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Abstract 

Introduction 

Liver resection is increasingly being carried out via the laparoscopic approach (keyhole 

surgery) because there is mounting evidence that it benefits patients by reducing pain and 

length of hospitalisation. There are however ongoing concerns about oncological radicality 

(i.e. ability to completely remove cancer) and an inability to control massive haemorrhage. 

These issues can partially be attributed to a loss of sensation such as depth perception, 

tactile feedback and a reduced field of view. Utilisation of optical imaging and computer 

vision may be able to compensate for some of the lost sensory input because these 

modalities can facilitate visualisation of liver tissue and structural anatomy. Their use in 

laparoscopy is attractive because it is easy to adapt or integrate with existing technology. 

The aim of this thesis is to explore to what extent this technology can aid in the detection of 

normal and abnormal liver tissue and structures.  

Methods 

The current state of the art for optical imaging and computer vision in laparoscopic liver 

surgery is assessed in a systematic review. Evaluation of confocal laser endomicroscopy is 

carried out on a murine and porcine model of liver disease. Multispectral near infrared 

imaging is evaluated on ex-vivo liver specimen. Video magnification is assessed on a 

mechanical flow phantom and a porcine model of liver disease. The latter model was also 

employed to develop a computer vision based image guidance system for laparoscopic liver 

surgery. This image guidance system is further evaluated in a clinical feasibility study. 

Where appropriate, experimental findings are substantiated with statistical analysis. 

Results 

Use of confocal laser endomicroscopy enabled discrimination between cancer and normal 

liver tissue with a sub-millimetre precision. This technology also made it possible to verify 

the adequacy of thermal liver ablation. Multispectral imaging, at specific wavelengths was 

shown to have the potential to highlight the presence of colorectal and hepatocellular 

cancer. An image reprocessing algorithm is proposed to simplify visual interpretation of the 

resulting images. It is shown that video magnification can determine the presence of 

pulsatile motion but that it cannot reliably determine the extent of motion. Development and 

performance metrics of an image guidance system for laparoscopic liver surgery are 

outlined. The system was found to improve intraoperative orientation more development 

work is however required to enable reliable prediction of oncological margins.  
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Discussion 

The results in this thesis indicate that confocal laser endomicroscopy and image guidance 

systems have reached a development stage where their intraoperative use may benefit 

surgeons by visualising features of liver anatomy and tissue characteristics. Video 

magnification and multispectral imaging require more development and suggestions are 

made to direct this work. It is also highlighted that it is crucial to standardise assessment 

methods for these technologies which will allow a more direct comparison between the 

outcomes of different groups. Limited imaging depth is a major restriction of these 

technologies but this may be overcome by combining them with preoperatively obtained 

imaging data. Just like laparoscopy, optical imaging and computer vision use functions of 

light, a shared characteristic that makes their combined use complementary. 
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Impact statement 

This thesis focuses on laparoscopic liver surgery which is a form of minimal invasive 

surgery. It benefits patients by reducing surgical trauma which may improve recovery time 

and complication rates. Laparoscopic liver surgery is not widely practised because it is 

technically challenging. Some of these challenges relate to the fact that surgeons cannot 

palpate the liver or visualise it directly. In other words, the sense of touch and vision is 

impaired during laparoscopic surgery.  

The aim of this work is to explore technologies that enhance surgical vision to compensate 

for these shortcomings. The potential benefit of improving surgical sensing is firstly to enable 

the complete removal of liver cancer, which reduces the cancer recurrence rate, and 

secondly to avoid potentially fatal injury to vulnerable liver structures. The potential 

beneficiaries of this work are surgeons and by natural extension their patients.  It also 

benefits researchers who are investigating imaging of liver disease. The results of this work 

are being disseminated through peer reviewed publications and presentations at scientific 

conferences. To maximise public visibility of this research, publication in an open access 

format has been pursued whenever possible.  

Some of the findings of this work and their potential impact are outlined below.  

It has been demonstrated that confocal laser endomicroscopy can discriminate between 

cancerous and non-cancerous liver tissue. This method may enhance intraoperative 

decision making by determining if a liver lesion needs to be excised and how extensive the 

excision needs to be. Avoiding unnecessary excisions can help in reducing surgical 

complications. This methodology is already being applied to the diagnosis of solid cancer in 

other organs and it is hoped that the findings in this work will contribute to ongoing clinical 

research in this field.   

Multispectral imaging is an imaging modality that can utilise alterations in the light absorption 

behaviour to elucidate the biological composition of tissue. In this thesis a novel, remote 

approach to acquire and analyse multispectral images of liver tissue has been developed. 

Subsequently it has been shown that this method can predict the presence of liver cancer. 

Pending further research, this imaging method could also be applied to assess other liver 

pathologies.  

Augmented reality based image guidance utilises 3D organ models that contain a virtual 

representation of patient specific anatomy and tumour locations. These organ models can 

be projected onto the surgical field (e.g. laparoscopic monitor) hence creating an augmented 

reality environment. The development and evaluation of such a system forms part of this 

thesis and highlights the potential of this technology to improve precision and safety of 
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laparoscopic liver surgery. However, before this can be realised, further improvements 

focusing on the accuracy and usability of this imaging modality are required.   

In conclusion the research in this thesis has demonstrated how technologically enhanced 

vision may improve the assessment of liver tissue and guide laparoscopic liver surgery. The 

methods evaluated in this work can be expanded to other organs and therefore the findings 

are generalisable and may therefore benefit research and clinical care in other medical 

specialties. 
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HCC – Hepatocellular carcinoma 

HD – High definition 
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IGS – Image guidance system 

InGaAs - Indium-Gallium-Arsenide 
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LMSI – laparoscopic multispectral imaging 

LLR – Laparoscopic liver resection 

LLS – Laparoscopic liver surgery 
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MSI – Multispectral imaging 

MRI – Magnetic resonance imaging  

Nd-Yag – Neodymium-doped yttrium aluminium garnet  

NIR – Near infrared  

NOTES – Natural orifice  endoscopic transluminal surgery 

NP – No pulse present 

OCT – Optical coherence tomography 

OP1 / OP2 – Operating day 1 / 2 
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Glossary 

 

Absorption spectrum also Spectral response curve  

Fraction of incident radiation absorbed by the material (or tissue) over a range of 

frequencies or simplified how much light is absorbed at certain wavelength. In this thesis the 

tissue absorption is plotted against wavelengths of light. 

 

Augmented reality  

A technology that superimposes a computer-generated image on a user's view of the real 

world, thus providing a composite view. 

 

Band-pass filter 

A band-pass filter is a device that passes frequencies within a certain range and rejects 

(attenuates) frequencies outside that range. In this work it describes devices that filter 

certain wavelengths of light. 

 

Bandwidth 

A range of frequencies within a given band, in particular that used for transmitting a signal. 

 

Codec 

A codec is a device or computer program for encoding or decoding a digital data stream or 

signal. 

 

Confocal laser endomicroscopy 

Probe based variant of confocal laser microscopy imaging. 
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Data smoothing 

Creation of an approximating function that attempts to capture important patterns in the data, 

while leaving out noise. 

 

Fluorophore 

A fluorescent chemical compound. 

 

Gray-level co-occurrence matrix 

A texture based statistical representation of image data. 

 

Gray-level co-occurrence matrix statistics 

Described as Energy, Contrast, Correlation and Homogeneity which are statistics that 

provide information about the texture of an image. 

 

Hepatectomy 

Resection of liver tissue. 

 

Image guided surgery 

General term for using images to guide surgical therapy. In the context of this thesis only 

used for computer navigated surgery i.e. using a 3D organ model to reflect in-vivo anatomy. 

 

Intensity 

In this work used to describe luminous intensity which is a measure of the wavelength-

weighted power emitted by a light source. 

 

Multispectral imaging 

An imaging method that captures image data within specific wavelength ranges across the 

electromagnetic spectrum. 
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Parenchymal sparing resection 

A method of liver resection with the intention of preserving a maximum volume for the future 

liver remnant.  

 

Registration 

In image guided surgery it describes the process of aligning a 3D organ model in an 

anatomically correct position with the corresponding organ of the patient (e.g. liver). 

 

Segmentectomy 

Resection of a functional liver segment. 

 

SmartLiver 

An image guidance system for laparoscopic liver surgery that is being developed by a team 

of surgeons and computer scientists at UCL. 

Steatosis  

Fatty change or degeneration (used in the context of liver steatosis in this work). 

 

Sub-segmentectomy / wedge resection / non-anatomical resection 

Resection of less than a segment of liver. 

 

Tracking 

In laparoscopic image guided surgery it describes the process of following the position of the 

laparoscope or laparoscopic instrument. 

 

Video magnification 

A video processing algorithm that enhances subtle motion or colour variation.  
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Virtual reality 

The computer-generated simulation of a three-dimensional image or environment. 
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1. General introduction  

1.1. Introduction to liver surgery 

1.1.1 Liver function 

The liver is the largest solid organ in the body and weighs between 1200-1500g. It is 

situated in the right upper portion of the abdominal cavity where it is sheltered by the ribs. 

The upper border of the liver lies approximately at the height of the nipples (1). Major organs 

that border onto the liver are the right kidney, stomach, duodenum and colon. 

The liver fulfils many diverse functions and can perhaps be regarded as the body’s “power 

plant and manufacturing site”. It fulfils a variety of roles that include metabolic-, synthetic-, 

excretory-, endocrine- and immunological functions. More specifically the liver plays a 

central role in the metabolism of carbohydrates, fats and proteins (2). It is essential for the 

metabolism and conjugation of many drugs whose excretion depends on a normal liver 

function. The liver accumulates fat soluble vitamins and glycogen which is a storage 

carbohydrate. Proteins that are crucial for coagulation, immune response and transport and 

bloodstream mediated transport are all synthesised in the liver as is bile. The main excretory 

functions involve the excretion of drug metabolites and bile(2). The liver performs an 

important endocrine function by breaking down hormones and activates vitamin D via 

hydroxylation. As a crucial component of the immune system, it removes circulating immune 

complexes, aids in the fetal development of B-lymphocytes, hosts the majority of the bodies 

macrophage population in the form of Kupffer cells and it is one of the main sources for 

cytokine release (3,4). 

Because of this diversity which sets it apart from organs with one main function such as the 

heart (pump) or the kidney (filter) it has so far not been possible to create an artificial liver 

device. In contrast to most other solid organs the liver has a striking capacity for self-

regeneration. In animal models it has been proven that it is possible to remove two-thirds of 

the liver up to 12 times. Hepatocytes have the ability to replenish liver volume but when they 

eventually lose this ability, then so called oval cells, a population of pluripotent stem cells 

that dwell in small bile ducts, can proliferate and differentiate into hepatocytes and biliary 

cells (5). 

1.1.2 Liver anatomy 

1.1.2.1 External liver anatomy 

As described above, most of the liver bulk lies in the right upper abdomen, there is however 

a smaller portion that constitutes about a sixth of the livers volume which protrudes to the left 

of the midline, between the diaphragm and the anterior surface of the stomach. The superior 

portion of the liver is convex and is moulded to the diaphragm. At the front it slopes down 

straight lying against the lower right ribcage and the abdominal wall. At the back it extends 
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down to a posterior surface which is triangular in outline. The liver is invested in peritoneum 

except at the back where the peritoneum reflects onto the diaphragm and thus forms the left 

and right triangular ligaments. These ligaments in conjunction with the falciform ligament 

also provide attachments to the anterior convexity of the diaphragm. The falciform ligament 

is the landmark for the border between the right and left liver lobe. The anterior and posterior 

liver surface meet inferiorly at a sharp angle to form the lower liver border (6). The liver has 

a dual blood supply, the portal vein brings venous blood from the intestines and spleen and 

the hepatic artery carries arterial blood from the coeliac trunk. Both blood vessels enter the 

liver through the porta hepatis which is a fissure in the inferior portion of the right lobe. The 

bile ducts follow the course of the hepatic artery within the liver. With the exception of its left 

main trunk, which has an unusual morphology due to its need to perform different functions 

in the foetus, this is also true of the portal vein. Because the smaller subdivisions of the 

hepatic artery, portal vein and bile ducts run alongside each other, surrounded by a fibrous 

sheath, they are also referred to as portal triad or portal pedicles. Blood drains directly into 

the inferior vena cava (IVC) via three main hepatic veins (right, middle and left) and a 

number of smaller hepatic veins that originate from the posterior surface of the liver where it 

lies adjacent to the IVC.  

1.1.2.2 Functional liver anatomy 

The classical description of the liver anatomy above hides a more intricate internal liver 

anatomy, also sometimes called functional anatomy. The knowledge of this functional 

anatomy which is based on the teachings of Couinaud (7) with a later amendment 

introduced by a consensus conference in 2000 Brisbane classification (8), is essential to 

carry out precise hepatectomies (liver resections). A simplified description of the functional 

liver anatomy is given below (Figure 1.1). This is intended to stress the central role that 

imaging plays in the correct interpretation of liver anatomy.  

Couinaud divided the liver into 2 livers, 4 sectors and 8 segments founded on the distribution 

of the portal vessels and the main hepatic veins. The first division of the proper hepatic 

artery divides the liver into the right and left liver. The course of the three main hepatic veins 

separates the liver into 4 sectors, two each in the right and left liver, respectively. The 

sectors are supplied by the second order division of the hepatic artery (right anterior, right 

posterior, left medial and left lateral section). Each liver segment is supplied by the third 

order division of the hepatic artery. As a simplification it can be said that the course of the 

portal vessel along the horizontal plan subdivides the sectors into cranial and caudal 

segments. Segment 4 is divided by its course into segment 4a and 4b. The caudate lobe 

(segment 1) lies posterior to the liver and embraces the retrohepatic IVC. It is surrounded by 

major vascular structures such as the IVC, left portal vein and the main middle hepatic vein. 

A detailed anatomical description of the caudate lobe goes beyond the scope of this chapter. 

The interested reader is referred to here (6). 
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Knowledge of the functional anatomy is key to describing the location of surgical liver 

pathology and to planning its resection. Because there is little correlation between the livers 

surface anatomy and its functional anatomy it is crucial to employ intraoperative imaging to 

guide surgical resection. 

 

Figure 1.1 Illustration of functional liver anatomy after Couinaud. (reprinted with 

permission from : BodyParts3D, © The Database Center for Life Science licensed under CC 
Attribution-Share Alike 2.1 Japan.") 

 

1.1.3 History of liver surgery  

1.1.3.1 Pre-modern medicine 

A report on gallbladder calculi found in a mummy from Theben (1.500 B.C.) is the only 

evidence of biliary disease that survived from antiquity. Alexander the Great is also thought 

to have succumbed to biliary tract disease culminating in peritonitis in 323 B.C. Translations 

from the works of Hippocrates (5th century B.C.) indicate that he had knowledge of the 

clinical signs of biliary sepsis and malignant obstructive jaundice (9). A few centuries later 

(1st century A.D.), Galen decreed that the liver, alongside the heart and brain, is one of the 

main organs of the body and as such is chiefly involved with governing the nutritive facility. 

Many of his teachings surrounding the balance and imbalance of bodily humours being the 

cause of disease persisted up to the middle of the 17th century. The advent of the 

renaissance saw further advances founded on the autopsies of patients who succumbed to 

the complications of gallstone disease (6). The publication of “Anatomia Hepatis” by Francis 

Glisson, in 1654 was a milestone in the study of liver disease (10). In it he clearly described 

the liver anatomy, in particular its capsule which invests the portal structures and the 

distribution of the bile ducts. He also deduced that the venous blood entering from the portal 

vein traverses through capillaries before entering the vena cava. Some of his illustrations 

bear a striking similarity to those of Couinaud and to modern computer tomography (CT) 

based 3D reconstruction of liver anatomy (6). The liver capsule and fibrous sheath 
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surrounding the portal vessels is named after him. In the 18th century, Morgagni published a 

seminal work which revolutionised the understanding of liver and biliary disease. In it he 

presented symptoms in a logical sequence and combined knowledge of pathology and 

physiology to formulate theories on the causes of disease. From the 18th century onwards 

the theories around humoral imbalances were disproved and modern scientific medicine was 

born (6). 

1.1.3.2 Advent of biliary surgery 

The first surgical interventions for liver disease were all centred on the gallbladder and biliary 

system. This is hardly surprising as the disease burden related to gallstones is vastly greater 

than other liver diseases and in addition it was technically safer to operate on the biliary 

system than on the substance of the liver itself. The first lithotomy, meaning opening of the 

gallbladder and extraction of stones was carried out by Bobbs in 1867. This was an 

incidental procedure as Bobbs was expecting to find an ovarian tumour (6). The first planned 

gallbladder procedures in the modern era were cholecystostomies which were performed by 

Simms, Koch and Tait around the same time. In this historic form of cholecystostomy, the 

gallbladder is opened to extract pus and stones and it is left open, draining onto the skin to 

prevent biliary peritonitis. The first excision of the gallbladder (cholecystectomy) was 

performed by Langenbuch in 1882, who correctly identified that “others busied themselves 

with the product of the disease (gallstones), not with the disease itself”. This was an 

important step as it was observed that gallstones would frequently reoccur (6). Soon after 

the first cholecystectomy, techniques to remove stones from the common bile duct were 

invented. These were initially unpopular because of the risk of biliary peritonitis, until Kehr 

introduced the technique of biliary intubation. Kehr was also credited with performing the first 

hepatico-enteric anastomosis and resection of a hepatic tumour (11). 

