 

minute has therapeutic consequences such as increased blood flow or reduction in muscle 

spasm as demonstrated in observational studies (182, 194, 240). In adipose tissue, thermal 

injury, following sonication, has been shown to result in coagulative necrosis and cell death 

(241). Consequently, there are reports of new collagen and elastin formation after 

thermoablation (242). Alteration of extracellular matrix seems to be a recognised thermal 

effect of HIFU demonstrated in use of therapeutic ultrasound in bone healing (230, 243). 
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Prevention of tissue hypoxia, hypovascularity, and hypocellularity in the context of sonication 

could not solely be explained by one property of the ultrasound and perhaps is a combination 

of ultrasonic properties that bring about the physiological change. What is clear however, is 

that tissue repair and regeneration is a complex process that involves interaction between 

different molecular machinery.  

The non thermal effect of HIFU include acoustic cavitation, shearing and chemical changes 

because of free radical formation (Figure 13) (194).  

 

 

Figure 13 – Biophysical changes created by the sonication of High Intensity Focused Ultrasound. Depending on the 

modality of focused ultrasound used there are different biophysical changes brought about that can be either 

detrimental to the health of the cells within tissue or augment the process of regeneration and responses. 

 

Cavitation & Acoustic streaming: 

Perhaps the most important of the non-thermal effects is cavitation, a term first described by 

Sir John Thornycroft in the early 20th century (192). Historically, the term referred to 

formation and life of bubbles in liquids (192, 244). This is known as ‘bubble nucleation’. The 

phenomenon of nucleation is a thermodynamic process that is affected by both temperature 

and supersaturation levels of the liquid (244, 245). Their life cycle is dependent on several 

important factors: acoustic frequency, intensity, exposure time and availability of the 
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cavitational nuclei (182, 244-248). The acoustic pressure results in compression waves 

leading to formation of cavitation bubbles (Figure 14). The ongoing compression and 

rarefaction of the acoustic pressure results in the growth of the bubble. The size increases 

until it reaches an unstable size at which point it results in violent collapse. Ensuing this 

violent collapse is generation of free radicals due to high temperature and the pressure 

associated with collapse (245, 246, 249). Subsequently, if this occurs in the vicinity of living 

tissue it alters the tissue structure and function and can shatter cellular architecture. The extent 

of change is dependent on the amount of protein present in tissue (248, 250-252). Since 

absorption of ultrasound energy is dependent on the protein concentration and water content, 

tissues with greater protein concentration will have greater absorption capacity (248, 250). 

Ultimately, as the amount of energy absorbed increases, part of that mechanical energy is 

converted into heat. This is normally measured by attenuation coefficient (measured in 

decibels per centimetre per megahertz (dB/cm/MHz)) and higher values denote greater 

absorption and, consequently, more significant heating. For example, attenuation coefficient 

for fat is thought to be approximately 0.63 whereas liver is measured as ~0.5 and bone is close 

to 20 dB/cm/MHz (224, 229, 253). In theory, such changes in the temperature could occur in 

the micro-environment of the cells because of cavitation, however measuring such change in 

reality may not be possible (194).  

Cavitation seems to be the main mechanism by which histotripsy interacts with tissue and 

results in the generation of acoustic cavitation and tissue breakdown (248, 254, 255). Results 

from different experiments have revealed the presence of nano meter-scale gas pockets in 

tissue that can function as cavitation nuclei (248, 254, 255). Once intrinsic threshold has 

exceeded, the resultant effect is the generation of cavitation during histotripsy sonication. 

This is achieved when microsecond length pulses reach negative pressures that exceed an 

intrinsic threshold and overcome the surface tension of existing nanometre gas pockets (255). 

This threshold has been measured in ex-vivo experiments to be 26–30 MPa for water-based 

tissues such as blood clots, liver, kidney, heart, brain, spleen, pancreas, as well as blood and 

water (255, 256). While intrinsic threshold does not change much with the changes in 

frequency, the consistency of the tissue changes the intrinsic threshold. As mentioned before 

the intrinsic threshold for cavitation within water-based tissues is between 26-30 MPa, 

whereas in the adipose tissue this is lower in the orders of 14-17 MPa (256, 257). This means 

the effectiveness of the histotripsy are determined by the viscoelasticity of the target tissue 

that in turn determines the dynamic of the cavitational bubbles (252).  
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Figure 14 - Formation illustrations of acoustic cavitation throughout external ultrasonic propagation and of 

rebounding shock waves after implosive collapse (Figure from (246) ). Cavitation microbubbles are thought to be 

generated in the extracellular matrix. Bubbles grow from 2–5nm to >100µm followed by energetic collapse within a 

few hundred microseconds(255). This rapid expansion and collapse of microbubbles produce very high strain and stress 

to immediately adjacent cells resulting in a precise mechanical disruption which can occasionally even disintegrate 

cells at the sonication site.  

Another physical property of sound waves is acoustic streaming (Figure 13), a driving force 

capable of displacing ions and small molecules (182, 194, 258). In practice, it is very difficult 

to isolate and distinguish between the effects of cavitation and acoustic streaming. However, 

it is thought that acoustic streaming at cellular or molecular level can exert a unidirectional 

force on free floating ions and organelles that can lead to altered function and changes in 

structural integrity (259). Usually, these mechanical properties of ultrasound become more 

pronounced when the thermal effect is minimised (260). One way to achieve this is use of 

pulsed focused US (pFUS) rather than continuous focused US (cFUS), as this allows cooling 

of tissue in between pulses. In a recent study, Burks et al (261), revealed pFUS (peak 

rarefaction amplitude, 8.9 MPa; pulse repetition fre-quency, 5 Hz; duty cycle, 5%; number of 

pulses per site, 100) had little effect on the histological integrity of muscle and it did not 
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reveal cell death unlike cFUS. In addition, at cellular level pFUS resulted in increased 

cytokine release and increased expression of signalling molecules (e.g., ICAM-1 & V-CAM-

1). The observed increase in repair signals in less damaged tissue could be due to an optimal 

balance of mechanotransduction-induced signalling without overwhelming tissue damage. In 

other words, severely damaged tissues may prioritize survival pathways (e.g., minimizing 

inflammation to prevent further injury) overactive repair. These finding have important 

implication for use of therapeutic ultrasound in inflammation and tissue regeneration.  

Early studies investigating the gross effects of acoustic streaming and cavitation on cell 

revealed  growth retardation of cells in vitro (230, 262), increased protein synthesis (230, 261, 

262), and membrane alterations (194, 261). These properties which can be modulated in 

different clinic-pathological settings to alter the course of pathology and bring about desired 

physiological change. 

2.3 Different modalities of focused ultrasound (FU) 

Focused ultrasound can be delivered in the various intensities with different frequency ranges. 

It is important to note that the parameters of the HIFU are different to ones used in histotripsy 

(255). Histotripsy uses short ultrasound bursts (microseconds in length) with a low duty cycle 

(1%), higher peak pressure amplitudes, and endogenous gas in tissues to generate acoustic 

cavitation, whereas, thermal HIFU uses continuous or long bursts of ultrasound at moderately 

high intensity and high duty cycle (ultrasound on-time/total treatment time >10%) to heat 

tissue (255, 263, 264). 

Types of histotripsy 

Histotripsy is now distinguished into three different modalities based on its mechanistic 

properties (Intrinsic threshold histotripsy, Shock-scattering histotripsy, Boiling histotripsy) 

(Table 5). This is based on the difference between the frequency and the geometry of the 

transducer which in turn determines the size of the focal zone (255, 265).   
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Table 5 – Typical Histotripsy parameters used (255) 

Parameters Intrinsic Threshold Histotripsy Shock-scattering Histotripsy Boiling Histotripsy HIFU 

Frequency 250kHz–3MHz 500kHz–3MHz 1–3 MHz 1–5 MHz 

Pulse 
duration 1–2 cycles (0.5-4ms) 3–10 cycles 100–200 (1–20 ms) Continuous waves or 

high duty cycle 

     

P- >26 MPa 15–25 MPa 10–20 MPa 5–10 MPa 

Pþ  No requirement >50MPa >70MPa  5–30 Mpa 

Duty cycle 1% 1% 2%  10–100% 

PRF 1Hz – 1kHz 1Hz–1kHz 1Hz–2Hz - 
ISPPA >30 kW/cm2 9–40 kW/cm2 8–30 kW/cm2 0.5–10 kW/cm2 

ISPTA 0.5–300 W/cm2  1–400 W/cm2 50–600 W/cm2 100–5000 W/cm2 – 

Number of 
pulses 50–2000 50–2000 1–100 

 

Bioeffect Mechanical tissue liquefaction  Mechanical tissue 
liquefaction Thermal necrosis 

Mechanism Inertial cavitation  Boiling cavitation Thermal 

 

2.4 Clinical applications of focused Ultrasound  

Histotripsy as well as other modalities of therapeutic ultrasound have been widely 

investigated in a range of pre-clinical and clinical settings. Below is a summary of some of 

its potential uses and the pre-clinical work leading to its potential clinical application with 

focus on histotripsy modality. 

2.4.1 Neurology:  

HIFU has been approved for clinical use in treatment of several neurological disorders (189, 

266-273). Its use in essential tremor and Parkinson’s disease have been approved by FDA 

(274) within USA and elsewhere it has been used for neuropathic pain, obsessive compulsive 

disorder (272, 275). It is currently being trialled and investigated for treatment of entities such 

as Alzheimer’s disease or Epilepsy (276-278). HIFU has also been shown to have beneficial 

effect on brain tumours (i.e. glioblastoma) resulting in tumour thermocoagulation (273) as 

well as spinal cord lesions (279). The possible mechanism involves focused ablation with the 

resultant heat (typically above 60°C) produced at the tumour site that can induce protein 

denaturation and cell death within the tumour while sparing surrounding tissues (280, 281). 

The subsequent tumour cell death can release tumour antigens into the microenvironment, 
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potentially enhancing the immune system's recognition and attack of the remaining tumour 

cells (282). 

More recently, histotripsy has been trialled for the treatment of different neurological 

conditions in pre-clinical settings, namely embolic stroke (283). Histotripsy has been shown 

in swine models to safely liquify clots without significant additional damage to the 

perihematomal region (284). The liquefied content of the clot could be easily evacuated, and 

the undrained clot had no effect on pig survival or neurological behaviour. Additionally, 

because of the property of histotripsy to be able to create cavitational bubble clouds that could 

lead to mechanical fractionation of tissue with sharp borders, it has also been subject to trial 

in animal models for treating cortical lesions. Sukovich et al (285) showed histotripsy can be 

used to generate sharply defined lesions of arbitrary shapes and sizes in the swine cortex. 

Lesions confined to within the gyri did not lead to significant haemorrhage or oedema 

responses at the treatment site in the acute or subacute time intervals. While this study 

indicates minimal haemorrhage and oedema, long-term safety, including effects on neural 

function and potential delayed complications, needs further validation. Data on chronic 

effects, including recovery, neural plasticity, and functional outcomes, remain limited. 

2.4.2 Drug Delivery: 

HIFU and other modalities of focused ultrasound have been used to increase drug delivery in 

various settings. Exposure to varying degree of a given frequency or intensity of ultrasound 

beam results in various biophysical effects in cells or tissues (286). In addition to cavitation 

and hyperthermia, the other well-known biophysical effects of ultrasound on cells is 

Sonoporation (Figure 15) (182, 286, 287). Each of the effects have different impacts on cell 

function and can be exploited for different therapeutic applications. Broadly speaking, 

focused ultrasound assisted drug delivery has been orientated on either of the two different 

aspects: (1) to increase local uptake of drug and reduce the systemic dose, (2) once 

nanoparticle drug is delivered to potentiate the effect of histotripsy dosage thus reducing the 

local side-effects related to the histotripsy dose but potentiating the therapeutic effect (288). 

In both approach the use of focused ultrasound and therapeutics have a synergistic effect.   

Cavitation induced sonoporation occurs when ultrasonic beams/energy mechanically alters 

cell membrane molecules through micro bubble formation to enhance pore size and thus 

increase cell membrane fluidity (182, 286). This ultrasound-mediated process temporarily 

permeabilizes the plasma membrane of living cells via mechanical forces generated by 
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cavitation bubble dynamics, enabling the intracellular delivery of exogenous substances such 

as drugs and genes.. emulsions (capable of delivery of drugs or genes through a semi-

permeable membranes) can enter cells passively through leaky membrane (Figure 15). 

Hence, ultrasound has been found useful in helping cells absorb small molecules, genes, and 

nanoparticles. Cavitation can also result in sonoporation through development of cavitating 

bubble nucleation (mechanism described in section 2.2). Cavitation-induced sonoporation (5) 

can then be used to deliver exogenous nano-emulsion particle that can be coated with 

surfactant and synthetic polymers to stabilise it as they can carry drugs, genes to the 

intracellular space (286, 289, 290). The use of exogenous particles can reduce the cavitational 

threshold (290). Sonoporation can temporarily increase the permeability of cell membranes, 

this has significant effects on cellular function and viability. This technique is widely studied 

in biomedical applications for not only drug delivery but also for gene transfections.  

In addition to the effect on the cell membrane permeability, focused ultrasound is thought to 

alter local physiological conditions which can in turn alter cellular function. The force 

generated by the ultrasonic beam along with alteration in cell membrane permeability result 

in influx of ions from the extracellular space into the cellular cytoplasm (286).  

 

 

Figure 15 – Cavitation induced sonoporation 

A good example for the use of sonoporation is in drug delivery into the central nervous system 

where the blood brain barrier must be negotiated. Presence of blood-brain barrier (BBB) 
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allows for selective entry of molecules into the central nervous system (Figure 16). While it 

has a protective role in normal physiology, it can be a barrier to therapeutic agents used for 

targets within the central nervous system. Available agents that can be used for different 

neurological disorders are usually not delivered to the brain because of the presence of the 

BBB or are delivered in sub-therapeutic level. Focused ultrasound combined with 

microbubbles can reversibly and temporarily open the BBB, thus enabling delivery of the 

therapeutic agents for the neurological disorder (291).  

 

 

Figure 16 – BBB is a selective barrier that only allows certain molecules to pass. The selectivity of the BBB means drug 

delivery is often limited and sub-therapeutic concentrations of the drug in the CNS does not bring about the desired 

therapeutic effect. Focused ultrasound can result in poration of the BBB and makes it leaky, thus allowing drugs to 

pass readily across to the CNS from the blood stream. This is often a reversible change. 

2.5 Focused Ultrasound in hepatobiliary Malignancies 

Focused ultrasound and HIFU have been used both in the pre-clinical and clinical settings 

for the treatment of a wide variety of malignancies. The general applications have been 

reviewed:(204, 292)), Here we only focus on its use in treating hepatobiliary 

malignancies. 

  

2.5.1 Liver Cancer 

With the advent of modern imaging modalities, the potential applications for HIFU 

treatment have grown significantly; ultrasound and MRI are both used to guide and 

monitor HIFU beams (293). Because of its ability to target deep-seated tumours, HIFU 
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has become particularly appealing in cancer treatment, particularly in hepatobiliary 

tumours, where it has been used to ablate hepatocellular carcinomas. 

HIFU has several potential advantages over other cancer treatment methods. HIFU is 

highly focused and spatially confined, resulting in less damage to surrounding tissues. 

Treatments are typically performed in a single session, often as a day case, avoiding 

prolonged hospital stays. Depending on the size, location, and patient preference, HIFU 

can be performed under general or epidural anaesthesia. Treatment time (Table 6) is 

comparable to other localised therapies, and systemic side effects are minimal.  

 
Table 6 – Comparison of treatment time of different local therapy techniques with HIFU & Histotripsy 

Therapy Mechanism 
Typical 
Treatment 
Time 

Notes 

HIFU Thermal 
coagulation 

30 minutes to 3 
hours 

Dependent on lesion size; requires slow energy 
deposition to avoid overheating. (294) 

Histotripsy Mechanical 
cavitation 10–30 minutes Faster for larger lesions due to precise, localized 

energy application. (295) 

Radiofrequency 
Ablation (RFA) 

Thermal 
coagulation 30–90 minutes Like HIFU but limited by thermal spread in 

surrounding tissues. (296) 

Microwave 
Ablation (MWA) 

Thermal 
coagulation 15–60 minutes Quicker than HIFU due to higher energy 

deposition rates. (296) 

Laser Ablation Thermal 
ablation 30–90 minutes Precision targeting for small lesions; longer for 

larger areas.(297) 

Stereotactic 
Radiosurgery 

Ionizing 
radiation 

1–2 hours per 
session 

May require multiple sessions over days or 
weeks.(298) 

 

 

HIFU has potential advantage over surgery including the ability to target difficult-to-

reach areas, lower risks of bleeding and infection, and less post-operative scarring and/or 

pain. In addition, unlike other ablative therapies, HIFU does not require an applicator to 

be placed directly on the target area (299). As a result, it does not pose the risk of cancer 

spread through seeding along the needle track that percutaneous ablation techniques do. 
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HIFU can target larger tumours (>3cm) than other ablative techniques such as RFA or 

MWA (300). Majority of the prior experience with HIFU is based on thermal ablation 

and tumour destruction in the context of liver tumours (293) (Table 7).  

 
Table 7 – Summary of studies that have used HIFU to treat different hepatic lesions with the parameters used.  

Study 

Frequency 

(MHz) 

Mean 

Total 

Exposure 

time (s) 

Exposure 

time range 

(s) 

Transducer  

aperture 

(mm) 

Focal 

Length 

(mm) 

Acoustic 

Power (W), 

median 

(Range) 

Zhu 2008 (301) 0.8 10080 4260-22680 150 150 160-250 

Zhang 2008 (302) 0.8 n/a n/a 150 150 160-250 

Numata 2009 

(303) 1 833 401-1225 n/a n/a 300-450 

Jin 2010 (304) 0.8 n/a 3480-14520 120 135-155 160-350 

Wang 2010 (305) 0.9 720 360-1260 200 120 200-400 

Ng 2011 (306) 0.8 1560 180-7440 120 120 376 (155-473) 

Xu 2011 (307) 0.8 / 1.6 4680 2700-9000 n/a 100-135 160-240 

Cheung 2012 

(308) 0.8 2864 

n/a n/a n/a 

391 

Fukuda 2012 

(309) 1 

n/a n/a n/a n/a n/a 

Leslie 2012 (310) 0.84 / 1.8 1260 12-2640 n/a 135/122 140-350 

Kim 2012 (311) 0.8 3660 1380-16320 150 135 100-400 

Ni 2012 (312) 0.8 n/a n/a 120 150 n/a 

TCheung 2012 

(313) 0.8 1478 135-7487 n/a 120 371 (120-473) 

Chan 2013 (314) 0.8 n/a n/a n/a 100-160 230-466 

Cheung 2013 

(315) 0.8 

n/a n/a n/a 

120 n/a 

Fukuda 2013 

(316) 1 

n/a n/a 

200 150 300-450 

TCheung 2013 

(317) 0.8 

n/a n/a 

n/a 120 n/a 

Wang 2013 (318) 0.8 n/a 1800-12120 120 135-155 181-256 

Zhu 2013 (319) 0.8 1985 611-4182 120 135 / 155 250-400 

Cheung 2014 

(300) 0.8 2606 338-7302 

n/a 

120 n/a 

Chok 2014 (320) 0.8 1560 180-7440 n/a 150 376 (155-473) 
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QZhang 2019 

(321) 0.96 

n/a 

n/a 

n/a 

n/a n/a 

Luo 2019 (322) 0.8 n/a 4946-16223 n/a 150 n/a 

Average HIFU 

technical 

parameters 

0.8  

(mode) 

2958 

(mean) 
n/a 

120 

(mode) 

120 

(mode) 

323 

(mean) 

 

Sehmbi et al (293) review revealed 16 of 24 studies reported post-HIFU complications (Table 

7) (300-302, 304, 306, 307, 310-315, 318, 319, 321, 322). The average HIFU frequency used 

in this study were 0.8 MHz with an average total exposure time of 2958 second (Table 7). 

Outcomes 

Tumour ablation rates for each study, as assessed by post-procedure imaging 

(MRI and/or CT), are presented in Table 8. There was great variability in tumour ablation 

rates, coupled with the inhomogeneous treatment protocols, HIFU technical parameters 

and patient characteristics no clear relationships could be established. Of all HIFU 

treatment procedures 51.68% resulted in complete tumour ablation, and 48.32% did not 

achieve complete tumour ablation. 

Data on the survival of patient’s post-procedure, both overall survival and disease-

free survival, was only provided by some of the studies researched. Overall survival data, 

as a percentage of all patients treated with HIFU, was provided by ten studies reporting 

on 430 cases and is presented in Table 9. Mode of follow up was three years, however 

three studies followed up patients for 5 years. Survival data is difficult to compare across 

the cohort, as we cannot consider, stage, grade, size and position of tumour as well as 

comorbidities or patient demographic. Nonetheless we can see that overall survival at 

years one, three and five was 79.3%, 55.3% and 21.6% respectively. 

In many of the studies HIFU was used as an adjuvant or secondary treatment (302, 

304, 307, 308, 311, 312, 314, 318) and in a few studies as a bridging therapy (308, 317, 

320). However, there were some studies which directly compared HIFU with RFA or 

TACE treatment. HIFU treatment alone has been compared with TACE by Cheung et 

al(300, 317), In both studies there was a higher rate of complete tumour ablation and 

increased survival in the HIFU group. Chan et al (314), performed a prospective clinical 

trial which directly compared HIFU against RFA in the treatment of recurrent HCC. This 
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study highlighted similar efficacy with both approaches, with slightly reduced side effects 

in the HIFU treatment group. 

There is some evidence to suggest that the combination of HIFU with other 

ablative therapies, particularly TACE, is more effective than any alone. In combination 

studies, HIFU in conjunction with TACE, RFA or PEI, complete tumour ablation rate 

was higher at 58.72%. 

 
Table 8: HIFU treatment outcomes 

Study Total Number 

Treated 

Complete Tumour 

Ablation 100% (n) 

Incomplete tumour 

Ablation <100% (n) 

Chan2013 (314) 27 23 4 

Cheung2012 (308) 1 1 0 

Cheung2013 (315) 47 41 6 

Cheung2014 (300) 26 13 13 

Chok2014 (320) 21 7 14 

Numata2009 (303) 21 18 3 

Fukuda2012 (309) 14 11 3 

Zhu2008 (301) 16 16 0 

TCheung2013 (317) 10 9 1 

Jin2010 (304) 73 33 40 

Zhang2008 (302) 39 21 18 

Leslie2012 (310) 31 28 3 

Kim2012 (311) 25 5 20 

Ng2011 (306) 49 39 10 

Ni2012 (312) 120 0  120  

TCheung2012 (313) 100 76 24 

wang2010 (305) 9 9 0 

Wang 2013 (318) 12 10 2 

Xu2011 (307) 145 34 111 

Zhang2011 (323) 39 28 11 

Zhu2013 (319) 9 9 0 

Total 834 431 (51.68%) 403 (48.32%) 
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Table 9: HIFU treatment overall five-year survival 

Study 
Overall Survival % (number of surviving patients) 

1 year 2 years 3 years 4 years 5 years 

Chan2013 (314) 96.3 (26) 76.1 (21) 64.2 (17)   

Cheung2012 (308)      

Cheung2013 (315) 97.4 (46)  81.2 (38)   

Cheung2014 (300) 84.6 (22)  49.2 (13)  32.3 (8) 

Chok2014 (320) 100 (21) 100 (21)    

Numata2009 (303)      

Fukuda2012 (309)      

Fukuda2013 (316)      

Zhu2008 (301) 100 (16) 83.3 (13) 69.4 (11) 55.6 (9) 55.6 (9) 

TCheung2013 (317)      

Jin2010 (304) 49.1 (36) 18.8 (14) 8.4 (6)   

Zhang2008 (302) 75.8 (30) 63.6 (25) 49.8 (19) 31.8 (12)  

Leslie2012 (310)      

Kim2012 (311)      

Ng2011 (306) 87.7 (43)  62.4 (31)   

Ni2012 (312) 75 (90)  35 (42)  15 (18) 

TCheung2012 (313)      

wang2010 (305)      

Wang 2013 (318) 91.7 (11) 83.3 (10)    

Xu2011 (307)      

Zhang2011 (323)      

Zhu2013 (319)      

Mean 79.3 (341) 55.3 (104) 44.6 (177) 38.2 (21) 21.6 (35) 

 

Eight articles reported no complications or did not specify the type(s) or frequency. 

Procedure-related deaths were unreported. Skin burns (15%), local pain (5%), and fever (2%) 

as well as post-HIFU pain were common reported complications, but some articles did not 

report pain or did not consider "mild" pain a complication. HIFU treatment of liver lesion has 
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been demonstrated to be a safe method and can be used either alone or in combination with 

chemotherapy or other local therapies.  

Vidal-jove et al (324) published the first-in-man results of use of histotripsy in treatment of 

hepatic tumours (THERESA trial) in 2022. In this feasibility trail, 8 patients with a median 

age of 60.4 years with an average of targeted tumour diameter of 1.4cm were recruited to 

receive histotripsy. They demonstrated a safe and effective treatment of hepatic lesion with 

no evidence of tumour post 12 weeks after scan. Although this trial has several limitations 

(i.e., heterogenous pathologies, patients has received other forms of treatment prior to 

histotripsy), it on the other hand highlights the potential of histotripsy as a non-invasive and 

effective treatment modality in dealing with liver lesions and highlights the need for further 

clinical work. The gold standard for comparison in treating small HCCs is typically RFA, a 

widely used thermal ablation technique. Although no efficacy trial has directly compared 

HIFU and RFA in treating recurrent HCC, finding from several studies have shown similar 

efficacy between the two methods, with HIFU associated with slightly reduced side effects 

(293, 325). 

 

2.5.2 Pancreatic cancer 

Due to non-invasive nature HIFU has been considered in the treatment for advanced 

pancreatic malignancy. Although in clinical setting it has mostly been trialled for palliation, 

initial reports of HIFU use are encouraging and suggest that this technique is safe and can be 

used alone or in combination with systemic chemotherapy or radiation therapy (326-330). 

Analgesia is an essential aspect of quality of life in individuals with advanced pancreatic 

carcinoma. A meta-analysis of 23 studies involving 865 patients, 729 of whom had pancreatic 

cancer, revealed that HIFU treatment provided considerable pain alleviation for a significant 

number of patients (random effect: 0.81 (95% CI: 0.76–86)) (331) (Figure 17). On average a 

tumour reduction in size of ~50% has been reported (327, 332). However, notable side effects 

reported include Subcutaneous fat & vertebral necrosis, transient pancreatitis, pseudocyst, 

skin burns 1.1- 71%, tumour duodenal fistula, and third-degree burns. Other challenges 

associated with HIFU, and pancreatic cancer is the means of sonication of pancreas. Given 

its retroperitoneal location, other structures such as the bowel needs to be negotiated carefully 

to avoid injury.  
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Figure 17 – Random effect model – studies included in the meta-analysis in study conducted by Dababou et al (331). 

Proportion of patients with pain reduction. Random effect: 0.81 (95% CI: 0.76–86). 

 

The destructive effect of the HIFU is brought about by its thermal effect mostly. Experimental 

cell culture results demonstrate cells die instantly at temperatures between 50–55°C (328, 

333). Protein denaturation, membrane rupture, cell shrinkage, pyknosis, and hyperchromasia 

have been demonstrated in ex-vivo models between 60 and 100°C, causing practically rapid 

coagulation necrosis (328, 334). Delivery of focused ultrasound has been either in the form 

of continuous-wave or pulsed-wave HIFU sonication (328). The largest series of using HIFU 

for pancreatic cancer is reported by Wang et al (329). A total of 224 patient with pancreatic 

cancer were treated with HIFU to evaluate its safety. Although no severe complications were 

reported, post HIFU treatment there were reports of GI disturbance (abdominal distention, 

anorexia) in 4.5% of patients. In one patient obstructive jaundice was noted post treatment 

and a further 2 cases were noted to have vertebral injury evident on MRI scan. These finding 

showed that HIFU is a safe treatment strategy in carefully selected patient with stringent pre-

treatment planning (327, 329). Aside from tumour volume reduction, an important aspect of 

HIFU treatment in unresectable pancreatic cancer is the symptomatic relief it offers after 

treatment. There is notable reduction in the tumour associated pain post treatment (332).  
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Studies have reported varying median overall survival (OS) times for patients undergoing 

HIFU treatment. For instance, a study involving 523 patients with unresectable pancreatic 

ductal adenocarcinoma found that those receiving HIFU combined with gemcitabine had a 

median OS of 7.4 months, compared to 6.0 months for those receiving gemcitabine alone 

(335). The same study reported 6-month and 1-year survival rates of 66.3% and 21.32% for 

the HIFU plus gemcitabine group, respectively, compared to 47.5% and 13.64% for the 

gemcitabine-only group. Moreso, a meta-analysis evaluating the role of HIFU in locally 

advanced pancreatic cancer indicated that patients treated with HIFU presented increased 

median OS, along with higher OS at 6 and 12 months after treatment compared with control 

groups (p < 0.05) (336). 

 

2.6 Histotripsy & its role in liver regeneration 

Histotripsy, a non-invasive ultrasound-based technique, has emerged as a promising method 

for not only liver tumour ablations but also for potentially facilitating liver regeneration. 