1.1.3.3 The role of imaging in the development of hepato-biliary surgery 

Progress in biliary surgery was supported by new developments in imaging, especially in the 

20th century when it became possible to image the gallbladder via oral cholecystography 

(1924) and the bile duct via cholangiography (1932). Much later in the 1970’s ultrasound 

imaging, CT and magnetic resonance imaging (MRI) were added to the imaging 

armamentarium (12,13). The first successful percutaneous interventions on the liver such as 

percutaneous transhepatic cholangiography for the relief of jaundice and the dilatation of 

strictures were also described in this decade. The refinement of selective arteriography led 

to the invention first hepatic artery embolisation for the treatment of liver tumours (14). 

Modern surgeons have seen their world transformed by advancements in imaging and it is 

fair to say that these have enabled the rapid progress in the management of biliary and 

hepatic disease (6). 
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1.1.3.4 Advent of liver surgery 

“...the liver is so friable, so full of gaping vessels and so evidently incapable of being 

sutured that it seems impossible to successfully manage large wounds of its 

substance.”  

JW Elliot 1897 (15) 

 

This description by Elliot, in a case report on liver resection, highlights why liver surgery was 

virtually non-existent, until the middle of the last century. There is the oft cited Greek myth of 

Prometheus who was chained to the Caucasus Mountain as a punishment by Zeus for 

showing humans how to make fire. Every day an eagle descends and eats his liver, which 

miraculously re-grows over night (Figure 1.2). If this myth can be regarded as proof that the 

ancient Greeks knew about the livers regenerative capabilities is uncertain.  

Nevertheless, with the exception of one report form 1716 where part of the liver which was 

protruding from the wound was amputated, no hepatic resections were attempted until the 

advent of anaesthesia. As mentioned above, Langenbuch described the first liver resection 

in 1888 and other surgeons soon followed. At around this time Rex (1888) and later Cantlie 

(1897) further enhanced the understanding of lobar and segmental liver anatomy and 

brought to light the existence of planes within the liver parenchyma that are devoid of major 

vascular and biliary structures. These findings were complemented by studies which 

revealed that blood vessels in the liver parenchym (liver tissue) could be compressed by 

suture ligation if the sutures were passed in sufficient distance from the wound.  

 

 

 



33 
 

 

Figure 1.2 Prometheus depicted in a sculpture by Nicolas-Sébastien Adam, 1762. (from 

https://en.wikipedia.org/wiki/Prometheus#/media/File:Prometheus_Adam_Louvre_MR1745_

edit_atoma.jpg, image rights released) 

 

More adjuncts to control hepatic bleeding were introduced in quick succession. In 1907, 

Garre emphasised the importance of packing for the management of liver injuries and 

indeed even in modern times this approach remains the mainstay of liver trauma 

management. Pringle contributed another milestone in the management of hepatic bleeding 

in 1908 by describing a method of compressing the hepatic inflow vessels. 

The first major hepatectomy was carried out by Wendell (1911) who realised that blood loss 

could be reduced by ligating the portal pedicle that supplied the side of the liver that was to 

be removed. Unfortunately this discovery was lost to the surgical community so that the next 

major hepatectomy was not performed until 1949. As this was not reported in the English 

literature until 1955, another case of major hepatectomy carried out by Lortat-Jacob in 1952 

gained publicity instead. Initially a thoraco-laparotomy incision (opening chest and abdomen) 

was popularised because it allowed good access to vascular structures, although this came 

at the cost of increased morbidity. The introduction of coastal rib retractors made opening of 

the chest unnecessary. A variety of methods for parenchymal transection have been 

advocated such as electrocautery, microwave tissue coagulation, water jet, ultrasonic 

aspiration dissector and the harmonic scalpel to name a few. Many of these remain still in 

use today as does the original method of parenchymal transection, the clamp-crush 

technique. 

https://www.dropbox.com/referrer_cleansing_redirect?hmac=eOKKKWr4ktPCUwRpE4zCCzBDps9TB2bx8saGMkLrTqo%3D&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPrometheus%23%2Fmedia%2FFile%3APrometheus_Adam_Louvre_MR1745_
https://www.dropbox.com/referrer_cleansing_redirect?hmac=eOKKKWr4ktPCUwRpE4zCCzBDps9TB2bx8saGMkLrTqo%3D&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPrometheus%23%2Fmedia%2FFile%3APrometheus_Adam_Louvre_MR1745_
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1.1.4 Common indications for liver surgery 

Following is a brief summary of common indications for liver resection. Diseases where only 

part of the biliary system is excised (e.g. cholecystectomy) will not be discussed here 

because it is not relevant for the research proposed in this work. There is a significant 

discrepancy in surgical liver disease patterns between the West (Europe and the Americas) 

and the East (East Asia). A detailed description of global variations in presentation and 

practice however is beyond the scope of this chapter and hence the focus is on western 

practice and in particular the UK. 

1.1.4.1 Primary liver cancer 

The majority of liver resections are carried out for malignant tumours. These can be 

categorised into primary (originating in the liver) and secondary liver cancers (i.e. 

metastatic). More than 90% of primary liver cancers are hepatocellular carcinomas (HCC) 

which is the fifth most common cancer worldwide and the third most common cause of 

cancer related mortality (16). In the majority of cases HCC arises in cirrhotic livers. It 

constitutes the bulk of hepatic cancer resections in the East Asia because of the endemic 

presence of hepatitis B virus (HBV) infection which is one of the globally leading causes for 

liver cirrhosis (17). HCC in the West usually presents late, as a large and/or multifocal 

cancer and hence is often not amenable for surgical resection. The main limitation for 

resection of HCC is liver function, because a removal of even small amounts of liver tissue 

may precipitate liver failure. Another issue is that development of de-novo HCC in cirrhotic 

livers is common after resection. Since the 1990’s liver transplantation has been shown to 

be an effective therapy for small HCC in patients with liver failure (18).  

Cholangiocarcinoma (CCA) accounts for approximately 3% of all GI cancers and is the 

second most common hepatobiliary cancer after HCC (19,20). On the basis of anatomical 

distribution of the involved bile ducts, CCA has been classified as intrahepatic, perihilar or 

distal. Usually only intrahepatic and perihilar CCA are treated with liver resection. There are 

number of risk factors for CCA with primary sclerosing cholangitis being the best known one. 

Most cases of CCA are however sporadic. Intrahepatic CCA is treated with liver resection 

whereas perihilar CCA requires additional excision of the common bile duct and not 

infrequently also of hilar blood vessels that have been invaded by cancer. The 

preponderance of vascular invasion and extensive spread along the bile ducts means that 

most perihilar CCA are unresectable. Some centres have demonstrated good survival rates 

for patients with perihilar CCA who were treated with liver transplantation (20). 

1.1.4.2 Secondary liver cancer 

Colorectal cancer is the commonest gastrointestinal malignancy and causes an estimated 

17,000 cancer deaths in the UK each year. Approximately 25% of patients with colorectal 

cancer present with liver metastasis at the time of diagnosis. A further 40-50% will develop 

colorectal cancer liver metastasis (CRLM) later on (21). The minority of these patients 

(around 20%) present with resectable disease (22). If resection is undertaken approximately 



35 
 

40% of patients are alive after 5 years, without surgery it is <1% (23). The definition and 

limits of what is deemed resectable have undergone tremendous evolution over the last two 

decades. The main criteria for resection with curative intent are considered if 1) all disease 

can be cleared 2) the remaining liver volume is adequate to prevent liver failure 3) there is 

no extrahepatic disease that cannot be removed (24,25). In unresectable CRLM, 

preoperative (neoadjuvant) chemotherapy is often employed to reduce the size of the cancer 

in an attempt to make it potentially amenable to resection. If cancer reoccurs in the liver 

without concomitant extrahepatic disease, it can be re-resected with outcomes being 

comparable to the primary resection (23,26). Surgeons in western countries carry out the 

majority of liver resections for metastatic disease (6). 

The success in treating CRLM with hepatic resection has created interested in treating other 

forms of metastatic cancer the same way. In patient with metastatic gastrointestinal 

neuroendocrine tumour, liver resection has been shown to be a viable curative option. If all 

disease can be removed the 5 year survival rates approach 85% (27). In a non-curative 

setting liver resection may be carried out to reduce tumour burden (debulking) which is 

thought to have a beneficial impact on survival (28). Debulking for metastatic ovarian cancer 

may also necessitate hepatectomy to reduce the burden of disease prior to intraperitoneal 

chemotherapy, which has been shown to convey a survival advantage (29). There are some 

reports about the benefit of liver resection in a number of other cancers (e.g. melanoma, 

breast cancer, renal cell cancer), but due to the heterogeneous biology of these cancer 

types more data is needed to establish a clear role for hepatic surgery (30).  

1.1.4.3 Benign indications for liver resection 

There a variety of benign liver tumours, with the most common ones of epithelial origin being 

hepatocellular adenoma and focal nodular hyperplasia whereas the most common tumours 

of mesenchymal origin are haemangiomas and angiomyolipomas. Diagnosis is frequently 

made based on imaging criteria because percutaneous biopsy is only indicated in selected 

cases. If lesions become symptomatic they are usually excised while asymptomatic lesions 

are kept under surveillance. Lesions with an increased risk for malignant transformation (e.g. 

hepatic adenoma >5cm) or lesions that are indeterminate are usually also excised (31). 

Other benign diseases that may require hepatic resection include intrahepatic gallstones, 

intrahepatic biliary strictures and hydatid cysts (6).  

1.1.5 Current state of liver surgery 

Morbidity and mortality associated with liver resection has vastly improved over the last few 

decades. The first ever reported operative mortality from a multicentre series of liver 

resections was 25% (32). Compared to this recent series frequently quote mortality rates of 

2-3% for CRLM and <5% for HCC resection routinely (33,34). The reasons for these 

improvements are multifactorial and include advances in pre- and postoperative diagnostics, 

preoperative planning and patient selection, perioperative care, interventional procedures 

and specialised surgical instruments (6).  
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The majority of newly developed instruments are dedicated towards the division of liver 

tissue which is also called parenchymal transection. The gold standard for parenchymal 

transection is the Crush-Clamp technique, where a standard surgical metal clamp is used to 

fracture parenchym around bile ducts and blood vessels which subsequently can be divided 

in a controlled fashion (35). The Cavitron Ultrasonic Suction Aspirator (CUSA) is used in a 

similar fashion; the removal of parenchym however is achieved by inducing a cavitation 

effect through tiny oscillating motions. Stapled hepatectomy employs devices that 

simultaneously cut and seal liver tissue via small metallic staples. Finally there are a number 

of energy devices that employ various methods (e.g. radiofrequency ablation, bipolar 

coagulation, ultrasonic vibration) to create heat that divides and seals liver tissue. 

Numerous clinical trials have been conducted to establish the optimal parenchymal 

transection method. Some RCT’s have compared more recently developed transection 

technologies with each other and found some to be more advantageous (36,37). So far 

however there is no evidence that any method has advantages over the traditional clamp-

crush technique. A network analysis found an increased rate of adverse events with use of 

the radiofrequency dissecting sealer compared to clamp-crush transection. The majority of 

novel transection methods however have been shown to be non-inferior or to have no 

significant benefits compared to the gold standard (38,39). 

At present the majority of liver resections are carried out in highly specialised centres that 

have the necessary support network to provide optimal care (40,41). Surgical education has 

evolved alongside these rapid developments and in most countries surgeons require a 

dedicated period of subspecialty training in liver surgery before they can obtain accreditation 

as hepato-biliary surgeons.  

Concomitant with improved patient outcomes the indications for liver surgery have expanded 

significantly. In its early beginnings, liver resection for metastatic disease was contentious 

whereas in current practice in constitutes the bulk of resected liver lesions in western 

countries (1.1.4.) The introduction of novel technologies has expanded the surgical 

armamentarium for parenchymal transection and haemostasis (42,43).  

Thermal ablation of liver tumours, which can be performed via a percutaneous, laparoscopic 

or open (laparotomy) approach, has been shown to be a viable alternative to surgical 

resection. In some case it can be used as a complementary modality alongside resection. 

Ablation is based on the principle of destroying tumour tissue via induced liver necrosis. It 

involves insertion of one or more metal probes into the liver tumour (44,45). During ablation, 

USS, MRI or CT guidance is used for the adequate localization and monitoring of the 

ablation process. At present thermal ablation via radiofrequency or microwave ablation is the 

most widely practised method with the latter, more novel method having the advantage 

achieving higher temperatures in a shorter time frame thus allowing more extensive ablation 

procedures to be carried out (46). 
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An important limitation of ablation is the heatsink effect which cools down tumours that are 

close to larger blood vessels. A reduction in maximum temperature may result in incomplete 

tumour destruction. Furthermore, thermal ablation carried out close to blood vessels or bile 

ducts may damage these vulnerable structures which can lead to complications such as bile 

leak, bile duct strictures, bleeding and thrombosis. To address this limitation, a new 

technology called irreversible electroporation (IRE) has been introduced. IRE employs 

multiple, rapid, high voltage pulses that disrupts cell membranes which ultimately leads to 

loss of homeostasis and cell death (47–49). Ablation of small solitary liver cancers may 

produce comparable results to liver resection with a reduced morbidity and mortality 

(50).The main concern regarding thermal ablation is the high incidence of local recurrence. 

To avoid recurrence it is crucial to destroy not only the cancer harbouring tissue but also a 5-

10mm safety margin to include any local satellite lesions. 

Neoadjuvant chemotherapy is frequently utilised in an attempt to downsize unresectable 

CRLM to such an extent that they become amenable for curative resection. Another 

approach to improve resectability is the use of portal vein embolisation (PVE) which is used 

to block the blood flow to the part of part of the liver (right or left) that carries the majority of 

disease burden. This leads to a decrease in the affected part of the liver and a 

compensatory growth in the contralateral side (51,52). The two-staged hepatectomy 

approach is used in conjunction with PVE or surgical portal vein ligation to improve 

outcomes in bi-lobar disease (affecting right and left liver). The first stage involves localised 

resection (e.g. segmentectomy) of disease from the less affected side of the liver. This is 

followed by PVE or surgical ligation to the contralateral side to induce growth in the side that 

has been rendered disease free. Once sufficient liver regeneration has taken place the 

previously embolised side is resected (53).  

The method of associated liver partition and portal vein ligation for staged hepatectomy 

(ALPPS) has evolved from the two staged hepatectomy recently with the main difference 

being that the liver is transected during the first stage. This induces more rapid regeneration 

but also increases operative morbidity and mortality (54,55). In a recent attempt to improve 

the safety profile of ALPPS, some authors have advocated the less invasive partial -ALPPS 

where liver transection is limited to 50-80% of the whole transection surface. The mini-

ALPPS procedure combines partial transection with a portal vein embolisation instead of 

portal vein ligation. Both modifications of ALPPS have the aim of reducing the complication 

rates during the first stage of ALPPS (e.g. bile leaks, bleeding) (56,57). For liver cancers 

with extensive involvement of vascular structures an ex-vivo dissection approach has been 

first propagated by Pichlmayr (58). Although this has been replicated by other groups its 

applicability remains reserved for a few select cases (59,60). 

Two staged hepatectomy, ALPPS and ex-vivo dissection are aggressive surgical solutions 

for advanced and complex disease. The disadvantage of utilising these techniques is an 

increase in surgical morbidity and mortality (54,59). At the other end of the spectrum novel 
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approaches are being developed with the aim of minimising invasiveness and surgical 

trauma. Parenchyma sparing resections such as segmentectomies have long been 

popularised for HCC in cirrhotic livers but are also now being introduced for CRLM resection 

in the form of sub-segmentectomies. The benefit of parenchyma sparing surgery is that a 

greater future liver remnant can be preserved which reduces the risk of postoperative liver 

failure and enhances the feasibility of carrying out further liver resections should the cancer 

reoccur (23,61,62). Correctly identifying segmental anatomy relies heavily on imaging by 

intraoperative ultrasound whose use and visual interpretation has been accordingly refined 

(63,64). Virtual three dimensional (3D) reconstruction of the liver has been introduced to aid 

in the planning of liver resection and to accurately predict the future liver remnant (FLR) (65). 