While the notion of employing concentrated ultrasound for therapeutic applications originated 

in the mid-20th century, the targeted use of histotripsy for hepatic therapy accelerated in the 

early 2000s. Researchers at the University of Michigan innovated this method, resulting in 

substantial advancements in non-invasive liver tumour therapies (337). In 2023, histotripsy 

obtained FDA approval for the treatment of liver tumours, signifying a significant 

advancement in its clinical use. Amongst more notable, the initial pre-clinical work carried 

out by Khokhlova, Vlaisaavljevich and their colleagues (264, 338-343) has significantly 

advanced the understanding and application of histotripsy in medical treatments, including its 

potential role in liver regeneration. Khokhlova investigated the precision of histotripsy in 

targeting liver tissues, aiming to minimize damage to surrounding healthy structures (264, 

344). Her studies have demonstrated that histotripsy can effectively ablate liver tumours, 

leading to localized tissue destruction followed by regenerative responses. This suggests 

potential for liver regeneration post-treatment.  

More recently, work carried out by Ki Joo Pahk has shown that histotripsy has anti-fibrotic 

properties in the liver tissues (345). His works showed boiling histotripsy sonicated liver 

tissue is accompanied by an increased hepatocyte specific marker expression and improved 

serological liver function markers without notable adverse effects. This shows potential role 
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for histotripsy in reducing fibrosis and promoting liver regeneration in liver fibrotic tissues. 

These experimental works have demonstrated histotripsy’s attractive property to selectivity 

target tissue whilst sparing structures such as blood vessels (Figure 18) (346). Moreso, 

histotripsy can produce a sharply demarcated margin between treated (fractionated tissue) and 

untreated (intact) regions with a transition distance of less than a cell length of the order of a 

micrometre (346, 347). In addition, further recent pre-clinical work on histotripsy have shown 

it may be of beneficial to use in benign prostatic hyperplasia (BPH), liver and kidney tumours, 

and kidney stone fragmentation, through enhancing anti-tumour immune response, and tissue 

decellularization for regenerative medicine applications (251, 264, 347, 348). These 

characteristics of histotripsy makes it a suitable tool for tissue engineering and regeneration. 

In addition, the possibility to modulate histotripsy parameters makes it more specific for 

targeting different tissues. 

Pahk et al further studies long term healing response of the liver to boiling histotripsy 

treatment in vivo (347).  Fourteen Sprague Dawley rats were treated with BH and sacrificed 

on days 0, 3, 7, 14, and 28 for morphological, histological, serological, and qPCR 

analyses.  On day 0, the lesions produced were well-defined (approximately 1.44 cm2) with 

coagulated blood. The treatment site showed activated fibroblasts a week later, with newly 

formed extracellular matrix structure (ECM). ECM disruption lasted 7–28 days. At the BH 

site new blood vessels and normal hepatocytes regenerated without fibrosis. Although its an 

important finding, their work needs to be further evaluated in the setting of already established 

liver fibrosis or cirrhosis to demonstrate efficacy of histotripsy in liver regeneration.  

 

 

Figure 18 - Higher magnification histological images stained with NADH-d and H&E show the important details of 

boiling histotripsy-induced liquid lesions. (A) Liquid boiling histotripsy lesion histological images stained with H&E (left) 
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and NADH-d (right). Hepatocytes and their debris are not thermally denatured, but connective tissue in liquid boiling 

histotripsy lesions often is (dotted yellow line). However, a connective tissue structure (e.g., a blood vessel or biliary 

system element) immediately adjacent to the lesion is not affected mechanically or thermally (blue arrows). (Figure 

and legend adapted from (346)). 

 

This is an important finding as it highlights the efficacy of histotripsy in developing cavitating 

lesions and activating local biological responses to help tissue regeneration and healing. 

Remodelling ECM is an important mechanism that can be used to govern the process of cell 

differentiation (349, 350). This includes the processes of establishing and maintaining stem 

cell niches, branching morphogenesis, angiogenesis, bone remodelling, and wound repair 

(349, 351). On the other hand, aberrant ECM dynamics can result in uncontrolled cell 

proliferation and invasion, a failure of cell death, and a loss of cell differentiation (352). This 

can lead to congenital abnormalities as well as pathological processes such as tissue fibrosis 

and cancer (350, 352). Heo et al (347) in their study demonstrated an upregulation of Matrix 

metalloproteases (MMP) enzyme in the treated area. MMPs are important player in ECM 

remodelling in health and disease (353). Particularly an important aspect to evaluate further 

when considering regeneration in the context of various liver disorders (steatosis and 

fibrosis).  

Histotripsy has also been shown to be able to decellularize tissue while maintaining ECM 

(354). Histological evaluation post histotripsy revealed treatment conditions that produced 

decellularized lesions in which major fibrous structures such as stroma and vasculature 

remained intact while parenchymal cells were mostly lysed (354). Decellularization is a 

critical step for successful cell transplantation because it provides a biocompatible and 

functional scaffold that enhances cell engraftment, survival, and integration. The creation of 

bioartificial organs through histotripsy mediated decellularization is more likely to reach the 

clinic than the current chemical decellularization techniques that necessitate the employment 

of chemical and biological agents, frequently in conjunction with physical force, which may 

cause matrix damage.  

Lastly, histotripsy has been shown to elicit different local and systemic immunological 

reactions post treatment (355, 356). Immune cells play an important role in tissue regeneration 

and expansion (357). Although, the pre-clinical studies of histotripsy focus most on immune 

response to histotripsy in the context of cancer treatment, very little has been shown to 
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demonstrate how histotripsy can modulate immune cascades that influence tissue 

regeneration.  

2.6.1 Experimental Models: 

Preclinical studies have employed various animal models to evaluate the efficacy and safety 

of histotripsy in liver applications. These studies demonstrated that histotripsy could 

effectively ablate liver tumours and, in some cases, promote regenerative processes. Most of 

the studies performed use different ultrasound parameters and experiments have been carried 

out on different animal models. This heterogeneity is reflective of the fact different tissues 

with different tensile strength require appropriate parameters to be used. This in turn make it 

difficult to reach a consensus on single optimised parameter to be used for all livers. In fact, 

every single liver depending on the intended aim of the histotripsy use would need to have its 

most optimum histotripsy parameters calculated and adjusted. This should be an area of focus 

for future research if histotripsy is going to be used for regenerative purposes.  

On review of the literature and histotripsy use, previous experimental studies include both in-

vitro and in-vivo models. Below is a summary of the use of focused ultrasound in in-vivo 

liver models so far.  

In-vivo Studies 

17 in-vivo models were used in 16 studies (213, 221, 343, 348, 358-369), with one study 

using two in-vivo models (221).  

The types of tissue used in the in-vivo studies are summarised in Table 10. All 16 in-vivo 

models tested histotripsy on the animal’s liver (n=16, 100%) (213, 221, 343, 348, 358-

369).  All studies reported the type of animal used for their model (213, 221, 343, 348, 

358-369), with the most common being porcine (n = 10 models, 62.5%) (213, 221, 343, 

358-362, 366, 367), followed by murine models (n = 4, 25%, with 3 of the 4 being rats 

and 1 being a mouse model) (348, 365, 368, 369) and sheep models (n = 2, 12.5%) (363, 

364). 
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Table 10 - Summary of the Characteristics of In-Vivo Models 

First Author, Date Tissue Type Animal Source Model Type Citation Number 

Kim, 2011 Liver Fetal Sheep in-vivo (364) 

Kim, 2013 Liver Ewes and Lambs in-vivo (363) 

Vlaisavljevich, 2013 Liver Porcine In-vivo (221) 

Khokhlova, 2014 Liver Porcine In-vivo (360) 

Kim, 2014 Liver Porcine in-vivo (361) 

Vlaisavljevich, 2014 Liver Porcine In-vivo (366) 

Simon, 2015 Liver Porcine In-vivo (358) 

Vlaisavljevich, 2016 Liver Murine (Rat) In-vivo (365) 

Pahk, 2016  Liver Murine (Rat) In vivo (348) 

Arnal, 2017 Liver Porcine in-vivo (213) 

Vlaisavljevich, 2017 Liver Porcine In vivo (343) 

Smolock, 2018 Liver Porcine In vivo (367) 

Worlikar, 2018 Liver Murine (Mouse) In vivo (369) 

Khokhlova, 2019 Liver Porcine in-vivo (359) 

Longo, 2019 Liver Porcine in-vivo (362) 

Pahk, 2019 Liver Murine (Rat) In vivo (368) 

 

In-vivo model demographics are displayed in Table 11. 16 studies (213, 221, 343, 348, 

358-369) reported the number of samples which histotripsy were performed on, with an 

average of 11 samples being tested (range: 2 to 22 samples). Sample weights and volumes 

were reported in 10 (343, 348, 359-362, 365-367, 369) and 2 (221, 360) studies 

respectively. 

Pre-treatment imaging, histotripsy delivery device name and histotripsy imaging 

guidance were reported in all 16 studies (213, 221, 343, 348, 358-369). The most common 

method of pre-treatment imaging was US (n = 15 models, 88.2%) (213, 221, 343, 348, 

358-369), and in the other two models, a high-speed digital camera was used (358, 368). 

Most commonly these transducer machines were designed in house and custom built for 

the study (n = 7, 41.2%), but some studies used transducers produced by companies such 

as Imasonic (n = 6, 35.3%), Sonic Concepts (n = 2, 11.8%) and HistoSonics (n = 2, 

11.8%). The histotripsy settings for each model are discussed below.  

The common form of imaging guidance in the in-vivo models was ultrasound (n = 14 

models, 82.4%), followed by high-speed digital cameras (n = 2, 11.8%) and in-vivo MRI 

(n = 1, 5.9%). 
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Table 11 - Demographics of In-Vivo Models 

First Author, 

Date 

Tissue 

Type 

Animal Source Cohort 

Size 

Weight 

(kg) 

Tissue 

Volume 

Pre-Treatment 

Imaging 

Delivery 

Device 

Name 

Histotripsy 

Guidance 

Kim, 2011  Liver Fetal Sheep 9 - 
 

US Imasonic, 

Besancon, 

France 

US 

Kim, 2013  Liver Ewes and 

Lambs 

9 Ewes, 

10 

Lambs 

- 
 

B-mode US Designed in 

House 

US 

Vlaisavljevich, 

2013 

Liver Porcine 6 - 
 

 8 MHz phased 

array ultrasonic 

imaging probe 

Imasonic, 

Besan¸con, 

France 

US 

Vlaisavljevich, 

2013 

Liver 

(Larger 

Therapy 

Regions) 

Porcine 2 - 2.2×2.3×3.5 

cm, 5×4×3 

cm  

 8 MHz phased 

array ultrasonic 

imaging probe 

Imasonic, 

Besan¸con, 

France 

US 

Vlaisavljevich, 

2014 

Liver Porcine 2 29.9, 

42.6 

- 8 MHz phased 

array ultrasonic 

imaging probe 

Imasonic, 

SAS, Voray 

sur l'Ognon, 

France 

8 MHz 

phased 

array 

ultrasonic 

imaging 

probe 

Khokhlova, 

2014 

Liver Porcine 
 

45.0-

68.0 

2x2x2cm B-mode US Designed in 

House 

B-mode US 

Kim, 2014  Liver Porcine 8 40.0-

50.0 

- B-mode US Imasonic 

SAS, Voray 

sur l’Ognon, 

France 

B-mode US 

Simon, 2015  Liver Porcine - - - High-speed 

digital camera 

Designed in 

House 

High-speed 

digital 

camera 

Pahk, 2016  Liver Murine (Rat) 11 0.200-

0.250 

- US H106; Sonic 

Concepts 

Inc., 

Bothell, 

WA, USA  

US 

Vlaisavljevich, 

2016  

Liver Murine (Rat) 20 0.290-

0.310 

- 20 MHz imaging 

transducer (US) 

Designed in 

House 

In-vivo 

MRI 
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Arnal, 2017  Liver Porcine - - - B-mode US Imasonic, 

Voray-sur-

l’Ognon, 

France + 

RITEC 

amplifier 

US 

Vlaisavljevich, 

2017 

Liver Porcine 22 45.4 - Sonos 7500 

imaging system, 

Philips 

Electronics, 

Andover, MA, 

USA  

Designed in 

House 

Sonos 7500 

imaging 

system, 

Philips 

Electronics, 

Andover, 

MA, USA  

Smolock, 2018 Liver Porcine 3 acute+, 

7 

chronic+ 

70.0 - US VortxRx; 

HistoSonics  

US 

Worlikar, 

2018 

Liver Murine 

(Mouse) 

21 
 

- US Custom 

Built 

US 

Longo, 2019  Liver Porcine 6 55.0 - B-mode US VortxRx, 

HistoSonics, 

Inc., Ann 

Arbor, MI 

B-mode US 

Pahk, 2019  Liver Murine (Rat) - 0.200-

0.250 

- High-speed 

digital camera 

Sonic 

Concepts 

H106, 

Bothell, 

WA, US  

High-speed 

digital 

camera 

Khokhlova, 

2019  

Liver Porcine 6 37.0-

40.0 

- B-mode US Designed in 

House 

B-mode US 

+ - acute models (-treatment, MR imaging, and immediate sacrifice) and chronic models (-treatment, MRI 

imaging, survival for 25–30 days, reimaging, and subsequent sacrifice]) 

 

Each study used specific histotripsy parameters, which are displayed in Table 12. A range 

of transducer frequencies were used, from 0.700MHz (370) to 2.127MHz (368), but most 

common frequency used in histotripsy treatments was 1MHz (n = 6, 35.3%) (221, 363-

365, 369). The total experiment sonication time was reported in four studies (221, 343, 

361, 367). 6 studies reported on pulse length (n = 7 models, 41.2%), with three studies 

using a range of values in their experiments (338, 360, 361) and an overall range of 
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0.002ms (221) to 3000ms (361). 9 studies (n = 10 models) reported on the cycle number 

(221, 343, 348, 359, 363, 366-369), and a range of cycles were used, from 1 cycle (369) 

to 50 cycles (348). The most common cycle number used in the in vivo models was 10 

(221, 366, 368). Eleven studies reported on pulse repetition frequency (n = 12 models) 

(364), with the most common PRF used being 500Hz (363), with a range from 1Hz (368) 

to 1000Hz (364). 9 studies (n=10 models) reported the transducer aperture of their 

transducer machine (363), with an average of 99.2mm (range of 64.0 – 150.0mm). 8 

studies (n=9 models) reported the focal length of the machine (363), with an average of 

89.5mm (range 62.6-120.0mm). 3 studies reported the acoustic power of their transducer 

machine (360), with two using a range of powers in their experiments (360). 11 studies 

(n = 12 models) reported the pressure amplitudes used in histotripsy, with the average 

peak negative amplitude being -22.9MPa (range -10.0 to -87.0MPa) and the average peak 

positive amplitude being 38.6MPa (range 16.0 to 102.0MPa) (363). 

Table 12 – Focused Ultrasound Settings for In-Vivo Models 

First Author, Date Tissue 

Type 

Animal 

Source 

Transducer 

Frequency 

(MHz) 

Total 

Sonication 

Time 

(mins) 

Pulse 

Length 

(ms) 

Number 

of 

Cycles 

Number 

of 

Pulses 

Per 

Location 

PRF (Hz) Transducer 

Aperture 

(mm) 

Focal 

Length 

(mm) 

Acoustic 

Power 

(W) 

Pressure 

amplitude 

(MPa) (P-, 

P+) 

Kim, 2011  Liver Fetal 

Sheep 

1.000 - 0.005 - - 200-1000 100.0 90.0 - 10, 16 

Kim, 2013  Liver Ewes and 

Lambs 

1.000 - 0.005 5 - 500 100.0 90.0 - 10, 16 

Vlaisavljevich, 

2013 

Liver Porcine 1.000 
 

0.002 10 - 500 100.0 90.0 - 23, 27 

Vlaisavljevich, 

2013 

Liver 

(Larger 

Therapy 

Regions) 

Porcine 1.000 26.7, 60.0 0.002 10 - 500 100.0 90.0 - 23, 27 

Vlaisavljevich, 

2014 

Liver Porcine - - - 10 2000 500 100.0 90.0 - 17 (-) 

Khokhlova, 2014 Liver Porcine - - 1 - 500 - - - 64.0 - 240  

 

Kim, 2014  Liver Porcine - 40.0 900 - 

3000 

- 4000 200 150.0 120.0 450-510  

 

Simon, 2015  Liver Porcine 2.127 - - - - - - - - - 

Pahk, 2016  Liver Murine 

(Rat) 

2.000 - - 50 - - 64.0 62.6 - - 

Vlaisavljevich, 

2016 

Liver Murine 

(Rat) 

1.000 - - - - - - - - - 

Arnal, 2017  Liver Porcine 1.250 - - - - 100 - - - 16, 18 
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Vlaisavljevich, 

2017 

Liver Porcine 0.700 1.0, 15.0 - 5 - 50 - 110.0 - 16-20 (-) 

Smolock, 2018 Liver Porcine 0.700 24.3 - 4 - 300 - - - 14 (-) 

Worlikar, 2018  Liver Murine 

(Mouse) 

1.000 - - 1-2 50 100 - - - 30 (-) 

Longo, 2019  Liver Porcine - - - - - - - - - - 

Pahk, 2019  Liver Murine 

(Rat) 

2.000 - - 10 - 1 64.0 62.6 - 15.6, 85.4 

Khokhlova, 2019 Liver Porcine 1.500 - 1 - 10 5-30 - 1 - 10 150.0 - 88-380 - 

 

Post-treatment imaging and histology results are displayed in Table 13. Post-treatment 

imaging was reported for all (213, 221, 343, 348, 358-369) but one study (213, 221, 343, 

348, 358-369) and results depended on the aim of the original paper, but common findings 

were those of tissue ablation and fractionation following treatment with histotripsy. 

Additionally, studies identified that there is no additional damage to tissues in the focused 

ultrasound beam’s path. Histology findings were reported in 14 studies (n = 15 models) 

(213, 221, 343, 348, 358-369) and all histology samples were analysed with hematoxylin 

and eosin (H&E) staining (n = 12 models, 70.6%), H&E and NADH-d staining (n = 1, 

5.9%), NADH-d staining alone (n = 1, 5.9%), or H&E with Masson’s trichrome staining 

(n = 1, 5.9%). Histological analysis revealed tissue fractionation and necrosis. Studies 

demonstrated that despite damage to the parenchyma, histological analysis found that 

blood vessels and biliary structures remained intact (n = 2, 11.8%). 
Table 13 - Findings from studies using In-Vivo Models 

First Author, 

Date 

Tissue Type Tissue Source Post-Treatment Imaging Post-Treatment Histology 

Kim, 2011 Liver Fetal Sheep Bubble clouds were generated in 5/9 

cases, generating identifiable lesions. 

Failure of generation of cavitation 

bubble was the primary cause of no 

lesion generation; this was most often 

due to increased depth to target and 

obstruction such as fetal limb. 

H&E staining: confirmed lesion locations 

and sizes corresponding to regions where 

cavitation was monitored, with no lesions 

found when 

cavitation was absent. 

Kim, 2013 Liver Ewes and 

Lambs 

generated lesions corresponded well 

with anticipated location and size. 

H&E staining: distinct lesion created, no 

abnormal cells outside of treatment area,  

Vlaisavljevich, 

2013 

Liver Porcine Ex vivo imaging (7T small animal 

scanner (7.0 Tesla, 310 mm bore, 

Varian, Inc, Walnut Creek, CA)): 

lesions observed as bright, hyper-

 Gross morphology and H&E staining: 

fractionation of hepatic parenchyma inside 

the treated tissue volume, and staining 

demonstrated that blood vessels and 
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intense regions on MRI, indicating 

fractionated homogenate 

gallbladder structures remained intact 

inside the completely fractionated region 

i.e. blood vessels within the fractionated 

hepatic parenchyma were not perforated or 

visibly damaged. Large intact blood vessels 

(>1mm diameter) remained within the 

fractionated tissue. 

Vlaisavljevich, 

2013 

Liver 

(Larger 

Therapy 

Regions) 

Porcine MRI: lesions (bright, hyper-intense 

regions on MRI, indicating fractionated 

homogenate) were of approximately 18 

cm3 and 60 cm3.  

H&E staining: completely fractionated liver 

tissue throughout the treated volume 

Vlaisavljevich, 

2014 

Liver Porcine  MRI: in vivo lesions demonstrated 

lesion volumes with multiple large 

vessels remaining within the 

fractionated liver volumes 

H&E staining: The damage to the liver, 

vessels, and bile ducts within and 

surrounding the treatment region was 

examined histologically under a 

microscope. To quantitatively assess 

the distribution of blood vessels remaining 

after histotripsy, the number of vessels was 

counted using three H&E slides for each 

lesion (total n=6).  Histological evaluation 

of the lesion indicated hepatic parenchyma 

was completely fractionated into acellular 

debris while large vessels (>1 mm 

diameter) remained intact within the treated 

region.  

Khokhlova, 

2014 

Liver Porcine Complete ablation of tissue to 

liquid/paste. 

NADH-d staining 

Kim, 2014 Liver Porcine Complete ablation possible and 

relatively unaffected by rib obstruction. 

H&E staining 

Simon, 2015 Liver Porcine US: the breathing motion of the pig 

resulted in erosion tracks rather than 

demarcated cavities on the liver surface. 

Some liver capsule damage observed 

with continued exposure. 

H&E staining: indicated that cellular 

fractionation occurred 

 NADH-d staining shows thermal damage 

with reduced enzymatic activity 

Pahk, 2016 Liver Murine (Rat) Gross examination: histotripsy margins 

had sharp boundaries without thermal 

injury, and histotripsy cavities were 

filled with coagulated blood. Donor 

H&E staining: confirmed cavity creation, 

with no signs of thermal damage.  
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hepatocytes were injected into the 

cavity and identified with IVIS imaging.  

Vlaisavljevich, 

2016 

Liver Murine (Rat) MRI imaging showed sharp 

demarcation between the healthy liver 

and fractionated homogenate. 

Extracellular/extravasated blood 

products in the fractionated homogenate 

and surrounding oedema were the 

dominant finding on MRI after day 0 

and day 3, respectively. 

H&E staining and gross morphological 

examination: showed inflammation and an 

ingrowth of fibroblasts within the lesion 

and by day 28, the lesion was replaced by 

normal parenchyma with focal scarring 

Arnal, 2017 Liver Porcine Not being investigated directly. Not mentioned.  

Vlaisavljevich, 

2017 

Liver Porcine Gross examination: indicates no visual 

damage to tissues in the path of HIFU. 

Additionally, well-defined lesions were 

observed in the liver. 

H&E staining: there was complete 

fractionation within treated volume, with no 

recognizable cellular structures 

Smolock, 2018 Liver Porcine Treatment appeared as a bubble cloud 

on US imaging during histotripsy. MRI 

showed spherical, well defined ablation 

zones.  

Acute cases histology: central necrotic and 

fractionated zones surrounded by zones of 

partial necrosis (containing necrotic and 

viable hepatocytes). Outside of the necrotic 

areas, some ischemia was present 

secondary to portal and hepatic vein 

thrombosis, but the parenchyma was 

otherwise unaffected. Chronic cases 

histology - there is an area of central 

necrosis surrounded by a fibrous capsule. 

Worlikar, 

2018  

Liver Murine 

(Mouse) 

US: histotripsy resulted in fractionation 

of tumour target regions, MRI: there 

was a reduction in tumour volume over 

time 

H&E staining: confirmed the fractionation 

of treated sites, with complete fractionation 

into acellular debris. There was a sharp 

boundary around partially treated tumours, 

however, in these, some tumour cells 

remained. In the chronic murine models, 

histology confirmed some tumour 

regrowth. 

Longo, 2019  Liver Porcine RAST achieved targeted tissue 

fractionation without body wall injury. 

Not mentioned 

Pahk, 2019 Liver Murine (Rat) On observation of tissues treated with 

histotripsy, the tadpole-shaped 

fractionated lesion is filled with blood. 

H&E staining: In the tadpole shaped lesion, 

the 'head' margin consists of broken 

hepatocytes with ragged boundaries 

between the treated and untreated regions, 
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whereas the 'tail' margins are demarcated 

with smooth edges. 

Khokhlova, 

2019 

Liver Porcine Well demarcated lesions generated in 

liver using higher peak power. Indicates 

promise for technology in 

transabdominal and transcostal 

mechnical ablation 

H&E and Masson’s trichrome: completely 

homogenized hepatocytes while sparing the 

fibrous lobule boundary, capsule, blood 

vessels and biliary ducts.  

 

2.6.2 State of the art: 

As of November 2024, histotripsy is acknowledged as an effective non-invasive therapy for 

hepatic tumours (371). Clinical investigations, including the #HOPE4LIVER research (183), 

have established its safety and efficacy, resulting in its implementation in numerous medical 

centres. Although histotripsy has been approved for tumour treatment in clinical setting, its 

potential use in facilitating liver regeneration is still subject of future research. Current studies 

seek to enhance treatment regimens, examine combination therapies, and assess the efficacy 

of histotripsy in promoting liver regeneration. The technology's accuracy and non-thermal 

process provide benefits compared to conventional ablation techniques, establishing 

histotripsy as a potential asset in hepatology. 

Overall, histotripsy is emerging as a new non-invasive, non-thermal energy source that can 

have a magnitude of uses in cancer treatment and in modulation of normal physiology such 

as tissue regeneration. Here we evaluate the role of boiling histotripsy in producing 

decellularized scaffolds of porcine liver and evaluate the lesions histologically and asses its 

constituents.  

 

2.7 Thesis hypothesis 

Histotripsy sonication can result in a decellularized cavity with preservation of the 

important structures in the liver, such as blood vessels and bile ducts. This facilitates 

implantation of stem cell derived 3D hepatocytes into the cavity that will then turn into a 

regenerative nidus to restore or augment liver function. Histotripsy can facilitate this by 

mechanical dissociation of the tissue and activation of local immune-humoral responses 

that initiate the regenerative process at the cellular level.  
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2.8 Thesis aims 

• To Develop a Novel Regenerative Approach for Liver Diseases: Explore the 

potential of histotripsy to create a decellularized cavity in the liver, preserving 

critical structures like blood vessels and bile ducts, as a scaffold for hepatocyte 

implantation. 

• To Enhance Liver Regeneration: Investigate the capacity of implanted 3D 

hepatocytes within the histotripsy-created cavity to act as a regenerative nidus for 

restoring or augmenting liver function. 

• To Activate and Utilize Local Regenerative Mechanisms: Assess how 

histotripsy activates local humoral responses and cellular regenerative pathways 

to support liver healing and regrowth. 

• To facilitate the Development of Clinically Validated Tool: Assess the efficacy 

of the histotripsy as a tool to be developed and validated within clinical settings 

for the treatment of the chronic liver disease and to assess the appropriate 

parameters to be used in different clinical settings. 

 

2.9 Thesis objectives 

• Characterize the Decellularized Cavity: 

o Evaluate the structure, dimensions, and functional integrity of histotripsy-

created cavities using validated histological techniques 

o Confirm the preservation of critical liver structures such as blood vessels 

and bile ducts with the aid of histological analysis  

• Optimize Hepatocyte Implantation: 

o Determine the optimal method for implanting 3D hepatocyte cultures into 

the decellularized cavity. 

o Assess the cavity constituents prior to implantation  

o Assess the viability, proliferation, and functional integration of implanted 

hepatocytes. 
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• Assess Functional Outcomes: 

o Measure liver function post-implantation (e.g., production of albumin). 

o Evaluate the improvement in liver function compared to controls or other 

regenerative approaches. 

• Study Regenerative Processes: 

o Investigate the mechanical dissociation effects of histotripsy on liver 

tissue in both ex-vivo and in-vivo models 

o Examine the activation of local humoral responses (e.g., cytokines, growth 

factors) that promote regeneration. 

• Safety and Efficacy Analysis: 

o Monitor for adverse effects, such as unintended tissue damage or immune 

reactions in the in-vivo model 

o Evaluate the long-term efficacy and sustainability of liver regeneration. 

• Preclinical Validation: 

o Test the approach in relevant animal models to validate the technique and 

its outcomes before moving to clinical applications. 

o To analyse and validate in the pre-clinical stage the parameters suitable 

for decellularization of tissue and implantation of cells  

• Investigate Clinical Translation Potential: 

o Assess feasibility, scalability, and reproducibility of the histotripsy-based 

approach for potential human clinical trials. 

These aims and objectives provide a comprehensive framework for exploring and 

validating histotripsy’s role in advancing liver regeneration therapies. In short term the 

objectives would be to evaluate the efficacy of histotripsy in liver tissue to develop a 

decellularized cavity that can foster hepatocytes once implanted. This thesis shows a body 

work that has been carried out to achieve these objectives in different models.  
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Chapter 3 Methods 

To investigate the possible use of histotripsy in ex-vivo perfused porcine livers for their 

suitability as a nidus for cell transplantation as a novel technique and assessing lesions 

histologically and its constituents for viability. The lesions were reconstructed using 

simulation software to reproduce a 3D image of the lesions. In addition, the iPSC stem 

cell derived 3D hepatocytes were matured, and the histotripsy was trialed in-vivo rat 

models to assess for their viability after sonication. Below is the methodology used in 

each chapter to achieve the milestones related to the experiments in each chapter.  
 

3.1  Overall experimental method 

Porcine livers were retrieved fresh from the abattoir. They were obtained within 10 

minutes of the termination (warm ischemia time) at the slaughterhouse. Following 

termination, the livers were rapidly retrieved using human organ retrieval techniques. 

These consisted of en-bloc retrieval of the pig’s abdominal viscera followed by on-table 

isolation of the liver, with the major vessels and main bile duct. A subsequent on-table 

vessel perfusion was used to clear the remaining blood from the liver. This was achieved 

by perfusing the liver graft with 1000mL of heparin saline solution via the portal vein and 

transferred to the organ perfusion laboratory in an organ preservation solution (Saline was 

used as preservation solution for transport), on packed ice at about 5°C, in an insulated 

organ storage box (average cold storage time: 2 h). On arrival at the organ perfusion 

laboratory, the liver grafts were transferred to an organ perfusion circuit which maintained 

organ viability by perfusion with Soltran organ preservation solution (Baxter Healthcare, 

UK) using the protocol described in Figure 19.  

Once established on the perfusion circuit, each liver was subjected to a histotripsy 

protocol. The site of histotripsy was selected at random, with both peripheral and central 

portions of the liver included for histological analysis and cell culture. Immediately 

following histotripsy treatment, lesion contents were aspirated from the core of each 

histotripsy lesion and were cultured in a 96-well plate. Aspirates were examined for cell 

content, quantity and viability of cells and were then cultured (Figure 19). Following 

culture, the cells were examined under light microscopy for morphology and 
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subsequently fixed for live-dead assay and alamarBlueTM stains. The experiments were 

repeated with 5 different porcine livers using the same histotripsy parameters and 

protocol. 

 

Figure 19 - Experimental protocol for the hepatocyte cell isolation from perfused pig livers using HIFU 

device. 

3.2 Organ retrieval and transport 

Pig livers were obtained fresh from the abattoir using human organ retrieval techniques. 

Livers were obtained within 10 minutes of the termination (equating to the warm ischemia 

time) at the slaughterhouse. Using organ transplant retrieval techniques, livers were 
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dissected from the complete set of abdominal viscera with isolation of the hepatic artery, 

portal vein and bile duct. At the abattoir, back table perfusion and flush of the livers was 

achieved following retrieval with 1000 mL of heparin saline solution via portal vein. They 

were packed in preservation solution and stored on crushed ice in insulated containers for 

transport at about 5° Celsius.  

3.3 Modelling to define the histotripsy parameters 

HIFU parameter modelling: (Work Carried by Prof Saffari & Dr Pier Gelat) 

A modelling approach was used to estimate the HIFU pressure fields at the treatment 

zone. The HITU Simulator v2.0 (372), was used to solve the Khokhlov-Zabolotskaya-

Kuznetsov (KZK) equation and obtain 2D axisymmetric pressure waveforms along the 

propagation axis and the radial direction. Both the KZK equation and the HITU Simulator 

have been extensively used to model boiling histotripsy pressure and temperature fields 

(251, 373-375). 

The acoustic simulations were performed for a single-element bowl-shaped transducer 

operating at 2MHz (Sonic Concepts H-148) for input electrical powers of 150 W, 

assuming 85% transducer efficiency. Acoustic propagation was numerically evaluated in 

a domain consisting of 5.76cm of water along the axial direction followed by a semi-

infinite region of liver tissue. To simulate the experimental set-up for histotripsy in 

perfused livers described in the sections below, acoustic field quantities were evaluated 

at 0.56 cm into the liver domain. The spatial grid for acoustics consisted of 10 elements 

per wavelength in the axial direction and 15 elements per wavelength in the radial 

direction. Peak focal pressures obtained were of 𝑃𝑃+ = 76.7MPa and 𝑃𝑃− = 13.4MPa, 

with focal heating rates 935W⋅cm-3 and maximum acoustic intensity 20.0kW⋅cm-2.  
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3.4 Histotripsy set up 

A 2 MHz single element spherically focused transducer (Sonic Concepts H-148, Bothell, 

WA, USA) with an aperture size of 64 mm, a radius of curvature of 63.2 mm and a 22.6 

mm central opening was used with a transparent coupling cone (Sonic Concepts, C-101, 

Bothell, WA, USA) filled with degassed, de-ionized water. The transducer was driven by 

two function generators (Agilent 33220A, CA, USA) in series via a linear radiofrequency 

(RF) power amplifier (ENI 1040 L, Rochester, NY, USA). The first function generator 

was set to generate 50 pulses of a 1 Hz square wave with 1% duty cycle. This triggered 

the second function generator, which yielded a 2 MHz sinusoidal wave into the RF power 

amplifier. Therefore, the drive signal into the amplifier was 50 pulses of 10 ms duration 

containing 20k cycles. A power meter (Sonic Concepts 22A, Bothell, WA, USA) was 

connected between the RF amplifier and the ultrasound transducer, and the electrical 

power supplied to the transducer was monitored to be approximately 150 W. The pulse-

averaged electrical power was 1.5 W (calculated using Paveraged = Ppeak × duty cycle). 

Assuming a nominal electrical to the acoustic power conversion efficiency of 85% (Sonic 

Concepts, Bothell, WA, USA) the acoustic peak positive (P+) and negative (P-) pressures 

at the HIFU focus on liver tissue were P+ = 77.7 MPa and P- = –13.7 MPa, obtained by 

numerically solving the Khokhlov-Zabolotskaya-Kuznetsov (KZK) parabolic nonlinear 

wave propagation equation for our input parameters using the HITFU Simulator v2 

(Soneson 2017). The simulated acoustic waveforms and peak pressures at the HIFU focus 

are shown in Figure 20. During the experiments, a polyurethane rubber acoustic absorber 

(AptFlex F28, Precision Acoustics Ltd, UK) was placed under the liver samples to 

minimize ultrasonic reflections. This protocol was chosen because according to previous 

extensive work by the authors (348, 376, 377) and other groups (163, 360, 378) it leads 

to the production of a fully fractionated lesion in liver tissue with minimal thermal 
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denaturation. It was one of our aims to examine this assertion with more advanced 

histological analysis. 

 
Figure 20 - Simulated acoustic waveforms at (a) the HIFU focus in liver tissue and (b) axial pressure 

distribution. 
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3.5 Organ perfusion, histotripsy lesion formation and 

assessment  

Perfusion set up: 

Upon arrival at the organ perfusion laboratory, the livers were placed in an organ bath 

lying over an ultrasound reflective layer and perfused with 1 L of preservation solution 

(Soltran, Baxter) and the core liver temperature was allowed to return to room 

temperature (ranging between 24 and 30°C) before being subjected to histotripsy 

insonation1. Perfusion of the organ to maintain viability was administered via the portal 

vein (Figure 21) with the perfusate draining via the vena cava into an organ bath. The 

perfusate was not recycled. The perfusion solution was delivered using a perfusion pump 

(Baxter™, UK) to achieve constant flow rate of 350mL⋅h-1 confirming vessel patency 

before lesions were created by US histotripsy. The HIFU probe was positioned in multiple 

sequential locations chosen at random over the surface of the perfused liver with 50 pulses 

applied over approximately one minute at each site. The focal histotripsy lesions could 

be identified by the puckering of the liver capsule, a pinpoint dimple. Once the lesions 

were created, these were incised with a surgical blade and the central liquefied core was 

aspirated using a 20µl single-channel gauge pipette. The aspirate was subject to pre-

culture microscopy and then immediately transferred into culture medium for subsequent 

assessment of cell number and morphology. 

 

 

 
1 Insonation: Exposure to, or treatment with ultrasound 
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Figure 21 - Experimental set up for HIFU probe and histotripsy protocol. Retrieved pig liver is placed in an 

organ bath and cannulated via portal vein for perfusion with Soltran solution with a Baxter pump. The 

perfusate is collected in the organ bath which would be drained out of bath to ensure the probe is not 

submerged under perfusate fluid accumulating. The perfused liver is placed under the HIFU probe. The 

Signal generator & Power unit will be adjusted to a set parameter for this experiment. 

 

3.6 Tissue sampling 

After the application of BH the lesional site was resected with an approximate margin of 

1cm and bisected using a surgical blade, to confirm the lesional site. Resection refers to 

an excision biopsy with a surgical blade with an approximate circumferential margin of 

1cm from the core lesion or its surface landmark the liver capsule dimple; Bisection refers 

to the slicing of the resected sample in half, cutting through the middle and therefore 

dividing the lesion into two halves to gain access to the core content of the lesion. Then, 

a 20µm single-channel gauge pipette was only applied gently to the lesional surface to 
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aspirate the cavity content (results are presented in separate study). Although the protocol 

was specifically designed for cell harvesting from the core of the cavity in the perfused 

pig liver model, care was taken to minimize traumatic damage to the tissue. Lesions 

would only be aspirated if the cavity content were present at the time of bisecting the 

lesion. For a small number due to proximity to small vessels, as soon as the cavity was 

sliced open the content was washed away due to puncture of the vessels at the site and 

perfusate leaking through the vessel. These lesions were not aspirated and only biopsied. 

Both sides of the lesion were then removed in the form of wedge-shaped biopsy samples, 

which were placed immediately into a single formalin-filled container and submitted for 

paraffin embedding according to standard procedures. 

 

3.7 H&E and histochemical stains 

3.7.1 H&E Stain:  

A single 4µm paraffin section from each sample (i.e., containing both wedge-shaped 

biopsy specimens) was stained with Haematoxylin (Harris Haematoxylin, 

Shandon, UK) and Eosin (Eosin Y, Shandon, UK) (H&E) using an autostainer (Leica, 

ST5020, UK). 

 

3.7.2 Picrosirius Red Stain: 

One additional section from each sample was stained with picro-Sirius red (SR) stain 

(Sigma-Aldrich, Direct Red 80, UK) with the following protocol: (1) Deparaffinize 

sections in 2 changes of xylene. (2) Rehydrate through 2 changes of alcohol, 70% alcohol 

and distilled water. (3) Apply SR solution to cover entire sections and incubate in 

humidified chamber for 60mins. (4) After 60 mins, rinse slides quickly in 2 changes of 
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Acetic Acid Solution. (5) Rinse slides in absolute alcohol and then dehydrate through 2 

changes of alcohol, clear in 2 changes of xylene and mount with pertex mounting 

medium. 

3.7.3 Reticulin Stain: 

A further section from each sample was stained for reticulin. The staining procedure was 

carried out using the Reticulum II stainer kit (Roche catalogue number 860-024) and a 

Ventana BenchMark Special Stain system. 

3.8 3D reconstruction of histotripsy site  

(This work was carried out in collaboration with Prof Quaglia & Andrew Hall). Two 

additional histotripsy specimens were removed intact entirely sectioned at 4 µm into 368 

and 408 serial sections, which were all stained with H&E and SR respectively. In the first 

sample the lesion was identified in sections 199 to 228 (cumulative section thickness of 

116 µm). In the second specimen, minute lesional sites were identified in the full range 

of serial sections (1-408). The lesional serial sections were used for 3D reconstruction of 

the histotripsy sites using the specifically designed method illustrated in Figure 45 and 

detailed below: 

 

1. Sectioning: Serial sections of formalin-fixed paraffin-embedded (FFPE) liver was 

cut at 4 µm and any sections lost or missed were noted at the time of sectioning. 

  

2. Images: The tissue was then stained with H&E in the first model and SR for the 

second and slides were imaged using a Zeiss AxioCamICc5 and Axiovision v2.8.1 (Zeiss, 

Oberkochen, Germany) and images saved in lossless TIFF format. 
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3. Mark-up: Each image was marked up using software that allows the altering of 

drawn pixels to a single RBG colour code (e.g., Microsoft Paint, Microsoft Corporation, 

Redmond, Washington, USA). Many image editing software packages can be used for 

this purpose however it is important to use a tool that allows editing the image so that the 

change to any pixel is to that of a set RGB colour value and all changed pixels are of that 

value. Many tools will feather or blend the edges of the marked area, and this will cause 

problems later on. This was used to define areas of interest such as portal tracts, capsule 

or lesions and the structures modelled in the final 3D reconstruction. Each RGB colour 

code defined an aspect of the final 3D model, e.g. red for blood vessels, green for capsule, 

blue for lesion. 

A saturated blue (RGB, 0,0,255) rather than one similar to that of haematoxylin was used. 

Critical to this step was the use of lossless image formats as lossy formats, such as .jpeg, 

can cause image artefacts and loss of colour fidelity by reducing the accuracy of the 

model. In essence each image slice has been hand segmented according to the prevalent 

tissue morphology. 

 

4. Registration: The images were registered using a custom MATLAB (The 

Mathworks, Natick, Massachusetts, USA) script. This script allows two images of serial 

sections to overlay each other and the alpha (transparency of the images) to be adjusted 

to visualize both images at once. Distinct features such as the liver capsule and the edge 

of the tissue can be used to align each image over one another and when a best fit is found 

the images are then automatically cropped and saved, forming a stack of registered 

images. 
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5. Extracting binary matrices: From the stack of registered images, we created a stack 

on binary matrices for each different type of feature i.e. Each colour is used in the Mark-

up step. A 2D binary matrix is an image composed of solely 1 and 0s and can be visualized 

as a black and white image with no greyscale between. To create the binary matrix from 

the markup images we used a second custom MATLAB (The Mathworks, Natick, 

Massachusetts, USA) script in which a colour range is chosen and the pixels within the 

range are given a 1, and those without a 0, thus picking out a particular marked up feature. 

For example, the range chosen for the saturated blue mentioned in ‘Mark-up’ would be 

inclusive of only the pixels with a RGB value of 0,0,255, respectively. The range can be 

widened to pick out tissue features such as all the collagen in a SR-stained section if the 

stain is of sufficient quality. Each stack of 2D binary matrices when combined as a stack 

into a 3D binary matrix forms a 3D representation of each marked up feature. 

 

6. 3D matrix: The segmented data of each morphological feature was subsequently 

rendered in 3D using an in-house developed MATLAB-script (The Mathworks, 

Massachusetts, USA). From this 3D binary matrix of voxels, a triangle mesh was formed 

on the outer surface of the voxels and the mesh was saved as a Standard Triangle 

Language (.stl) file. A separate .stl file was created for each feature, e.g., blood vessels, 

capsule, and lesion. 

7. Mesh visualization: .stl files are a commonly used file format for 3D meshes. The 

images are from Meshlab (Cignoni et al 2008) open-source software. Meshlab is an open-

source software created and maintained by the Visual Computing Lab, part of the ISTR-

CNR in Pisa, Italy, www.meshlab.net. Multiple meshes, one for each feature, were loaded 

into the 3D space retaining their initial relative positions to one another and textured to 

create a final 3D model of the tissue. 
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3.9 Pre-culture light microscopy: 

Prior to culture, the aspirates were examined under light microscopy and confirmed to 

have a mixture of cells and debris. As the aspirate underwent a spin process prior to 

culture, they were not stained at this stage to identify the cell type.  

3.10 Cell culture: cell morphology and growth  

Following aspiration of the histotripsy lesions the samples were placed immediately in 

cryovials to which 150µL of RPMI cell culture media (Gibco, Thermo Fisher Scientific) 

was added, supplemented with 10% FBS (Thermo Fisher Scientific) and 1% penicillin 

(5000 units/mL) and Streptomycin (5000µg⋅mL-1) (Thermo Fisher Scientific). Each 

sample was strained (40 µm filter) to remove debris (VWR Collection, VWR, UK) and 

the cells within the sample were cultured in a 24-well plate (Corning Costar, Merck, UK) 

for up to 21 days. The cells were stained at different time points using live-dead assay 

and their growth was monitored using phalloidin/DAPI staining. Three aspirates were 

cultured in each well. Each lesion was aspirated once and then the lesion was excised for 

histological assessment. Before culture, a light microscopy assessment was carried out 

after suspension of the cell aspirate to ensure each well contained cell rather than debris. 

3.11 Phalloidin/ Dapi staining 

Cell morphology and growth at days 3 and 7 post seeding were examined using 

fluorescently labelled phalloidin which allowed filamentous actin to be visualised and 

DAPI which allowed the cell nuclei to be observed. Following the manufacturer’s 

instructions, the cells were fixed using Formalin (10%) for 15 minutes and then washed 

with PBS. They then underwent permeabilisation with 1% BSA and 0.3% Triton-X 

solution for 30 minutes before being stained with phalloidin (2.5% in BSA) Triton-X 
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solution for 90 minutes. The cells were then washed with PBS (3X) and stained with Dapi 

for 10 minutes before imaging. The cells were imaged using an EVOS fluorescence 

inverted microscope (EVOS FL colour, Life Technologies) at wavelengths (Ex/Em 

495/518 nm) for phalloidin and (Ex/Em 352/461 nm) for dapi. Phalloidin functions by 

binding and stabilising filamentous actin (F-actin) and effectively prevents the 

depolymerisation of actin fibres. It is used with a fluorescent tag to reveal the cell 

cytoskeleton. DAPI is a fluorescent stain that binds strongly to adenine–thymine rich 

regions in DNA and identifies active dividing cells. DAPI staining has 94% overall 

sensitivity for cell cycle profiling and therefore allows an integrative and simultaneous 

quantitative analysis of molecular and morphological parameters (379). 

3.12 Live-Dead assay 

The viability of the cells was assessed on days 3, 7 and 21 using a Live-dead imaging kit 

(Molecular Probes, Thermo Fisher Scientific). As per the manufacturer’s guidelines, the 

cells underwent incubation with Live-dead solution containing 0.05% of 4 mM Cacein- 

AM (Ex/Em: 495/515 nm) and 0.2% of 2mM Ethidium homodimer-1 (Ex/Em 495/ 635 

nm) at room temperature for 30 minutes prior to imaging them with an EVOS 

fluorescence inverted microscope (EVOS FL color, Life Technologies, US). The 

Live/Dead Cell Double Staining Kit is utilised for simultaneous fluorescence staining of 

viable and dead cells. This kit contains calcein-AM and Ethidium solutions, which stain 

viable and dead cells, respectively. Calcein-AM, acetoxymethyl ester of calcein, is highly 

lipophilic and cell membrane permeable. Though calcein-AM itself is not a fluorescent 

molecule, the calcein generated from Calcein-AM by esterase in a viable cell emits a 

strong green fluorescence (λex 490 nm, λem 515 nm). Therefore, calcein-AM only stains 

viable cells. Alternatively, the nuclei staining dye Ethidium cannot pass through a viable 
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cell membrane. It reaches the nucleus by passing through disordered areas of dead cell 

membrane and intercalates with the DNA double helix of the cell to emit red fluorescence 

(λex 535 nm, λem 617 nm). Since both calcein and Ethidium-DNA can be excited with 

490 nm light, simultaneous monitoring of viable and dead cells is possible with a 

fluorescence microscope. The percentage of live and dead cells were calculated after 

staining.  

3.13 Morphology assessment: 

Once stained, the cells were examined under the microscope for morphology and 

confirmed as hepatocytes following review by two independent researchers and 

subsequently by an experienced hepato-pathologist (AQ). 

3.14 Cell Titre-Glo Metabolic Assay: 

Cell Titre-Glo (CTG) 3D cell (Promega) viability assay was used to measure ATP levels 

of the isolated hepatocytes in each well. The presence of metabolically active cells was 

quantified using the luminescence given off by the ATP produced. This assay was found 

to be appropriate since cells extracted from tissue have the tendency to generate ECM 

when cultured. This type of bioluminescence assay is found to be more sensitive in low 

density cell populations (380). In addition, this assay is known to have a high sensitivity 

for cell proliferation and cell toxicity. Given the low volume of cells we were working 

with, this assay proved to be ideal in assessing the metabolic activity of live cells. The 

cultures and CTG reagent were equilibrated to room temperature for 15 minutes before 

use. Cell culture supernatant was removed from each well to leave 50 µl in each well 

prior to adding the reagent. 50 µl of CTG reagent was then added to each well and the 

plate was placed on a shaker at 900 rpm for 30 s. The plate was then covered with foil 
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and incubated at room temperature for 30 minutes. Finally, the luminescence was 

measured using a plate reader (TECAN, Infinite® M200 PRO). One well containing only 

culture medium and no cells was used as control. Luminescence from each well 

containing cells was measured on days 7 and 21 post culture.  

3.15 Histological evaluation of the excised histotripsy 

sites for 3D reconstruction  

3.15.1 Haematoxylin & Eosin (H&E) staining: 

H&E of the excised histotripsy sites was used to identify important structural information 

and any change following sonication to the liver parenchyma.  

 

3.15.2 Picrosirus red stain: 

Picrosirus red stain was used to demonstrate structural and architectural damage to 

collagen following histotripsy by staining for collagen type I & III. A single 4 µm paraffin 

section from each sample was stained with Haematoxylin (Harris Haematoxylin, 

Shandon, UK) and Eosin (Eosin Y, Shandon, UK) (H&E) using an auto-stainer (Leica, 

ST5020, UK).  

One additional section from each sample was stained with Picrosirius red (SR) stain 

(Sigma-Aldrich, Direct Red 80, UK) with the following protocol: (1) Deparaffinise 

sections in 2 changes of xylene. (2) Rehydrate through 2 changes of alcohol, 70% alcohol 

and distilled water. (3) Apply SR solution to cover entire sections and incubate in 

humidified chamber for 60 min. (4) After 60 min, rinse slides quickly in 2 changes of 

Acetic Acid Solution. (5) Rinse slides in absolute alcohol and then dehydrate through 2 

changes of alcohol, clear in 2 changes of xylene and mount with pertex mounting 

medium.  
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3.15.3 Reticulin Stains: 

A further section from each sample was stained for reticulin. The staining procedure was 

carried out using the Reticulum II stainer kit (Roche catalogue number 860-024) and a 

Ventana BenchMark Special Stain system.   

3.16 3D Hep generation, Differentiation & Maintenance  

This work was carried in collaboration with Dr Hassan Rashidi who has developed and 

maintained the 3D Heps as per his previously published protocol.  

3.16.1 Generation of self-aggregated hiPSC spheroids:  

A previously published protocol was used to generate 3D Heps from hPSCs (Lucendo-

Villarin et al., 2019 (381)). Initially, Agarose microplates were fabricated in 256-well 

format using the MicroTissues® 3D Petri Dish® mould (Sigma Aldrich) following the 

manufacturer’s instructions and transferred to 12-well plates (Corning). hPSCs scaled up 

on laminin coated plasticware, were incubated with 1 ml of Gentle Dissociation Buffer 

(STEMCELL Technologies) for 7 min at 37˚ C. Following this, single cell suspensions 

were prepared by pipetting the buffer up and down gently. The cell suspension was 

centrifuged at 0.2 relative centrifugal force (rcf) for 5 min, discarded the supernatant and 

resuspended in mTeSR1TM supplemented with 10 µM Y-27,632 (Cayman Chemical 

Company) at a density of 2.0 × 106 live cells/ml. The agarose microplates were seeded 

by transferring 190 µl of cell suspension. After 2–3 h, 1 ml mTeSR1TM supplemented 

with 10 µM Y-27,632 was gently added to each well of the 12-well plate and incubated 

overnight to allow formation of self-aggregated spheroids as described elsewhere 

(Lucendo-Villarin et al., 2019).  
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3.16.2 Differentiation into 3D Heps:  

Differentiation was initiated a day after generation of hiPSC spheroids by replacing 

mTeSR1TM with endoderm differentiation medium which consisted of RPMI 1640 

containing 1 × B27 (Life Technologies), 100 ng/mL Activin A (PeproTech), and 50 

ng/mL Wnt3a (R&D Systems). The medium was changed every 24 h for 72 h. On day 4, 

the endoderm differentiation medium was replaced with a hepatoblast differentiation 

medium. The medium consisted of knockout (KO)-DMEM (Life Technologies), 

knockout serum replacement (KOSR - Life Technologies), 0.5% Glutamax (Life 

Technologies), 1% non-essential amino acids (Life Technologies), 0.2% b-

mercaptoethanol (Life Technologies), and 1% DMSO (Sigma), and was renewed every 

second day for a further 5 days. On day 9, the medium was replaced by a hepatocyte 

maturation medium HepatoZYME (Life Technologies) containing 1% Glutamax (Life 

Technologies), supplemented with 10 ng/ml hepatocyte growth factor (HGF; PeproTech) 

and 20 ng/ml oncostatin m (PeproTech). On day 21, cells were cultured in a maintenance 

medium consisting of William’s E media (Life Technologies), supplemented with 10 

ng/ml EGF (R&D Systems), 10 ng/ml VEGF (R&D Systems), 10 ng/ml HGF 

(PeproTech), 10 ng/ml bFGF (PeproTech), 10% KOSR, 1% Glutamax, and 1% 

penicillin–streptomycin (Thermo Fisher Scientific). 

 

3.16.3 Maintenance of human induced pluripotent stem cells (hiPSCs):  

An inhouse generated hiPSC line (GOS101B) was used in this study. GOS101B was 

cultured on laminin 521 (BioLamina) coated plates in serum-free mTeSRTM1 medium 

(STEMCELL Technologies) as previously described (Rashidi et al., 2022). The cell lines 

were propagated in antibiotic free medium and were monitored regularly for mycoplasma 

infection using MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza).  
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3.16.4 Pre-implant evaluation: Functional characterisation  

(382, 383) 

Aggregated hPSCs were differentiated toward the hepatocyte lineage using a stepwise 

differentiation protocol described above ((383); Figure 22a). To produce homogenous 

three-dimensional spheres (3D Heps) of defined size, the agarose multi-well plate 

technology was employed to form hPSC aggregates. By day 30 of differentiation, 3D 

Heps exhibited typical hepatic morphology with distinctive cell borders which was 

maintained until harvesting the organoids for transplantation on day 60 of differentiation.  

(Figure 22a). Differentiation to hepatic lineage was confirmed following detection of 

liver-specific genes by qPCR (Figure 22b). We also measured the level of AFP and ALB 

secretion using ELISA (Figure 22c) and CYP3A4 metabolic activity (Figure 22d). 
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Figure 22 – Work carried by Dr Hassan Rashidi in assessing cell differentiation and viability of the 3D Hep Figure 

adapted from (382, 383). a) A stepwise differentiation protocol was used to generate 3D Heps from hiPSCs. b) 

Expression of liver-specific genes HNF4A, ALB and CYP3A4.  c) ELISA was used to measure AFP and Alb secretion by 

generated 3D Heps. d) Bioluminescence assay was used to assess CYP3A4 metabolic activity of 3D Heps. e) 

Immunostaining was performed to detect liver-specific proteins. (Abbreviations: DEIM, Definitive Endoderm Induction 

Medium; HSM, Hepatic Specification Medium; HMaM, Hepatic Maturation Medium; HMeM. Hepatic Maintenance 

Medium) 

 

 

 



106 

 

3.16.5 Immunofluorescence staining of the 3D Heps:  

Prior to implantation, 3D Heps were fixed in ice-cold methanol for 30 min, washed in 

PBS, and embedded in agarose before embedding in paraffin to obtain sections of 4 µm 

thickness. Antigen retrieval was performed by heating dewaxed and rehydrated sections 

in 1 × Tri-sodium Citrate buffer solution for 15 minutes in a microwave oven using 

defrosting option to avoid boiling of the buffer. Washed slides were used for subsequent 

staining to characterise generated cells. To perform immunostaining, stem cell-derived 

tissue was blocked with 10% BSA in PBS-tween (PBST) and incubated with primary 

antibody overnight at 4 °C and detected using species-specific fluorescent conjugated 

secondary antibody (Alexa Flour 488/Alexa Flour 568/Alexa Flour 680; Invitrogen). 

Sections were counterstained with DAPI (4ʹ,6-diamidino-2-phenylindole) and mounted 

with ClearMountTM mounting solution (Invitrogen). An extended staining protocol was 

developed and optimised to stain whole mount 3D Heps. Briefly, MeOH fixed spheroids 

were washed and rehydrated in PBS. Following overnight blocking in 10% BSA in PBST, 

the spheroids were incubated with primary antibody at desired concentration with gentle 

agitation at 4 °C overnight followed by 8 washes with 0.1% PBST (each wash 1 h) under 

gentle agitation at room temperature (RT). Secondary antibodies were incubated at 4 °C 

overnight and washed as described above. The nucleus was counterstained with DAPI 

(Life Technologies) before images were acquired using a Zeiss LSM 880 upright 

multiphoton confocal microscope. 

3.17 Enzyme-Linked Immunosorbent Assay (ELISA) 

Two dimensional and 3D mature hepatocytes derived from hiPSCs were incubated with 

HepatoZYME medium for 24 hours at different time points at 37°C in 5% (v/v) CO2, 

95% (v/v) O2. The supernatants were collected after 24 hours and could be stored in -80 
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°C for later analysis. The ALB and AFP levels were measured, using commercially 

available microwell plates pre-coated with immobilized human anti-ALB and AFP 

antibodies (Alpha Diagnostic Intl. Inc., San Antonio, USA). The supernatant was diluted 

into 1:3 or 1:10 on the working sample diluent and transferred into wells in duplicate 

followed by 1-hour incubation at room temperature as per manufacturer’s instructions. 

Following this step, microwells were washed with working wash solution four times and 

diluted anti-human ALB HRP conjugated was added to the microwells. The wells were 

incubated at room temperature for 30 minutes. Again, microwells were washed with 

working wash solution five times, and the substrate for the HRP enzyme TMB, was added 

and incubated for 15 minutes in the dark. Following this step, the stop solution was added 

to each well and the plates luminous activity was measured at 450 nm with a reference 

wavelength of 630 nm using a FLUOstart Omega plate reader (BMG LabTech, 

Germany). Plain tissue culture media which was incubated for 24 hours at 37°C was 

employed as a negative control. For data analysis, the collected data was normalised per 

ml per 24 mg protein as measured by the BCA Assay (Pierce, UK).  

3.18 Cytochrome P450 Assay  

2D and 3D hiPSC-derived HLCs were incubated for 5 hours, with the luciferin conjugated 

specific CYP3A (1:40) and CYP1A2 (1:50) substrate (P450 P-Glo Luminescence Kit, 

Promega, UK) at 37°C. The incubated supernatants were then collected and also could be 

stored at -80°C for later analysis. The Luciferin detection reagent was reconstituted by 

mixing the buffer into the bottle containing the lyophilised Luceferin detection reagent. 