More recently 3D organ models have been integrated into image guidance systems that can 

provide intraoperative image guidance in real-time (66,67). Laparoscopic (keyhole) surgery 

was introduced in the early 1990’s into the field of oncological surgery and has since 

undergone a rapid expansion. Minimising the size of abdominal incision has been shown to 

benefit patients by reducing pain, blood loss, length of stay and postoperative complications. 

In certain procedures (e.g. cholecystectomy, anti-reflux surgery) the impact of laparoscopy 

has been so significant that it has become the approach of 1st choice (68,69). In contrast to 

this liver surgeons have been relatively slow to adapt the laparoscopic approach. The 

reasons behind this will be elaborated on in the following section. 
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1.2. Introduction to laparoscopic liver surgery 

1.2.1 The concept of laparoscopy 

The aim of laparoscopic surgery is to reduce the size of the surgical incision and hence the 

associated surgical trauma (Figure 1.3). The semantic origins of “laparoscopy” stems from 

the Greek words ‘lapar’ meaning ‘flank’ or ‘abdomen’ and ‘scop’ meaning ‘see’. It is 

essentially a medical procedure initially developed to look inside the abdomen for diagnostic 

purposes which later on has evolved to enable therapeutic interventions (e.g. organ 

resection) as well. To perform laparoscopy the first step is to distend the abdominal cavity by 

insufflating it with carbon dioxide, which subsequently creates the space required for the 

manoeuvring surgical instruments. The now established pneumoperitoneum is accessed via 

laparoscopic ports. These ports are essentially 5-15mm diameter tubes with an integrated 

air lock that enables introduction of specialised laparoscopic instruments without the loss of 

intraabdominal pressure. The first port is used is to introduce a laparoscopic camera called 

‘laparoscope’. The view of the laparoscope is projected on a screen that is placed in a 

convenient position close to the patient. Depending on the requirements of the intended 

procedure a varying number of additional ports is subsequently introduced (Figure 1.4).  

 

Figure 1.3 Comparison between conventional and laparoscopic scars. 

a) Open liver resection (70) and b) Laparoscopic liver resection (71). (reprinted with 
permission from: a - Wiley copyright 2014, b - CC BY-NC 4.0 from Ingenta Connect) 

 

There are a vast and steadily increasing number of laparoscopic instruments that amongst 

many other things can be utilised to manipulate, cut, coagulate, irrigate and suture tissues. 

Many of these are adaptations of instruments used in open surgery such as laparoscopic 

diathermy, needle holders or staplers. Others instruments have been specifically designed 
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for laparoscopic surgery, tissue graspers for example have been introduced to hold and 

manipulate tissues with the aim of replacing the surgeon’s hands. Laparoscopic surgeons 

are becoming increasingly skilful in substituting the motor function of the hand with tissue 

graspers. The issue is that graspers cannot convey the feel of touch and hence surgeons 

are deprived of their second most important sense, the sense of touch.  

 

Figure 1.4 Laparoscopic port placement.  

The ports (*) allow the insertion of a laparoscopic camera (#) and instruments (72). 
(reprinted with CC BY-NC 4.0 from Intechopen) 

 

1.2.2 Adaptations specific to liver surgery 

The majority of the laparoscopic instruments used for liver resections are also used in other 

laparoscopic procedures. These ‘general purpose’ instruments include graspers for tissue 

manipulation, diathermy or thermal tissue sealing systems for dissection and haemostasis 

(stopping bleeding), scissors for cutting, needle holders for suturing, suction to evacuate 

fluid, laparoscopic staplers to divide and seal structures and to perform an anastomosis 

between two hollow viscus. Laparoscopic retractors either held by hand or fixed to the 

operating table by a pole, can be used to hold the liver in place while a resection is carried 

out. There are many other instruments in use which cannot all be named here.  
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Some instruments however have been developed for specific use in liver surgery. These 

include the argon beam coagulator used for haemostasis, the ultrasonic suction aspirator for 

parenchymal transection and laparoscopic ablation probes for thermal ablation. Although 

also employed by other surgical specialties, laparoscopic ultrasound is an essential tool for 

the visualisation of functional liver anatomy and has therefore found widespread uptake for 

laparoscopic liver resection (73–77).  

1.2.3 Historical development of laparoscopic liver surgery 

The first report of a laparoscopic procedure in the field of hepato-biliary surgery was that of a 

laparoscopic cholecystectomy carried out by Muhe in 1985 (78). This was performed using a 

side-viewing endoscope without video connectivity. In this first report the surgeon visualised 

the abdominal cavity directly without the aid of a video screen. The procedure was soon 

adapted to be used in conjunction with a video-laparoscope that projected its views onto a 

screen, much like it is performed in this day and age (79). It took several years until this 

approach was extended to the resection of a parenchymal liver lesion in order to remove a 

focal nodular hyperplastic nodule (80). The first liver resection for malignancy (CRLM) was 

carried out soon after this report (81). As the international surgical community took note of 

these advances which is reflected by a number of case series of laparoscopic liver resection 

(LLR) that were published in rapid succession (82–85). These studies conducted on different 

continents, populations and pathologies demonstrated the repeatability and safety of this 

new approach. Due to concerns about oncological adequacy of LLR, many groups gained 

experience in benign cases first before embarking on resection of malignancy. Not unlike 

laparoscopic liver surgery today, a variety of methods for parenchymal transection such as 

hydro jet dissector, thermal ablation, clamp crush technique and ultrasonic scalpel were 

proposed in these studies(82,84–88). Many authors advocated the use of laparoscopic 

ultrasound to identify landmarks of functional liver anatomy intraoperatively (85,86,88). In 

this early period very few authors attempted major liver resections (>2 segments) via the 

laparoscopic approach were reported. The first series containing major hepatectomies via 

the laparoscopic approach was published in 1997 and the authors concluded that it was a 

feasible alternative in selected patients (83). 

Several of these pioneers of LLR continued to refine their operative techniques and publish 

them in the literature. Other centres emulated these techniques and started to introduce LLR 

into their repertoire. This process started a standardisation of several laparoscopic 

techniques (e.g. ‘French position’, caudal approach), which are still in use today 

(74,76,83,85,89,90).  
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In parallel with increasing sophistication, the laparoscopic approach was extended to 

technically more demanding and complex procedures such as caudate lobe resection (91) or 

resection of the right posterior liver segments (92). The confidence of some authors in the 

safety of LLR is reflected by the first report of laparoscopic left lateral sectionectomy for the 

purpose of living donor transplantation (93) (harvest of partial liver for liver transplantation). 

In living donor transplantation, donor safety is of the utmost importance and the willingness 

to apply LLR to this patient cohort heralded a big step in the evolution of laparoscopic liver 

surgery. 

With increasing certainty about the technical feasibility and safety of LLR (76,94–96), the 

focus of publications extended to studying the potential benefits of this technique for patient 

outcomes. Outcome parameters that were thought to improve with the minimal invasive 

approach included postoperative pain, length of hospital stay and intraoperative blood loss 

(75,76,97). Over the last decade evidence of a decrease in postoperative complications for 

patients undergoing LLR vs. open liver resection has been accumulating (98,99). However 

due to the paucity of standardised registries, randomised controlled trials (RCT) or a large 

volume meta-analysis, there remained some uncertainty about the exact nature of benefits 

conveyed by the laparoscopic approach (94,100,101). 

In 2008 and 2014 two consensus conferences on the international position on laparoscopic 

liver surgery were held in Louisville and Morioka, respectively. During the Louisville 

conference it was concluded that LLR is safe and effective if performed by surgeons with 

experience in traditional (open) liver- and laparoscopic surgery. A recommendation to 

establish an international registry for LLR was issued (94). The second conference in 

Morioka postulated that minor (i.e. resection of ≤2 segments) LLR has made the transition 

from experimental treatment to standard of care whereas major LLR is still an innovative 

procedure that requires further evaluation (74). 

1.2.4 Current state of the art in laparoscopic liver surgery 

The uptake of LLR has exponentially increased over the last decade. The estimate of 

globally reported procedures has increased from approximately 3000 to over 9000 in the 

span of 6 years (96,102). The majority of laparoscopic liver surgeons are carrying out minor 

LLR such as left lateral sectionectomies or wedge resections; more complex surgery (e.g. 

major hepatectomy, caudate lobe, right posterior sectionectomy) however has not been 

taken up widely so far. Complex LLR are performed in a relatively small number of highly 

specialised centres that have driven the innovation of novel laparoscopic techniques in the 

recent past (74,102). 
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Laparoscopic resection of hilar cholangiocarcinoma for example had not been attempted 

until a few years ago because it required a concomitant reconstruction of biliary drainage 

(hepatico-jejunostomy). Although technically challenging, the feasibility of performing this 

laparoscopically with acceptable outcomes has been demonstrated recently (103). Because 

a significant number of hilar cholangiocarcinomas also require resection and reconstruction 

of blood vessels that have been infiltrated by cancer (20), it is likely that the laparoscopic 

approach will only be applicable for a small cohort of these patients.  

It has been recognised that the difficulty of a laparoscopic resection does not exclusively 

depend on the extent of resected liver tissue but also and perhaps to a greater degree on its 

location. In this context it is particularly difficult to perform a segmentectomy of liver 

segments 7 and 8, on the superior right aspects of the liver. It is simpler to carry out a right 

hepatectomy and remove segment 7 or 8 together with segments 5 and 6. This however has 

the disadvantage of unnecessarily removing healthy parenchyma which can affect 

postoperative liver function in diseased livers (e.g. cirrhosis) and restrict surgical options if a 

cancer recurrence in the liver requires resection at a later stage (23,74). Technical aspects 

to performing parenchyma-sparing segmentectomies throughout segment 1-8 have been 

described previously (73). In this report it was suggested to place laparoscopic ports 

traversing through the chest and diaphragm into the abdominal cavity to access the most 

challenging superior portions of the liver (segment 7&8). A more aggressive trans-

diaphragmatic access facilitated by a thoracoscopic (minimal invasive chest surgery) 

approach that requires incision and repair of the diaphragm, has been advocated by a 

different group. For preoperative planning and simulation a 3D liver model (Figure 1.5) was 

utilised in this report (104). 
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Figure 1.5 A 3D liver model for preoperative simulation. 

The 3D model was used to visualise the position of the liver lesion (arrow). At the 
lower half of the image the hilar vessels can be seen (blue - portal vein; red - hepatic 
artery). The gallbladder is shown as a green structure on the left (105). (Reprinted with 
CC BY-NC 4.0 from Elsevier) 

 

An alternative to hilar dissection and control was suggested by an author who invented the 

‘Glissonian approach’ (106). Instead of controlling hepatic inflow vessels at the hilum, they 

(the hepatic inflow vessels) are transected with a stapler device inside the liver parenchyma. 

The same group that initially proposed laparoscopic donor hepatectomy on the left liver, has 

more recently described this approach for the right liver in adult-to-adult donation (107). 

Not all research is focused on improving the technical aspects of LLR though. It has long 

been stressed that better levels of evidence or needed to verify the benefits of the 

laparoscopic approach. The highest level of evidence up to date has been provided by meta-

analysis of comparative studies (102). The relatively low number of patients suitable for LLR 

and their heterogeneous pathologies is thought to be a major obstacle for the instigation of a 

RCT (94). The Orange II study, which compared open vs. laparoscopic left lateral 

sectionectomy for example was forced to close prematurely due to slow recruitment accrual 

(108). Its sister trial, the Orange II Plus study which investigates outcome differences 
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between laparoscopic vs. open major hepatectomies (right or left hepatectomy) is still 

recruiting patients. So far only one RCT investigating the differences in postoperative 

morbidity in open vs. laparoscopic liver resections for CRLM (Oslo-CoMet trial) has been 

completed and its results published (109). In this trial, patients undergoing LLR were found 

to have a lower complication rate and better quality of life after surgery.  

Laparoscopic resection was also shown to be more cost effective than open surgery. 

Although the costs of the operation were higher in the LLR group, this was more than 

compensated for by a decreased length of hospital stay. Other parameters of intraoperative 

performance such as operating time, blood loss and oncological resection margins were 

found to be equivalent between both types of surgery (109). The results of this RCT add to 

the steadily accruing evidence that LLR is safe in the right hands, has a positive impact on 

short-term patient outcomes and is non-inferior to open liver resection with regards to long-

term outcomes (98,99,102,109–111). 

1.2.4.1 Robotic liver resection 

Robotic surgery in the abdomen can perhaps best be described as a subcategory of 

laparoscopic surgery where the motion of surgical instruments is finely controlled by robotic 

limbs. The first report on a successful telerobotic operation, a cholecystectomy, was 

published 1997 (112). The aim of robotic surgery is to negate some of the inherent motor 

limitations of laparoscopic surgery such as limited range of movement, tremor magnification 

and the fulcrum effect against the laparoscopic port. An additional advantage is the ability to 

obtain a three dimensional view of the operating site which is thought to improve spatial 

awareness (113). Because the surgical robot is controlled remotely by a surgeon who is 

seated in front of a control module, these procedures were initially described as ‘telerobotic 

surgery’. Over time the terminology has been simplified into ‘robotic surgery’. 

A large variety of abdominal operations has been performed robotically including anti-reflux 

surgery, Heller myotomy, Roux-en-Y gastric bypass, and, more recently, colorectal surgery 

(114,115). The most enthusiastic and enduring uptake of the robotic approach however has 

occurred in prostate and gynaecological surgery (116). A recent meta-analysis comparing 

laparoscopic vs. robotic radical prostatectomy postulated a lower operative blood loss and 

improved outcomes in terms of continence and erectile function for the robotic approach 

(117).  

Robotic liver resection has been compared to LLR in a number comparative studies that 

found a comparable safety profile, similar short term outcomes but also an increased 

operating time (118–120). The disadvantages of robotic surgery in general are a steep 

learning curve, complete lack of tactile feedback and near prohibitive costs (114). Currently it 

remains unclear whether there is any added patient benefit when compared to laparoscopic 

procedures (114,121). Some advocates of robotic surgery argue that it is essentially an aid 
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to expand minimal invasive surgery to procedures that are too challenging to carry out via 

the standard laparoscopic approach (119,120).  
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1.2.5 Challenges in laparoscopic liver surgery 

Compared to other surgical specialties, the uptake of LLR has been relatively slow. This is 

thought to be due to concerns about the ability to control haemorrhage and to achieve 

complete oncological clearance (remove all cancer tissue)during LLR (102,122). Some 

surgeons are also reluctant to embark on laparoscopic resections because the acquisition of 

the necessary skills is associated with a steep learning curve (123–126). 

These concerns may be ultimately related to the inherent technical limitations of 

laparoscopic surgery. Potential patient benefits from a laparoscopic liver resection have to 

be balanced against these limitations that the surgeon must overcome in order to carry out 

the operation successfully. These disadvantages can perhaps be categorised into motor 

limitations (i.e. how to do something) and sensory limitations (i.e. we do not know what a 

structure is). Innovations in laparoscopic instruments and robotic surgery may be a possible 

solution to overcome the motor limitations of laparoscopic surgery but generally they do not 

address the sensory deficits. Of the 5 senses, vision is arguably the most important with the 

sense of touch coming second and the remaining three senses bearing relatively little 

importance. There are several limitations to both vision and touch in LLR or laparoscopy in 

general. The laparoscopic view is displayed in two dimensions (2D) and a limited field of 

view, which impedes spatial- awareness and orientation with subsequent effects on fine 

motor skills and interpretation of anatomy (127–131). The lack of haptic feedback (i.e. 

feeling tissue) has been well documented for laparoscopic surgery (128,132). An additional 

issue in LLR is that bi-manual palpation in conjunction with intraoperative ultrasound is 

important for the detection of liver lesions (33,133,134). It has therefore been postulated that 

recovering or perhaps even extending some of the lost sensory information could help in the 

location of vulnerable structures (e.g. blood vessels) and liver lesion during LLR. Improving 

identification of these structures and lesions would in turn lessen the risk of causing 

inadvertent damage or leaving pathological tissue behind. As an additional benefit, an 

enhanced sensory input may also improve the surgical learning curve associated with LLR 

(123). 
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Figure 1.6 Laparoscopic view during liver resection. 

Note how bleeding and line of sight occlusion from laparoscopic instruments (*) 
further impair the view. The transected liver tissue (transection plane – arrows) can be 
seen centrally whereas the liver surface (#) is visible on either side.  

 

The work in this thesis aims to explore methods of enhancing the sensory information during 

LLR by utilising optical imaging and computer vision. These technologies are based on 

functions of light and as such there are natural advantages of applying them in a 

laparoscopic environment because they can extract additional sensory data, not perceivable 

with the human eye directly through a laparoscopic camera (135,136). If additional 

equipment requires insertion into the abdominal cavity, this can usually be adapted to fit 

through laparoscopic ports without great difficulties (127,137,138). 
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1.3. Thesis hypothesis 

It is hypothesised that optical imaging and computer vision technologies have the ability to 

extract sensory information from the liver that is useful for guiding laparoscopic liver surgery. 