For measurement, in a white 96 well plate 50 l of the supernatant sample mixed with 

50 l of the detection reagent was added and incubated at room temperature in the dark 

for 20 minutes. The data was collected using a luminometer (POLARstar optima). For 
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data analysis, units of activity were measured as relative light units per ml per mg protein 

(RLU/ml/mg) as determined by the BCA assay. 

3.19 ImageJ Software: 

ImageJ 1.52 (National Institute of Health, USA) was used in processing and optimisation 

of the images acquired from histology and cell microscopy. The Cell Count plugin was 

used for counting cells in the Live-dead and DAPI microscopy images. The Figure J 

plugin was used in construction of optimized images for publication.  

https://imagej.nih.gov/ij/index.html 

3.20 Statistical methods: 

GraphPad Prism© 6 software was used in the analysis of the data. Chi-squared test was 

used to compare the proportion of live cells on day 1 and day 7 post culture. Student’s t-

test or Mann–Whitney tests were used to determine the difference, which was set at 

P<0.05. We did not use statistical methods to predetermine sample size, there was no 

randomization designed in the experiments, and the studies were not blinded. Data are 

represented as mean ± SEM or median where appropriate.   

https://imagej.nih.gov/ij/index.html
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Chapter 4 Preliminary histological analysis of 

perfused versus non-perfused ex-vivo porcine liver 

and histotripsy calibration 
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4.1 Introduction  

Boiling histotripsy (BH) is an emerging technique for the mechanical disintegration of 

soft tissue (264) through the nucleation (384) and sustained activity of gas bubbles in the 

tissue  (385) using  high intensity focused ultrasound (HIFU). This methodology exploits 

and enhances bioeffects of HIFU propagation to non-invasively fractionate millimetric 

volumes of soft tissue in a few seconds. 

Boiling histotripsy has been preclinically tested and parametrised for the disintegration 

of ex-vivo bovine liver, kidney and heart tissue, as well as in-vivo porcine and murine 

liver (163, 384, 386-388). Potential clinical applications of BH include the mechanical 

ablation of benign prostatic hyperplasia (BPH), liver, and kidney tumours, for inducing 

anti-tumour immune responses in cancer, for cell therapy. Comprehensive reviews on the 

clinical applications of histotripsy have been previously reported (264, 389). 

A desirable feature of boiling histotripsy is that it requires acoustic pressures which are 

compatible with current clinical HIFU systems or more affordable and portable single-

element bowl shaped HIFU transducers (264). In BH, millisecond long HIFU pulses 

containing strong shock fronts are periodically delivered to the target tissue. Such shocks 

are formed because of non-linear propagation effects, and their high harmonic 

components are readily absorbed by soft tissue and turned into heat (387). 

The combined effects of rapid heating and large rarefactive ultrasound pressures at the 

focal volume is the induction of boiling bubble nucleation (384). These bubbles undergo 

rectified growth up to millimetric dimensions (390). Their interaction with the incoming 

acoustic field inflicts shear stresses which exceed the mechanical strength of the 

surrounding tissue (385). In addition to that, the incoming acoustic waves are reflected at 

the boiling bubble interface, creating a dense pre-focal cavitation cloud in regions of 

much lower temperature (391). The oscillation and violent collapse of these bubbles 

causes is also capable of effectively disintegrating soft tissue (264). This results in a small 

cavity (depending on the force used size can vary) that has debris of cells contained within 

it. 

In recent years, there has been ongoing interest in the application of boiling histotripsy 

for the mechanical decellularization of soft tissue as well as cell therapy (163, 385). 

Histological analysis of BH lesions in rat liver displayed decellularized regions, achieving 

mechanical destruction of cells whilst sparing the surrounding vasculature (385). A later 
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study in ex-vivo non-perfused bovine liver demonstrated the ability of BH to disintegrate 

cells whilst preserving tissue structures such as vessels and ducts. This study also showed 

that the percent amount of denatured water-and-salt insoluble proteins increased with 

increasing pulse length (163). 

In general, decellularization techniques (see section 2.6) aims to obtain volumes of three-

dimensional extracellular matrix (ECM) scaffolds, which are primarily made of collagen, 

with preservation of the vascular network (386). In decellularization, it is important to 

achieve the removal of cells and genetic material whilst preserving the structural and 

biochemical properties of the ECM (387). Given the high susceptibility of collagen to 

thermal degradation (388) and the combined thermal/mechanical nature of boiling 

histotripsy (389), it is therefore of relevance to understand the extent of thermal damage 

around boiling histotripsy lesions. The effect of histotripsy on collagen fibres in the ECM 

of porcine liver has not been studied (see section 2.6.1) in the context of perfused versus 

non-perfused. Tissue perfusion can directly influence the heat dissipation and the 

biophysical property of the local environment (343) (see section 2.2.1). Non-perfused 

tissue may already exhibit compromised ECM integrity (392). This makes it difficult to 

evaluate the effectiveness of BH in preserving the ECM for subsequent cell 

transplantation. A direct comparison of how perfusion makes a difference to the 

histotripsy sonication of the tissue has not been previously examined.  

 

In the present work, histological analysis of BH lesions produced in freshly retrieved 

porcine liver are analysed with H&E and picrosirius red staining, comparing the 

histopathology of perfused and non-perfused specimens. We perform numerical 

simulations of histotripsy propagation in soft tissue to quantify relevant acoustic 

quantities, predict histotripsy-induced temperature fields and understand temporal/spatial 

metrics of bubble nucleation. This ensures experiment repeatability and establishes a 

baseline for analysis of histological results. This work is an effort towards understanding 

the microscopical effects of perfusion in the application of boiling histotripsy to the 

decellularization of soft tissue. 
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Aim of chapter 

• To develop a standardised BH algorithm and evaluate the tissue response to BH 

on liver. 

• To investigate the effect of organ perfusion on the tissue response to BH 

 

Hypothesis: histotripsy results in thermal injury in non-perfused tissue and results in 

mechanical disintegration in the perfused porcine samples with preservation of the 

extracellular matrix (ECM) as scaffold for future regeneration nidus.  
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4.2 Methods: 

See Section 3.1 & 3.2 

4.1.1 Organ procurement  

As previously described in 3.1 of the methods section porcine livers were acquired using 

organ retrieval techniques. Retrieved organs were flushed of blood and were ready for 

perfusion and sonication on arrival to the lab (n = 5). In addition, a number (n = 5) of 

porcine livers were acquired using the same retrieval technique but were not subject to 

back bench flush and these livers were not perfused to maintain viability. Prior to these 

porcine experiments calibration of the histotripsy system was performed on fresh liver 

purchased from the market. 

 

4.2.1 Histotripsy setup (Full details in methods chapter) 

See Section 3.3 & 3.4 

The Histotripsy probe was connected to a 3D positioner guided by a laser pointer (Figure 

23). The probe was connected to a power unit and the signal generator that is monitored 

by the computer program. Under the probe is the organ bath where the porcine liver was 

be connected to the perfusion circuit. Prior to sonication the Histotripsy probe would be 

calibrated in a water tank containing distilled de-gassed water (Figure 24). The process 

of degassing entails removing dissolved gas in liquid which could take about one hour.  

The liver was cannulated via portal vein for perfusion and the IVC effusate would be 

collected in the organ bath (Figure 25).  
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Figure 23 – Perfusion circuit and histotripsy set up along with organ bath that would keep the organ during 

experimentation.  
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Figure 24 – Calibration tank showing the histotripsy probe and the sonication energy traversing through the 

distilled degassed water. Where the sonication happens is where the focus of the energy would be concentrated 

and hence in tissue this would be the point of maximal destruction/change. 
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Figure 25 - Left: Perfused porcine liver in the organ bath. The organ bath collects the perfusate draining via IVC 

during perfusion and sonication. Right: shows the PV cannulated just before its bifurcation to the left and right 

and secured in place using a stay suture. This allows perfusion of both lobes. As demonstrated in the picture this 

liver is relatively well perfused with only a few patchy areas that may not have flushed well following retrieval. 

well, (IVC: inferior vena cava; PV: portal vein) 

4.2.2 Tissue sampling  

Once histotripsy lesions were created, they were identified by the dimple impression left 

on the capsular surface of the liver. This would act as a rough guide as to where the centre 

of the lesion would be. The sample would then be excised as a wedge and bisected using 

a surgical blade to confirm the lesion in centre (Figure 26) and send for pathology  in 

formalin containers (Figure 27).  
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Figure 26 – Excised and bisected liver tissue following sonication. It demonstrates the lesion and the direction it 

takes passing inferiorly. The dimple at the capsular area would mark an approximate area of the lesion. The 

tissue is bisected using a surgical blade to examine the lesion and its contents.  

 

 

 
Figure 27 – example of wedge resection for tissue sampling. This is following 50p sonication and the tissue has been 

bisected through the lesion. The lesion is demonstrated in the top left image as a sharp-edged cavity which lies half a 

centimetre below the liver capsule. The bisected samples are sent for histology in formalin pots. Image shows a 

formalin fixed sample with the lesion clearly demonstrated on the cut surface.  

 

Lesion  
Lesion  

Direction of sonication  
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4.2.3 Histology  

H&E staining as well as picrosirius red staining was used to assess the ECM as well as 

the liver parenchyma in the sonicated area. The tissue is fixed in formalin and then 

processed with H&E and picrosirius red staining. The picrosirius red stained slides are 

selected and used for inverted light microscopy.  

4.2.4 Microscopy 

Microscopic evaluation of histotripsy lesions was performed using both brightfield and 

polarized light microscopy to assess tissue architecture and extracellular matrix (ECM) 

integrity. H&E staining enabled general histopathological assessment and identification 

of lesion demarcation, while picrosirius red staining under polarized light enhanced 

visualization of collagen birefringence, allowing qualitative and semi-quantitative 

analysis of ECM disruption. 

 

4.2.5 Quantitative analysis 

Statistical analysis was performed where relevant using two different software: STATA 

16 (Copyright 1985-2019 StataCorp LLC, Texas, USA) and Python 3.9 program 

(Copyright ©2001-2024.  Python Software Foundation). I this chapter, the Standard error 

of the mean is calculated using the STATA 16 program. The heatmap and the scatter plot 

are created with the following codes in the Python program.  

Heatmap: 

Seaborn's heatmap & Matplotlib library were used using the code below: 

import matplotlib.pyplot as plt 
import seaborn as sns 
 
plt.figure(figsize=(10, 8)) 
sns.heatmap(correlation_matrix, annot=True, fmt=".2f", cmap="coolwarm", 
cbar=True) 
plt.title("Correlation Matrix Heatmap") 
plt.show() 
 
Scatter plot: 
 
import pandas as pd 
from scipy.stats import pearsonr 
import matplotlib.pyplot as plt 
import seaborn as sns 
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# Prepare the data 
subset = sheet1_cleaned[[x_col, y_col]].dropna()  # Drop rows with NaN values for 
selected columns 
 
# Perform Pearson correlation test 
correlation_coefficient, p_value = pearsonr(subset[x_col], subset[y_col]) 
 
# Generate Scatter Plot 
plt.figure(figsize=(8, 6)) 
sns.regplot(x=subset[x_col], y=subset[y_col], ci=95, scatter_kws={"alpha": 0.5}) 
plt.title(f"Scatter Plot: {x_col} vs. {y_col}\n" 
          f"Correlation Coefficient = {correlation_coefficient:.2f}, p-value = 
{p_value:.4f}") 
plt.xlabel(x_col) 
plt.ylabel(y_col) 
plt.show() 
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4.3 Results 

4.3.1 Parameter analysis and histology correlation of BH liver lesions 

A total of 120 lesions were created in both perfused and non-perfused tissue using 

different parameter settings as a trial and error to assess both on gross inspection the 

appearance of the lesion and under microscopy. Out of 120 of lesions were reviewed after 

initial histology inspection, 91 slides were sent to our expert pathologist (Prof Quaglia) 

to review and further comment. The 91 slides were confirmed to have a lesion present 

under microscope and hence sent for further review. The data presented in Table 18 

(Supplement 1) is a summary of the review of the 91 selected slides. The parameter 50p 

at 1% duty cycle was used mostly for the lesion creation based on previously published 

studies and comparison was made with 100p and 150p at two different duty cycles. All 

the parameters could produce a lesion with varying degrees of thermal injury 

demonstrated (described below). The high the power and the duty cycle the higher the 

risk of thermal injury. The standard error of the mean (SEM) analysis of the reviewed 

slides shows perfused sample sonicated at 50p have a smaller SEM for the burns mark.  
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Figure 28 – Standard error of the mean (SEM) analysis of the burns mark created by different powers and different 

duty cycles for perfused and non-perfused samples. 50p sonicated lesion were more likely to represent absence of 

burns mark as demonstrated by their smaller SEM (P: perfused; NP: non-perfused; the pin the y axis denotes pulse 

duration) 

 

Descriptive analysis of lesions: 

4.3.2 Non-Perfused Samples 

The non-perfused porcine livers were obtained in a similar manner as described in 

section 3.1 with a difference that they were not flushed in the abattoir and later were 

not perfused in the lab. The liver on gross inspection was red/blue in colour likely 

due to blood content in the tissues (Figure 29a). A total of 19 lesions in the non-

perfuse were selected for analysis. Sonication produced a dimple on the capsule of 

the liver that indicated the location of the lesion. There was no breach of the liver 

capsule.  

On gross morphological examination, excised and bisected lesions showed a cavity. 

The cavity would lie about 5mm in the subcapsular space, and its typical length 
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would be between 0.5-1cm in size. In some cases, there would be a dense white tissue 

at the tail end of the lesion which would indicate thermal injury (Figure 29b). This 

was only demonstrated in higher duty cycles when we were calibrating the probe and 

identifying an appropriate parameter for porcine liver sonication. When same 

parameter (50p) was applied to a non-perfused dehydrated tissue, the degree of 

assumed thermal injury was higher. In fact, that cavity was not as clear as a non-

perfused porcine liver. Following sonication, there is a white tract with breach of the 

liver capsule (Figure 30c). This highlights the importance of tissue water content.  

 
Figure 29 – (A) Non-perfused liver that demonstrates its still filled with the animal blood and clots. (B) Excised 

and bisected porcine lesion demonstrating a cavity produced by sonication which tends to be sub-capsular. In 

this specimen, there is evidence of possible thermal injury towards the tail end of the lesion appearing as a small 

dense white patch. (C) Dehydrated non-perfused cow liver that demonstrated following sonication there is a 

white tract form along the direction of the sonication. There was also breach of the liver capsule.  
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4.3.3 Perfused Samples 

The method for obtaining the perfused livers is outlined in Section 3.1. All retrieved livers 

flushed well in the abattoir were subsequently re-perfused in a laboratory setting (Figure 

30a). livers would be re-perfused at 350ml/hr; on gross inspection a satisfactory flow of 

the perfusate was observed through the perfusion circuit, entering the portal vein and 

exiting through the inferior vena cava and bile production was noted after reperfusion. A 

total of 72 lesions were selected for analysis from the perfused samples.  Upon subjecting 

the organ to sonication, a discernible indentation would manifest, serving as a rough 

estimate of the lesion's location (Figure 30b & c). Lesions are commonly observed to 

have a diameter of 0.5 cm in the subcapsular region and are characterised by the presence 

of a fluid suspension. 

 

 
Figure 30 – (A) Perfused porcine liver connected to the Baxter pump perfusion circuit via portal vein. The liver is well 

perfused with sharp margins and gallbladder in situ. (B) Bisected perfused liver excision biopsy that shows the lesion 
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to be approximately 0.5cm below the capsular area and contains a core suspension of liquified material. (C) Another 

example of the histotripsy lesion in perfused sample that would lie approximately 0.5cm below the liver capsule. The 

core liquified suspension has been aspirated for culture and it reveals the cavity as a small hole indicated by the arrow. 

 

4.3.4 H&E staining  

Overall appearance of the lesions in both perfused and non-perfused tends to be of similar 

diameter and dimensions and in almost all sections the lesions appear subcapsular. 

Although there were tissue samples captured and cut in different orientations during 

sectioning, there is no breach of the capsule noted in either group. The lesions then to be 

in range of 0.5cm to just below a 1cm in length. In perfused group (Figure 31a), there is 

sharp demarcation between the lesion site and where normal hepatocyte, or tissue of 

unaffected site starts. The sharp boundary is also marked by loss of extracellular matrix 

septa in the core of the lesion. More so, in the perfused group the lesions contain a 

liquified suspension that was aspirated from majority of the samples to assess and 

examine the content later. In the non-perfused group (Figure 31b), a similar appearance 

was noted. Although on gross examination the lesions tend to have a higher degree of 

thermal injury but on histology there was no discernible difference between the two 

groups in terms of thermal injury (lesions size still 0.5-1cm and lie approx. 0.5 in 

subcapsular region). The non-perfused samples also displayed a demarcation between the 

edge of the lesion and the healthy tissue on H&E staining. As the core of the non-perfused 

group was not aspirated for cell culture, the core is identified by debris of sonicated cells 

and extracellular matrix. What’s interesting is the loss of extra-cellular matrix in the core 

of the lesion like the perfused group. H&E is not a useful histological test to assess 

extracellular matrix damage and hence the need for further evaluation with picrosirius red 

and reticulin stains.  
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Figure 31 – example of 50p perfused and non-perfused sonicated porcine liver tissue. (A) This is an example 

of a perfused porcine liver subjected to the 50p pulse at 1% duty cycle. (10x zoom) (B) Demonstrates a non-

perfused liver subjected to the same parameter as the perfused sample. (20x zoom) P: pulse duration  
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Quantitative analysis: 
 

 
Figure 32 – Heatmap of the different parameters observed in the Table x. Correlation ranges from -1 to +1 where +1 

indicates a perfect positive correlation (as one variable increases, the other also increases proportionally). Zero 

indicates no correlation (the variables are independent) and -1 indicates a perfect negative correlation (as one variable 

increases, the other decreases proportionally). 

A heatmap (Figure 32) generated using the data in Table 18 provides an overview of the 

relationship between the histological findings. Correlation ranges from -1 to +1 where +1 

indicates a perfect positive correlation (as one variable increases, the other also increases 

proportionally). Zero indicates no correlation (the variables are independent) and -1 

indicates a perfect negative correlation (as one variable increases, the other decreases 

proportionally). There is positive correlation between formation of a cavity and snapped 

septa (0.60). Also, a positive correlation between loose septa and possibility of observed 

burns exists. A scatter plot (Figure 33) of the observed burns area and the cavity 

formations of the reviewed histology slides reveals no significant relation between the 

cavity formation and burns injury (correlation coefficient: 0.04; p-value: 0.73).  
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Figure 33 – Scatter plot of the cavity vs burns mark, correlation coefficient of 0.04 and a p-value of 0.736 

 
 
4.3.5 Picrosirius red staining  

Histological analysis was based on non- consecutive review of the slides selected after 

first round of review. A total of 22 slides were stained for picrosirius red. The slides are 

a mixture of perfused and non-perfused samples.  

 

Descriptive histology 

The same paraffin fixed samples were stained with picrosirius red to highlight the 

extracellular collagen matrix of the porcine liver. Picrosirius red stain highlights the 

natural birefringence of collagen fibres when exposed to polarized light, thus allowing 

for better visualisation of the collagen matrix than H&E staining. In perfused samples 

(Figure 34a), there is a disruption of the collagen matrix in the core of the lesion with a 

sharp demarcation at the edge of lesion. The collagen matrix is well persevered in the 

periphery of the lesion. In the centre of the lesion where a collagen septum traverses there 

sems to be a distortion of the collagen fibres (Figure 35). Vessels near the lesion, but not 

involved in the edge or centre, seems to be intact but those in the core of the lesion or at 

the edge are damaged due to the force of sonication (Figure 35 & Figure 36). Portal 

structures in the vicinity of the lesion or involved in the lesion are not preserved (Figure 

36 & Figure 38).  
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Figure 34 – Picrosirius red staining of the perfused (10x zoom) (A) and non-perfused (20x xoom) (B) group. The 

picrosirius red stain highlights the natural birefringence of collagen fibres when exposed to polarized light and 

hence they appear are bright red in the field. The collagen matrix of the septa in the perfused group seems 

preserved consistent with the sharp demarcation noted on the H&E stains. The non-perfused samples show more 

disorganization of the collagen following sonication. (50 pulse durations at 1% duty cycle) 

 

In the non-perfused group similar distortion of the collagen septum is noted in the lesion 

territory (Figure 34b). The histotripsy sonication seems to affect the perfused and non-

perfused in a similar way however, the extent of injury is difficult to assess and quantify 

just by H&E and picrosirius red staining. On first observation the extent of injury seems 

to be more in the collagen fibres of the non-perfused group compared to the perfused 

samples. Again, this does not reflect true extent as the picrosirius red staining relies on 

natural birefringence of collagen fibres and to reflect this better we have analysed some 

of the samples under polarised light microscopy.  
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Figure 35 – This is a perfused sample, and the blue area represents the lesion and where sonication has resulted 

in tissue disruption. The collagen matrix that falls in the centre of the lesion is disorganised compared to the 

collagen of the same septa along its length suggesting damage to the ECM. Vessels and portal structures 

involved in the lesion or in the edge are damaged by the force of sonication. (50p at 1% duty cycle) 

 

 
Figure 36 – 100p at 1% duty cycle sonication of a perfused porcine liver with sharp demarcation and disruption 

to blood vessels P: pulse duration 
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4.3.6 Polarised Sirius red staining  

Descriptive histology (based on 22 samples) 

To assess properly for collagen distortion the picrosirius red staining needs to be polarised 

through special polarisation filter (393). Further assessment of perfused versus non-

perfused group was made through polarisation and quantitative dot assessment of affected 

area versus non-affected area by assessing the polarised intensity of the slides. On the 

basis that the birefringence intensity of the polarised slides are proportional to the 

orientation of the collagen fibres; the more intense areas are reflective of intact collagen 

and the less intense or lack of it is assumed to be due to disrupted collagen.  In the perfused 

group the sharp demarcation is again observed in the polarised samples. There is no 

significant loss of bright birefringence at the edge or just close to the edge (Figure 37A). 

Where the collagen septum falls in the centre or is involved in the lesion there is loss of 

brightness indicating possible damage to the collagen matrix. On reverting the brightfield 

polarisation the brightness is retained which would make the damage to the collagen 

scaffold less likely (Figure 37B).  

 

 
Figure 37 – (Left) Polarised perfused samples with show the natural birefringence of collagen fibres. Where 

this is assumed distortion, the birefringence would appear less, and the fibres would appear less bright. The 

inverted birefringence is used for quantitative analysis of brightness of places of interest along the collagen 

A B 
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septum. (Right) inverted bright field to black and white for quantitative dot analysis of brightness. (50p at 1% 

duty cycle) 

 

Interestingly, the non-perfused samples show more collagen disruption on polarised light 

microscopy (Figure 38A). The collagen matrix is more disorganised and scatted in the 

area of sonication compared to perfused samples. There is less brightness on brightfield 

microscopy. This is better demonstrated on the reverting the brightfield to black & white 

images (Figure 38B). The areas with damage to the collagen matrix are not lighting up 

due to disorganisation and lack of brightfield on polarisation. More so, the greater area of 

disruption is in the centre of the lesion with smaller and lesser areas towards the periphery 

of the lesion. Although these results should be interpreted with much care, lack of 

brightness is thought to be indicative of the collagen damage following sonication. In 

Figure 38, even though there is greater disruption is noted there are areas that show some 

brightness in the core of the lesion.  

 

 
Figure 38 – non-perfused sample (sonicated at 50p). Greater degree of the collagen disruption is noted I the centre of 

the lesion. This is better demonstrated on the black & white image of the brightfield. Lack of brightness is thought to 

be indicative of damage to the collagen scaffold.  

 

A B 
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4.3.7 Quantitative analysis and variability  

Table of samples analysed 

To assess extent of the collagen disruption further we carried out quantitative analysis of 

the birefringence density of perfused and non-perfused samples. The density assessment 

is an estimate of the collagen density in the area of the lesion as well as the normal tissue 

adjacent to the lesion. In perfused samples a quantitative dot assessment of the mean 

density of birefringence at the edge of the lesion is compared with a normal area. The 

treated edge does not show any significant difference (P = 0.2632) in mean distribution 

of the collagen, thus confirming the sharp demarcation of the sonicated edge (Figure 39).  

 

 
Figure 39 – Quantitative analysis of birefringence of the Sirius red staining following reversion to B&W images. The 

treated area is the edge of the BH lesion based on appearance under microscope and normal area that comparison is 

made is a well away from the treated lesion.  

A similar assessment was carried for non-perfused samples (Figure 40). A quantitative 

mean density assessment of affected area versus non-affected area revealed a greater 

degree of collagen disruption (P < 0.0001).  
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Figure 40 – Quantitative analysis of the collagen density in non-perfused samples. The loss of collagen density as 

reflected by birefringence density is significant in the treated area vs non-treated area.  

 

On comparison of the affected area of the perfused samples with non-perfused samples, 

the mean distribution of the collagen density if significantly lower in the perfused group 

(Figure 41). Thus, indicating the collagen matrix is well preserved in the perfused group 

following sonication.  

 

 
Figure 41 – Comparison of perfused vs non-perfused treated areas’ collagen or birefringent mean density. The 

difference is significant with more preservation of the collagen matrix in the perfused samples. 

 

Lastly, we analysed if the energy from sonication had dissipated into the periphery of the 

lesion seen macroscopically and thus resulting in a peripheral zone of tissue injury. This 

was assessed by arbitrarily dividing the tissue from edge to periphery into different zones 
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(Figure 42). An assessment of the birefringence of the perfused sample immediate zone, 

transition zone and peripheral zone revealed no significant difference.  

 

 
Figure 42 – Example of 50p lesion in a perfused sample with marked areas of energy dissipation and collagen 

disruption in graded zones. Small portal structures at the vicinity of the lesion are subject to damage by 

sonication whereas the structures away from the edge of the lesion seems to be well preserved.  

 

4.3.8 Reticulin staining.  

To further assess the collagen matrix integrity and demonstrated ECM, we performed 

reticulin staining and compared this with the same samples which had been stained with 

Sirus red. The reticulin stains in the perfused samples revealed complete destruction of 
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the collagen and ECM in the core of the lesion (Figure 43). The normal parenchyma was 

separated from the core of the lesion with a sharp demarcation. This set of result confirms 

the ECM disruption within the core of the lesion.  

 

 
Figure 43 – Reticulin stains of the perfused samples (sonicated at 50p): reveal sharp demarcation between the normal 

liver and lesion. In addition, there is a loss of ECM in the core of the lesion with cellular debris remaining in the core. 

These samples are not aspirated and therefore have their core content still in situ. A) Demonstrates a lesion and normal 

parenchyma with sharp boundary; (B) demonstrate within the lesion there is no reticulin stain and the core of the 

lesion has ECM disruption. (C-D) Also demonstrate disruption of the reticulin fibres within the lesion. 

4.4 Discussion 

Histotripsy is a non-invasive therapeutic technique that involves using high-intensity 

ultrasound waves to liquefy or destroy targeted tissues with minimal damage to 

surrounding tissues (255). Histotripsy has shown great potential in a variety of clinical 

applications. The claim that it can selectively preserve the ECM (394) while resulting in 
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parenchymal disintegration has grasped much attention mostly for it potential clinical 

applications (391, 395).  

 

Calibration of BH algorithm and histological features of the lesion: In calibration of 

the histotripsy, we used different pulse duration with different tissues. These were used 

as a trial and error to assess the closest protocol for ex-vivo porcine livers. Based on 

previously published data we used a similar pulse duration for our experiments which 

would closely resemble what would be used in clinical settings. The pulse duration of 50 

was deemed more suitable for these experiments as it resulted in less injury and was 

assumed to lead to tissue decellularization with preservation of the architecture. The 

simulation carried out by (Prof Saffari & Dr Gelat, as described in the methods section 

3.4) describes the details of the histotripsy protocol that was used. This protocol was 

chosen because according to previous extensive work by the authors (348, 376, 377) and 

other groups (163, 360, 378) it leads to the production of a fully fractionated lesion in 

liver tissue with minimal thermal denaturation. It was one of our aims to examine this 

assertion with more advanced histological analysis. 

 

The Perfusion Model Used and Its Relevance to Clinical BH: Perfusion was modeled 

using a controlled circuit to simulate physiological conditions, ensuring tissue hydration 

and mimicking clinical scenarios. Perfused tissues demonstrated improved ECM 

preservation and reduced thermal injury compared to non-perfused samples. Out of the 

72 perfused samples analyzed in Table 18, 37samples showed no burns injury and the 

rest had possible burns mark that was confluent with the cavity and the decellularized 

area. Although this was not uniformly demonstrated on H&E slides, only the polarized 

picrosirius red samples showed a slight degree of difference between the perfused vs non-
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perfused samples. These results should be interpreted with much care. Lack of brightness 

is thought to be indicative of the collagen damage following sonication but it also related 

to the orientation of the collagen fibers so it may not necessarily reflect a true collage 

disruption. Albeit this model aligns with the principles of clinical BH, where perfusion 

could act as a heat sink, dissipating energy and preventing excessive localized heating. 

Similar findings have been reported in chemical decellularization studies, where 

perfusion under oscillating pressures enhanced ECM preservation (396-398). 

In recent experiments, Struecker and colleagues (398) demonstrated the effect of 

perfusion on decellularization. Using chemical decellularization protocol they used a 

pulsed pressure perfusion system and compared the effect of decellularization to the non-

perfused group. The perfusion device used to generate these pressure conditions replicates 

intra-abdominal conditions during respiration to optimize micro-perfusion within livers 

and thus the homogeneity of the decellularization procedure (398). Compared to livers 

perfused without oscillating pressure conditions, livers perfused under oscillating 

pressure conditions exhibited a more uniform course of decellularization and contained 

less DNA which has been demonstrated in other animal experiments too (397, 398). 

Perfusion under oscillating pressure seems to preserve the ECM better than chemical 

decellularization alone (399). In the setting of histotripsy where the decellularization 

process relies purely on the effect of ultrasonic energy, the perfusion circuit may function 

to create a heat-sink effect (400). Although the effect of perfusion in the setting of 

histotripsy has not previously been studied, the theory is that by achieving vessel patency 

and an active flow the degree of thermal injury is reduced. This theory is negated by the 

fact that the order of histotripsy sonication is in order of milliseconds duration, and it does 

not raise the temperature significantly. In fact, Khokhlova et al (400) makes a note of this 

in comparison to thermal ablation techniques, boiling histotripsy is not affected by the 
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heat-sink effect of the major blood vessels and is capable of treating the immediately 

adjacent tissue due to its tissue selectivity. Albeit this claim has not been directly 

compared in the setting of perfused versus non-perfused tissues. Additionally, tissue 

perfusion can alter tissue elasticity and stiffness. Our study uniquely demonstrates that 

perfusion has influences over lesion clarity and ECM integrity, though this is not shown 

to be statistically significantly different between the two groups as demonstrated by the 

scatter plot (Figure 30). The observed differences in thermal injury and collagen 

preservation between perfused and non-perfused samples provide critical insights into 

optimizing BH parameters for clinical applications.  

 

Method of Histological Assessment: Histological assessment was conducted using H&E 

and picrosirius red staining under polarized light as well as reticulin stains. H&E staining 

provided an overview of lesion dimensions and architecture, while picrosirius red 

highlighted collagen integrity and disorganization. Although effective for initial 

assessments, these methods had limitations in quantifying collagen disruption, 

underscoring the need for complementary techniques such as Masson's trichrome staining 

or second harmonic generation (SHG) imaging.  

To further evaluate this, we carried out a series of experiments looking at the effect of 

histotripsy in perfused versus non-perfused samples to objectively, through histological 

analysis demonstrate any difference. The ECM of the liver consists of collagen matrix 

that harbors hepatocytes and other cells in an organized fashion. Collagen, being the most 

abundant protein in vertebrates, forms the structural network of the ECM in biological 

tissues (401). It’s worth noting, normal human livers contain roughly equal amounts of 

Type I, Type III, and basement membrane collagens; with Type III collagen 

predominance (402). In cirrhotic livers on the other hand, regardless of etiology, all types 
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of collagens are elevated with a predominance of Type I collagen (402-404). Collagen 

organization parameters, specifically fiber orientation and alignment, have been shown 

repeatedly to play an important role in the progression of several pathologies including 

metastasis of cancer (405-407). Pig liver has some similarity to the human liver in its 

architecture and lobule arrangements. However, differences exist in the collagen layout 

and orientation. In a study examining the liver three dimensional units in porcine liver, it 

was shown that collagen fibers were laid along the plane in which the portal venous 

branches and the hepatic venous radicles were distributed (408). They generated trabecula 

or septa of 10-25 µm thickness that delineated histologic lobules into irregular polygonal 

patches. These lobules measured 0.7-1.2 mm in diameter (408). This may be of relevance 

in the context of energy dissipation and heat deposition in boiling histotripsy. The 

proximity of the collagen trabeculae to the portal vessels may act as a hat sink effect and 

reduce the possibility of any thermal injury. This may explain the lack of any difference 

in the H&E stains we have carried in the perfused and non-perfused samples.  

Our study shows disruption of the parenchyma and the ECM architecture in the core of 

the lesion. The extent of this requires more specialist stains to evaluate further.  

 

Histological findings and alternative means of assessment: Although H&E stain is not 

the best stain to visual thermal injury it provides some insight about overall architecture 

of the lesion and parenchyma following sonication. There was no noticeable difference 

in the degree of burns injury in the perfused vs non-perfused group using H&E stains (as 

demonstrated by the scatter plot). H&E is not sensitive to subtle changes in collagen 

integrity or ECM composition, therefore, making it less effective for evaluating thermal 

or mechanical damage. Although there is no specific histological marker of thermal injury 

to assess the extent of thermal injury, perhaps the best way to visualize damage would be 
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to assess collagen damage. Even on picrosirius red stain the observed difference is not 

readily visible and requires birefringence. Although, this method highlights collagen 

fibres and allows differentiation between types based on birefringence it has significant 

limitations too. The observed difference noted on the birefringence slides needs to be 

interpreted with care as results can be influenced by sample orientation and thickness, 

leading to variability (409). Additionally, it does not provide detailed information about 

glycosaminoglycans or other ECM components. 

Tissue collagen fibers can be seen using several ways. Some of these methods are only 

applicable to thin-sectioned histological samples, such as (1) Stains: picrosirius red 

(PSR), Movat's pentachrome, and Masson's trichrome; (2) Antibody detection; (3) 

Polarized microscopy, which enhances PSR-stained tissue visualization; and (4) SHG 

imaging (401, 410-413). Electron microscopy, atomic force microscopy, and scanning 

electron microscopy can visualize collagen, but their small fields of view, technical 

sample preparation, and high costs limit their use to non-routine, highly specialized 

applications (401).  

Amongst these methods, polarization light microscopy has proven an effective method in 

qualitative and quantitative histological examination of the collagen (410). Particularly 

the birefringence of collagen is utilized to evaluate collagen organization and 

microstructure; the decomposition of collagen in pathologies (i.e. histotripsy related 

lesions) leads to disorganization and a loss of polarization sensitivity (413). In our 

picrosirius red staining we have demonstrated some difference in the extent of collagen 

injury when comparing perfused vs non-perfused. A noticeable difference which was 

significantly different between the collagen in the treated area (P<0.0001). These results, 

however, should be interpreted with caution as there are several limitations to the 

polarization light microscopy (mentioned above), particularly linear polarization. 
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Although strong birefringence is normally suggestive of normal organized collagen 

(particularly thick collagen type I), the weaker birefringence is normally indicative of 

abnormal collagen orientation or presence of thinner fibers such as collagen type III (414). 

Different collagen fiber physical aggregation, polymerization, and three-dimensional 

organization can cause different interference colours and birefringence intensities (410, 

414). This limitation is further evident when birefringent materials viewed with linearly 

polarized light look bright unless their optic axis is parallel to the transmission axis of 

either polarizing filter (410). In tissues with wavy fibers, some section of each fiber may 

be aligned parallel to the filters' transmission axis and appear dark, thus underestimating 

collagen content (410). This is reflected by the way the tissue is fixed and cut in 

preparation for the staining. When the histotripsy lesion is not captured or sliced in the 

center of lesion then the fibers may appear to be in different orientation and hence give 

an appearance of different intensity birefringence. 

The addition of the reticulin stain only confirms disruption to the ECM in the treated area. 

Thus, it can be used as limited proof that in the sonicated area there is evidence of the 

ECM disruption. However, this is also limited by the fact that it primarily targets type III 

collagen and does not effectively stain other ECM components such as type I collagen, 

glycoproteins, or glycosaminoglycans. This limits its ability to provide a comprehensive 

view of the ECM architecture. It predominantly provides qualitative information and for 

quantitative analysis it requires further stains.  

Quantitation of collagen: Although the quantitative analysis used here to assess for 

intensity of birefringence has been used previously (410, 411, 414, 415), in our study due 

to the limitations mentioned above about picrosirius red staining and polarization we can’t 

rely on the quantitative results produced as it cannot be consistently reproduced. The 

difficulty in the consistency is probably since the histological examination was not done 
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in serial sectioning. Especially when the H&E and the non-polarized picrosirius red 

staining do not demonstrate any significant difference between the perfused and non-

perfused group.  

Conclusions 

Although we have not been able to demonstrate a clear difference between the histological 

appearance of the perfused versus the non-perfused group, we have demonstrated that 

morphologically the lesions to some extent have similar appearance with sharp 

demarcations at the border of the lesion and the normal tissue. Our results are not 

suggestive of any thermal injury, either in the perfused or non-perfused group. The order 

of sonication is too short for thermal injury to ensue. Perhaps to evaluate collagen injury 

further, it requires additional histological analysis with stains such as Masson's trichrome. 

Within the core of the lesion the collagen fibers are damaged by the force of sonication 

with our protocol. This is important since regeneration relies on a healthy ECM scaffold 

(416). However, in our initial experiments we have not demonstrated preservation of the 

ECM and rather a sharp snap of the collagen fibers at the boundaries of the lesion. To 

further evaluate the efficacy of the histotripsy for creation of the lesions we need to further 

assess the lesions created in the perfused samples and to assess their core content along 

with histological assessment of ECM. The next step would be to further evaluate the 

perfused samples to create a 3D reconstruct of the lesion.  
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Chapter 5 Qualitative histological analysis of 

liver response to ultrasound histotripsy in ex-vivo 

perfused porcine liver including 3D histological 

reconstruction. 
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5.1 Introduction 

Ultrasound histotripsy is a non-invasive procedure used to mechanically fractionate and 

liquefy soft tissue without causing thermal damage. Different ultrasound pulsing 

protocols can be used to cause mechanical tissue dissociation. The method employed in 

this study is referred to as boiling histotripsy (BH), where a series of millisecond-long 

ultrasound pulses are delivered to the treatment site. The nonlinear propagation of 

ultrasound waves results in the formation of shockwaves at the beam focus. High-

amplitude shocks cause rapid and transient tissue heating, resulting in the nucleation of a 

boiling bubble (378, 417-419). The interaction of incident shocks with the boiling bubble 

causes tissue disruption and liquefaction without significant thermal injury to adjacent 

tissue because the millisecond pulses are so short lived that thermal conduction does not 

occur. The efficacy of mechanical fractionation, the ablation rate, and the reliability of 

boiling histotripsy depend on the correct choice of ultrasound frequency, focal peak 

pressure levels, pulse duration, the pulse duty cycle, and the number of BH pulses. The 

interplay between these parameters has been studied by many groups and extensively 

reported (338, 420). Possible applications of BH include the ablation of solid tumours 

(421-424), local drug delivery  (425, 426), and cavity formation for direct intrahepatic 

cell delivery for cell therapy (348). We have carried out a series of studies using different 

US histotripsy protocols to create a nidus in the liver for transplantation of stem cell-

derived 3D hepatocytes for the treatment of congenital and acquired liver disease. 

The literature on the histological effects of histotripsy on liver tissue is limited and the 

results may vary with the experimental model used (408). There have been prior 

experiments involving bovine liver (378, 427-430). Simon et al. (428), for example, 

investigated how changes in static pressure and tissue wetness were shown to affect BH 
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injury. Increasing static pressure resulted in the formation of a mound on the cut surface 

of liver slices in contrast to the cavity generated at atmospheric pressure. The authors also 

applied their protocol to an in vivo porcine model and showed that wetting the liver 

surface targeted by BH with saline or surfactant increased tissue atomization and caused 

the rupture of the liver capsule in some instances. In experiments by Vlaisavljevich et 

al.(429), thermal pre-treatment affected liver stiffness and its susceptibility to histotripsy. 

Variations in the intensity of the trichrome stain (used to differentiate fine collagen fibers 

from other tissues, especially in the liver) depending on pre-treatment temperature were 

used as indicators of changes in collagen density. Macoskey et al. (430) examined the 

effect of different histotripsy dosages on collagen I and collagen III fibers on agarose-

embedded 4 cm cube bovine liver samples using histochemical stains (Gordon and Sweet 

and trichrome stains) and showed that the cellular component was destroyed earlier than 

the extracellular matrix. 

Other experiments have been carried out on pig liver. Cavitation cloud histotripsy on ex 

vivo and in vivo livers (221, 366, 429) caused complete fractionation of hepatic 

parenchyma and sharp lesional boundaries but no injury to large hepatic vessels or bile 

ducts. In a detailed histological examination of livers treated with BH, Wang et al. (163) 

described variations in tissue damage according to duty cycle. The authors assessed 

collagen fibres, vessels, bile ducts, and cellular function by NADH-diaphorase staining, 

protein content, and cellular components by electron microscopy on samples removed 

from the lesional area. An increase in duty cycles resulted in the formation of a 

macroscopically visible blanched border of up to 3 mm in width, which corresponded, 

microscopically, to a perilesional area of partial thermal denaturation with loss of NADH-

diaphorase stain, an increased amount of intralesional nuclear debris, and the formation 

of heat-fixed eosinophilic tissue as the result of thermal coagulation. The damage to the 
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connective tissue framework was visible macroscopically and corresponded to 

microscopic changes in the configuration of collagen fibres, from fibrillary at lower duty 

cycles to globular at higher duty cycles, along with a concomitant reduction in the number 

of small-calibre vessels and bile ducts.  

It’s important to note, histotripsy responses have varied between publications and models 

possibly related to the treatment protocol (see section 2.6.1). Different animals have 

different degrees of collagen expression in the liver. Porcine liver has close similarity to 

the human liver in terms of architecture and collagen make up (431). Hence it makes a 

more reliable tissue to test histotripsy parameters and achieve clinically relevant data. 

More so, through prefusion circuit the porcine liver can provide data that is as close to 

the human physiological parameters during sonication.  

In this chapter we provide a detailed description of the histological changes we have 

observed at 15 BH sites and the surrounding tissue. We have also carried out, for the first 

time, 3D reconstructions of two additional BH sites. 

5.2 Material & Methods 

The overall method is described in section 3.1 of methods chapter. Five pig livers were 

obtained fresh from the abattoir. Livers were obtained within 10 min of the termination, 

which was the period of liver warm ischemia. Using organ transplant retrieval techniques, 

livers were immediately dissected from the complete set of abdominal viscera, with 

isolation of the hepatic artery, portal vein, and bile duct (en bloc retrieval of the pig’s 

abdominal viscera, followed by on-table retrieval of liver and its subsequent on-table 

flush). The isolation of the liver from the rest of the viscera took a total of 2 min. At the 

abattoir, back table perfusion and flush of the livers were achieved following retrieval 

with 1 L of heparin saline solution via the portal vein. Flushing was conducted as fast as 
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possible to drain the liver of any remaining blood (the flush would typically be complete 

in 10–15 min following cannulation of the portal vein). The livers were packed for 

transport from the abattoir using static cold storage in preservation with normal saline and 

stored in crushed ice containers for transport at an average temperature of 5 °C. Upon the 

arrival of the organ to the laboratory, the livers were placed in an organ bath lying over 

an ultrasound absorbing layer. The organ was re-perfused in two stages using an organ 

perfusion circuit with a pump. First, the liver was perfused via the main portal vein with 

a litre of Soltran organ preservation solution (Baxter Healthcare, UK), to allow the core 

temperature of the liver to slowly reach room temperature (ranging from 24 to 30 °C) 

before the histotripsy was performed. During the histotripsy period, the organ was further 

perfused with Soltran organ preservation solution to maintain viability. Perfusion 

occurred via the portal vein, with the perfusate draining via the vena cava into an organ 

bath. The perfusate was not recycled. During the perfusion, the livers would be placed in 

an organ bath lying over an ultrasound absorbing layer. The perfusion solution was 

delivered using a Baxter perfusion pump™ (Baxter Healthcare, UK) to achieve a constant 

flow rate of 350 mL/h, ensuring vessel patency before the histotripsy lesions were created. 

The setup of the histotripsy system is outlined below. The US transducer was applied to 

random positions (total sonication time per lesion was 50 s) on the perfused liver, and 

focal lesions could be identified by puckering of the capsule of the liver at the histotripsy 

site. Locations for histotripsy were chosen to include both central and peripheral portions 

of each liver. The depth of the lesion was estimated to be 0.5 cm below the liver capsule. 

Given that we used the same transducer, the depth was assumed to remain the same for 

every lesion. A total of 17 BH lesions were created over 5 liver and submitted for 

histological examination. 
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5.2.1 Histotripsy set-up 

Histotripsy set up is described in section 3.2 - 3.4 of methods.  

5.2.2 Tissue sampling 

After the application of BH the lesional site was resected and bisected using a surgical 

blade, to reveal the lesional site. Resection refers to an excision biopsy with a surgical 

blade with an approximate circumferential margin of 1cm from the core lesion or its 

surface landmark the liver capsule dimple; Bisection refers to the slicing of the resected 

sample in half, cutting through the middle and therefore dividing the lesion into two 

halves to gain access to the core content of the lesion. A 20µm single-channel gauge 

pipette was used to aspirate the cavity content once the lesion had been bisected and the 

aspirate used for a separate study., Care was taken to minimise traumatic damage to the 

tissue. 

 Lesions would only be aspirated if the cavity content was liquid. For a small number due 

to proximity to small vessels, as soon as the cavity was sliced open the content was 

washed away due to puncture of the vessels at the site and perfusate leaking through the 

vessel. These lesions were not aspirated. Both sides of the lesion were then placed 

immediately into a single formalin-filled container and submitted for paraffin embedding 

according to standard procedures. 

5.2.3 H&E and histochemical stains 

See section 3.7 

 

5.2.4 3D reconstruction 

See section 3.8 images displayed here 
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Two additional histotripsy specimens were removed intact (not bisected or aspirated) and 

were entirely sectioned at 4 µm into 368 and 408 serial sections, which were all stained 

with H&E and SR respectively. In the first sample the lesion was identified in sections 

199 to 228 (cumulative section thickness of 116 µm). In the second specimen minute 

lesional sites were identified in the full range of serial sections (1-408). The lesional serial 

sections were used for 3D reconstruction of the histotripsy sites using the specifically 

designed method illustrated in Figure 44 and detailed below. 
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Figure 44 - Three-dimensional reconstruction steps from serial sections and image acquisition (A), 
identification of structures of interest (B), registered images (C), visualization of two-dimensional binary 
matrices (D), three-dimensional matrix formation (E), creation of a mesh over the voxels (F), and final three-
dimensional mesh visualization (G). 

Sectioning: Serial sections of formalin-fixed paraffin-embedded (FFPE) liver were cut at 

4 µmand any sections lost or missed were noted at the time of sectioning.  

Images: The tissue was then stained with H&E in the first model and SR for the second 

and slides were imaged using a Zeiss AxioCam ICc5 and Axiovision v2.8.1 (Zeiss, 

Oberkochen, Germany) and images saved in lossless TIFF format (Figure 44A). This 

was done to demonstrate the parenchyma and the tract along with the lesion in different 

stains so then it can be superimposed. 

Mark-up: Each image was marked up using software that allows the altering of drawn 

pixels to a single RBG colour code (e.g. Microsoft Paint, Microsoft Corporation, 

Redmond, Washington, USA). Many image editing software packages can be used for 

this purpose however it is important to use a tool that allows editing the image so that the 

change to any set pixel is to that of a set RGB colour value and all changed pixels are of 

that value.  Many tools will feather or blend the edges of the marked area, and this will 

cause problems later on. This was used to define areas of interest such as portal tracts, 

capsule or lesions (Figure 44B) and the structures modelled in the final 3D 

reconstruction.  Each RGB colour code defined an aspect of the final 3D model, e.g. red 

for blood vessels, green for capsule, blue for lesion.  A saturated blue (RGB, 0,0,255) 

rather than one like that of haematoxylin was used. Critical to this step was the use of 

lossless image formats as lossy formats, such as .jpeg, can cause image artefacts and loss 

of colour fidelity reducing the accuracy of the model.  In essence each image slice has 

been hand segmented according to the prevalent tissue morphology. 



152 

 

Registration: The images were registered using a custom MATLAB (The Mathworks, 

Natick, Massachusetts, USA) script. This script allows two images of serial sections to 

overlay each other and the alpha (transparency of the images) to be adjusted to visualise 

both images at once. Distinct features such as the liver capsule and the edge of the tissue 

can be used to align each image over one another and when a best fit is found the images 

are then automatically cropped and saved, (Figure 44C) forming a stack of registered 

images.  

Extracting binary matrices: From the stack of registered images, we created a stack on 

binary matrices for each different type of feature i.e. Each colour used in the Mark-up 

step.  A 2D binary matrix is an image composed of solely 1 and 0s and can be visualised 

as a black and white image with no greyscale between. To create the binary matrix from 

the markup images we used a second custom MATLAB (The Mathworks, Natick, 

Massachusetts, USA) script in which a colour range is chosen and the pixels within the 

range are given a 1, and those without a 0, thus picking out a particular marked up feature. 

For example, the range chosen for the saturated blue mentioned in ‘Mark-up’ would be 

inclusive of only the pixels with a RGB value of 0,0,255, respectively. The range can be 

widened to pick out tissue features such as all the collagen in a SR-stained section if the 

stain is of sufficient quality. Each stack of 2D binary matrices when combined as a stack 

into a 3D binary matrix forms a 3D representation of each marked up feature.   

3D matrix: The segmented data of each morphological feature was subsequently rendered 

in 3D using an in-house developed MATLAB-script (The Mathworks, Massachusetts , 

USA).  From this 3D binary matrix of voxels a triangle mesh was formed on the outer 

surface of the voxels and the mesh was saved as a Standard Triangle Language (.stl) file 

(Figure 44F– collagen). A separate .stl file was created for each feature, e.g. blood 

vessels, capsule, lesion.  
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Mesh visualization: .stl files are a commonly used file format for 3D meshes. The images 

in Figure 44F are from Meshlab (Cignoni et al 2008) open-source software. Meshlab is 

an open-source software created and maintained by the Visual Computing Lab, part of 

the ISTR-CNR in Pisa, Italy, www.meshlab.net. Multiple meshes, one for each feature 

were loaded into the 3D space retaining their initial relative positions to one another and 

textured to create a final 3D model of the tissue (Figure 44G). 

5.3 Results 

5.3.1 Descriptive Histology: 

A total of 17 lesions were analysed for histology. Lesions were observed in subcapsular 

location, 0.5cm infracapsular. The histotripsy lesions consisted of an area of loss of 

hepatic plates within the hepatic parenchyma (Figure 45). The core of the lesion consisted 

of loose eosinophilic material (Figure 46A). Hepatocytes or other cell types could no 

longer be identified. Minute specks of basophilic material were also present in places in 

keeping with nuclear debris and scattered nuclei appeared to be morphologically intact 

(Figure 46A inset). These changes were designated as “type A lesions” and were present 

in all 15 samples. Smaller areas characterised by dense eosinophilia including 

eosinophilic clumps were also present in all 15 samples, usually at the periphery of type 

A lesions (Figure 46A). These areas were designated as “type B lesions”. The 

perisinusoidal extracellular matrix (ECM) marked by the reticulin stain in type A and 

type B lesions showed loss and fragmentation of reticulin fibres (Figure 46B). The 

perilesional hepatocytes and their supporting ECM were morphologically intact. 



154 

 

 

Figure 45 - An example of a well-demarcated BH lesional site, measuring at 2.34 mm by 1.19 mm in this plane of section (scale bar shown), 
delineated by asterisks, and composed of type A and type B lesions, with minimal formation of cavities. The lesional site spreads over 
adjacent lobules and is not demarcated by interlobular septa (H&E). The cellular contents appear not to be fully aspirated at the time of 
procedure. (The lesion was obtained as a wedge and not bisected through prior to histological analysis) 

 

In all cases, ambient interlobular connective tissue septa within the histotripsy lesion 

showed distortion. In 10 out of 15 cases (67%) broken interlobular septa were also 

identified (Figure 46C-F). The collagen fibres in distorted septa retained their 

birefringence properties under polarized light (Figure 46D-F). This type of collagen fibre 

damage was designated as a “type C lesion”. Type C-lesions often co-localised with type 

B lesions. In some of the distorted septa collagen fibres appeared to have condensed into 

coarser bright red bundles or clumps showing reduced or no birefringence under polarised 

light (Figure 46e and f). This type of collagen damage was designated as “type D lesion”. 

Type D lesions also tended to co-localise with type B lesions.  
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Figure 46 -(a) H&E: type A and B lesions. Nuclear debris and scattered nuclei were present in type A lesions (a, inset). 

(b) Reticulin stain: loss and fragmentation of reticulin fibres (long thin arrows) at lesional site. Please note sharp 

transition (asterisks), with nearby preserved hepatic plates showing an intact reticulin framework (short arrows). (c–

f) Picro–Sirius red stain. (c,d) A broken interlobular septum is shown at lower (c, arrow) and higher (d) magnification. 

(e) and (f) show retention (asterisks) and loss (arrows) of collagen birefringence in type C and type D lesions, 

respectively.  

In all cases damaged portal tracts were present at the periphery of the BH lesions (Figure 

47a) with encasement and/or damage to local small portal biliary and/or vascular 
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structure-. In one case the BH lesion broke the wall of the branch of a portal vein of 800 

µm cross sectional diameter (Figure 47b).  

In 11 (73%) cases the core lesion included empty spaces. The liver surface capsule 

appeared intact in all cases. The BH lesion was more than 2 mm deep in most (11, 73%) 

specimens and affected the subcapsular parenchyma in 4 (27%) specimens. In these 4 

specimens one or more deeper BH lesions were separated from the subcapsular lesion by 

intact liver parenchyma.  
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Figure 47 - (a) BH lesion extending to a nearby portal tract with injury to portal vein (asterisk), bile duct (long arrow), 

and encasement of an arterial branch (short arrow) (H&E). (b) Injury to a portal vein that is 834 µm in diameter 

(green bar). 

5.3.2 3D reconstruction 

The 3D reconstruction of two histotripsy sites was successful. Two lesions are created 

using similar parameters but have different appearance. The first reconstruction showed 

an ovoid lesion resting onto porto-septal connective tissue and approximately 1 mm deep 

of the liver capsule without a connecting track (Figure 48a). The second reconstruction 

showed that the lesion was composed of several minute spots of hepatic plate injury 

aligned on an oblique axis to the liver capsule plane (Figure 48b) and scattered to a depth 

of 6 mm from the liver capsule. 

 

Figure 48 - Three-dimensional reconstruction of two HT lesions. (A) The first HT lesion is shown as a blue nodular 

area resting against the convergence of two fibro-connective vascularized (red) septa (grey) and well away from the 

capsule (green). The second HT lesion (B) is shown as multiple blue lesional foci aligned on an oblique axis to the 

liver capsule plane (green). Vasculature is in red. 

 

5.3.3 4.0 Discussion 

We have evaluated the effect of histotripsy in a viable perfused porcine liver ex vivo 

model with a histological evaluation of 15 excised lesions. 
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Perilesional liver parenchyma: The BH lesion was sharply demarcated and the 

hepatocytes and their supportive ECM facing the edge of the BH site appeared intact, 

histologically. We could not confirm, however, whether their enzymatic activity was 

preserved, using techniques such as the nicotinamide dinucleotide diaphorase (NADH-d) 

(428, 432), because we used formalin-fixed and paraffin-embedded sections. Apoptosis 

has been described in the liver parenchyma surrounding areas of necrosis caused by in-

vivo radiofrequency ablation in pig livers (433) or by in vivo conventional thermal high 

intensity focused ultrasound (HIFU) in rabbit livers (434). In both these other models, 

there was a time interval of a few days for the apoptotic process to develop fully, possibly 

due to reperfusion of the ablated tissue (433) and the effect of reactive oxygen species 

released locally (434). Whereas we removed the specimens for analysis immediately after 

completing the histotripsy. 

Portal tract involvement: The border of the lesion extended to portal tracts, usually of 

small size, although, in one instance, a larger portal vein branch was involved and 

damaged, suggesting that vessels larger than the 300µm threshold, proposed by 

Khokhlova et al.(435), may be susceptible to histotripsy damage. Of note, rupture of 

vessels ranging in size from approximately 50 to 500 (343) and portal and hepatic vein 

thrombosis (367) have been observed in specimens from two in-vivo histotripsy porcine 

models. 

Effect of BH on collagen and reticulin fibers: Loss of SR-stained collagen birefringence 

(is a sign of collagen disruption) has been observed in rodent aorta treated with laser 

welding (436) and in laser irradiated bovine tendons (437), but, to our knowledge, it is a 

novel finding in BH sites in pig liver. The loss of the reticulin framework inside the BH 

site indicates that BH does not affect the cellular component exclusively, but it disrupts 

the ECM scaffolding of the hepatic plates. This is in line with the findings by Macoskey 
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et al.(430), who showed a progressive deterioration of the ECM with increasing number 

of histotripsy pulses and followed by a loss of the cellular component. The presence of 

type D lesions away from the main histotripsy site are similar to the narrow regions of 

thermal damage described by Khokhlova et al. (338)in an in vivo porcine liver model. 

This observation suggests that thermal energy may be transmitted along connective tissue 

septa, a feature previously reported using liver microwave ablation (438). However, it is 

possible that the margin of the cellular liquefactive area reaches these points in the deeper 

parts of the specimen that are not included in the planes of the sections examined. 

Regardless of the precise mechanism involved, the histotripsy track releases sufficient 

energy to break the connective tissue septa present physiologically in porcine liver, and 

the same effect would be expected on the pathological septa forming in chronically 

diseased hepatic tissue in humans as part of fibrosis progression secondary to chronic 

liver disease. 

Liver capsule: The BH site was subcapsular in some instances, but the liver capsule 

remained intact in our series despite the direct contact with the BH probe. The presence 

of an intact capsule is likely to reduce the impact of focal damage to vessels or biliary 

radicals following in vivo histotripsy, as any bleeding or bile leakage would be contained. 

Limitations: There are technical limitations that need to be considered when interpreting 

our results. The specimens were obtained as part of a protocol that also involved cell 

harvesting from the histotripsy sites. The aspiration of the lesion liquid center or cell 

analysis may have partially affected the lesion appearances, particularly the formation of 

cavity-like spaces in some of the specimens. It is therefore not possible to confirm or 

exclude whether these cavities are due to boiling bubble nucleation or cavitation. 