1.4. Objectives of the thesis 

1) To elucidate the ability of confocal laser endomicroscopy to characterise normal and 

pathological liver tissue 

2) To investigate how multispectral imaging may be applied to evaluate the 

composition of liver tissue and its implication on disease states. 

3) To develop and test a quantification method for motion magnified signals in video. 

4) To evaluate the feasibility of using a novel image guidance system for laparoscopic 

liver surgery in a clinical setting and assess its performance. 

In the following chapter the existing literature on in-vivo optical imaging and computer vision 

of the liver will be reviewed. 
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2. Literature review 

To better evaluate the current state of the art in optical imaging and computer vision of the 

liver in a laparoscopic environment, a systematic literature search that combined the terms 

“liver” and “laparoscopy” with optical imaging- or computer vision terms was performed using 

the Medline and Embase databases. Generic and mesh terms used for the search were, 

“optical imaging” and “image guided surgery”. A detailed description of the search strategy is 

outlined in the methods section under “electronic search strategy” below. To complement the 

initial search, each Medline search term indexed under “Diagnostic Techniques and 

Procedures” was screened for relevant optical imaging modalities and included as a 

separate search term if appropriate. 
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2.1. Introduction 

A background on liver surgery and laparoscopic liver surgery has been provided in the 

general introduction of this thesis. The introduction to this chapter focuses on providing 

background information on imaging modalities relevant to this work.  

The use of laparoscopic ultrasound (LUS) prior to parenchymal transection is recommended 

by some surgeons to identify liver lesions and delineate the hepatic vasculature during LLR 

(95,96,123,139,140). Once transection has started however the use of LUS is challenging 

and non-intuitive because it only provides 2D images which are difficult to interpret and do 

not offer much orientation within a 3D space. Additional limitation of LUS is that its 

diagnostic accuracy is decreased in the case of small or vanishing liver lesions or when 

background changes in the liver such as steatosis or cirrhosis are present (141–144). Finally 

it may be difficult to discriminate between benign or malignant liver lesions that are 

incidentally found on LUS and therefore the decision on whether to resect such a lesion 

depends on clinical judgment (134).  

The issues around anatomical orientation have led to research efforts into developing image 

guidance systems (IGS) that enable visualisation of 3D liver anatomy during LLR. Further 

research is directed at creating laparoscopic imaging modalities that enhance the 

visualisation of liver tissues with the intention of enabling surgeons to discriminate between 

different types or normal and pathologic liver tissues. These combined efforts can be 

regarded as an initiative to substitute for a decreased sensory input that is inherent to 

laparoscopic surgery, by enriching and maximising the data that is obtainable in the visual 

domain. Optical imaging and computer vision technology forms the foundation of the 

majority of emerging systems that are being developed to provide enhanced visualisation or 

image guidance (128,135,145). 

Medical optical imaging is an emerging non-invasive modality that is used in conjunction with 

endogenous or exogenous contrast agents. The latter, also known as fluorophores can be 

selected according to disease processes or tissue type of interest. This approach confers a 

high specificity which is unrivalled by conventional radiological imaging modalities. In 

contrast to X-Ray based modalities, optical imaging utilises non-ionising radiation to interpret 

information and transform them into images .i.e. light at visible and invisible wavelengths. 

The former mainly focuses on regular white light illumination whereas the latter includes 

ultraviolet, near-infrared and infrared light. This has the advantage that patients are not 

exposed to harmful radiation and therefore imaging can be repeated multiple times.  

Computer vision is closely related to optical imaging because it utilises image information in 

the visible light spectrum, usually in the form of video. The difference to conventional video 

or other forms of optical imaging is that processing and interpretation of these images is 

carried out by computer algorithms. This approach conveys the advantage of being able to 
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detect subtle details in a large volume of information or performing complex image analysis 

procedures that would be beyond the abilities of a human user.  

Some examples for optical imaging modalities are spectral imaging, laser microscopy, 

optical coherence tomography and fluorescence imaging all of which share common 

characteristics such as excellent spatial resolution, high specificity, real-time image 

processing, lack of ionising radiation and the wide availability of miniaturised equipment 

which facilitates its use in minimal invasive procedures. Most of these traits also apply to 

computer vision which is inherently related to optical imaging because they rely on the optics 

within camera and because they are frequently used in conjunction with other optical 

modalities (e.g. laser range scanner). Viewed within this wider context, computer vision can 

be referred to as an optical imaging modality for the purpose of this article. 

Technical background of common imaging modalities  

Microscopic fluorescence imaging 

Probe based confocal laser endomicroscopy (CLE) is a relatively well established 

microscopic fluorescence imaging technique that utilises a fibre-optic bundle to emit and 

receive light signals which are subsequently processed into µm-scale resolution images. 

Light emission is generated by a laser scanning unit that is situated at the proximal end of 

the fibre (i.e. further away from the tissue). The optical lenses required to focus the light at a 

specific imaging plane and to collect the resulting fluorescence emissions can be located at 

the distal or proximal end of the fibre. The former solution generally results in a more bulky, 

rigid endomicroscope design because the lenses have to be incorporated within the tip of 

the probe but this may be offset by a better image resolution (146). Systems that combine 

the laser scanning unit and optics at the proximal end of the fibre on the other hand enable 

use of miniaturised, flexible probes with a minimal diameter of between 0.3 mm whereas 

their rigid counterparts have a minimum diameter of 6.3 mm (147). Either design can readily 

be introduced through a standard laparoscopic port but flexible probes have also been 

deployed trans-gastric and trans–vaginally during natural orifice transluminal endoscopic 

surgery (148,149). To facilitate image acquisition via laparoscopic or natural orifice route, the 

probe is gently pressed on the area of interest with the resulting image visible on a screen in 

real-time. 

Generally fluorescence signals may originate from endogenous or exogenous fluorophores 

but in CLE imaging of the liver only the latter are of relevance (146). Fluorophores can be 

regarded as “contrast agents” that respond to illumination by emitting light at a specific 

wavelength. Most CLE systems are therefore designed to operate a single specific 

wavelength although more recently “dual wavelength” systems with the ability to 

simultaneously acquire images at two separate spectra of light have been developed (150). 

There is a plethora of fluorophores available but for CLE imaging of the liver fluorescein and 
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indocyanine green (ICG) have been employed most frequently. Both have the advantage of 

being licensed for clinical use and as an additional benefit, ICG is exclusively excreted into 

bile, a property which is desirable because it results in a strong and selective contrast in the 

biliary system and healthy parenchym (151,152). It has to be noted however that patients 

with congenital non-haemolytic hyperbilirubinemia (e.g. Gilbert’s and Rotor syndrome) may 

exhibit altered ICG fluorescence characteristics (153). 

Wide field fluorescence imaging 

Parallel to CLE imaging, fluorescence can also be used for the macroscopic visualisation of 

anatomical structures. To facilitate this, the laparoscope needs the ability to view a specific 

wavelength range that corresponds to the fluorophore(s) of interest. This is achieved by 

either filtering undesired wavelengths, using light sources tuned to a certain wavelength 

range or a combination thereof (144,151,152,154–156).  

Endogenous fluorophores have been used for controlling the effectiveness of photodynamic 

therapy in the peritoneum and liver (157) and they are a viable source of fluorescence in 

some organs (158). For hepatic imaging however exogenous fluorophores including 

methylene blue, fluorescein conjugated bile acids and ICG are preferred for experimental 

use (151,154,159). Out of these only ICG has been evaluated clinically so far, most likely 

due to the same above mentioned reasons that made it a popular fluorophore for CLE 

imaging of the liver. 

Multispectral imaging 

The absorption of light within the visible and invisible spectrum can be altered by 

pathological processes that affect cellular composition or tissue structure (160). This effect 

can also be exploited to obtain anatomical and physiological information that is subsequently 

transformed into images. Although there are variations in the names attributed to this 

methodology such as hyperspectral-, multispectral- or narrow band imaging, the basic 

principle remains the same. Tissues are illuminated at one or more specific wavelengths and 

the amount of absorbed and reflected light can consequently be used to infer its 

composition. In contrast to fluorescence imaging and CLE this modality is frequently used 

with endogenous fluorophores. In this context haemoglobin and tissue oxygenation have 

been widely studied but other substances such as fat, water or bile can also be quantified in 

absolute or relative terms (137,161–163). It is possible to obtain information on particular 

tissue components using a single spectrum but the simultaneous or sequential acquisition of 

multiple spectra has the potential to reflect tissue composition in greater detail. 

Enhanced white light vision 

Traditionally laparoscopic vision relies on a monocular scope that views the surgical site at a 

0˚ or 30˚ angle. Regular vision has been improved by the introduction of digital video, 
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automatic focus, and high definition video (164). Above and beyond imaging modalities that 

utilise magnification or invisible spectra of light, there may be an advantage in enhancing the 

laparoscopic view within the visible spectrum. This may be achieved by increasing the 

laparoscopic angle of view through the use of wedge prism (165). A completely different 

approach is to improve the mobility and versatility of laparoscopic equipment by 

amalgamating laparoscope, instrument port and laparoscopic screen into one single piece of 

equipment (166).  

The most widely used example of enhanced white light vision in minimal invasive surgery is 

stereoscopic- or 3D laparoscopy. It is well established that lack of tactile feedback and depth 

perception are the two major drawbacks of laparoscopic surgery. Since stereoscopic vision 

is the main contributor to depth perception, it is unsurprising that the introduction of 3D 

laparoscopy has been repeatedly attempted in the past. Unfortunately previous attempts of 

introduction have been hindered by concerns about cumbersome equipment that induced 

dizziness, fatigue and headaches in the surgical users (167). Driven by the entertainment 

industry, stereoscopic or 3D technology has greatly matured over the last decade and is now 

employed in a number of commercially available laparoscopy systems that do not suffer 

from the disadvantages of their predecessors (137). The laparoscopic camera itself differs 

from its conventional counterparts in that it has two separate, slightly set apart video 

channels instead of one. The right and left video channel are only shown to the 

corresponding eye of the surgeon which creates an effect that simulates true 3D vision to 

the human visual cortex (168). 

Intraoperative image guidance 

A common limitation of optics and vision based approaches is their short penetration depth 

which rarely exceeds 5mm (144). This restriction may be overcome with the use of image 

guidance systems (IGS) where optical technology can be used to project or display 

anatomical data from preoperative scans integrated into the operative site. Use of IGS in 

LLR is particularly appealing because the display of the highly variable vascular and tumour 

anatomy may aid in identifying tumour dimensions, vascular and biliary structures (169,170).  

An IGS is based on three essential components, a 3D model, positional tracking and 

intraoperative registration. Initially a 3D representation of the individual patient anatomy 

(henceforth called 3D model) is created from CT or MRI images. Positional tracking is a 

method that enables the spatial correlation of patient anatomy, surgical view and/or surgical 

instrument. The most frequently employed tracking methods in image guided surgery are 

based on optical markers or electromagnetic signals. Both technologies are in routine clinical 

use and have been extensively investigated (128). For this reason, articles reporting solely 

on the use of optical marker tracking have not been included in this review. Finally the 

precise alignment of 3D model and patient anatomy is carried out in a process called 

registration. It is unsurprising that various methods of registration have been proposed as it 
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is by far the most error-prone and difficult component of an IGS (128,141). Optics and 

computer vision based registration concepts are popular because they offer advantages in 

terms of excellent spatial resolution, high update frequency, lack of invasiveness, 

comparatively low costs, portability and are relatively easy to integrate into existing operating 

equipment (141,171,172). Other non-optical solutions for registration exist (e.g. LUS or MRI 

based) but will not be discussed as this is beyond the scope of this review. 

Although IGS are currently widely used in neurosurgery, orthopaedic surgery and 

otolaryngology, the development of solutions for abdominal surgery has been slow (173). 

The main obstacles preventing a meaningful implementation of this technology are the 

significant mobility of abdominal organs, lack of fixed bony landmarks for orientation and 

cyclical organ motion secondary to diaphragmatic and cardiac movement (141,173,174). 

Further difficulties that have to be addressed by IGS for hepatic surgery are the paucity of 

liver surface features, the inability of viewing the complete organ with a laparoscope and the 

significant deformation that the liver undergoes due to the increased intraabdominal 

pressure from the pneumoperitoneum and surgical manipulation (174).  

Because of these latter issues, AR solutions for retroperitoneally fixed organs such as the 

pancreas or kidney are thought to be somewhat simpler (173). Despite these difficulties, 

researchers have keenly pursued the advancement of AR for LLR because the innate 

drawbacks of laparoscopy such as lack of touch, depth perception and orientation are 

thought to be main factors in delaying the uptake of the laparoscopic liver surgery in the 

international community (122). 

The aim of this systematic review is to provide a comprehensive overview of the potential 

and limitations of minimal invasive optical imaging technology that has been evaluated on 

the liver. To ensure immediate- to mid-term clinical relevance, this review focuses 

exclusively on modalities that have been tested in in-vivo experiments or clinical studies. 

Finally a number of promising optical imaging concepts that have not advanced to this stage 

yet are discussed and key areas for future research focus are highlighted. 

2.2. Methods 

A systematic literature search that included the free text and corresponding controlled 

vocabulary terms for “liver” and “laparoscopy” combined with those for optical imaging,  

computer vision terms, or  “image guided surgery” was performed using the Medline and 

Embase databases. A detailed description of the search strategy is stated in Appendix 1. To 

complement the initial search, each Medline search term indexed under “Diagnostic 

Techniques and Procedures” was screened for relevant optical imaging modalities and 

included as a separate search term if appropriate. 

Full text articles, conference proceedings and conference abstracts describing in-vivo basic 

science or clinical research on optical imaging modalities in laparoscopic liver surgery or 
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laparoscopic liver ablation were retrieved. The time period for article retrieval was set to 15 

years from June 2001 to June 2016. In total 750 articles were identified and their titles and 

abstracts were subsequently screened for inclusion. The reference flow is outlined in Figure 

2.1. 

Exclusion criteria were image guidance based on non optical methods (e.g. CT), image 

guidance for radiotherapy purposes, ex-vivo research, non-primary research and articles not 

written in English. Articles reporting on imaging in open liver resection or laparoscopic 

cholecystectomy were excluded as well. Screening of the titles and abstracts of retrieved 

references was carried out by the author.  

Full texts for eligible articles were retrieved and read. A qualitative summary of the findings 

is given in the results section. Due to the heterogeneous nature of available research no 

quantitative analysis or meta-analysis could be conducted. 

2.2.1 Electronic search strategy 

Given below is a list of search terms and Boolean operators used for conducting a 

systematic review of optical imaging technology in laparoscopic liver surgery. 

Pubmed 

#1 ("Surgery, Computer-Assisted"[Mesh:NoExp] 

#2 "Optical Imaging"[Mesh] OR Optical imaging* 

#3 fluorescence imaging* OR autofluorescence imaging* 

#4 "Spectroscopy, Near-Infrared"[Mesh] OR NIR Spectroscop* 

#5 NIR spectrometr* OR near-infrared Spectrometr* OR Near Infrared Spectrometr* OR 

near-infrared spectroscop* OR near infrared spectroscop* OR infrared spectroscop* OR 

"Photoelectron Spectroscopy"[Mesh] OR photoelectron spectroscop* OR "Spectrometry, 

Fluorescence"[Mesh] OR spectrophotometr* OR spectrofluo* OR fluorescence spectroscop* 

OR "Spectrophotometry"[Mesh] OR spectrophotometr* OR spectroscopic photometry OR 

"Spectrum Analysis, Raman"[Mesh] OR Raman Spectroscop* OR Raman Scatter* OR laser 

raman spectroscop* OR raman resonance spectroscop* OR Absorption spectroscop* OR 

diffuse reflect* OR spectroscopy reflect* OR ellipsometry OR fluorescence correlation 

spectroscop* OR scanning fluorescence correlation spectroscop* OR infrared spectroscop* 

OR ir spectroscop* OR transmission infrared spectroscop* OR fourier transform infrared 

spectroscop* OR near infrared reflect* OR near-infrared reflect* 

#6 "Microscopy, confocal"[Mesh] OR confocal microscop* OR laser scanning microscop* OR 

laser microscop* 

#7 "Intravital microscopy"[Mesh] OR Intravital Microscop* OR in vivo microscop* 
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#8 "Microscopy, Fluorescence"[Mesh] OR fluorescence microscop* OR 

Immunofluorescence microscop* 

#9 "Microscopy, Interference"[Mesh] OR phase contrast microscop* OR interference 

reflection microscop* OR interferometry* OR interference microscop* OR  

microinterferometry* OR differential Interference Contrast microscop* OR nomarski 

interference contrast microscop* 

#10 "Microscopy, Polarization"[Mesh] OR polarized light microscop* OR polarization 

microscop* 

#11 "Microscopy, Ultraviolet"[Mesh] OR Ultraviolet Microscop* 

#12 "Photoacoustic Techniques "[Mesh] OR Photoacoustic* OR Optoacoustic* 

#13 "Stroboscopy"[Mesh] OR Stroboscop* 

#14 "Holography"[Mesh] OR Holography 

# 15 image guided surger* OR image guidance* OR image guided* OR Image-guided* 

#16 "Artificial Intelligence"[Mesh] OR artificial intelligence* 

#17 computer vision* OR machine vision* 

#18 surface reconstruction* 

#19 3D laparoscop* OR three dimensional laparoscop* OR three-dimensional laparoscop* 

#20 virtual reality* OR augmented reality* 

#21 hyperspectral* OR multispectr* 

#22 #1 or #2 or #3 or #4 or #5 or #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14 or 

#15 or #16 or #17 or #18 or #19 or #20 or #21 

#23 "Laparoscopy"[Mesh] OR laparoscop* OR peritoneoscop* OR celioscopy OR 

peritoneoscop* OR celioscop* 

#24 "Robotic Surgical Procedures"[Mesh] OR robotic surgery OR robotic surgical procedure* 

OR robotic surgery OR robotic assisted* OR robot surgery OR robot assisted surgery 

#25 #23 or #24 

#26 #22 and #25 
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Embase 

#1 spectrometry/ OR (Raman Spectr* OR Raman Scatter* OR laser raman spectr* OR 

raman resonance spectr*).af. 

#2 exp holography/ OR (hologra*).af. 

#3 exp fluorescence imaging/ OR  (Optical imaging* OR fluorescence imaging* OR 

autofluorescence imaging*).af. 

#4 (hyperspectral* or multispectr*).af. 

#5 (intravital microscop* OR in vivo microscop*).af. 

#6 exp confocal microscopy/ OR (confocal microscop* OR laser scanning microscop* OR 

laser microscop*).af. OR exp fluorescence microscopy/   OR (fluorescence microscop* OR 

Immunofluorescence microscop*).af. 

#7 exp phase contrast microscopy/  OR (phase contrast microscop* OR interference 

reflection microscop* OR interferometry* OR interference microscop* OR  

microinterferometry* OR  differential Interference Contrast microscop* OR nomarski 

interference contrast microscop*).af. 

#8 exp polarization microscopy/ OR (polarized light microscop* OR polari* microscop*).af. 

#9 (ultraviolet microscop*).af. 

#10 exp stroboscopy/ OR (Stroboscop*).af. 

#11 exp photoacoustics/ OR (Photoacoustic* OR Optoacoustic*).af. 

#12 *computer assisted surgery/ OR (image guided surger* OR image guidance* OR image 

guided* OR Image-guided*).af. 

#13 exp virtual reality/ OR (virtual reality* OR augmented reality*).af. 

#14 exp artificial intelligence/ OR (artificial intelligence* OR computer vision* OR machine 

vision* OR surface reconstruction*).af. 

#15 (3D laparoscop* OR three dimensional laparoscop* OR three-dimensional 

laparoscop*).af. 

#16 #1 or #2 or #3 or #4 or #5 or #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14 or 

#15 

#17 exp laparoscopy/ OR exp robot assisted surgery/ OR (laparoscop* OR peritoneoscop* 

OR celioscop* OR robotic surg* OR robotic surg* procedure* OR robotic assisted*).af. 
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#18 exp liver/ OR exp liver surgery/ OR (liver OR hepat*).af. 

#19 #17 and #18 

#20 #16 and #19 

 

2.3. Results 

  

Figure 2.1 Flowchart showing the selection of relevant articles for the literature review 

 

2.3.1 Optical imaging 

Microscopic fluorescence imaging 

Use of CLE has been shown to enable visualisation of liver anatomy and physiology at a 

microscopic level, with a lateral resolution ranging between 0.7-3.5µm and a maximum 

imaging depth of 0-350µm (147,175). Some systems allow the user to adjust the imaging 

depth which raises the potential for 3D reconstruction of tissue volumes (146). This imaging 

modality has previously been termed” virtual histology” due to its ability to not only visualise 

liver lobules, microscopic vasculature and bile ducts but also individual hepatocytes and 

stroma cells. In addition to static histological details, physiological parameters such as blood 

flow velocity and cell apoptosis have also be observed (176,177). Large animal studies have 

demonstrated the feasibility of laparoscopic use (148,149). One group has employed CLE 

imaging in the near-infrared (NIR) and blue light spectrum during mini-laparoscopy to 
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diagnose and quantify liver steatosis and cirrhosis in patients (Figure 2.2). Taking into 

account variations due to different imaging wavelengths and pathologies, a good diagnostic 

correlation with histopathology of 81-90% was demonstrated (177,178). The use of CLE for 

the clinical evaluation of hepato-biliary malignancy has until recently been restricted to 

endoscopic retrograde cholangio- pancreatography based diagnosis of biliary cancer (179).  

The “Persee Project” aims to transfer this technology to a laparoscopic setting by 

demonstrating the use of CLE to diagnose malignancy on peritoneum, lymph nodes and 

abdominal organs including the liver (180,181).  

To maximise the CLE’s real-time potential, this group uses an audio-visual conference with a 

pathologist which enables them to receive immediate feedback in-vivo images.  

 

Figure 2.2 CLE visualisation of normal and steatotic liver. 

a) normal hepatic architecture in healthy human liver, dark intracellular structures 
represent nuclei b) mixed micro & macrovesicular fat inclusions in liver steatosis 
(177). (reprinted with permission from Elsevier, copyright 2010) 

 

To achieve good quality images, a stable contact needs to be made with the tissue of 

interest, ideally at a 90˚ angle while exerting constant pressure to prevent slippage. 

Conversely excessive pressure may reduce microcirculation and thus impair fluorescence 

signals in some organs. To view larger areas of tissue, a smooth and finely controlled motion 

of the CLE probe tip has to be asserted. Addressing all these requirements during 

laparoscopy can be technically challenging (182). Robotic control of the CLE probe or the 

use of a modified intravascular steerable catheter, have been proposed as a possible 

solution to this issue (150,175). A further drawback of CLE is its small field of view which for 

flexible CLE probes rarely exceeds 600µm2 (146,175). A technique called mosaicing can 

enhance the field of view by incorporating multiple adjacent images together into one larger 

image (175).  
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Of all the imaging modalities discussed in this review, CLE has the highest resolution and 

magnification, thus allowing visualisation of cellular and sub-cellular details. Another 

advantage is that a clinically licensed, commercial solution exists. Although licensing is 

currently restricted to luminal endoscopy, the probes can be sterilised to a surgical standard 

which makes a transfer to a laparoscopic application simple (150,183). The main challenge 

to laparoscopic application consists of providing a technical solution that will allow controlled 

and stable acquisition of images in a meaningful field of view and a reproducible method of 

objectively evaluating CLE images. 

Wide field fluorescence imaging 

One of the first groups to investigate wide field fluorescence imaging of the liver used a 

rabbit model to demonstrate that fluorescein conjugated bile acids elicit selective 

fluorescence in hepatocytes and bile ducts with the latter being easy to distinguish from 

blood vessels (151). A non-bolus injection of methylene blue reduces the risk of adverse 

events and in combination with ICG provides good delineation of bile duct anatomy in a 

porcine model. The drawback of using this combination of fluorophores is that repeat 

imaging is difficult because ICG causes strong and prolonged background fluorescence in 

the liver (184). For single fluorophore use, laparoscopic ICG-mediated fluorescence imaging 

(LIFI) has been investigated extensively in experimental and clinical studies. Its advantages 

are rapid hepatic uptake, exclusive biliary excretion and a good safety profile (151). ICG has 

been routinely used for decades to test the preoperative hepatic function (185). Due to its 

propensity of exhibiting residual fluorescence around hepatocellular cancer and liver 

metastasis for up to two weeks, any patient who underwent hepatic function testing can 

potentially undergo LIFI without requiring additional medication (133,152). The emission 

peak for ICG and methylene blue are in the near-infrared range around 800nm and 700nm 

wavelength respectively. In contrast the emission peak of fluorescein and its derivates is 

within the visible light spectrum at around 520nm. 

To the best of our knowledge, only ICG has been studied clinically in the context of 

laparoscopic fluorescence imaging. So far four indications for its clinical application have 

been proposed, namely: the identification of liver malignancy, visualisation of bile ducts, 

delineation of liver segment borders, and as a test for bile leaks. ICG exhibits a selective 

uptake by hepatocytes which results in enhanced fluorescence throughout perfused liver 

tissue (159,186). Excretion into bile starts almost immediately and can last for up to 20 hours 

(187). It has been well documented however that this behaviour deviates in the presence of 

primary and secondary liver malignancy. Hepatocellular carcinoma can either appear as an 

area with globally increased fluorescence intensity or as a rim enhancing lesion (Figure 2.3). 

This phenomenon is thought to be related to the grade of malignant differentiation because 

high grade HCC cells can take up ICG via membrane transport proteins that are also found 

in normal hepatocytes but at the same time they cannot excrete ICG due to concomitant 
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biliary excretion disorders. In contrast to this finding, low grade HCC cells often seem to lack 

the required transport proteins to take up ICG and are therefore more likely to exhibit a rim 

enhancing fluorescence that is also seen with secondary liver metastasis (188). Rim 

enhancing type fluorescence (Figure 2.3) is purportedly caused by pressure induced biliary 

excretion disorders in normal hepatocytes that are adjacent to a liver lesion (189). Based on 

the knowledge of fluorescence patterns, liver lesions can be localised during LLR. In some 

cases this may reveal additional lesions which were not visualised on preoperative CT or 

LUS with subsequent implications on patient management (144,190). One study of 12 

patients comparing preoperative CT and MRI and intraoperative LUS and LIFI reported that 

LIFI had the best sensitivity (190). Another potential benefit of this technique is the 

identification of malignancy on the background of altered liver tissue (e.g. previous RFA) 

which may be difficult to visualise on conventional white light laparoscopy (133). Sensitivity 

is probably related to distance from the surface and lesion size with smaller and deeper 

lesions being harder to detect. One group reported detection of lesions up to 8mm from the 

surface and down to a size of 3mm (152).  

  

Figure 2.3 ICG fluorescence of HCC on LIFI. 

a) HCC exhibiting fluorescence throughout the lesion b) HCC exhibiting rim 
enhancing fluorescence (189). (reprinted with CC BY-NC 4.0 from Wiley) 

 

Fluorescence based imaging of bile ducts has mainly been studied with the aim of 

delineating common bile duct (CBD) anatomy during laparoscopic cholecystectomies but its 

utility for LLR and laparoscopic liver cyst fenestration has also been investigated (191–194). 

During laparoscopic cyst fenestration bile ducts may be severely displaced secondary to 

cyst growth. Utilisation of fluorescence imaging enables visualisation of common bile duct 

(CBD), hepatic ducts and smaller bile ducts in the vicinity of liver cyst a feature which may 

aid surgeons in avoiding inadvertent injury to these structures. One group investigating ICG 

mediated fluorescence imaging in 24 patients undergoing LLR demonstrated that all 

surgically relevant bile ducts could be visualised. Because anatomical guidance can be 

provided in real-time throughout parenchymal transection, this modality may be more 

valuable for LLR than for laparoscopic cholecystectomy, where it is mainly employed prior to 

dissection (191). 
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Postoperative bile leak is a relatively common complication of liver resection and a cause of 

major morbidity. Detection of bile leaks with standard laparoscopy is difficult because bile is 

frequently mixed with blood, making its distinctive green-yellow colour harder to detect (195). 

To enhance detection of bile leaks one group injected diluted ICG into the cystic duct and 

observed any resulting signs of increased fluorescence at the liver resection surface. If 

leakage was observed an abdominal drain was placed in the proximity of the resection 

surface (196). Other groups advocated suture repair of detected bile leaks (197) or 

employed naso-biliary drains for injecting ICG into the biliary system. In contrast to 

radiographic cholangiography, ICG cholangiography may be more attractive because it 

saves time and does not carry a risk of bile duct injury secondary to insertion of a 

cholangiogram catheter (191). 

Anatomical hepatic resection may offer advantages in terms of preserved hepatic volume 

and improved recurrence rates in HCC but is technically more challenging than carrying out 

atypical resections or major hepatectomies (73). LIFI has been proposed as a method of 

delineating liver segment anatomy intraoperatively. Fundamentally there are two different 

approaches called positive and negative staining which are respectively based on either 

increasing or decreasing fluorescence intensity in the segment of interest. Positive staining 

provides clearer delineation of segmental borders but is technically more challenging 

because it requires injection of ICG into the segmental portal vein branch (198). This may be 

facilitated by LUS probes that have a channel for guiding needle insertion (159,186). 

Alternatively, selective arterial cannulation of segmental branches via a percutaneous 

approach from the femoral artery may be an option for positive staining but this has so far 

only been demonstrated in an animal model (198). For negative staining protocols the 

segmental vessels are clamped and subsequently ICG is injected systemically which leads 

to strong fluorescence intensity in all remaining segments (159). Although methylene blue 

has historically been used for positive staining in open liver resection, it is less practical for 

laparoscopic surgery because simultaneous clamping of the segmental artery is required to 

avoid fluorophore washout (159). 

An important technical consideration when employing LIFI is the time of systemic ICG 

injection because this will strongly impact on how fluorescence is observed. For visualisation 

of bile ducts and bile leaks an injection time of at least 20-30 minutes prior to imaging has 

been proposed (191) because ICG excretion into bile starts within minutes and peaks 

around two hours (133). As outlined above, fluorescence related to malignancy can be 

observed within a two week timeframe (133,152,197) but opinions about the optimal 

injection time vary between authors (133,144). Simultaneous imaging of biliary anatomy and 

liver malignancy is not feasible because ICG injections immediately before surgery can lead 

to high fluorescence intensity in both normal liver and tumours (133). 

The concept of LIFI has become more user friendly over recent years with commercial 

products becoming widely available (144,152,193). One solution allows swift change 
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between standard white light and NIR fluoroscopy (144) whereas another system employs 

an overlay display function that integrates white light and NIR spectra into the same image 

(193,199). An important limitation to consider is that penetration depth is thought to be in the 

range of 5mm (144). Deeper lying lesions may be visualised but sensitivity is probably 

decreased (152). 

Multispectral imaging 

A variety of technical solutions has been developed to facilitate laparoscopic multispectral 

imaging (LMSI) of the liver, with no single system being popularised over another so far. 

One of the more complex approaches is the utilisation of a liquid crystal filter which offers a 

spectral range of 650-1100nm. In their study a principal component analysis was carried out 

to establish the variations in absorption profiles between the different anatomical structures 

in a porcine model. The bile duct for example exhibited absorption peaks that could be 

attributed to water and fat whereas in contrast the hepatic artery had absorption peaks 

attributed to oxygenated haemoglobin and water. With this information it was possible to 

enhance image contrasts based on the underlying chemical mixture thus enabling 

visualisation of hepatic artery, portal vein and common bile duct without prior dissection of 

the hepatoduodenal ligament (155). (Figure 2.4) 

 

Figure 2.4 LMSI of the hepatoduodenal ligament in a porcine model.  

The three different gray levels are based on specific absorption spectra for 
oxygenated haemoglobin in the hepatic artery (B - light); oxygenated and 
deoxygenated haemoglobin in the portal vein (C - gray); lipids and water in the 
common bile duct (D – dark) (200). (reprinted with permission from Elsevier, copyright 
2008) 

 

Spectroscopic autofluorescence was successfully used in a patient to demarcate a recurrent 

HCC from surrounding cirrhotic liver tissue. Illumination in the blue spectrum was shown to 
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reveal decreased autofluorescence and haemoglobin associated absorption within the 

tumour (156). The detection of bile leaks may be facilitated by a commercial narrow band 

LMSI system focused at a single spectrum of 415-540nm. Bile may be difficult to detect 

because it is mixed with blood but at this spectrum red substances are filtered from view, a 

feature which enabled surgeon to clearly identify bile as yellow fluid (195). Away from 

classical areas of surgical therapy there has been interest in utilising laparoscopy for the 

diagnosis of chronic liver disease (177,178). One group has evaluated single fibre NIR 

spectroscopy to evaluate liver fibrosis using diffuse reflectance- and fluorescence 

spectroscopy in a laparoscopic rat model. In contrast to the other LMSI systems described 

above however a direct contact between probe and liver tissue is required. Higher levels of 

fluorescence and diffuse reflection were found to correlate with increasing levels of liver 

fibrosis with the latter parameter proving to be more effective. Fluorescence and diffuse 

reflection changes were hypothesised to be caused by alterations in NADH and elastin 

concentration and structural tissue changes respectively (160).  

Enhanced white light vision 

In an attempt to increase the field of view of a laparoscopic camera, one group reported on a 

custom made design which was characterised by a wide angle view endoscope system with 

two wedge prisms. This setup enabled visualisation of almost the entire liver surface in a 

single field of view during a porcine experiment (165). It was hypothesised that a larger field 

of view may result in improved visualisation within a confined surgical space. 