Our study design did not allow us to make a precise and reliable quantitative correlation 

between the type and extent of tissue damage and the BH parameters, including the effect 
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of perfusion. The value of this histological review is to give information about the type 

of tissue damage observed, lesional boundaries, and the relationship with nearby hepatic 

parenchyma, portal structures, and connective tissue septa. The lesional area may not be 

fully represented in the two-dimensional assessment performed in each specimen. 

Three-dimensional reconstruction. The purpose of the 3D reconstruction of two 

additional specimens was to address this limitation. Our two models showed that 3D 

reconstruction is feasible and gives valuable insight into the size, shape, and localization 

of the BH lesional site and its precise relationships to ambient anatomical structures. The 

first model, in particular (Figure 47a), shows that the lesional site rests against a portal 

tract and fibrous septa, suggesting that the connective tissue interface could reflect at least 

part of the energy. Further work is necessary to confirm this observation, but future 

studies aimed at refining the BH protocol (is to optimize the size, location, and nature of 

the BH lesions should consider the use of 3D reconstruction and correlate the 3D 

appearance, size, and location of the BH lesions with the BH procedure ultrasound 

parameters. 

5.4 Conclusions 

In summary, we describe in detail the effects of BH on a series of viable perfused porcine 

liver specimens. BH produces well-demarcated lesions, causing damage to both cellular 

and ECM components of the hepatic plates, and delivers sufficient energy to alter the 

configuration of collagen bundles, break ambient fibrous septa, and damage portal tract 

structures, including relatively large portal vein branches. The lesion is well demarcated 

with a very sharp border, where both the cellular and ECM components of the perilesional 

hepatic plates appear morphologically intact. The liver capsule is not affected by direct 

contact with the BH probe. A 3D reconstruction of BH sites is feasible and has great 
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potential to correlate the BH parameters with the site, size, and nature of the BH liver 

lesions created. 

As a result of these findings, we set to analyze the core content of the cavity created by 

the BH further.  
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Chapter 6 Liver ultrasound histotripsy: Novel 

analysis of the histotripsy site cell constituents 

with implications for histotripsy application in cell 

transplantation and cancer therapy 
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6.1 Introduction 

Only liver transplantation can cure end-stage liver disease and liver-based metabolic 

diseases. However, donor organ shortages have limited treatment (439, 440). Allogenic 

hepatocyte transplantation may replace liver transplantation. Over the past two decades, 

hepatocyte transplantation has moved from bench to bedside. Standardised methods for 

human hepatocyte isolation, culture, and cryopreservation have expanded clinical 

programs (439, 440). Standardized techniques have been established for isolation, culture, 

and cryopreservation of human hepatocytes that have led to the expansion of the clinical 

programs (441). Clinical hepatocyte transplantation safety and short-term efficacy have 

been proven (125, 442, 443). However, a major problem is the shortage of donor organs 

from which to isolate hepatocytes as viable organs are utilised for whole organ transplant. 

Only sub optimal grafts which have been declined for whole organ transplants are 

currently being offered for cell isolation. This may partly explain why hepatocyte 

transplantation has failed to achieve a major clinical role in the treatment of liver failure 

as the grafts used for hepatocyte transplant have low cell yields and methods for 

engraftment are currently inadequate to justify wider clinical application (444). In 

addition to above, the major limitation to hepatocyte transplantation by portal perfusion 

is portal vein thrombosis.  

Current techniques for isolation of hepatocytes from liver tissue usually involve a 

combination of mechanical disruption and the perfusion of collagenase via major hepatic 

veins (444-446). The mechanical and chemical treatment damages the harvested cells and 

has resulted in low cell yields. Current success of cell engraftment is dependent on the 

number of viable cells extracted and implanted. Repeated hepatocyte transplantation has 

been shown to increase the number of engrafted cells above 5% (recipients liver cell 

mass), a level sufficient to correct some metabolic defects (447). Primary adult 
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hepatocytes lose function and viability following isolation and culture and have limited 

proliferation potential in vitro (447). Thus, a new approach is required for both isolation 

and engraftment to improve the outcome of cell therapies for both acute and chronic liver 

disease. Apart from cell transplantation, availability of viable human hepatocytes is 

essential for testing new systemic therapies to evaluate hepatotoxicity and could help 

accelerate scientific studies in other disciplines. Hence, the need to expand and improve 

techniques for viability of isolated hepatocytes could range from use of iPSc to novel 

technologies such as histotripsy. 

Histotripsy has been investigated as a method for decellularization and in treating cancers. 

In boiling histotripsy (BH), localized, high-amplitude shock waves cause rapid tissue 

heating, resulting in the formation of a boiling bubble within the tissue (373). The 

interaction of incident US shocks with the boiling bubble results in tissue disruption and 

liquefaction without significant thermal injury to the tissue. This happens because the 

timescales of heat diffusion and thermal injury are much longer than those of the 

mechanical action of oscillating bubbles (375, 376, 419).  

This property of histotripsy led to experimental work on the decellularization of tissue 

while maintaining a degree of extracellular structure (i.e., preserved blood vessels at the 

site of HIFU insonation) (344, 448, 449). Histotripsy has not previously been applied to 

hepatocyte isolation from liver tissue or as a potential technique to facilitate cell 

transplantation. Moreso, the vast majority of current cell extraction techniques (125, 440-

445) have been based on the collagenase digestion technique [originally developed by 

Berry & Friend (450)] , which of itself is time consuming and expensive.  Use of 

histotripsy to extract cells in the perfused whole organ system provides an alternative to 

collagenase cell extraction. Histotripsy not only can help in cell extraction but also in 

implantation of extracted cells by creating a niche environment for the cells. In this paper 
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we demonstrate a novel method for hepatocyte isolation using histotripsy in a perfused 

liver model. Perfusion of the isolated liver maintains tissue viability and vessel patency 

and has been shown to influence the quality of the lesion created by the HIFU system 

(451). 

6.2 Study Aims 

To assess the contents of the cavity produced by BH in normal liver and characterise the 

content of the cavity. 

6.3 Study Objectives 

• To establish a protocol for porcine liver harvesting and perfusion to allow ex vivo 

histotripsy on viable perfused liver. 

• To use an established BH protocol to produce focal liver lesions 

• To study the fluid core produced by BH for cell content. 

• To culture the cell content and establish cell morphology and viability 

6.4 Hypothesis 

The action of BH when applied to minimise thermal effects could result in viable cells 

within the histotripsy core. 

6.5 Methods: 

To investigate the possible use of histotripsy we used porcine livers retrieved in the 

manner described below and perfused in a simple perfusion circuit in the lab. The content 

of the sonicated lesions was then aspirated, cultured and analysed.  
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6.5.1 Pre-experiment trial with different tissues:  

To assess the ability of the histotripsy parameter used previously, we trialled the 

parameters in several different tissues including perfused porcine liver, kidney, and 

pancreas. This was to test the feasibility of cell isolation and to assess the cells in a culture 

medium. 

 The preliminary work on porcine liver was to isolate cells and culture for 7 days. The 

cells would be assessed with light microscopy for morphology. Targeted kidney and 

pancreas tissues where also cultured and only one lesion from each were sent for 

histological analysis. Following the trial period the experiment was repeated as described 

below.  

6.5.2 Overall Study design: 

See Section 3.1 

6.5.3 Histotripsy set up 

See Section 3.3-3.4 

6.5.4 Perfusion set up: 

6.5.4.1. Organ retrieval – see section 3.2 

6.5.4.2. Lab based organ perfusion – see section 3.5 

Upon arrival at the organ perfusion laboratory the livers were perfused with 1 litre of 

preservation solution (Soltran, Baxter) and the core liver temperature was allowed to 

return to room temperature (ranging between 24-30 o Celsius) before being subjected to 

histotripsy insonation. Perfusion of the organ to maintain viability was via the portal vein 

(Figure 50) with the perfusate draining via the vena cava into an organ bath. The perfusate 

was not recycled. At the beginning of the perfusion, the liver was placed in an organ bath 

lying over an ultrasound reflective layer. The perfusion solution was delivered using a 
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perfusion pump (Baxter™, UK) to achieve constant flow rate of 350ml/hr confirming 

vessel patency before lesions are created by US histotripsy. The HIFU probe was 

positioned in multiple sequential locations chosen at random over the surface of the 

perfused liver with 50 pulses applied (in approximately one minute) at each site. The focal 

histotripsy lesions could be identified by the puckering of the liver capsule, a pinpoint 

dimple. Once the lesions were created the lesion was incised with a surgical blade and the 

central liquefied core was aspirated using a 20µl single-channel gauge pipette. The 

aspirate was then immediately transferred into culture medium for subsequent assessment 

of cell number and morphology.   

At the preliminary experiment we perfused liver with the perfusion circuit described 

above using 2 livers and then the repeat experiment with 5 new porcine livers. At the 

stage of the preliminary perfusion experiments we also used pig kidney ad pancreas to 

perfuse and subject to BH before aspirating the lesions.  
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Figure 49 – Experimental set up for HIFU probe and histotripsy protocol.  Retrieved pig liver is placed in an organ bag 

and cannulated via portal vein for perfusion with Soltran solution with a Baxter pump. The perfusate is collected in the 

organ bath. The perfused liver is placed under the HIFU probe. The transducer is powered by high DC power supply. 

The Power unit will be adjusted to a set parameter for the cell isolation protocol. The probe was driven by a high 

voltage pulser designed to generate short single pulses seen in photo sitting above the transducer. 

6.5.5 Pre-culture light microscopy: 

Prior to culture, the aspirates were examined under light microscope and confirmed to 

have a mixture of cells and debris. As aspirate underwent a spin process prior to culture, 

they were not stained at this stage to identify the cell type.  

6.5.6 Cell culture: cell morphology and growth 

See Section 3.10 

6.5.7 Phalloidin/ Dapi staining  

Cell morphology and growth at days 3 and 7 post seeding were examined using 

fluorescently labelled phalloidin which allowed filamentous actin to be visualised and 

Dapi which allowed the cell nuclei to be observed. Following manufacturer’s instructions 

(see methods chapter – Section 3.11) 

6.5.8 Live-Dead assay 

The viability of the cells was assessed on days 3, 7 and 21 using a Live-dead imaging kit 

(Molecular Probes, Thermo Fisher Scientific) as per manufacturer’s guidelines. See 

Section 3.11 

 

6.5.9 Morphology assessment: 

Once stained as above, the cells were examined under microscope for morphology and 

confirmed as hepatocytes following review by two independent observers and 

subsequently by an experienced hepato-pathologist. 
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6.5.10 Cell Titre-Glo Metabolic Assay 

See Section 3.14 

6.5.11 H&E and Picrosirius Red Staining: 

See section 3.7 

 

6.5.12 ImageJ Software: 

ImageJ 1.52 (National Institute of Health, USA) was used in processing and optimisation 

of the images acquired from histology and cell microscopy. Cell Count plugin was used 

for counting cells in the Live-dead and DAPI microscopy images. Figure J plugin was 

used in construction of optimised images for publication.  

https://imagej.nih.gov/ij/index.html 

 

6.5.13 Statistical methods 

GraphPad Prism© 6 software was used in the analysis of the data. Chi-squared test was 

used to compare the proportion of live cells on day 1 and day 7 post culture. Student’s t 

test or Mann–Whitney tests were used to determine the difference, which was set at 

P<0.05. We did not use statistical methods to predetermine sample size, there was no 

randomization designed in the experiments, and the studies were not blinded. Data are 

represented as mean±SEM or median where appropriated. 

6.6 Results: 

The result of the preliminary study is presented here first followed by the results of the repeat 
experiment.  

 

https://imagej.nih.gov/ij/index.html
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6.6.1   Preliminary study of histotripsy in liver tissue 

Initially two pig livers retrieved in the same manner as described in section 3.2 were 

perfused in the perfusion lab (Section 3.5) and were subjected to the same US histotripsy 

parameters described in section 3.3-3.4. There were 10 lesions that were aspirated for the 

cell suspension and the initial aspirate were analysed under microscopy without spinning 

the sample.  This revealed a supernatant of suspended cells and debris. 

Once the suspension examined under microscopy the aspirates were cultured in a cell medium as 

described in section 6.5.6.  

Figure 50a shows the microscopy results of the trialled culture cells at 17 hours after culture. 

There were lots of cells visible under the light microscopy after 12 hours. The cultured aspirate 

not only contained cells but also cells and debris (Figure 50) and this was because we did not 

spin the aspirates to purify for cells. The cultured cells were examined at day 7 to see if they have 

survived the culture medium conditions. It’s worth noting the culture medium was un-optimised 

and the medium would only receive top up with addition of antibiotics. On day 7, the number of 

cells has clearly decreased to a very few scattered cells. Interestingly, there was evidence of cells 

clumped together (Figure 50D - 3D asterisk). However, whether these cells were alive, or dead 

was not evident from the light microscopy result and required further assessment on repeat 

experiment.  
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Figure 50 – Light microscopy analysis of the aspirated cells following culture. (A) shows the cultured aspirates 24 hours 

after aspiration and after culture in the cell medium. (B), (C) & (D) are light microscopy analysis of three different 

plates at day 7 post culture. It shows the number of cells has reduced significantly but there are a few scattered entities 

that could represent cells clumped together. Red asterisk in (D) denotes possible clumped cells. 

 

* 
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Figure 51 – A closer look at the cultured aspirates at 17 hours (Zoomed in Figure 4a) revealed interesting observations 

that prompted further investigations to characterise the aspirates. There was evidence of round bodies which could 

represent cells as well as projecting cells that may represent dividing cells.  

 

6.6.1.3. Results of histotripsy in other porcine organs 

We also targeted porcine kidney and pancreas to assess and examine the utility of the 

histotripsy for cell isolation within these tissues. These were used with the same treatment 

protocol as described in section 6.5.3 but different tissues. Four aspirates from four 

different kidney lesions (Figure 52), produced a few scattered cells, however they were 

too few and they were not cultured. Similarly, pig pancreas (Figure 53) was subjected to 

same parameters of the histotripsy that was used for liver and again it produced a core 

with cells and debris. This was not cultured as it was not the aim of the study, more so it 

was difficult to identify the lesion for aspiration as the tissue consistency was different to 

the liver tissue. 
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Figure 52 – Images A-D represent the initial microscopy of the aspirates form the 4 kidney lesions produced. The initial 

aspirates show very few scatter cells. However, their characteristic remains to be further examined.  

 

 

Figure 53 – Pig pancreatic tissue subjected to histotripsy sonication. The H&E staining reveals a lesion with core 

suspension of cells and debris. However, as the pancreatic tissue is more fatty and less vascular than the liver tissue 

there is more architectural distortion noted in the lesion.  
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Following our initial trial attempt to test the idea of histotripsy assisted cell aspiration and 

culture we conducted a refined method with perfused pig liver only. The results are as 

follows. 

6.7 Detailed evaluation of liver histotripsy site 

aspirates (repeat liver experiment results) 

6.7.1 Organ perfusion, viability, and lesion creation & cell aspirate 

All livers were successfully flushed and achieved uniform perfusion based on the visual 

appearance of the organ. Livers were perfused with non-oxygenated perfusion fluids at 

350mL/hr (as described in section 6.5.4) via the portal vein and the median starting 

temperature of the perfusate was 29℃. The experiments were repeated with 5 different 

porcine livers and similar histotripsy parameters of the HIFU machine was used. We 

analysed 130 individual lesions from these 5 livers using this protocol. After perfusion 

all livers maintained a degree of bile production confirming viable livers capable of bile 

production and excretion. Following treatment with histotripsy each lesion was bisected 

and the contained cell suspension in the core of lesion was then aspirated. Time taken to 

aspirate each lesion is less than a minute. To increase the volume of cell suspension the 

aspirate from three sequential lesion was combined in each well of the 96 well culture 

plate resulting in 43 plates/wells in culture. 

6.7.2 Histology of lesions 

The histotripsy lesions were evaluated by an experienced liver histopathologist (AQ). They were 

typically about 0.5 cm below the surface of the liver capsule (Figure 54). The core of the lesion 

contained a suspension of cells mixed with extracellular matrix debris (Figure 54 & Figure 55). 

The typical histotripsy site appeared histologically to track from the subcapsular region to an 
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intraparenchymal depth of about 0.5-1cm. Except for sampling and embedding artefacts the liver 

capsule was intact. The histotripsy site consisted of an area of loss of hepatic plates and supporting 

matrix, with rupture of intervening interlobular septa and in a few instances of portal structures. 

In two cases the ruptured portal, biliary and vascular structures were small (artery and bile duct 

of 125micron diameter, and portal vein maximum diameter 250 micron) but in one case the 

histotripsy broke the wall of a branch of the portal vein 800µm-diameter. The histotripsy area was 

sharply demarcated with hepatocytes a few microns away from its edge appearing intact 

morphologically. There was no difference in description of histological appearance of the lesions 

obtained from the periphery of the liver or more central lesion.  

 
Figure 54 – H&E cross section staining of the HIFU histotripsy lesion. (A) Example of a lesion with its core suspension 

aspirated for analysis. The * marks the core of lesion where cell suspension would have been and HIFU creates a cavity 

of about 3.8mm in size. The two square areas are zoomed in, left box corresponds to (B) and right box corresponds to 

(C) which show intact hepatocytes detached by the force of histotripsy. The force generated is focused and the adjacent 

cellular and extracellular components are preserved. (B) Reveals the impact of the histotripsy force resulting in 

fragmenting cells into fine fragments (*) and causing in mechanical disturbance of adjacent cells. The arrow marks 

damage to a nearby vessel. (C) The force not only results in destruction of cellular and extracellular components into 

fine granules, but it can also result in burst of the cell membrane (►) whereas other cells escape (↑) the full impact of 

the force generated and are either in clusters of intact cells or as individual cells in the core suspension.  
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Figure 55 – Harvest from each lesion demonstrating different quantity and type of cells being extracted. (A) Cell 

extracts 24 hours post culture prior to spin reveals a mixture of different cell types. Arrow points towards a fibroblast, 

(B) 2 days post culture (C) 4 days post culture (D) 6 days post culture 

 

6.7.3 Cell Culture: 

Immediate after cells were passed the centrifugation stage and filtering as described in 

methods, cells were cultured in the 96 well plate with RPMI and antibiotics. Wells 

remained free of florid infection and no well was discarded due to infection.  
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6.7.4 Cell type, appearances, and numbers at baseline 

An initial manual count of the cells within the aspirate revealed approximately 2446 

cells/aspirate equating to 61×104 cells per mL. Although the number of cells aspirated 

from each lesion was variable (Figure 55), the count was approximately 36.6×104 cells in 

600µl of aspirate. Given each well contains 3 aspirates then the total number of cells 

cultured per well was approximately 1.86×106. Initial cell aspirates contained cell debris 

along with a mixture of possible different cells (based on microscopic morphological 

appearance). Extracellular matrix components were also present (Figure 55). A live-dead 

staining analysis along with manual count of cells on day 1 revealed viable cells to be 

between 12-16% (approximately 1520 cells per well) of the cell population and mixed 

with several dead cells (approx.  7680 cells per well) (Figure 56).  

 
Figure 56 – Live-Dead staining 24 hours post culture reveals several liver cells (Green fluorescence) along with debris 

and dead cell (red stains) (20x zoom). (B, C, D) Cells in other well plates also show a mixture of live and dead of different 

quantity.  
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6.7.5 Cell division and viability in culture 

DAPI staining of cells 7 days post culture revealed live cells that have started to clump 

together (Figure 57). The cells have an intact cytoskeleton and have started to form a 

network. The number of live cells per well almost doubled between baseline and day 7 

(Day 1: 1206 cells to Day 7: 2022 per well) (Figure 58) and there is a change from 12% 

to 45% live cell after 7 days of culture. The increase in viable cell numbers was 

statistically significant (P<0.0001) (Table 14). Morphological analysis of the live cells on 

the 7th day confirms adult hepatocyte replication and survival. Metabolic activity of the 

cultured cells analysed using cell titre-Glo assay showed an activity peak 7 days post 

culture (Figure 59). This was a significant increase when compared to control (medium 

alone) (P<0.0001); Luminescence: 3.57 RLU2). This assay is known to have a high 

sensitivity for cell proliferation and cell toxicity. Given the low volume of cells we were 

working with this assay proved to be ideal in assessing the metabolic activity of live cells. 

Although there was a decline in average activity per well from the first week onwards 

(Average Luminescence: 24.6 RLU), cultured cells also displayed metabolic activity 21 

days post culture (Average Luminescence: 7.85 RLU) when compared to control group. 

Metabolic activity was demonstrated across all wells over the 21 days of culture 

monitoring.  

 

 

 
2 RLU: Relative Light Units; measure of luminescence to measure Cell Titre-Glo activity 
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Figure 57 – Phalloidin & DAPI stain 7 days post culture revealing clusters of live cells with preserved cytoskeleton. Blue: 

live cell nuclei; Green: cytoskeleton of hepatocytes. (A) Green fluorescence showing the cytoskeleton of the 

hepatocytes, revealing intact cytoskeleton network and clumped group of cells at 7 days post culture. (B) Blue 

fluorescence revealing nuclei of live hepatocytes. (C) Combined fluorescence of the superimposed nuclei and 

cytoskeletal staining, revealing live cells clumped together at 7 days post culture while preserving their skeletal 

integrity. The cells seem to conform to a 3D structure and bound to a natural matrix. (40x Zoom EVOS microscopy)  
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Figure 58 – Live-dead cell count analysis. Using ImageJ software (live-dead plugin) number of liver cells were quantified 

on Day 1 and Day 7. There is an increase in the number of live cells 7 days post culture. Almost double the number of 

live cells observed a week after culture and this indicates replication and cell activity.  

 

 
Table 14 – Analysis of Live & Dead cell of cell culture day 1 and day 7 post culture 

 
Live Dead Total % Live 

D1 1206 8690 9896 12.2 

D7 2022 2460 4482 45.1 
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Figure 59 – Cell Titre-Glo Metabolic assay. Showing a significantly high metabolic activity a week post culture and this 

reduces 21 days post culture. Albeit a reduced activity has been shown 21 days post culture, this is still higher than 

control group that contain no cell.  

6.8 Discussion: 

We report the first detailed analysis of the cell aspirate and culture and it correlation with 

local histological changes following liver histotripsy of viable whole liver organs in vitro 

using an isolated perfused organ system. Here we discuss our preliminary cell experiment 

results along with factors influencing cell harvest and viability as well as factors 

influencing the success of harvested cells to remain alive and functional in culture 

medium.  

6.8.1 Preliminary liver studies 

The study established that histotripsy could effectively generate localized lesions in 

perfused porcine livers similar to the previously described lesion in the previous chapters 

and the can be aspirated can be further analysed. Our initial analysis of the lesion cores 
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revealed a mixture of cells and ECM debris. The application of histotripsy at a frequency 

of 1 Hz and a 1% duty cycle minimized thermal effects while maintaining tissue viability. 

The method demonstrated the feasibility of liver cell isolation. However, the preliminary 

results are limited by a number of factors: (1) limited number of lesions created and 

bisected to be aspirated for cell analysis; (2) this meant the volume of cells per well would 

be very low; (3) the culture medium was not optimised for culture as we did not expect 

to fine cell with intact morphology. The preliminary results of the liver culture revealed 

sonication can result in a lesion that its core can have viable cell. Given there were viable 

cells even at day 7, necessitated a repeat experiment to assess viability of the cells further. 

Especially when, there was evidence of round bodies which could represent cells as well 

as projecting cells that may represent dividing cells (Figure 51). Lastly, our preliminary 

experiment lacked histological correlation and functional study of the cultured cells. 

6.8.2 Other Organ Histotripsy 

Histotripsy applied to perfused porcine kidneys and pancreas revealed limitations due to 

tissue consistency differences. Kidney lesions produced fewer cells, while pancreatic 

lesions showed greater architectural disruption. The fatty and less vascular nature of 

pancreatic tissue posed challenges in lesion identification and cell aspiration. There was 

more damage noted in the pancreas tissue due to the higher fat content and the fact its a 

less vascularised organ compared to liver (Figure 53). These are in line with the work 

previous in-vivo observation and findings that the water content and vascularity of the 

tissue affected the degree of injury (252). The findings also suggest that organ-specific 

parameters might need optimization to achieve comparable outcomes across different 

tissues. These early observations of cell isolation and culture following histotripsy have 

not been shown before. Thus, highlights the potentials of histotripsy in cell isolation in 

pancreatic tissue (i.e. islet cell extraction). We did not repeat the experiments inpancreatic 
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and kidney as the parameters we had selected were specific for liver tissue and our aims 

and objectives were to focus in liver cell therapy.  

6.8.3 Histotripsy regime and the nature of the liver lesion based on 

histology. 

There are several factors that affect the extent and nature of the histotripsy lesion in the 

liver. The histotripsy treatment dose applied is important in creating a lesion in which the 

core consist of a liquified suspension. Khokhlova et al (264) noted that the histotripsy 

area is sharply demarcated and hepatocytes a few microns away from the lesion edge 

appear morphologically intact. We have noted similar findings in our study. However, 

with our treatment protocol we have seen damage to branches of a portal vein larger than 

those observed by Khokhlova et al (264). This finding may have important clinical 

implications as it highlights the importance of appropriate dose adjustment for the tissue 

being sonicated (424) as well as appropriate adjustment for the aim of the sonication (i.e. 

Tumour ablation vs mechanical decellularization). For example, dose applied for cell 

harvest would be different for those applied for tumour ablation.  Break in vasculature in 

the clinical setting could of concern in terms of bleeding and dissemination of tumour 

cells when using histotripsy to treat neoplastic lesions. Worlikar et al (369), demonstrated 

tumour regrowth following treatment of murine HCC with histotripsy. Our study 

revealing for the first time the presence of live cells within the core lesion post histotripsy 

could explain the finding of tumour regrowth due to the persistence of viable cancer cells 

in the liquified lesion core. Although the focus of this paper is not cancer treatment this 

finding may be highly relevant to tumour treatment using histotripsy. 

It should be noted, however, that the process of liver perfusion with Soltran might 

introduce stabilised gas microbubbles in the vasculature which are likely to oscillate as a 
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response to the incoming acoustic field (452, 453). These pre-existing bubbles could then 

cause mechanical damage to the vascular wall to a higher extent than bubbles that 

nucleate “from scratch”, I.e. solely as a response to the acoustic field, like those observed 

in intrinsic histotripsy and boiling histotripsy protocols (264).  

The histotripsy set-up used in these experiments was based on previous boiling histotripsy 

protocols for the mechanical disintegration of bovine, porcine and murine liver tissue 

(435). Fifty histotripsy pulses were used to achieve mechanical ablation of the treatment 

area. Previous works have used 5 to 50 pulses and reported complete tissue emulsification 

upon further histological analysis (449, 454). Khokhlova et al. (359) in experiments 

sonicating in-vivo porcine liver also demonstrated on histology disruption of the core 

with sharp demarcations. Previous experiments in tissue phantoms show that the degree 

of mechanical fractionation of the treatment zone increases with increasing pulses (375). 

None of the previous studies have analysed content of the histotripsy lesions.  

In our study, a Pulse repetition frequency (PRF) of 1 Hz was used so that the focal region 

had time to cool down before subsequent pulses and avoid thermal damage. Following 

from simulation results a 1% duty cycle was used in order to raise the focal temperature 

so that focal peak-negative pressures surpass the temperature-dependent nucleation 

threshold of soft tissue (373) for sonication at an ultrasound frequency of 2 MHz. By 

optimising the duty cycle of our experiments in terms of the minimal pulse lengths 

required for bubble nucleation, it is also possible that thermal damage inflicted by HIFU 

heat deposition is minimised, contributing to increased viability of cells within the 

treatment zone. These results highlight the importance of HIFU parameters in relation to 

the biophysical effect required. 
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A future formal comparison in the protocol used with different range would substantiate 

these results and help further with parameterisation for different purposes.  

6.8.4 The use of the perfused organ as a model 

Ex-vivo perfusion systems cannot perfectly replicate the physiological conditions of a 

living organism, such as dynamic blood flow, oxygenation, and metabolic processes. 

However, our simple perfusion circuit maintained a degree of viability to allow for 

intervention and evaluation like the circumstances in-vivo, most notably the vessel 

patency (455). Even though the perfusion circuit aim was to allow perfusate to pass 

through and keep the vessels patent, achieving consistent perfusion across the entire organ 

can be challenging, potentially leading to under-perfused areas that may affect cell 

viability and yield. Lack of an oxygenated circuit and lack of nutrient in the perfusate can 

also impact viable cell harvest. Presence of oxygenated perfusion can have an impact on 

the oxidative stress and energy status of the cells and organ (456). The presence of 

perfusion would have an impact in preservation of the ECM and increasing chance of 

mechanical dissociation of cells by increasing water content of the tissue. This is better 

reflected by our previous histological experiments on the effect of BH in perfused vs non-

perfused porcine liver.  

6.8.5 Effect of perfusion & perfusate on cell harvest 

Perfusion and organ viability may in part explain the presence of viable cells in the 

histotripsy cavity. In our study, perfused livers produced a lesion with core suspension 

that was aspirated and cultured successfully which was repeatable from every lesion. The 

liver is a highly vascular organ, and the circulation creates a heat-sink effect for thermal 

injury. The heat-sink effect of the perfusion in the setting of histotripsy may play an 

important role in the viability and success of the cells isolates (264). Although, the heat-
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sink effect is an important factor to consider in the success of cell extraction, one should 

bear in mind that the timescales of histotripsy are of the order of milliseconds, whilst the 

timescales of perfusion are of the order of seconds. Hence, other factors in the perfused 

model could influence the cell isolation. Since the histotripsy mechanism is non-thermal, 

the heat-sink effect from blood vessels adjacent to the histotripsy site is unlikely to be a 

significant factor (341). The cavitation cloud initiation threshold changes with 

temperature as well as the tissue’s strength, density, and water content (457, 458). The 

water content of the tissue in the perfused model will be higher than that of a non-perfused 

liver. Vlaisavljevich et al (458), demonstrated in 43 types of harvested porcine tissue the 

importance of tissue density, water content, ultimate stress, and ultimate fractional strain 

in determining tissue erosion after sonication. This affects the histotripsy profile and rates 

of heat deposition/transfer around the lesion and makes parametrisation tailored to the 

tissue an important aspect to consider (457). Such factors attributed to the organ perfusion 

could explain the success of extracting viable cells from the core lesion. The role of 

perfusion is more so highlighted by the fact the retrieved liver would become less viable 

as time passes prior to perfusion. Studies from normothermic machine perfusion of the 

liver reveal once liver is perfused the viability of the organ is also improved (459).   