Advances in optical technology are not limited to improving intraoperative imaging but 

instead can be employed to miniaturise laparoscopy systems which may positively impact on 

versatility, mobility and cost effectiveness. An article describing a system that integrated 

camera port, working port and laparoscopic monitor in one piece of equipment was 

previously published. In their article the authors described the feasibility of employing this 

single port, battery powered system for a liver biopsy in a large animal study.  

In addition to decreased invasiveness, portability and lower costs, the system was claimed 

to have ergonomical advantages over conventional laparoscopic setups because it enabled 

in-line working by aligning monitor, surgical work space and instrument along the same axis 

(Figure 2.5) (166).  
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Figure 2.5 Amalgamation of laparoscopic- camera, port and monitor in a single piece 
of equipment (166). (reprinted with permission from IEEE, copyright 2010) 

 

The reports on 3D laparoscopy in liver surgery have been in the main, limited to case reports 

and case series which have studied its application to liver cyst excision, the Glissonian 

approach and to extended right donor hepatectomy (192,201,202). Anecdotally it was found 

that stereoscopic vision enhanced precision and speed of dissection. One of the authors 

hypothesised that 3D laparoscopy was particularly useful in advanced laparoscopic 

manoeuvres such as suturing and knot tying (202). In a recent case-control study a historic 

patient group of conventional LLR’s was matched with LLR’s that were carried out with the 

aid of a 3D laparoscope. In this article it was demonstrated that utilisation of 3D laparoscopy 

lead to significantly reduced operating times. No adverse effects on the surgeon were found 

and an influence of the learning curve effect was felt to be unlikely since all procedures were 

carried out by a single expert for laparoscopic liver surgery within a four year period (203). A 

summary of selected optical imaging modalities is shown in Table 2.1. 
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Technology Application Maturity Resolution 

(max) 

Imaging 

depth (max) 

probe based 

confocal laser 

endomicroscopy 

Diagnosis: malignancy; 

steatosis; fibrosis 

clinical 

study 

1024x1024 350µm 

Wide field 

fluorescence 

Locate: malignancy; bile leaks 

Visualise anatomy: Bile ducts; 

Liver segments  

clinical 

licence 

HD ≈5mm 

Multispectral 

imaging 

Locate: malignancy; bile leaks 

Visualise anatomy: Bile ducts; 

blood vessels 

Diagnosis: Fibrosis 

preclinical 

study 

clinical 

licence 

(narrow 

band) 

HD ≈5mm 

3D laparoscopy Reduce operating time 

Improve laparoscopic learning 

curve 

clinical 

licence 

HD surface only 

Table 2.1 Summary of selected optical imaging modalities. 

 

2.3.2 Intraoperative image guidance 

Intraoperative image guidance is based on three key components or processes which are: 1) 

3D modelling and planning - to create a virtual representation of individual patient anatomy 

2) registration and tracking - to align “virtual” and real anatomy and 3) Visualisation - to 

make the information interpretable to the surgeon. Optical technology mainly contributes to 

registration and tracking but in order to provide a comprehensive overview of intraoperative 

image guidance, the other two processes are covered here as well. The usefulness of 

intraoperative image guidance does heavily depend on the quality of the registration which 

can be expressed as accuracy. As an understanding of accuracy is essential for comparing 

the performance of different image guidance systems, the methodology for accuracy 

analysis and the accuracy results reported from relevant research groups are also 

highlighted in this section. 

Registration 

To facilitate registration it is necessary to obtain geometrical liver features during surgery 

that can be precisely aligned with corresponding features on the 3D model. These features 

may consist of only a handful of points or they may represent a complete surface 

representation of the liver (141). In optics or vision based IGS, an approach called surface 

reconstruction is used which entails the acquisition of intraoperative liver surface points 
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which are subsequently used to reconstruct geometrical features that will allow a registration 

to the preoperative 3D model (135). 

Initial attempts at recording the liver surface where made with devices that use laser beams 

and their reflections to obtain the structure of solid objects. The basic structure of these 

devices is a source that emits laser beams which are reflected from the liver surface and a 

camera that records and measures the distances of the reflected beams (204). During 

robotic surgery in a porcine model, an IGS based on a laser range scanner (also called laser 

pointing endoscope) has demonstrated its capability of acquiring up to 50 surface points/cm2 

at a rate of 5-6 frames per second. One group demonstrated that these characteristics could 

be used to obtain live updates on liver deformation which facilitated subsequent overlay of a 

3D model onto live video data (205). This approach has been successfully applied to a 

commercial IGS for open hepatic surgery (141) but because its bulky design seriously 

disadvantages laparoscopic deployment, no further studies on its use in LLR have been 

made for over a decade (206). Although this concept has recently been refined and 

employed in an ex-vivo study (127), it has not been applied to LLR in patients yet.  

The visual assessment of the liver anatomy may be used as a simplistic but highly 

translatable method of surface reconstruction. This may be based on the subjective 

identification of corresponding anatomical liver landmarks which allows surgeons to 

manually align 3D model and in situ anatomy (207). For some IGS the registration can be 

done automatically with an algorithm that computes the optimal 3D model position by 

minimising the distance between in situ and virtual landmarks (143,171). In the latter studies 

an optically tracked stylus is used to assign a few landmarks per patient but this approach 

may also be employed to obtain several hundred landmarks in a dense area. This data can 

subsequently be transformed into a surface representation of the liver which enables a 

registration based on the alignment of surfaces instead of singular points (141). 

The camera optics integrated within a laparoscope form the corner stone of any 

laparoscopic or robotic surgical procedure. It is therefore an attractive prospect to utilise 

computer vision techniques to facilitate surface reconstruction. Different methods have been 

proposed, but the only approach that has been investigate in vivo, makes use of a 3D 

camera also known as a stereoscope. This method also known as stereoscopic surface 

reconstruction (SSR) utilises the individual right and left video channels to triangulate points 

on the liver surface (Figure 2.6). These points are subsequently amalgamated together into 

a point cloud that represents the liver surface. A well established process called iterative 

closest point (ICP) matching is subsequently used to find the optimal alignment position 

between 3D model and intraoperative point clouds. Intensive research and development has 

matured SSR and ICP technology to a stage where it can be applied to laparoscopic video 

feeds in real-time (208). Stereoscopic camera systems are an essential component of SSR 

and have been first introduced to the field of minimally invasive surgery with the arrival of the 

DaVinci™ surgical robot (135). Because SSR can be adapted to work with any type of 
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stereoscope, it is anticipated that the more recent commercialisation of high definition 3D 

laparoscopes (129) will make this form of IGS even more accessible to the surgical 

community. 

 

Figure 2.6 Principle of stereoscopic surface reconstruction.  

Viewing the same point through two different spatially fixed video channels allows 
calculation of the point-to-camera distance (135).  (reprinted with permission from 
Springer, copyright 2012) 

 

The first published report on SSR of the liver investigated a computational model of surgical 

liver deformation. In this first instance stereoscopic video data was retrieved and evaluated 

in a retrospective fashion (209). Real-time application of SSR was first reported in a porcine 

model with the aim of developing an AR environment that integrates LUS and 3D video 

images within the same display. The spatial correlation of LUS and video images was 

facilitated by employing optical tracking markers on a rigid LUS probe and a stereo-

laparoscope (210). 

Tracking 

It has been purported that factors contributing to poor registration are inaccuracies 

secondary to tracking, internal camera configuration, organ motion and soft tissue 

deformation (211). Errors from optical tracking are minimal (210) but this modality requires a 

free line of sight which is not always achievable during surgery and can only be used in 

conjunction with rigid instruments or cameras. Electromagnetic tracking does not suffer from 

this restriction but it is more difficult to implement as a tracking sensor has to be integrated in 

the tip of the camera. A novel approach to tracking uses an ICP matching based technique. 
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With the aid of a stereo-laparoscope, an intraoperative liver surface point cloud is matched 

to the most likely corresponding locations on a point cloud from the preoperative 3D model. 

Because specific video frames and point cloud locations are co-registered, it is possible to 

estimate the laparoscope position in relation to the 3D model. This method currently has 

only been functional for static scenes and furthermore it has been shown that ICP tracking is 

inferior to optical tracking or a combination of ICP and optical tracking which achieved the 

best results (129). A robust calibration process is used to adjust the IGS to negate errors 

caused by the internal camera optics configuration. 

Imaging accuracy 

Although the number of reports on new methods to image guided surgery in LLR has 

significantly increased over the last few years, many groups have only presented minimal 

data on imaging accuracy or completely neglected this aspect (143,171,212). Accuracy also 

called the target registration error (TRE) and stated in millimetre (mm) is a measure of how 

well the 3D model represents in-vivo anatomy. There is no consensus on what the limits for 

an acceptable TRE are but it has been advocated that it should be guided by surgical need. 

Some authors have purported that a TRE of 3-5mm is sufficient but it is crucial to verify this 

assumption in clinical practice (213,214).  

It is however important to consider that if a TRE for a certain IGS is known than this will give 

the surgeon the opportunity to increase his resection margin based on this knowledge. For 

other, less forgiving IGS applications such as intracranial surgery a TRE of several mm 

would be less acceptable (141). The methodology of TRE assessment employed by different 

groups has varied widely. In one approach used for VR based IGS, the geometrical 

constellation of intraoperatively acquired anatomical landmarks (141,171,215) or mesh of 

surface points (141,206) is compared to the constellation on the 3D model. This method 

does not actually analyse discrepancies of spatial coordinates between the in-situ and virtual 

space but rather analyses each space individually. As such it can perhaps be regarded as a 

reflection of intraoperative soft tissue deformation rather than an absolute measure of 

accuracy. In AR based IGS, accuracy assessment appears more intuitive as it can be 

subjectively appreciated subjectively when viewing the discrepancy between laparoscopic 

view and superimposed 3D model. For objective TRE evaluation one group has proposed to 

measure the distance between corresponding landmarks on the laparoscopic view and the 

3D model, using a mesh of points that represent the liver surface in-situ (174,216). In this 

scenario the position of landmarks on the laparoscopic video can be regarded as the gold 

standard because without a measurable TRE both the real organ and 3D model should 

match each other perfectly. A better gold standard maybe provided by direct comparison to 

intraoperative surface points that are obtained via a CT scan or a laser range scanner. The 

validity of this method has been a demonstrated by different groups but due to the 

practicalities and ethical implications of employing either modality in patients this approach 
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has so far been restricted to large animal and ex-vivo experiments (216,217). Laparoscopic 

ultrasound may also be used in a similar fashion (210,218) but this has proven a less 

popular method because LUS is more suited to visualise deep lying structures than to the 

recording of surface points or landmarks. An overview of the accuracy performance that has 

been reported in the literature is given in Table 2.2. It is important to note that different 

methods of TRE evaluation have been used by each group and therefore the stated values 

are not comparable.  

Group 
Mean TRE 

in mm 

Reconstruction 

method 
Maturity 

Hayashibe et al. 

2006 

1.0-1.5 Laser range 

scanner 

Preclinical study 

Kingham et al. 

2013 

5.0 Tracked probe Clinical study 

Kang et al. 2014 3.0 LUS on 3D video Preclinical study 

Pessaux et al. 

2014 

2.0 manual alignment Clinical study 

Reichard et al. 

2016 

13 SSR Preclinical study 

Plantefeve et al. 

2016 

<3 SSR Clinical data 

Table 2.2 Listed are published TRE’s for IGS studied in the context of LLS.  

Due to significant variation in the methodology of TRE calculation the measures 
cannot be compared to each other. If several publications exist from the same group, 
then only the most recent TRE are stated. 

 

Soft tissue deformation 

Compared to tracking and calibration, inaccuracies related to organ- shift and deformation 

are thought to be more problematic and are harder to address. Liver shift is caused mainly 

by diaphragmatic and cardiac motion whereas liver deformation is mainly caused by surgical 

manipulation and increased intraabdominal pressure secondary to pneumoperitoneum 

(172,216). Although computational algorithms with the capability of simulating liver shift and 

deformation have been successfully applied to ex-vivo experiments and retrospectively to 

laparoscopic video, a functional real-time implementation has so far proved elusive 

(174,216,219). For this reason clinical IGS applications have relied on rigid (141,171,220) or 

one-off deformable 3D models (221).  

This figures show that considerable more research efforts are required to offer excellent and 

reproducible accuracy in the area of 3-5mm. Only one group has reported TRE’s in patients 

undergoing LLR with values of app 10mm RMS. While this may be sufficient for improving 
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better intraoperative orientation it is not comparable to precise surgical navigation that can 

be achieved in rigid compartments such as during intracranial surgery.  

Display 

Different methods of displaying data during surgery have been described in the past but in 

the main they can be categorised as either virtual reality or augmented reality displays which 

either shows a standalone 3D model or a composite image of 3D model and real world, 

respectively (Fig. 2.7). Virtual reality configurations make use of two monitors that provide 

the laparoscopic view and 3D model view side-by-side. A tracked object such as an ablation 

probe or surgical instrument is visualised simultaneously in both screens to facilitate 

intraoperative image guidance (141,171,218,222). Augmented reality displays can be 

achieved through a variety of methods including a robotic binocular camera a 3D screen or a 

standard 2D screen (143,210).  
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2.7 Comparison of different IGS display methods. 

a) VR display showing 3D model and operative site in parallel  b) AR display showing 
an overlay of 3D model onto the operative site c) Projector display using a beamer 
projection of a 3D liver model onto the skin (211).  

c 

b 

a 
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(reprinted with permission from a- Springer, copyright 2013; b - with CC BY-NC 4.0 
from Hindawi) 

An alternative screen-less application for an AR overlay display has been proposed by 

several groups that investigated its utility in guiding laparoscopic port placement. The correct 

placement of ports is crucial to facilitate good hand-eye coordination and economy of 

movement during laparoscopic or robotic surgery. Patient obesity or positional changes 

caused by abdominal gas insufflation can make the estimation of the optimal port position 

difficult. To overcome this issue several groups have used a standard commercial beamer to 

project a 3D model of the intraabdominal compartment onto the patients skin prior to port 

insertion. Visual alignment of landmarks such as the umbilicus, the costal margin and the 

anterior superior iliac spine which are visible on preoperative scans and on physical 

examination or standard video, have been used for registration (211,221,223). It was 

demonstrated that using this method accuracy and variability of port placement could be 

improved by 33% and 63% respectively (211). Use of a beam projected 3D model for 

intraoperative guidance is not feasible because of the interference cause by ports, 

instruments, robotic arms and the uneven outline of the distended abdomen (223). The use 

of virtual reality head-mounted displays or glasses has been suggested as a further display 

option but up to date has not been evaluated in image guided LLS (128).  

2.4. Discussion 

In this review a number of optical technologies that can enhance the sense of vision and 

orientation during laparoscopic liver surgery have been evaluated. The employed selection 

criteria ensured that all modalities are non-invasive, have been evaluated in-vivo and if 

required can be used in conjunction with safe and clinically licensed fluorophores. This 

combination of factors means that clinical translation should not be greatly impeded by 

concerns about safety of intraoperative use.  

Although they all rely on functions of light, their distinct properties make them useful for a 

variety of different applications. Microscopic tissue examination during LLR using confocal 

laser endomicroscopy (CLE) for example has been shown to provide real-time histological 

evaluation. Concerns about the training required to properly interpret microscopic images 

may be addressed by establishing live video links with trained histopathologists (150). Due 

to the small field of view it is challenging to examine larger areas of tissue (175) and 

therefore this modality may be better suited to investigate or confirm the histological nature 

of small and well defined areas of interest that have been previously identified with other 

imaging techniques.  

One potential option for “screening” the liver surface for areas that warrant a closer 

microscopic examination is the use of laparoscopic ICG based fluorescence imaging (LIFI). 

It has been shown that this imaging modality can identify superficial liver lesions that have 

not been detected on preoperative scans or laparoscopic ultrasound (144,199). There 
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appears to be a correlation between the type of LIFI fluorescence and the nature of some 

liver lesion (188,189) but as this link as of yet lacks specificity, it appears to be justified to 

advocate a more detailed microscopic examination of suspicious areas. In addition to the 

detection of malignancy, LIFI has been employed in clinical studies to stain liver segments, 

visualise bile ducts and to detect bile leaks from the liver resection surface (196). Out of 

these three indications the detection of bile leaks seems to be the most widely applicable 

and straight forward to use as it is relevant for any type of resection and does not require 

prior identification of vascular branches as is the case for liver segment staining. 

Furthermore LIFI may allow visualisation of intra-parenchymal bile ducts which are close to 

the dissection plane but in the main this option appears to be most useful as an alternative 

approach to intraoperative cholangiography during cholecystectomy (191). 

In parallel to LIFI, multispectral imaging appears to be an imaging modality that is well suited 

for the examination of macroscopic tissue areas and anatomical structures. Its advantage 

over wide field fluorescence techniques is that a plethora of endogenous tissue components 

can be visualised and therefore LMSI may be tailored to specific clinical areas of interest 

such as the evaluation of metabolic variations and histopathological changes over a wider 

area. This flexibility however comes at the expense of more complex imaging equipment and 

analysis algorithms, which is perhaps the reason why LMSI has not been clinically studied to 

the same extent as LIFI. Although different LMSI systems with fixed wavelength spectra 

have been successfully utilised in the diagnosis of liver fibrosis, HCC or bile leaks 

(156,160,195), it is conceivable that a system with an adjustable wavelength spectrum (200) 

will be more desirable for clinical use as it can be employed in a much broader context. The 

drawback of a LMSI system with an adjustable and broad wavelength spectrum however is, 

that it is technically more complex. For the purpose of imaging it is sufficient to utilise relative 

tissue component concentrations which are subsequently translated into colours, shades 

and contrast. Tissue components exhibit distinct absorption spectra which can be regarded 

as a relationship between light absorption and excitation wavelength. If the absorption 

spectrum for a specific tissue component such as lipids or oxygenated haemoglobin is 

known it is possible to calculate the absolute concentration of the substance (161,224). 

Although this approach has yet to be demonstrated on the liver in a laparoscopic setting, it 

presents, a potential opportunity for future research (162,225). 

An inherent weakness of optical imaging is its lack of depth penetration which is ≈5mm in 

the NIR spectrum but may be less at other wavelengths (144). For this reason it is an 

attractive option to integrate it with other imaging modalities that offer good depth 

penetration such as CT, MRI or occasionally LUS. Within this context IGS for LLS represent 

an amalgamation of imaging techniques with the opportunity to combine the best of both 

worlds with excellent resolution, high specificity, non-invasiveness, portability, good update 

speed and miniaturised equipment being provided by optics whereas depth penetration and 

3D reconstruction are provided by preoperative scans or LUS. The main aims of utilising IGS 
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during LLS are improved oncological safety and a reduced risk of vascular injury. 

Unfortunately the development of an IGS for LLS has been slow and although two 

commercial systems have been built for open liver surgery (67,226) there is no clinically 

licensed laparoscopic alternative yet. A variety of optical registration methods have been 

explored previously but SSR is currently the most widely studied approach. This method 

however requires a 3D laparoscope which at this time is significantly more expensive than 

comparable 2D equipment. As 3D technology becomes disseminated into the mainstream, 

prices for stereo-laparoscopes will likely decrease but nonetheless, if liver surface 

reconstruction based on other methods (e.g. shading and motion) becomes feasible in the 

future, then cheaper monocular scopes could be used instead (129,137). The way that IGS 

integrate image guidance information into the surgical workflow is crucial to harness 

maximal benefits. A number of options including beamer-projection, VR and AR displays 

have been shown to be feasible. More recently however AR based displays have been more 

frequently represented in research efforts and on balance this display method would appear 

to be more intuitive to use (216,220,227). 

Alternative registration methods for LLS that have been studied in-vivo include cone beam 

CT (CBCT), MRI and LUS. One clinical team utilised repeated CBCT registration in 

conjunction with a 3D model from a preoperative MRI scan to carry out an image guided 

HCC resection in segment 7. No accuracy measurements for the in-vivo case were reported 

but the authors felt that CBCT image guidance was useful for complex resections. Despite 

having been established as an essential tool for image guidance in endovascular surgery, 

CBCT suffers from several disadvantages including a low resolution, ionising radiation, high 

costs, lack of portability and an inability to allow spatial correlation between instruments and 

3D model in real time (228,229). With the exception of ionising radiation and low resolution, 

MRI based IGS do share most of the shortcomings of their CBCT based IGS with costs 

being an even more relevant factor. MRI also has a slower image acquisition than CBCT but 

the most significant obstacle to utilising it for image guidance during laparoscopy is its 

incompatibility with metallic equipment. This restriction makes the use of custom built metal 

free surgical equipment mandatory (230,231). In contrast to MRI and CBCT, LUS shares 

many practical characteristics with optical image guidance such as portability, miniaturisation 

potential, relatively low costs and good registration update speed. The main differences are 

that LUS offers better depth penetration whereas optical imaging has a higher specificity 

(232). Another issue with LUS is that positional tracking of flexible LUS probes is difficult and 

has yet to be applied in clinical studies (233). LUS acquired images can be integrated into a 

3D model or projected onto the laparoscopic video stream (234,235) but this data may also 

be employed as a method of registration. One group demonstrated how LUS could be 

utilised to reconstruct the highly individual pattern of hepatic vasculature which was then 

subsequently registered to the corresponding vascular pattern on a 3D liver model (236). It 

remains to be seen whether LUS or optics based registration will prove to more 
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advantageous during LLR and perhaps there may be a benefits to combining aspects of 

both methods.  

There are various reports on the utilisation of modern 3D laparoscopy systems for 

laparoscopic surgery but experience in LLS is limited (237–239). Results from a cohort study 

hint towards shorter operating times and it was hypothesised that 3D laparoscopy may 

flatten out the learning curve for “open surgeons” who embark on laparoscopic procedures. 

The authors of a case series suggested that stereoscopic vision is of particular benefit for 

complex laparoscopic manoeuvres such as suturing (202). These finding are supported by 

studies from other surgical specialties (237–239). In the cohort study however, all operations 

were carried out by a single laparoscopic expert and therefore further studies are warranted 

to evaluate how applicable these findings are to other surgical centres. 

Due to the selection criteria applied in this review some promising imaging techniques that 

may become relevant for LLS in the near future were not mentioned. One such an example 

is photoacoustic imaging, a modality that uses ultrasound waves which are created by laser 

light induced excitation of tissue expansion and relaxation. This so called photoacoustic 

effect combines the best of both worlds, optical and acoustic imaging and thus can provide 

images with better specificity and penetration depth than ultrasound or optical imaging, 

respectively (232). The capability of photoacoustic imaging to identify liver fibrosis and 

steatosis has been demonstrated previously (240). When used in conjunction with ICG, PAI 

can been utilised to detect superficial CRLM and HCC tumours (241). The main hurdle for a 

laparoscopic application is the need for a miniaturised laparoscopic probe design that is 

capable of simultaneously delivering light and acquiring ultrasound waves (242). Another 

more recently developed technique is based on the processing of standard RGB video data, 

an approach that makes it innately attractive for laparoscopic imaging. Video magnification 

for example utilises computer algorithms to analyse imperceptible changes in video colour. 

These colour variations are subsequently enhanced to make them visible to the naked eye. 

The potential of this work was demonstrated on real life examples e.g. by visualising the 

percutaneous pulsation of the ulnar artery and the pulse dependent change of facial colour 

(136). In clinical research, video magnification has been proposed as a method to monitor 

the effectiveness of regional anaesthesia (243) and to localise blood vessels during minimal 

invasive kidney and prostate surgery (244,245). Analysis of colour variation can be 

expanded onto stereoscopic video which has the advantage of enabling estimation of tissue 

haemoglobin concentration and oxygen saturation in near real-time (246).  

In conclusion there are a number of optical imaging techniques available that can enhance 

surgical sensing by enabling different degrees of tissue examination or intraoperative image 

guidance during LLS. The individual strengths, limitations and outstanding development 

needs for each imaging modality were highlighted in this review. Despite the specific nature 

of development needs there are perhaps three key areas that warrant focus for future 

research which are: standardisation, integration and clinical translation. To allow effective 
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comparison and evaluation of potential clinical benefit a standardised image acquisition and 

interpretation approach in tissue examination and a consensus on the evaluation of 

accuracy in IGS studies would appear to be beneficial. The diversity of available optical 

technologies and their respective indications seems extensive but it is perhaps useful to take 

a more holistic approach and analyse how individual modalities could supplement each 

other to improve laparoscopic “sensing”. One existing example is how stereoscopic vision is 

used to facilitate surface reconstruction in SSR. The feasibility of integrating co-registered 

LUS images into AR based IGS has already been demonstrated (210,236) and it is 

conceivable that this approach can be replicated for optical modalities such as CLE or MIS. 

Ultimately any advances in optics based tissue examination and laparoscopic image 

guidance should focus on improving patient outcomes and safety by enhancing the 

surgeon’s perception and awareness of the intraoperative field. 
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3. General methods 

3.1. Confocal laser endomicroscopy 

The ability of confocal laser microscopy to discriminate between normal (i.e. healthy) and 

pathological liver tissue was explored in two separate animal models. Initially a murine 

model was used to look at discrimination between normal and cancerous tissue. 

Subsequently a porcine mode was employed to evaluate discrimination between normal and 

ablated liver tissue. In addition this model was also thought to reflect realistic conditions of 

laparoscopic surgery that would be encountered in a clinical scenario. Because the same 

system was utilised for murine and porcine experiments, a general description of the 

technology and equipment is given first before the specifics of each model are outlined. 

3.1.1 General description of confocal laser endomicroscopy 

Confocal laser endomicroscopy (CLE) is a novel optical imaging technology that enables 

accurate microscopic assessment of in-vivo histopathology. Its utilisation in a variety of 

experimental and clinical scenarios has been increasingly reported. CLE utilises a fibre optic 

element as its objective lens, allowing confocal microscopy with a micron-scale resolution 

that enables visualisation of sub-cellular details using endogenous or exogenous 

fluorescence. Exogenous fluorescence is provided by fluorescent dyes which can be applied 

in a systemic (e.g. intravenous) or topical fashion and are commonly referred to as 

fluorophores. They enhance CLE image contrast by absorbing and emitting light at 

wavelengths that are specific for each individual agent and circumstance (146,247).  

CLE during laparoscopy or NOTES (Natural Orifice Transluminal Endoscopic Surgery) has 

been performed either with a rigid endomicroscope which contains the scanning optics in its 

tip (146) or with a slim, flexible optical fibre bundle which transmits light signals to laser 

scanning equipment situated at the far (e.g. extra-corporeal) end of the intrusive fibre 

(177,248). An example for a fibre based CLE system is Cellvizio™ (Mauna Kea 

Technologies, Paris, France) which is CE-marked for clinical use in luminal endoscopy and 

can be operated with probes that have a diameter range of 0.3-4.5mm. During endoscopy, 

Cellvizio™ can reveal histopathological cellular changes and has been shown to enhance 

accuracy in the diagnosis of malignancy and dysplasia (146,249). 

3.1.2 CLE Equipment 

Experiments were performed sequentially in a “dual wave length approach” using both 

488nm (blue) and 660nm (red) laser lines which were connected to separate CLE imaging 

systems (Cellvizio™ 488nm & Cellvizio™ 660nm, Mauna Kea Technologies, Paris). For CLE 

image acquisition 0.5-1.5mm, flexible confocal probes (MiniZ, Ultra MiniO and S1500, 

Mauna Kea Technologies, Paris, France) were used, all compatible with conventional 

endoscopic instrument channels. The CLE imaging systems control laser illumination and 

fibre scanning, delivering12 frames per second which enables near real-time image 
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acquisition. Images at different wavelengths were recorded “in turn”, meaning without 

parallel co-registration of the red- and blue-light laser systems. Imaging parameters were 

probe dependent with 1.4-3.5µm lateral resolution, 10-30µm axial resolution, 0-70µm 

imaging depth and a 240-600µm² fields of view. 

3.1.3 Murine experiments 

A murine model of colorectal cancer liver metastasis was evaluated to study the ability of 

CLE to distinguish between normal and cancerous tissue.  

3.1.3.1 Orthotopic murine model of colorectal cancer liver metastasis 

The human colorectal carcinoma cell line SW1222 was cultured under aseptic technique in 

Dulbecco’s Modified Eagles Medium containing 5mM L-glutamine and 10% v/v Foetal 

bovine serum. All animal studies were conducted in accordance with UK home office 

regulations and the guidelines for the welfare and use of animals in cancer research. The 

liver metastasis model used has been previously described (250). Briefly, eight (n=8) MF1 

nu/nu mice (female, 6-8 weeks old, 25-30g) underwent a laparotomy in order to directly 

inject 1x106 cells in to the spleen. Splenectomy was performed after 5 minutes to stop 

formation of a primary tumour at the site of injection, with cells that had been carried by the 

blood flow through to the liver forming the solid tumours of the metastatic model. At 

conclusion of the procedure the laparotomy incision was closed and animals were 

recovered. In the described animal model, female mice are exclusively used due to their 

better compliance. Liver tumour maturation took between 5-6 weeks. The progression of 

metastatic disease was monitored once per week with non-invasive magnetic resonance 

imaging under general anaesthesia. The evolving disease pattern showed a heterogeneous 

distribution of distinct solid tumour nodules of varying sizes (app. 2-12mm) throughout the 

lobes of the liver. Typically disease burden comprised of 10-20 tumour nodules that could be 

visualised on magnetic resonance imaging. 

3.1.3.2 CLE Image acquisition murine model 

A transverse laparotomy was carried out under general anaesthesia to allow unrestricted 

access to the liver. CLE imaging at 488nm and 660nm was performed with two different CLE 

imaging stacks with separate laser scanning units, probes and image processing computers. 

Both systems were initialised and calibrated at the start of each experiment. Switching 

between wavelengths simply required imaging probes to be swapped over. Due to the 

inability of CLE to visualise tissues beyond 100µm depth, images were exclusively acquired 

from superficial tissue, while the probes were manually maintained in contact with the liver 

surface. Images were acquired with the Z-probe at 488nm and the miniZ probe at 660nm 

wavelength. Probe characteristics were the following: probe diameter 18 or 9.4mm; lateral 

resolution 3.9µm, axial resolution 44 or 13µm, working distance 80 or 65µm, maximal field of 

view 426x302µm or 323x323µm.for the Z probe or mini-Z probe, respectively. 
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The liver was macroscopically categorised into normal and cancerous tissue areas based on 

its respective brown or white appearance. This approach was made possible by the radically 

different appearance of normal liver vs. CRLM. No attempt was made to identify microscopic 

disease because the aim was to establish reproducible CLE criteria of CRLM which could 

then be translated to the detection of microscopic disease in future studies. Baseline CLE 

images were recorded over a representative area prior to fluorophore administration. To 

provide exogenous fluorescence for CLE imaging at 488nm and 660nm excitation, 

fluorescein sodium (molecular weight 376.27g/mol – henceforth called “fluorescein”) and 

ICG (molecular weight 774.96g/mol) were mixed with 0.9% sodium chloride or 5% dextrose 

respectively. Subsequently, fluorescein (4-7mg/kg) and indocyanine green (0.3-0.5mg/kg) 

were sequentially injected into the tail vein with a delay of 20-40 minutes between injections 

to allow adequate time for imaging. In preliminary experiments it was confirmed that neither 

fluorescein nor ICG elicited unintentional “cross”-fluorescence signals. 

An initial image sequence of 1-3 minutes was recorded to monitor and confirm distribution of 

the fluorophores in the liver. Several short sequences ranging from 10-20s were taken from 

normal and malignant tissue in different locations. It was not possible to co-register tissue 

areas between 488nm and 660nm CLE imaging. But due to the relatively small size of 

mouse livers it was hypothesised that approximately the same areas were imaged at both 

wavelength. For statistical analysis which is described below, all values for individual 

animals were pooled into one group and hence co-registration is less relevant than for the 

visual comparison of image features. The mean fluorescence values for each image frame 

from these sequences were subsequently analysed. 

3.1.3.3 Preparation and examination of murine liver tissue samples 

Following termination of the animals, the livers were resected, fixed in 10% formalin and 

embedded in paraffin blocks. Tissue samples were sliced at 4µm thickness with a microtome 

and sections mounted on glass slides. The presence of colorectal cancer metastases was 

confirmed by using a standard structural Haematoxylin and Eosin stain. Because areas of 

normal liver and CRLM in this disease model looked radically different, histological 

examination enabled us to confirm infiltration of adenocarcinoma cells in representative liver 

areas which previously underwent CLE in-vivo examination. 

3.1.3.4 Statistical analysis of murine CLE data  

Cellvizio™ is packaged with image analysis software (Imagecell™) that records and displays 

basic values termed relative fluorescence units (RFU), from which the maximum, minimum, 

median and mean were calculated and exported for each image frame. Relative 

fluorescence units are based on a reconstruction of single fibre fluorescence intensity at a 

given point in time. A number of factors such as fibre injection rate, fibre collection rate, fibre 

auto-fluorescence, biological sample fluorescence and laser source intensity influence 

fluorescence intensity. These variables are factors in an equation that allows the real time 

reconstruction of fluorescence intensity in individual fibres each of which corresponds to an 
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image pixel of the CLE image. A detailed description of the equation and other relevant 

methodology has been published previously (251). At the start of each imaging session a 

calibration is carried out using solution that provides a uniform value of background 

fluorescence. The calibration procedure results in homogenisation of the individual probe 

fibres to give them uniform detection sensitivity (which corresponds to a measured light 

intensity) (252). This process enables comparison of fluorescence values between individual 

fibres (i.e. pixels) of the probe, for a given calibration. However, whilst the absolute 

background fluorescence value in the calibration solution is uniform it may change between 

repeated calibrations and different solution containers, meaning that fluorescence units have 

to be regarded as relative, as opposed to absolute values. Thus, imaging data were only 

compared within the same animal.  