The organ perfusion system utilised Soltran clinical organ preservation solution (also 

known as Hypertonic Citrate solution) which may have been an advantage for the cell 

isolation. This simple solution is based on high concentrations of citrate as the major 

anion (460) which is also an efficient chelator of calcium ions. The standard collagenase 

digestion systems are based on two-step perfusions in which an initial perfusion is made 

with calcium-free solutions (461), on the basis that this starts the process of weakening 

attachments between the liver cells and extracellular matrix components. Removal of the 

Ca2+ in the first step helps to disrupt desmosomes, while the addition of the Ca2+ in the 
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second step is required for the optimum collagenases’ activity (462).  Although we didn’t 

use enzymatic digestion, in our model of experimental set-up, the presence of calcium 

chelators (Soltran Solution) may have a synergistic effect on the histotripsy sonication in 

tissue dissociation and thus aiding cell harvest.  

To our knowledge, our group is first to describe the use of a perfused organ system for 

evaluating liver histotripsy and the analysis of the histotripsy cavity constituents. The 

advantage of the perfusion system for cell histotripsy directed cell isolation includes the 

ability to change perfusate fluid according to the type of liver (463) and alteration of the 

temperature to adjust for cavitation with the intention of optimising hepatocyte viability.  

6.8.6 The cell isolates, culture, and cell viability 

Our study reveals that, following treatment with histotripsy, the core lesion contains 

several live cells that when cultured not only retain their morphology and structure but 

also retain metabolic activity and divide in standard culture medium. The initial isolate 

contains a mixture of cells and extracellular debris with the debris being removed 

following centrifugation. 

The subsequent cell isolate would contain hepatocytes and a small number of other cells 

such as sinusoidal endothelial cells, biliary canalicular cells and fibroblasts. These small 

cells could be separated from mature hepatocytes by low-speed centrifugal washes (125, 

440-445, 464).  This was not done in the current experiments as we considered that mixed 

cell cultures might sustain mature hepatocytes. The cultured cells were alive on day one 

(average of 16% viability) but remained alive beyond 7 days in standard culture 

conditions. Overall, the number of isolated liver cells almost doubles by day seven and 

metabolic activity peaks a week post culture. After a week, the number of live cells starts 

to decrease in number, most probably reflective of the lack of space in the plate. Mature 



189 

 

hepatocytes could be identified in the cultures as typical large hexagonal cells which by 

day seven have aggregated in areas of the culture forming a natural 3D network. 

It’s known that primary hepatocyte culture in-vitro can rapidly lose their cuboidal 

morphology and liver specific function over a few days (465). In our experimental culture 

hepatocytes retain morphology & function for longer period. We considered that the 

success of culturing hepatocytes from the histotripsy aspirate may be related to the 

aspirate containing some extracellular matrix and some non-parenchymal cells (NPC). 

The effect of the co-culture of the hepatocytes with endothelial cells and other NPCs has 

been shown to significantly improve liver specific function of the hepatocytes, and the 

co-culture system could further promote angiogenesis at a later stage in in-vivo tissue 

(466). Additionally, hepatocyte and NPC in-vitro co-cultivation can mimic the native 

hepatic microenvironment (467, 468). Additionally, in-vitro cocultivation of hepatocytes 

and nonparenchymal cells has been used to preserve and modulate the hepatocyte 

phenotype and function (469, 470). In our cell culture experiments, there might be limited 

natural deposition of collagen by the mixed small cell components present along with 

hepatocytes, thus aiding the natural extra-cellular matrix (ECM) deposition and cell 

network formation. In contrast the conventional hepatocyte isolation techniques discard 

non-parenchymal cells through post enzymatic digestion washing steps. Our isolation and 

culturing method allows both parenchymal and non-parenchymal cells to survive the 

process and in turn contribute towards the synthesis of ECM post culturing. Non-

parenchymal cells such as sinusoidal endothelial cells and Kupffer cells are involved in 

secretion of bioactive factors and ECM components (471-474). Kupffer cells not only 

enhance hepatocyte growth factor expression but can also produce growth factors, 

metalloproteinases, elastase, collagenase and fibronectin (474). As the cell number in the 

current experiments were insufficient for flow cytometry immunofluorescence staining 
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will be used in future experiments to further quantify and characterise the cultured cells. 

Immunofluorescence would allow better identification of cell types isolated and provides 

a more accurate count of cells cultured.  

The CTG assay used in this study has been specifically designed to measure ATP levels 

in 3D cell cultures, therefore the results obtained after the application of this assay further 

support the possibility of an ECM being present. The fact we had observed cell clumping 

together may reflect the cells in culture were organising into 3D clusters of cells. This 

structuring in-vitro allows for interaction with the cell-ECM cross talk and may have an 

impact on the longevity of culture, as previously demonstrated 3D hepatospheres retain 

morphology, live longer, and have increased functionality compared with single layer or 

2D in-vitro hepatocyte cultures (470, 475).  

CTG measure mitochondrial activity and ATP production; hence the degree of 

luminescence is proportional to the live cells within the wells. The fact that these cells 

show metabolic activity almost 21 days post histotripsy and culture mean cells can remain 

alive beyond a week with their metabolic activity intact using this method. This is an 

important finding in terms of hepatocyte preservation. Even though the culture medium 

was not optimised beyond 2 weeks, liver-derived cells were alive 21 days post culture. 

Longevity is important in cell transplantation especially when dealing with adult 

hepatocytes. Historically, methods such as supplementation of culture medium with non-

physiological inducers (i.e dimethyl sulfoxide or phenobarbital), as well as co-culture 

with other cell types have been used to enhance longevity of hepatocytes in cell 

culture(476). This method doesn’t require supplementation with non-physiological 

inducers. Additionally, the Phalloidin & DAPI staining revealed intact cytoskeleton 

network and clumped group of cells at 7 days post culture. This may reflect connection 

of hepatocytes via intermediate filaments of cell cytoskeleton with their adjacent cell. 
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Cells that have formed a network while maintaining their cytoskeleton maybe more stable 

in maintaining their morphology in cell culture. Hepatocytes are rich in gap junctions and 

cell proximity improves their interaction. In liver, gap junctions are predominantly found 

in hepatocytes and play critical roles in virtually all phases of the hepatic life cycle, 

including cell growth, differentiation, liver-specific functionality, and cell death (477, 

478).  

6.8.7 Limitation of current study, further evaluation, and possible 

implications for therapy. 

There are several limitations of the current study that could affect quantity of the cell 

extracted as well as its quality. To name parameters used could be optimised further to 

yield higher number of cells; use of human liver instead of pig liver makes the parameters 

more translatable and more suited for clinical use. The ultrasonic probe used targets a 

small area and hence to gain a high yield of cell it requires repetitive sonication of 

different areas to accumulate enough extract for cell culture. Whilst relatively low yields 

were produced by one application of histotripsy, the technique could be repeated rapidly 

across liver segments to liberate more cells. Limited cells available meant we could not 

perform flow cytometry to quantify and characterise the cultured cell through a more 

objective and robust mean. The use of flow cytometry is further limited when the cells 

clump together in later stages of the culture. The cells harvested showed varying degree 

of metabolic activity. Future work would entail modifying this model to extract larger 

numbers of human liver cells, identifying in detail the component in the mixed cell 

isolates and optimising the conditions required for long term cell culture. Subsequent 

characterisation of autocrine activity and albumin production would define the 

functionality of the isolated hepatocytes (479).  
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6.8.8 Implications for future cell therapy 

This technique may be suitable for hepatocyte isolation and subsequent auto-

transplantation, which has been demonstrated to be successful in both animal (480) and 

clinical studies (481).  New technologies in gene therapy or gene editing may increase 

the importance of hepatocyte auto-transplantation. Compared to conventional isolation 

techniques, this method provides a means of cell harvest and isolation without use of 

detergents or enzymes. The enzymes used in degradation and decellularization of liver 

tissue potentially have a cytotoxic effect on the functionality of the isolated cells that can 

alter the mechanical or genetic property of the cells (387). With the above method a small 

tissue can be targeted repeatedly without the need for any detergent to yield cells for 

harvest over a period of less than a minute. The reproducibility of the technique along 

with fast cell harvest makes it a unique technique to consider in regenerative medicine 

and cell transplantation. 

 In summary, this is the first time that histotripsy is used for cell isolation with 

reproducible results in a perfused liver model. Results from our study present a novel 

method for cell isolation and tissue decellularization that can be devoid of chemicals and 

is faster than conventional chemical decellularization and harvesting techniques. Its 

implication in clinical transplantation and regenerative medicine are substantial. Further 

optimisation of the technique is required to ensure higher quality yield with increased 

number of cells harvested. Future studies should aim to answers the limitations of the 

study and assess suitability of the harvested cells for transplantation. Although this is a 

pilot study has yielded novel results, it requires validation of the technique in human 

tissue for clinical use. In addition, with adjustment of the parameters the technique can 

be applied to other tissues for cell harvest and culture such as kidney and pancreatic tissue.  
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Chapter 7 Preliminary study on histotripsy 

assisted 3D-hepatocyte cell transplantation in in-

vivo rat liver 
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7.1 Background 

The human liver has the greatest regenerative capacity of any organ (482). Hepatocytes 

account for more than 80% of liver mass and are key in liver regeneration (483). Viral 

infections, metabolic disorders, excess alcohol consumption, and when chronic, can 

progress to end-stage liver disease (484). In chronic liver disease, a chronic loss of 

hepatocytes occurs, as well as diffuse inflammation, leading to fibrosis and cirrhosis (135, 

483). During fibrosis, the proportion of senescent hepatocytes increases, and the 

progression of the disease to liver fibrosis is associated with liver regeneration 

impairment (135). Chronic liver disease and fibrosis are associated with high mortality 

and morbidity rates, highlighting the need for effective treatment.  

Liver transplantation (LT) is the only life-saving cure for end-stage liver disease but is 

limited to a select number of patients due to a severe shortage of organ donors (484). 

Since this is unlikely to improve in the future and the demand for liver transplant is 

predicted to increase in the next 20 years, research has focused on regenerative rather than 

replacement strategies to overcome these limitations (118, 164). In the last decade, this 

focus has shifted from traditional techniques such as cellular therapy to novel engineering 

of tissue scaffolds, 3D printing of tissues and novel approaches such as histotripsy-

assisted cell implantation (348). The success of these strategies to clinical practice 

remains to be established and further research is needed to address the barriers limiting 

their incorporation into clinical practice. Nonetheless, regenerative medicine could 

provide a needed alternative to liver transplantation.  
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7.2 Introduction 

The liver is essential to life as it produces key proteins and removes harmful toxins from 

the blood. Despite enormous regenerative capacity, if the liver fails, transplantation is the 

only hope for survival. Due to the shortage of donor organs, cell therapy is an attractive 

alternative (485, 486). Cell therapy can be used to add cells to the liver or to remodel and 

repair the damaged liver (486). While functioning liver cells can be generated from stem 

cells in the lab, the current inefficient method of cell transplantation is the major 

bottleneck (486).  

In our previous studies we have shown that histotripsy can produce discernible lesion in 

perfused porcine livers. The histology of which revealed lesions with subcapsular location 

(0.5cm typically) and a length between 0.5 to 1cm with sharp boundaries. The 

preservation of parenchyma at the edge of the lesion. The cavity created with greater 

degree of ECM preservation in perfused models makes it a nidus for implantation. Our 

3D reconstruction of the images revealed the morphology of the lesion that and its 

relationship to the vasculature and biliary tree. More so, our analysis of the cell aspirates 

from the core of the lesions revealed viability of the cells that had retained its morphology 

and regenerative capacity. Our prior work has led us to set experiment to analyse effect 

of histotripsy in in-vivo animal models.  

Amongst several animals that can be used for in-vivo study of histotripsy and liver 

regeneration, rat is a suitable model. Rats have been widely used in liver regeneration 

research due to the well-characterized surgical procedures, such as the 70% partial 

hepatectomy introduced by Higgins and Anderson in 1931 (487). In addition, he 

regenerative responses in rat mimics human liver regeneration in many physiological and 

molecular aspects making them an ideal cost-effective model to study liver regeneration 

process (483, 488). Previously, histotripsy parameters were optimised for rat livers in 
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Prof Saffari’s group (449). They demonstrated in their that direct injection of cells inside 

the cavity in the in-vivo rat model can facilitate successful uptake, proliferation and 

integration of the transplanted hepatocytes in the recipient liver with restoration of plasma 

albumin level to 50% of the normal level in Nagase analbuminemic rats.  

 Here, we aimed to test a new method for cell transplantation by using boiling histotripsy 

parameters to create small cavities in the liver into which stem cell-derived 3D 

hepatocytes were transplanted. 

 

Figure 60 - The first barrier to successful hepatocyte transplant is cell quality, which has been improved by optimising 

cryopreservation/thawing techniques. Liver preconditioning induces endothelial cell apoptosis, allowing donor cell 

integration into hepatic cords. The distorted microenvironment of severe injury is challenging for donor 

engraftment/proliferation. Macrophage TGFb spreads p21-induced senescence in host and donor hepatocytes. 

Strategies to mitigate the severe niche include co-transplantation of immunomodulatory cells, inhibiting senescence, 

or growth factor treatment. Hepatocytes can be encapsulated and transplanted extrahepatically to circumvent the 

liver injury niche and avoid immune destruction. Successful cell transplant currently provides a functional bridge to 

host regeneration/orthotopic liver transplantation. ALF, acute liver failure; TGFb, transforming growth factor-b (486) 
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7.3 Study Aims 

The aim of the study was to demonstrate successful creation of histotripsy lesion which 

could act as nidus for implantation and successful engraftment of stem-cell derived 3D 

hepatocytes in rat model. In addition, we aimed to assess the short-term safety of injected 

3D heps in the immunocompetent rats.  

7.4 Study Objectives 

• Evaluate the effects of histotripsy treatment on liver tissue in a rat model. 

• Assess the feasibility and efficacy of 3D hepatocyte transplantation into 

histotripsy-induced liver lesions. 

• Monitor the biochemical and physiological changes post-treatment through blood 

analysis. 

• Investigate the histological outcomes of histotripsy and cell transplantation on 

liver tissue regeneration. 

• Compare the outcomes of histotripsy alone versus histotripsy combined with cell 

transplantation. 

• Determine the viability, integration, and functionality of transplanted 3D 

hepatocytes at the lesion site over a one-month period. 

7.5 Hypotheses 

Histotripsy creates lesions suitable for 3D-hepatocyte implantation and cells can be 

implanted successfully and safely without any problems for up to a month. 
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7.6 Methods: 

We utilised 16 healthy male rats with 6 allocated to the control group and 10 to the 

experimental group. The control group was only subjected to histotripsy treatment. The 

experimental group had cell transplantation (3D heps) immediately after treatment with 

histotripsy. 3D hepatocytes were directly injected into the lesion site. Post treatment the 

animals were recovered and then sacrificed in timed intervals of up to a month. Prior to 

termination a blood sample was collected to monitor biochemistry. The liver was 

harvested and divided into two parts: one part was sent in formaldehyde and the other 

part was immersed in isopentane and then frozen with liquid nitrogen. 

 

7.6.1 Overall Study design: 

Immunocompetent healthy Sprague Dawley rats were randomly grouped into control 

(n=6) & an experimental group (n=10) (Figure 61). The animals were housed in The 

Griffin Institute (Northwick Park Hospital, London) animal facility and allowed two 

weeks of acclimatization prior to commencing experiments. Following the two weeks the 

animals had their weight measured and their health checked by the in-house vet.  

The control group underwent histotripsy to the liver and the test group underwent 

histotripsy to the liver + 3D hep transplantation. Both groups had a laparotomy, and the 

liver was exteriorised so that the ultrasound probe had direct contact with the liver. Each 

animal liver had formation of a single histotripsy lesion. For the intervention group, 

following histotripsy, the site was marked, and the cells injected into the histotripsy 

cavity. 

After the intervention a 5 min observation was performed before closure of the abdomen, 

to ensure no immediate complication (eg., bleeding). After closure, the animals were 
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recovered, and some were culled after Day 15 and the rest on day 28 (depending on group 

allocation). Termination points discussed in subsequent sections. Prior to termination, 

blood samples are taken for functional correlation after histotripsy treatment for both 

groups and animals health would be monitored throughout up to the point of termination. 

Post termination, an autopsy is performed with the whole liver explant for histological 

analysis. 

 

 

Figure 61 – Overall experimental design, allocating 16 healthy, immunocompetent rats to two groups: control & 

experimental arm. Control arm had 6 rats and experimental arm had 10 rats that were both subjected to laparotomy 

and histotripsy sonication. The experimental group received injection of the 3D-Hep into the lesion site. Animals were 

terminated at specific time point: 2 weeks (mid-point) and 28 days post sonication. 

 

7.6.2 Regulatory Guidelines 

The UK (United Kingdom) Home Office controls scientific procedures on animals in the 

UK and does so by the issue of licences under the Animal (Scientific Procedures) Act 

1986. The regulations conform to the European Convention for the Protection of 

Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 

Council of Europe) and achieves the standard of care required by the US Department of 

Health and Human Services Guide for the Care and the Use of Laboratory Animals. 
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The Home Office Project Licence governing this study (Project Licence - PPL: 

P0FCC1CA1; Protocol Number: 01; Project Licence Title: Prevention of post-surgical 

adhesions; Project Licence Holder: S Vara) directly specifies the regulated procedures 

required on this project, severity limits and possible adverse effects on the animals. 

As part of our local practices and in accordance with Home Office Guidelines, this study 

has been presented and reviewed at our AWERB. Specifically, AWERB_17.  

No formal claim of Good Laboratory Practice (GLP) compliance is made. The study was 

conducted in accordance with the standards of the Test Facility. Test Facility study 

number SF.UCL.08.21. 

 

7.6.3 Histotripsy set up & parameters 

A schematic representation of the histotripsy unit is shown below (Figure 62). A 2 MHz 

single element bowl shaped transducer (Sonic Concepts H-148, Bothell, WA, USA) with 

an aperture size of 64 mm and a 22.6 mm central opening was used with a transparent 

coupling cone (Sonic Concepts, C-101, Bothell, WA, USA) filled with degassed, de-

ionised water (Figure 63). The transducer was driven by two function generators (Agilent 

33220A, CA, USA) in series via a linear radiofrequency (RF) power amplifier (ENI 

1040 L, Rochester, NY, USA). The first function generator was set to generate 50 cycles 

of a 1 Hz square wave with 1% duty cycle. This triggered the second function generator, 

that outputted a 2 MHz sinusoidal wave into the RF power amplifier. A power meter 

(Sonic Concepts 22A, Bothell, WA, USA) was connected between the RF amplifier and 

the HIFU source, and the electrical power Pelec supplied to the transducer was monitored 

to be approximately 150 W. During the experiments, a polyurethane rubber acoustic 

absorber (AptFlex F28, Precision Acoustics Ltd, UK) was placed under the rat to 
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minimise ultrasonic reflections. The parameters and setup were previously validated by 

Prof Saffari’s Group (449). The parameters were expected to create subcapsular lesions 

that were approximately 0.5cm in size. The amplitude of the 2MHz voltage was 561 mv 

peak-to-peak (Table 15).  

 

Figure 62 – Schematic representation of the experimental set up of the histotripsy unit. The HIFU transducer probe is 

placed directly above the rat liver and positioned with an x,y,z manual positioner guided by a laser pointer (adapted 

from Pahk et al (449)) 

To achieve consistency, the propagation distance in the liver was set to 5 mm during the 

experiments. The rat liver was partly exteriorised to maximise the contact with the US 

probe, to help localisation of the lesion and to allow direct delivery of the 3D Heps into 

the created lesion. For the duration of sonication, the probe was in contact with the surface 

of the liver. After the sonication process +/- delivery of the cells the liver was returned to 

the abdomen and after a 5-minute observation period the abdomen was closed with 

sutures.  
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Figure 63 – HIFU experimental set up for sonication of rats in the animal facility. The transducer is held in position with 

the aid of an x,y,z axis manual translational stage positioner which allows positioning of the transducer over the liver. 

The pump delivers de-gassed water to the customised transducer holder. The computer and the function generator 

are set to the pre-defined parameters and the RF power amplifier delivers the histotripsy dose via the 2.0 MHz probe. 

With the aid of the laser pointer the probe is positioned in the correct area over the rat liver.  

Table 15 – Parameters & setting used for the for the 2 MHz Transducer to apply the histotripsy  

2 MHz Transducer 

 Master Agilent  Slave Agilent 

Frequency  1Hz Frequency 2 MHz 

Amplitude  2Vpp Amplitude 561 mVpp 

Offset 0 V Offset 0 V 

Duty Cycle  1 %   

Cycle Count  50 cycles    

Pump 

x,y,z axis manual 

translational stage 

positioner  Customised 

transducer holder Laser pointer  

Mylar film  

Computer 

Function generator  

RF Power amplifier 

Sterile surgical 

area 
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7.6.4 3D hepatospheres development and maturation 

The stem cell derived 3D hepatocytes were developed by Dr H. Rashidi as per his 

published protocol (489). The process for maturation and derivation of the 3D Heps began 

approximately 30 days prior the sonication of the rat liver (Figure 64). This is because the 

hepatoblast formation and maturation takes place around day 20 and subsequently are 

maintained in special medium with growth factors. These 3D Hep have been shown 

previously to remain stable for up to one year and maintain their function for around 365 

days (383). The 3D Heps were developed and matured in the Institute of Child Health, 

GOSH and then stored in dry ice to be delivered to the animal facility on the day of the 

experiments.  

 

Figure 64 – Schematic representation detailing the stepwise differentiation protocol to generate 3D hepatospheres 

(3D Heps) from hPSCs.  The hPSCs are sequentially directed through different stages to yield 3D Heps which maintained 

their phenotypes for an extended period in culture (383).  

 

7.6.5 Animal Model & Husbandry details: 

Immunocompetent Sprague Dawley rats (Supplier: Envigo, 3 Sovereign Ct, Huntingdon 

PE29 6YL) were used for this experiment. 16 healthy male rats were allocated in to arms 

randomly as described before. Male rats will be used to avoid hormonal fluctuations. The 



204 

 

average weight of the animals at day 0 (arrival in the facility) was 260 grams (151-175g). 

The weight of the animals was then closely monitored at days 9, 16, and 29. Upon arrival 

to the facility (arrival date: 2nd Jun 2021) the animals were allowed a 10-day 

acclimatisation period. The animals were examined for general health by the NACWO 

shortly after arrival and before inclusion in the study.  The general health of the animals 

was observed prior to, and post-surgery and findings were reported on animal record as 

per study protocol. Also, upon arrival animals were marked at the tail with animal number 

in black felt-tip pen. Animal cages were identified by a label containing study specific 

information including study number, animal ID and sex.  

 

The animals were paired in plastic boxes with wire lids (Figure 65), containing wood 

chip bedding prior to and following surgery. Animals will receive standard feed and water 

and will be housed in standard temperature-controlled room 20-24°C, relative humidity 

of 50+/- 10% with an alternating light/dark cycle 12/12 hours. The animals were kept on 

the basal diet of RM1 (P) pellets (Special Diet Services, Essex) available ad libitum. 

Similarly, water (supplied by Three Valleys Water) was available ad libitum. No known 

substances were expected in the diet or in the drinking water which might adversely affect 

the result of the study.  
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Figure 65 – animals were paired into one cage pre- and post-surgery.  The remained on the basal diet of pellet 

throughout the period of the experiment.  

 

7.6.6 Experimental Procedure 

7.6.6.1. Procedures Pre-Surgery 

The animals were weighed on the day of surgery. The general health of the animals was 

observed as per protocol. The in-house vet confirmed inclusion. Blood (2 mL) was 

collected in the week prior to surgery from a superficial caudal vein for clinical pathology. 

7.6.6.2. Anaesthesia & Preparation 

For each animal, the animal was placed into an anaesthetic induction chamber. Flow of 

Isoflurane with oxygen was gradually increased until anaesthesia is induced. The animal 

was then removed from the chamber and general anaesthesia maintained with Isoflurane 

and oxygen via a close-fitting mask. The fur of the abdomen was removed with clippers. 

The identification number was marked on the base of the tail with a marker pen. The 

analgesic Carprofen (0.1 mL/kg) and Buprenorphine (0.02 mL/kg) was administered 

subcutaneously. The animal was transferred to the operating theatre (Figure 66). The 

animal was placed in the appropriate position on the operating table. Anaesthesia was 
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maintained with Isoflurane and oxygen via a close-fitting mask. The exposed skin was 

cleaned with Chlorhexidine (Animal Care Ltd). The animal was covered with sterile 

drapes in such a way, to leave only the operative site exposed. All procedures were 

performed using aseptic technique from this point on. 

 
Figure 66 - Demonstrates the sterile field were test subjects would be placed along with the anaesthetic circuit used 

for the delivery oxygen and Isoflurane for the period of the surgery.  

7.6.6.3. Surgical Procedure, Sonication & Cell transplantation 

Surgery:  

The day of surgery was considered as study day 0. The surgical procedure for each animal 

was performed as follows: 2 drops of lidocaine 2% were applied topically to the incision 

site, as local anaesthetic. An upper midline laparotomy was performed to expose the liver 

and the skin retracted using 4-0 prolene sutures and weighted down with mosquito forceps 

(Figure 69). The right lobe of the liver was then exteriorised (Figure 68).  

Sonication: 

The Histotripsy probe was then lowered onto the exposed liver (Figure 69), so the centre 

of the probe was in contact with the exposed area of the liver. The positioning was guided 
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by the laser pointer and the aid of the manual positioner.  Once placement was confirmed, 

the histotripsy was applied to create a lesion.  

 

Figure 67 – Operative field, sterile drapes and aseptic technique used throughout the procedure. Following mid-line 

laparotomy traction suture were used to maximise exposure to the surface of the liver.  
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Figure 68 – Following laparotomy the right lobe of the liver was exteriorised by mobilising the anterior ligamentous 

attachment. The liver was pulled out and down slightly so its anterior surface is maximally exposed, and the probe can 

be placed directly over the right lobe.  

 

Figure 69 – Demonstrating the positioning of the rat and the probe directly over the liver. A sterile syringe was placed 

behind the lumbar spine  prior to draping to accentuate the curvature and bring the liver further to the surface. (Above 

picture is only a demonstration of how positioning would be done prior to draping). 
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For the control group, after the exposure to histotripsy there was a period of 3-5 min 

observation for any point of bleeding. If there were no adverse events, then the abdomen 

was closed in layers with 3-0 vicryl first and then 3-0 prolene to the skin. 

Cell Transplantation: 

For the test group, after the exposure to the histotripsy, 3D hepatocyte cells were injected 

into the lesion using an orange needle (Figure 70). Once injection was completed there 

was a period of observation prior to closure of the abdomen.   Veterinary Wound Powder 

and Opsite were administered to the closed wound sites all subjects. The animal was 

allowed to recover, collars placed on each animal to prevent cutting sutures and taken 

back to the accommodation area. 
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Figure 70 - Reveals a lesion site. The histotripsy has gone through the lobe and punctured the posterior capsule of the 

right lobe thus exposing the lesion site. The 3D Heps were injected directly into the cavity using a hypodermic orange 

needle.  

 

7.6.6.4. Post-Surgery  

Observations 

Assessments of general appearance, physical activity, appetite, urination, urine 

appearance, defaecation, and faeces appearance. Water and food consumption were not 

measured. We monitored for any post op bleeding from day 1 up to week 1. Post-surgery 

animal weight was measured at day 9, day 16, day 23 and day of termination. Animals 

were observed for any evidence of wound infection.  

Posterior aspect of the 

Right lobe of the liver, the 

histotripsy has puncture 

through the posterior 

capsule. The defect is the 

lesion site.  

Pre-loaded 

syringe with 3D 

Heps with a 

hypodermic 

orange needle  
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Post-Surgery Analgesia  

Carprofen (0.1mL/Kg) was administered for 3 days, and then as required.  

Suture and collar removal 

After a conversation with the Study Director and NACWO, it was decided that sutures 

were to remain for the duration of the study.  

7.6.7 Termination 

The procedure for the scheduled (or unscheduled; if animals were critically ill then they 

would be terminated) termination (study day 28) for each animal was as follows: Each 

animal was anesthetised as per section 7.6.6.2. An intracardiac blood sample (up to 5mL) 

was taken for processing. The samples were then packed in a polystyrene box, packed 

with ice, for transport. The animal was then euthanised using an intraperitoneal Sodium 

Pentobarbitone overdose. A femoral stab was carried after overdose to ensure 

termination. All observations were recorded on the post-mortem examination. After 

termination, the liver was exposed, and the right liver lobe or the entire liver was 

harvested. The territory of the lesion was marked with 4 needles, for ease of identification. 

In addition, any suspicious organ or lesion was retrieved for further histological 

assessment. Termination was carried at mid-point of the study and on the last day, break 

down as described in section 7.6.7.  

 

 

 

 

Termination Date Animal ID 

Mid-point  1/2/3/4/5/9/10  

Last day 6/8/11/12/13/14/15/16* 
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 Post-mortem examination & biopsy 

After termination and confirmation of death as per section 7.6.7, the animal was placed 

on the operating table and a thoraco-laparotomy incision was made to expose all the 

internal organs (Figure 71). A careful incision and inspection were performed so the liver 

and the other abdominal organs remain intact and any abnormality on gross inspection 

was documented. After the incision the skin edges were retracted using artery clips. After 

general inspection, liver was retrieved as a whole organ. If the upper aspect of the right 

lobe of the liver was adhered to the diaphragm, then liver along with a patch of 

diaphragmatic muscle was harvested for histological examination (Figure 72). A stepwise 

inspection was performed: first liver and the histotripsy site examined, then peritoneum 

and omental inspection; followed by inspection of the bowel and lungs. Any other organ 

of interest was removed en-bloc for further histological examination. The tissues were 

preserved in formaldehyde with the remaining 5 being preserved as frozen specimen as 

per (Table 16). 
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Figure 71 – Post-mortem examination of the internal organs was performed via a thoraco-laparotomy incision. This 

exposed the liver, abdominal organs including the spleen and the kidneys, as well as the lung and heart.  
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Figure 72 – Demonstrating adherent liver to the diaphragm and the excision biopsy entailed retrieval of the whole 

liver along with the patch of the diaphragm. This ensured minimal damage to the liver.  

7.6.8 Histopathology & Clinical Biochemistry  

Histology and histopathological evaluation were arranged by a dedicated liver pathologist 

(Prof Quaglia). Livers were retrieved at specific time point and would be persevered in 

formaldehyde solution or preserved as frozen tissue for H&E staining and histological 

examination. As per allocation below (Table 16), lobes were either taken for immersion 

in formaldehyde. Only 2 test samples from each group would be used to be immersed in 

isopentane first before being frozen by liquid nitrogen. The mid-point termination group 

Liver 
capsule 
adherent to 
diaphragm 
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have three frozen samples taken. All samples were transported on dry ice, for processing 

outside of the test facility. Blood samples (5-10 mL) were collected prior to termination 

for processing outside of the test facility. Animal 7 was terminated prior to the scheduled 

termination date and no blood was taken. All the frozen samples were stored in the 

cryofreeze at the pathology lab. The frozen samples were stored in -80˚C freezer until 

analysis. 

Table 16 – Histology allocation for sample collection and preservation at mid-point and end of the experiment.  

Termination Date Animal ID Treatment group Preparation  

for Histology 

Termination at 

28th day 

1 Control Formaldehyde 

2 Control Formaldehyde 

3 Control Formaldehyde 

4 Test Formaldehyde 

5 Test Frozen 

9 Test Formaldehyde 

10 Test Frozen 

Mid-point 

termination 

6 Control Formaldehyde 

8 Control Formaldehyde 

11 Test Frozen 

12 Test Formaldehyde 

13 Test Formaldehyde 

14 Test Frozen 

15 Test Formaldehyde 

16 Test Frozen 

 

 

7.6.9 Histological Preparation 

Preserved tissues in the formaldehyde were taken to pathology lab for further examination 

and cross-sectioning. Prior to cutting using a microtome, the organs were examined by 
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expert liver pathologist (Prof. Albert Quaglia), and the organs were sliced into thinner 

slicer for better formaldehyde immersion and fixation (Figure 73). The tissues were 

labelled and further treated with formaldehyde.  

 

 
Figure 73 – Example of a rat liver divided into thinr slices and each slice preserved in a separate cassette for further 

fixation with formaldehyde. Each cassette is then labelled according to the rat ID number and number of slices 

recorded (i.e. rat number 8 with the whole liver divided into 6 slices).  

 

7.6.10 Biochemical analysis 

Routine blood tests were taken to termination as described 7.6.6.1 

 

7.6.10.5. Enzyme-Linked Immunosorbent Assay (ELISA) 

Two dimensional and 3D mature hepatocytes (for differentiation methods see section: 

3.16) derived from hiPSCs were incubated with HepatoZYME medium for 24 hours at 

different time points. For ELISA methodology see section 3.17. 

7.6.10.6. Cytochrome P450 Assay  

Cytochrome P450 was measured using the Luciferase assay as described in section 3.18.  
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7.7 Results 

7.7.1 Functional assessment of the 3D Heps pre-implant  

A pre-culture analysis of CYP3A metabolic activity was carried for characterisation of 

the 3D Hep cells in vitro. CYP3A activity was recorded over the 24-hour period. The 

cells showed an increasing CYP3A activity at 1.5 hrs and 4 hrs pre-culture (Figure 74), 

indicating no external or endogenous influence on the cell’s metabolic capacity.  

 

Figure 74 – CYP3A metabolic assay of the cell prior to culture indicates cells to be metabolically active 

 

7.7.2 GA histotripsy 

All subjects were successfully received GA, laparotomised and treated with histotripsy. 

There were no intra-op complications following histotripsy. All 16 rats, but one, were 

successfully recovered after the operation.  
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7.7.3 Histotripsy Lesions & Cell transplantation 

Histotripsy sonication  

In both groups liver was exteriorised without any damage and histotripsy probe was 

placed successfully over the right lobe of the liver using laser guidance. Placement was 

successful in all cases without any crush injuries to the liver.  

Capsular breach 

Following histotripsy sonication majority tolerated it well and, in all circumstances apart 

from two, the posterior capsule was breached without any damage to the structures sitting 

posterior to the liver (Figure 75). No immediate significant haemorrhage following 

sonication noted and any small bleed was controlled using pressure with a gauze. 

Haemostasis was achieved prior to cell injection and closure. No damage or breach of the 

other organs was noted intra-operatively after sonication. 

   

Figure 75 – Post sonication, there was a breach of the posterior capsule of the right lobe. The lesion was evident to 

gross examination. There was no significant immediate bleed from the lesion sit. Haemostasis was achieved prior to 

cell injection and closure of the abdomen. The white arrow points to the lesion site and shows breach of the posterior 

capsule of the liver.  
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Cell implant 

In all the cases a successful dose of 3D Heps were injected into cavity. In instances of the 

capsular breach, the cells were delivered directly into the cavity area under direct vision. 

There was no note of the cells being washed out of the cavity during the operation.  

Bleeding 

There was no major bleeding that would compromise animals hemodynamic and 

physiology of the animals intra-op. Any small bleeding point was controlled with gauze 

and pressure. All animals had haemostasis achieved at the end of the 5 min haemostatic 

break prior to closure.  

 

7.7.4 Recovery (Cell implant vs control) 

All animals were recovered successfully immediate after the laparotomy. Only one 

animal had an unscheduled termination. Test subject (Rat ID 7) had unscheduled early 

termination following surgery. This animal had a prolonged recovery and took longer to 

wake up from anaesthesia. The animal appeared unwell and was terminated 12 hours after 

surgery. No postmortem was performed for Rat ID 7.  

7.7.5 Weight gain 

Weight gain post-surgery was considered a surrogate for a healthy animal (raw data in 

supplement 3). The variability in weight is shown in Figure 76. Comparison of the weight 

at day 0 between the subjects in the midpoint termination group and the full-term 

termination revealed no significant differences (mean: 262.1 vs 257.3; P-value < 0.72). 

Similarly, there was no statistically significant difference between the mid and full 

termination group at Day 9 (281 vs 262.3; P-value<0.93). The gain of weight in the mid 

termination group between day 0 and day 9 was shown to be significant (262.1 vs 281; 

P-value<0.0048). the difference in gain of weight in the full termination group from day 
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0 today 9 was not significant (P-value<0.36). For the animals remaining in the experiment 

after the mid-point termination there was a significant change of weight from their base 

line of day zero on days 23 (262.1 vs 332) and 29 (262.1 vs 350.8) (P-values<0.0001 for 

both). No significant difference was observed between the control and the test group of 

the mid- or full-point termination (Figure 77 & Figure 78 ).  

 

Figure 76 – Record of the weight of the individual test subjects at time intervals: Day 0, 9, 23, and 29th day. Animals 

were weighed prior to surgery and post-surgery. Green diamond indicates the weight of the animals terminated mid-

experiment. Red squares are the individual weight of the rats in both control and experimental groups terminated at 

full term of the experiment date. Blue circle is the weight of the Rat ID 7 culled on day 0 post-surgery due to 

complication.  
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Figure 77 – Weight of the animals post sonication on day 9 between control vs test group of mid-termination and full 

termination group 

 

 
Figure 78 – weight of the subjects on day 29 comparison between the control and test group. 
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7.7.6 Termination and laparotomy findings 

Termination of the animals was carried out successfully without any complications as 

described in protocol. On macroscopic examination at post-mortem all subject after 

histotripsy sonication had visible inflammatory changes around the right lobe of the liver. 

In the 3D Hep injected group there was evidence of more severe reaction where the right 

lobe was adhered to the peritoneal reflection and diaphragm above it.  In animal ID 4, the 

adhesion was very strong that the liver and the rib had to be resected en-bloc to avoid 

damage to the liver capsule or parenchyma. In ten subjects (apart from animal ID 1 & 2), 

there was evidence of obvious change in the base of the right lung on gross inspection 

and hence the lung tissue was harvested. In test subject number 13 and 16 there was a 

white patch noted on the small bowel hence these were taken further histological analysis. 

In all circumstance the right kidney was also taken further histological analysis to 

examine if breach of the liver capsule has resulted in any damage to structures below. 

There was obvious hypertrophy of the left lobe in all the sonicated subjects. 

7.7.7 Histology 

A total of 235 slides of different tissues were stained for human nuclear hepatocyte and 

H&E and reviewed by our expert pathologist (AQ). Out of a total of 235 samples, 152 

were of the liver tissues, 29 of lung tissue, 21 of the kidneys, 11 from spleens, 2 small 

bowel, 1 lymph node and 1 rib was stained and analysed. 4 slides were failed stained. 

Table 17 summarises the number of histology slides analysed per organ animal. 

Histological staining for human nuclear hepatocyte and H&E staining revealed no 

evidence of implanted 3D Heps (Figure 79). All the slides in the text group were negative 

for human nuclear staining. Further the H&E stains revealed no architectural disturbance 

at the time of sacrifice which would correspond to either 2 weeks or more than 3 weeks 
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post sonication. There are scattered immune cells suggestive of an inflammatory episode, 

but no evidence of scar tissue was observed. Analysis of the tissues other than the liver 

revealed no seeding of the 3D Heps locally or at distant. 

Table 17 – Summary of the organs retrieved and number of slides per organ analysed for each animal 

Termination Date Animal ID Treatment group Organs stained and 
analysed 

Termination at 28th day 

1 Control 9 Livers 
1 Kidney 

2 Control 6 Livers 
1 Kidney 

3 Control 7 Liver; 1 Lung; 1 
Kidney 

4 Test 7 Liver; 1 Rib; 1 
Lung; 3 Kidney 

5 Test 37 Livers; 2 Lungs 
2 Kidney; 1 Spleen 

9 Test 8 Livers; 7 lungs; 2 
spleens; 3 Kidney 

10 Test 14 Liver; 1 Node; 1 
Kidney; 6 Lung 

Mid-point termination 

6 Control 6 Livers; 1 Lung 
8 Control 7 Livers; 1 Lung 

11 
Test 12 Livers; 1 Lung; 1 

Spleen 

12 Test 7 Liver; 2 Kidney; 1 
Spleen; 1 Lung 

13 
Test 19 Livers; 1 Lung; 2 

Kidney; 1 Spleen; 1 
Small bowel 

14 Test 7 Livers; 3 Kidneys; 
4 Lungs; 3 Spleen 

15 Test 6 Livers; 1 Spleen; 
3 Lungs 

16 
Test 12 Livers; 1 Small 

bowel; 2 Lung; 2 
Kidney; 1 Spleen 
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Figure 79  - Histology of the rodent livers – This shows the histological analysis of the Rat 2, 3, 5 & 10. Two and three 

are control rats; 5 and 10 are experimental rats. A & B: Rat 2 10x & 20x respectively. C & D: Rat 3 10x & 20x 

respectively. E & F: Rat 5 4x & 10x respectively. G & H: Rat 10 10x & 20x respectively. None of the histology slides 

revealed human hepatocyte on nuclear staining. All reveal normal rat liver architecture. 

 

7.7.8 Cell function 

We performed blood biochemistry on plasma collected from two controls and ten cell transplanted 

rats at the time of termination to detect human AFP and ALB. There was no human AFP or ALB 

production detected in neither the control group nor the experimental group (Figure 80 & Figure 

81). The control group (Ctrl in vivo) denotes the group where no human cells were transplanted. 

The kits for the AFP and ALB are human specific and therefore, there should not be any level 

detected in the control group which is demonstrated in the figures below. The experimental group 

on the other hand had human derived 3D hepatospheres transplanted and therefore the kit would 

have picked up any level produced by the rats after transplantation. This is negative for both the 

AFP and ALB in the experimental group.  

 
Figure 80 – AFP assay measuring level produced in both control and experimental group. In vitro is the control base 

mark against which the levels in the Control (rats that didn’t have the cell transplanted: Ctrl in-vivo) vs Experimental 

group (Rats that had cells transplanted: Transplanted) are measured.  
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Figure 81 - ALB assay measuring level produced in both control and experimental group. In vitro is the control base 

mark against which the levels in the Control (rats that didn’t have the cell transplanted: Ctrl in-vivo) vs Experimental 

group (Rats that had cells transplanted: Transplanted) are measured. 

7.8 Discussion 

7.8.1 Safety of liver histotripsy in live rodent model:  

In this study, we have demonstrated that the histotripsy can be successfully used in a small 

animal models. Histotripsy has been demonstrated as a non-invasive technique capable 

of mechanically ablating liver tissue with precision. In rodent models, it effectively 

creates subcapsular lesions with well-defined boundaries suitable for transplantation. 

Notably, capsular breaches have been observed in some cases, underscoring the necessity 

for precise control of energy parameters and probe positioning. Despite these breaches, 

studies have reported minimal bleeding and no significant compromise to the subjects, 

indicating the relative safety of the procedure. Prior studies have confirmed histotripsy's 

safety in both therapeutic and preclinical applications, with minimal off-target damage 

under optimized conditions (490). 
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7.8.2 Comparison of histotripsy sites with other protocols:  

Histotripsy-induced lesions differed from those created by other modalities (e.g., thermal 

ablation or cryotherapy) in their precise architecture and minimal peripheral tissue 

damage. Capsular breaches, while minor, pose challenges for cell retention. Further 

refinement in probe design and parameter optimization is needed to address this issue and 

ensure successful cell engraftment. 

In our study, the focus is more on creating a lesion with maximal tissue destruction in the 

core of lesion to create a nidus with minimal damage to the periphery of the lesion and 

maximal tissue or architectural preservation that would later facilitate tissue regeneration. 

This makes parametrisation of the histotripsy a more dynamic process. For our study, we 

used parameters previously described by Ki Joo Pahk (449) and combined with simulated 

parameters from our cell work study in the ex-vivo model (491). The parameters used did 

produce a cavity in the rat livers, however, in some instances the force resulted in the 

puncture of the posterior capsule of the liver. Despite using the right lobe of the liver for 

sonication as it has the greatest thickness, the force produced resulted in the puncture of 

the liver capsule. This indicates two factors that needs to be further adjusted: (1) the 

positioning of the probe; (2) the calculated depth of the focus for sonication which can 

depend on the shape of the probe. The positioning of the probe needs to be as precise as 

possible for the focus of sonication to create a cavity suitable for transplantation. The 

anesthetised rat’s breathing diaphragm motion can displace the focal area of the sociation. 

The probe we had used had a wide base and centring the wide convex part of the probe 

on the small rat liver with the breathing motion can create motion artefact that would 

result in distorted lesions. In our experiment this could have moved the focal area from 

the thickest part of the rat liver to the thinner peripheral area in the right lobe thus resulting 

in the traverse of the energy through the full length of the liver. The shape of the 
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transduces and the probe also affects the positioning. The convex shape of the probe and 

the size mismatch also makes accurate positioning difficult. This could have been 

circumvented by using a more canonical shaped probe to facilitate a more accurate 

positioning. This simple adjustment can make a significant change to the outcome. Given 

the puncture of the liver capsule, this means the required powers must be re-calculated. 

During a preliminary test phase, prior to the actual experiment described above, we used 

the same parameters on fresh exsanguinated discarded rats (N = 5) to assess the depth of 

penetration and accuracy of parameters. These rats were already dead and hence the 

sonication was carried a short period after sacrifice of the animals. In none of these rats 

the parameters we used caused any puncture of the liver capsule. There was a noticeable 

difference between the dead rats and the live rats used in our experiment. There was 

slightly more thickness to the livers of the dead rats compared to the live rats we used in 

our experiments. We assumed the thickness of the livers are going to be the same and 

hence no adjustment was made to the parameters used. Needs to focus on the data on 

success of histotripsy and safety in controls. 

The puncture in the liver capsule is related to the parameter used and the thickness of the 

organ. The puncture of the liver capsule can create major problems post sonication. It can 

be a source of un-controlled bleeding; however, this did not occur in any of the 

experimental rats. Most of the punctured capsules had minor bleeding which had stopped 

after small amount of pressure had been applied. Another problem a breached capsule can 

cause is wash away of the transplanted cells after its injection in the cavity. This would 

be more pronounced if bleeding of any degree where to happen. In fact, the lack of an 

identifiable cell population in the cavity in the histological analysis of the punctured livers 

could partly be explained by this. However, if the cells were washed away from the liver 
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cavity, the expectation is for an island of these cells to be seem in the peritoneum 

elsewhere. This was not the case neither on gross examination nor histological analysis.  

7.8.3 Feasibility and safety of 3D Hep implantation:  

This study demonstrated that 3D hepatocyte transplantation is technically feasible, with 

no evidence of acute toxicity. However, post-implantation histological analysis revealed 

no detectable transplanted cells, suggesting challenges with cell survival, immune 

rejection, or implantation technique. Histotripsy’s immunogenic effects (355, 492, 493), 

while beneficial in oncological applications, may exacerbate rejection risks.  

An important aspect of the experiment to consider which maybe the explanation for the 

absence of the implanted cells post analysis is the immunological aspect of the histotripsy. 

The animals were not immunosuppressed post transplantation; therefore, immunological 

rejection is a plausible explanation for the disappearing 3D Heps. Histotripsy is known to 

elicit local and systemic immune reaction following sonication (493-499). Indeed, it has 

been shown that sonication with histotripsy can result in a stronger infiltration of CD4 

and CD8 T cells and NK cells in histotripsy-treated area (497). In experimental models, 

histotripsy results in release of DAMP molecules as well as release of pro-inflammatory 

cytokines which can result in recruitment of further immune cells to the site of sonication 

(493, 497). Debris released in the core of the lesion have a role in immunogenicity and 

the subsequent immune cells recruitment to the site. An intense immune response may 

prove detrimental to the existence of the implanted hepatocytes. The 3D hepatocytes 

themselves are recognised as foreign and can elicit and immune response without the 

exaggerated effect of histotripsy.  

The effect of the histotripsy in heightening the immune response in the local area of the 

transplanted cells may mean the cells are more prone to immune rejection. This is a strong 

possibility and a reasonable explanation for the lack of observation of the 3DHeps 
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histologically. To avoid problems with rejection, it may require animals to be immune 

suppressed prior to sonication.  

7.8.4 Evaluation of recovery and cause of post procedure termination 

(n=1): 

One subject experienced prolonged recovery and required early termination due to 

systemic complications. This highlights the importance of monitoring physiological 

responses to identify any unintended effects of histotripsy or cell implantation. We did 

not perform autopsy as the animal was not preserved after termination to facilitate this.  

7.8.5 Weight gain as surrogate of recovery 

Weight gain served as an indirect marker of recovery and health post-surgery. Animals 

in both control and experimental groups exhibited significant weight gain over time, with 

no major differences between the groups, indicating general recovery from the procedure.  

Not only this could be an indirect surrogate marker of health of the rats after the 

procedure, but it can also highlight their metabolic state, and their body requirement post 

operatively. The significant difference from base line and day 9 and day 29 highlights the 

highlight the immunohumoral changes that can happen after an insult of surgery (500). 

The increased body metabolism post-surgery can lead to increased oral intake of the 

animals with consequential weight gain. More so, this could partly be in keeping with the 

increased hypertrophy of the liver noted post sonication. The observation of the liver 

hypertrophy at postmortem examination for all the rats is an important finding. The 

response to the sonication injury is hypertrophy of the liver and could contribute to a 

slight degree of weight gain. Future studies should aim to correlate these findings more 

objectively by assessing biochemical and radiological changes in the post operative 

period.  
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In the context of histotripsy and cell implantation studies, animals in both control and 

experimental groups have exhibited significant weight gain over time, with no major 

differences between the groups. This suggests that the procedures do not adversely affect 

the general recovery and well-being of the subjects. Consistent weight gain indicates 

effective recovery and the absence of systemic adverse effects. 

7.8.6 Tissue sampling, variability, liver and other organ injury, 

possibility of immune response 

Our analysis of the livers histologically showed no evidence of implanted cells. We have 

also analysed other organs that looked suspicious to have cells deposited there but their 

histological analysis did not confirm this. Lack of implanted cells across every tissue 

examined makes the case for a systemic immune response very strong. Hence future 

implantation should be with immunosuppression cover as well as appropriate anti-

microbials to avoid infection.  

Another limitation of the current study was the delivery of the cells. The pre-filled syringe 

proved too difficult to precisely deliver the cell load in the cavity. On one occasion the 

needle resulted in a slight bleeding in the cavity which meant delay in the delivery of the 

cells in the cavity which was already disturbed by a blood clot. The presence of blood 

clot and bleeding may not be in favour of successful engraftment. Future cell delivery 

must be with a smaller hypodermic needle to ensure minimal secondary damage to the 

cavity.  

7.8.7 Implanted cell detection discussion 

Despite efforts to detect implanted 3D hepatocytes, studies have reported no evidence of 

transplanted cells in histological or biochemical assays post-implantation. This 

underscores the challenges of cell retention and survival in an immunocompetent host. 
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As mentioned above, future experiments should consider immunosuppressive strategies 

to mitigate rejection and enhance the detectability and functionality of implanted cells. 

Additionally, employing advanced imaging and molecular techniques may improve the 

tracking and assessment of implanted cell viability and integration (382). 

 

7.8.8 Implication for future studies, technique and assessment 

modification. 

We are planning a repeat experiment in a smaller number of rat models with modification 

of the transducer head, slight adjustment to the parameters and an improved cell delivery 

to provide evidence of successful cell implantation in the cavity generated. For future 

larger animal studies this method requires imaging guidance for identification of lesion 

location and accurate delivery of the cells. Lastly, immunocompromised animals should 

be considered to assess the feasibility of 3D Hep implantation in the rodent models.  
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Overall: 

While our initial experiments focused on ECM decellularization for cell implantation, we 

shifted towards creating cavities that support a niche environment for engraftment. We 

found that the ECM core was disrupted under our parameters, with collagen matrix 

breakdown. However, this disruption, combined with cell suspension, may promote 

engraftment of implanted cells although further work is required to demonstrate the 

mechanistic pathways. Further optimisation of histotripsy parameters and cell delivery is 

needed to improve graft attachment and regeneration.  
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NP 50p 1% Liver Available Available Present Confluent Present Present 
    

NP 50p 1% Liver Available Available Absent Focal Present Absent 
    

P 50p 1% Liver Available Available Absent Confluent Not assessable Present 
    

P 50p 1% Liver Available Available Present Confluent Present Present 
    

P 50p 1% Liver Available Available Absent Confluent Not assessable Present Present Present Present 
 

P 50p 1% Liver Available Available Absent Absent Absent Absent Not applicable 

Not 

applicable 

Not 

applicable 
 

P 50p 1% Liver Available Available Present Confluent Not assessable Present Absent Present 

Not 

applicable 
 

P 50p 1% Liver Available Available Absent Confluent Absent Present Present Present Present 
 

P 50p 1% Liver Available Available Empty foci Focal Not assessable Present Present Present Present 
 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable 
 

P 50p 1% Liver Available Available Absent Confluent Present Present Present Present Present Involved 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Present 

P 50p 1% Liver Available Available Absent Confluent Absent Present Present Present Present Absent 

P 50p 1% Liver Available Available Present Patchy Absent Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available 

Minute single 

cavity Absent Absent Absent Absent Absent 

Not 

applicable Present 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Present 

P 50p 1% Liver Available Available Present Confluent Absent Present Present Present Absent Involved 

P 50p 1% Liver Available Available Present Patchy Absent Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available 

Small cavities 

subcapsular to 

intraperenchymal 

? Real Patchy Present Present Present Present Present Absent 

P 50p 1% Liver Available Available Present Patchy Absent Present Present Present Present Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Absent Absent 

Not 

applicable Absent 

P 100p 1% Liver Available Available Present Absent Absent Present Absent Absent 

Not 

applicable Absent 
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P 50p 1.50% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Absent Focal Absent Present Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Absent Confluent Present Present Absent Present 

Not 

applicable Absent 

NP 150p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1.50% Liver Available Available Present Absent Present Absent Present Absent 

Not 

applicable Absent 

P 150p 1.50% Liver Available Available Present Focal Present Present Absent Present 

Not 

applicable Present 

P 150P 1% Liver Available Available Present Absent Absent Absent Absent Present 

Not 

applicable Absent 

P 100p 1% Liver Available Available Present Absent Absent Present Absent Present 

Not 

applicable Absent 

P 150p 1% Liver Available Available Present Focal Present Present Absent Present 

Not 

applicable Absent 

NP 50p 1.50% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Present 

P 150p 1% Liver Available Available Present Focal Present Present Absent Present 

Not 

applicable Present 

P 150p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Present 

P 150p 1.50% Liver Available Available Present Focal Present Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Confluent Present Present Present Present Present Absent 

P 100p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Absent 

Not 

applicable Absent 

P 150p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Present 

P 100p 1.50% Liver Available Available Present Absent Present Absent Present Present Absent Present 

P 100p 1% Liver Available Available Absent Confluent Present Present Absent Present 

Not 

applicable Absent 

P 150p 1% Liver Available Available Absent Confluent Present Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

P 150p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

P 50p 1.50% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Present 
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P 50p 1.50% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 100p 1% Liver Available Available Present Confluent Present Present Present Present Present Present 

P 100p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

NP 100p 1% Liver Available Available Present Patchy Present Present Absent Present 

Not 

applicable Absent 

P 150p 1.50% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

P 150p 1.50% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Present 

P 50p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

P 150p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

P 150p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 150p 1% Liver Available Available Absent Confluent Absent Present Absent Present 

Not 

applicable Absent 

NP 150p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

NP 150p 1% Liver Available Available Absent Confluent Present Present Absent Absent 

Not 

applicable Absent 

P 150p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Present Absent Present Absent Absent Absent 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Present Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Track like injury Absent Absent Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Tissue cracks Absent Present Absent Present Present Absent Absent 

NP 50p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

P 50p 1% Liver Available Available Present Focal Present Present Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Track like injury Absent Present Present Absent Present 

Not 

applicable Absent 
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P 50p 1% Liver Available Available Present Absent Present Present Present Present Absent Absent 

NP 50p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

NP 50p 1% Liver Available Available Present Focal Present Present Present Present Absent Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Present Absent Present Absent Present Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

NP 50p 1% Liver Available Available Absent Absent Absent Absent Absent Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Present Present Absent Absent 

P 50p 1% Liver Available Available Present Absent Absent Absent Present Absent 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Confluent Present Present Present Present Absent Absent 

P 50p 1% Liver Available Available Present Patchy Present Present Present Present Absent Absent 

P 50p 1% Liver Available Available Present Confluent Present Present Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Absent Absent Absent Present 

Not 

applicable Absent 

P 50p 1% Liver Available Available Present Absent Present Absent Absent Present 

Not 

applicable Absent 

  
Table 18 – Supplementary data of the 91 histology slides reviewed by the expert pathologist as a second review with 

observations as noted above. The table marks presence or absence of the named histological features on H&E slides.  

P: perfused, NP: non-perfused; P in the power column refers to pulse duration.  
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Supplement 2 

Parameter Value   
Label  Label1   
Mode  Luminescence  
Attenuation AUTOMATIC  
Color for OD2 Attenuation   
Integration Time 1000 ms   
Settle Time 0 ms   
Part of Plate A1-H4   
Start Time  23/12/2019 17:17:42  
End Time  23/12/2019 17:18:38  
Temperature 22.3 °C   

     
     

<> 1 2 3 4 
A 3 0 2 9 
B 8 25 5 24 
C 2 23 7 22 
D 10 26 5 28 
E 7 29 7 15 
F 4 30 10 24 
G 5 8 11 11 
H 0 8 0 1 
  

Table 19 – Incubation raw data for cell culture work and cell titre glow 
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Supplement 3 

Animal 
Number: 

Day 0 Day 9 Day 16 Day 23 Day 29 
 

1 264 266 
   

Mid 
2 252 277 

   
Mid 

3 270 285 
   

Mid 
4 255 284 

   
Mid 

5 271 286 
   

Mid 
6 276 285 316 335.1 353 Full 
7 259 

     

8 278 291 322 343.3 364 Full 
9 267 204 

   
Mid 

10 222 234 
   

Mid 
11 261 280 319 330.5 348 Full 
12 243 263 282 295.9 308 Full 
13 272 290 326 352.4 376.5 Full 
14 265 286 321 342.6 363 Full 
15 242 264 296 325.7 349.1 Full 
16 260 289 312 330.5 344.9 Full 

 
Table 20 - Animal weight during different time interval in both the mid and full termination group. 
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