Negative RFU values either correspond to image noise or can be caused by a reduction in 

fibre autofluorescence due to prolonged illumination. To avoid misinterpretation, negative 

RFU values were thresholded at zero. All RFU values underwent a square root 

transformation to reduce data skew and kurtosis. 

Routine statistical comparison e.g. by paired Wilcoxon rank sum test (individual animal 

paired with RFU) was not possible due to specific constraints of the acquired data which 

were: 1) unequal number of frame counts for normal and CRLM tissue and 2) potential 

introduction of a repeat sampling error. These circumstances lead us to choose a 

generalised linear mixed model (GLIMMIX) analysis which can accommodate for the 

described data constraints by estimating the interaction of fixed and random effects. 

Fixed effects in GLIMMIX work in analogy to a regular linear or logistic regression analysis in 

that a covariate (e.g. age) is assigned a fixed coefficient that determines its impact on the 

dependent or response variable( e.g. morbidity) in the statistical model. A random effect in 

contrast to this can have different coefficients that are depending on a subgroup (e.g. ward 

on hospital) within a dataset. Combination of fixed and random effects may allow elucidation 

of a better statistical model fit in some circumstances. The difference between linear mixed 

models and generalised linear mixed models is that the relationship between the dependent 

variable and the effect terms is non-linear. This non-linearity is expressed via a link function 

which utilises a transformation (e.g. logit, probit, gaussian) between the effect terms and 

dependents in the equation. For the data in this study for example a binominal distribution 

with a logit link function was used to conduct the GLIMMIX analysis.   
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 The GLIMMIX analysis enabled modelling of the probability of the acquired images 

corresponding to normal liver parenchyma. The measured RFU value and animal ID were 

set up as fixed effect and random effect for this model, respectively.  

Different estimation methods such as Pseudo Likelihood, Laplace and Gauss-Hermite 

quadrature can be used for GLIMMIX analysis. For the purpose of this study, the Laplace 

method was chosen because it exhibited satisfactory convergence and the best fit 

characteristics as assessed by Akaike information criterion (AIC). GLIMMIX analysis results 

are given as the change in odds ratio for an increase in RFU at a standardised value. For 

example, an odds ratio of 2 at a standardised RFU increase of 100 to 101 means that the 

odds ratio of liver parenchyma being normal increases by 2 if the RFU value increased by 

one from 100 to 101.  

To test the validity of the GLIMMIX model resulting from the study data, a ROC analysis was 

performed. The covariates and intercepts provided by the GLIMMIX analysis were used to 

calculate the log odds, odds and finally the probability of identifying normal liver tissue. Each 

single probability value corresponded to a single observation (mean RFU per frame), a 

specific animal ID and a tissue type which enabled us to perform a ROC analysis based on 

this data. Because animal ID was a random effect due to the difference in probe calibrations 

between experiments, the same RFU value would result in different probability values for 

individual animals.  

To determine if a probability based threshold value could be used to distinguish between 

normal and malignant tissue random sample cross validation was carried out. To this end, all 

observations were randomised into a training and a validation dataset. The training set was 

used to build a GLIMMIX prediction model whose output subsequently underwent ROC 

analysis. A threshold value with an optimal sensitivity and specificity for identifying normal 

liver tissue was then chosen from the ROC curve coordinates. This threshold probability 

value was subsequently applied to the validation set, to evaluate its performance in 

distinguishing between normal and malignant liver tissue and calculate the resulting 

sensitivity, specificity and accuracy for this test. 

An estimation of erythrocyte flow velocity calculated from the available image data was also 

carried out. To calculate flow velocity (in mm/s), the distance travelled by a single 

erythrocytes in the time period between two image frames (=41.7ms at 24 frames per 

second) was measured. Depending on the amount of available data, 5-10 individual 

erythrocytes were assessed per tissue type and animal ID. 

Statistically significant differences were assumed if p<0.05. Statistical analysis was 

performed using SPSS™ Version 21 (IBM, Armonk, NY, USA) with exception of the 

GLIMMIX analysis which was carried out with SAS™ Version 9.4 (SAS Institute, Cary, NC, 
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USA). Quantitative data (RFU and erythrocyte flow velocity) is given as median and 

interquartile range. Odds ratios are stated together with their 95% confidence intervals (CI). 

The author of this thesis was not involved in: establishing the animal model, pre-operative 

imaging (to confirm cancer seeding) or in the operative procedure required for image 

acquisition or preparation of histology. The author did help with CLE image acquisition itself 

and performed subsequent image analysis and data evaluation. 
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3.1.4 Porcine experiments 

A porcine model of laparoscopic liver resection and liver ablation was used to study the CLE 

imaging characteristics of normal and ablated liver tissue and assess the feasibility of using 

this imaging modality during laparoscopy. These experiments were conducted as part of a 

series of experiments that in addition to CLE also evaluated an image guidance system and 

video magnification studies (see below). Establishing the model and image data acquisition 

was done on separate days to accommodate requirements for the image guidance 

experiments. To illustrate this, a detailed description of the experimental steps involved is 

given below.  

3.1.4.1 Porcine model of laparoscopic liver surgery 

3.1.4.1.1. Sequence of events 

The experimental flow of the model is listed below, sequentially: 

Laparoscopic microwave ablation – OP1. 

Recovery period of 7 to 10 days. 

Laparoscopic CLE image acquisition (following laparoscopic liver resection in 2 cases) and 

intraoperative image guidance experiments OP2. 

Post mortem liver biopsies. 

3.1.4.1.2. Study animals 

Following approval by the local animal ethics committee, experiments were performed at 

Northwick Park Institute for Medical Research (London). A total of 4 female landrace mini-

pigs with a bodyweight ranging between 50-80kg were studied. Following best practice 

husbandry, the animals were acclimatised to their surroundings with free access to food and 

water at least one week prior to experiments. To avoid intestinal distension animals were 

fasted 24 hours prior to surgery but continued to have access to water. Each animal 

underwent two procedures under general anaesthesia on separate days with a 7-10 day 

recovery period in between. On the first procedure, laparoscopic liver ablation zones were 

produced (Medical microwave systems research group, Bangor University, UK). During the 

second procedure CLE images, intraoperative image guidance data and liver biopsies were 

obtained. In two animals a laparoscopic left hemi-hepatectomy was carried out to simulate 

intraoperative conditions and to allow CLE examination of the surgical resection margin.  

3.1.4.1.3. Preparation and Anaesthesia 

Following best practice animal husbandry, the mini-pigs were acclimatised to their 

surroundings with free access to food and water at least one week prior to experiments. To 

avoid intestinal distension animals were fasted 24 hours prior to surgery but had continual 

access to water. Oral endotracheal intubation facilitated general anaesthesia with 2% 

Isoflurane in oxygen in a recovery (ablation) or non-recovery (CLE imaging and 
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intraoperative image guidance) algorithm with 200mg Pentobarbitone euthanasia at 

termination of surgery. Orogastric intubation decompressed the stomach during 

laparoscopy. All procedures were carried out with the animals in a supine position.  

3.1.4.1.4. Liver ablation 

Thermal ablation of the liver was carried out to create an experimental model that supported 

two different experimental designs. Firstly microscopic imaging using CLE was carried out 

with the aim of studying ablation induced changes on a cellular level. Secondly 

intraoperative image guidance experiments using an image guidance system were 

performed where ablation zones were treated as substitutes for liver tumours. The 

simulation of liver tumours was necessary because there is no suitable porcine model of 

liver malignancy and research towards such a model has so far not produced any convincing 

results (253). The ablated liver lesions could be visualised by a CT scan and therefore they 

could be subsequently incorporated into a 3D liver model.  

Laparoscopic liver ablation was performed under general anaesthetic on OP1. Sterile 

conditions were created by cleaning the abdominal wall with Chlorhexidine solution and 

placement of sterile operating drapes. To facilitate laparoscopy, a pneumoperitoneum was 

established using port insertion under direct vision. A periumbilical 10mm port was used for 

the laparoscopic Viking 3DHD Visions System™ (Viking Systems, Inc., Westborough, MA, 

USA) with one additional 5mm port inserted in the right subcostal region to facilitate 

microwave liver ablation. Liver ablation was performed using a custom made microwave 

ablation system (Medical microwave systems research group, Bangor University, UK). The 

ablation probe was inserted through the anterior surface of the liver with the utmost caution 

to avoid injury to organs lying behind the liver. Due to the relative thinness of the porcine 

liver this step can be technically challenging. Ablation zones of approximately 1cm were 

created at different locations in the liver. Number of ablations ranged between 3-6, with care 

being taken to ensure a sufficient distance between ablations. This was necessary so that 

they could be individually distinguished on CT. If lesions were too close together they would 

erroneously be displayed as one lesion on CT. Because a number of lesions were induced 

superficially, they had the benefit of functioning as additional anatomical landmarks which 

was an important feature in the determination of IGS accuracy as described below. After 

completion of ablation the abdominal cavity was examined for any signs of inadvertent organ 

injury. Laparoscopic ports were left in-situ while the pig was moved to the CT scanner still 

under general anaesthesia. On return from the CT scanner ports were removed and the 

fascia closed with 1-0 Vicryl at the periumbilical port-site. Skin incisions were closed with 3-0 

Vicryl and subsequently all port sites were dressed. The animals were woken up, extubated 

and returned to postoperative intensive monitoring. 

3.1.4.1.5. Operative technique 

Pneumoperitoneum was established using either the Veress technique or port insertion 

under direct vision. A periumbilical 10mm port was used for the laparoscopic camera with 
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additional 5mm and 12mm ports inserted in the right and left upper quadrants. For ablation, 

one additional 5mm port was inserted in the right subcostal region. Liver resection was 

performed using four ports in addition to the camera port; three in the right upper and one in 

the left upper abdomen. Pneumoperitoneum was constantly monitored and maintained at 8-

12mmHg. The porcine equivalent of a left hemi-hepatectomy was carried out without 

vascular inflow occlusion. A portable ultrasonic scalpel (Sonicision™, Covidien, Dublin, 

Ireland) was used for transection of the liver parenchyma. Small vessels were controlled with 

ultrasonic scalpel or metal clips, whereas major vessels were divided with a laparoscopic 

stapling device (Echelon Endopath™, Ethicon Endo-Surgery, Blue Ash, USA). 

3.1.4.2 In-vivo image acquisition in the porcine model 

Following establishment of the pneumoperitoneum, abdominal contents were visually 

inspected for potential ablation induced collateral injuries. All imaging experiments were 

recorded with the laparoscopic camera and stored as digital files. Position of the Cellvizio™ 

probe tip in relation to the ablation zones examined could be identified on video and 

correlated with the recorded CLE images for future analysis. Immediately before liver 

imaging, a standardised Cellvizio™ system calibration procedure (251) was carried out in 

theatre. Baseline CLE images were recorded over normal and ablated liver, respectively. 

Fluorescein sodium (molecular weight 376.27g/mol – henceforth called “fluorescein”) and 

ICG (molecular weight 774.96g/mol) were mixed with 50 ml 0.9% sodium chloride or 5% 

dextrose respectively just prior to intravenous injection. Intravenous injection of fluorescein 

(at 4-7mg/kg) and indocyanine green (at 0.3-0.5mg/kg) was carried out sequentially with an 

interval of 30-60 minutes between injections. Fluorescein and ICG acted as fluorophores for 

CLE imaging at 488nm and 660nm wavelength, respectively. CLE image acquisition was 

carried out with separate systems for each individual wavelength (Cellvizio™ 488nm & 

Cellvizio™ 660nm, Mauna Kea Technologies, Paris). In addition to this protocol, two animals 

underwent fluorophore injection 15 minutes prior to ablation therapy to determine if the time 

point of injection impacted on CLE imaging characteristics. In preliminary bench 

experiments, it was confirmed that the illumination – emission spectra were so widely 

separated, that there was no cross-talk between the 488-fluorescein and the 660-ICG 

systems. An initial image sequence was recorded to monitor and confirm distribution of the 

fluorophores in the liver. This was followed by several short sequence acquisitions taken in 

equal numbers from normal parenchyma and ablated regions. Short sequences ranged from 

10-20s and were later analysed to determine variations of relative fluorescence between 

healthy and ablated liver tissue.  

When visualisation became impeded by blood or other detritus that had attached itself to the 

tip of the probe, it was cleaned with normal saline. This reflects the value of an imaging 

scheme rather than a single fibre spectrometer. In the latter case a low signal could 

represent either a lack of fluorophore or a fouled fibre tip – enhancing the risk of a false 

reading from a given sampling site. 
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Before experiments commenced, a training session was conducted to familiarise surgeons 

with CLE probe handling during laparoscopy. Particular attention was paid to probe tip 

pressure because too little pressure resulted in insufficient tissue contact, whereas too much 

pressure severely diminished fluorescence intensity. Both extremes resulted in the loss of 

any measurable fluorescence intensity and hence a black image which again demonstrates 

the value of an imaging system rather than a spectrometer fibre. The training session 

allowed surgeons to find a narrow range of tip pressure that enabled image acquisition at a 

visibly stable fluorescence level. From a surgical technique point of view, deliberate 

adjustment of pressure within this narrow window was very challenging, without haptic 

feedback so no formal quantification of probe tip pressure was undertaken. None of the 

image data acquired during the training session was used for analysis. 

The confocal probes were inserted into the peritoneal cavity through the lumen of a 

steerable catheter (Agilis™ St. Jude Medical, Saint Paul, MN, USA) which was itself 

introduced through a 5mm laparoscopic port. The steerable catheter, designed for intra-

vascular use, allowed subtle manipulation of the probe tip during laparoscopy (Figure 3.1). A 

technical note on this approach to probe manipulation has been reported elsewhere (254).  

 

Figure 3.1 Laparoscopic CLE imaging of porcine liver with fluorescein/488 nm.  

The ablated regions are highlighted with dashed circles. (1) Steerable catheter 
inserted through a laparoscopic port; (2) CLE probe with blue light reflex at the tip. 

 

3.1.4.3 Preparation and examination of porcine liver tissue samples 

Following termination of the animals, the ablation zones and the surrounding healthy liver 

were resected for histological analysis. During surgery, if more than one ablation zone was 

examined, they were assigned numbers and their anatomical position was recorded during 

laparoscopy with the intention to facilitate postoperative CLE image analysis for each 

individual lesion. No attempt was made to perform a more detailed spatial correlation 

between CLE- and histopathological images because the CLE probe’s field of view 
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(<300µm2) was too small to accurately localise with markings that would have been visible 

on laparoscopy. 

Samples were fixed in formalin and then embedded in paraffin. Tissue samples were sliced 

with a histiotome in a direction parallel to the liver surface. These slices were placed on 

glass slips and stained according to a standard Haematoxylin & Eosin protocol. 

3.1.4.4 Statistical analysis of porcine CLE data 

The statistical analysis of the porcine model liver ablation model was conducted along 

similar principles as the analysis of normal and CRLM liver tissue which has already been 

described (3.1.3.4). Further details are outlined here to describe where this process differed 

from the above. 

Image acquisition was more difficult during laparoscopy and hence some of the CLE images 

had to be discarded. To adjust the data for erratic probe movement all laparoscopic videos 

were reviewed. If there was a clear disconnection between the probe tip and the liver 

surface the relevant data sequence was excluded from analysis. Due to the difficulty in 

keeping constant contact between CLE probe and liver surface, it was not feasible to 

measure erythrocyte velocity as was done in the murine CRLM model. In contrast to the 

murine CRLM model, the GLIMMIX analysis was set up to model the probability of the probe 

being on normal (i.e. non-ablated) liver parenchyma. Fixed and random effects were 

handled in a similar fashion as described already. 

To test the validity of the GLIMMIX model a receiver operating characteristic (ROC) analysis 

was performed. The covariates and intercepts provided by the GLIMMIX analysis were used 

to calculate the log odds, odds and finally the probability of identifying non-ablated tissue. 

Each single probability value corresponded to a single observation (mean RFU per frame), a 

specific animal ID and a tissue type, which enabled us to perform a ROC analysis based on 

this data. Because animal ID was a random effect, the same RFU value would result in 

different probability values for the individual animals. This relationship explains why based 

on our data, no single RFU cut-off value can be estimated as an optimal threshold to 

distinguish ablated from non-ablated tissue. No cross validation was carried out on the 

ablation model because there was insufficient data to facilitate randomisation into a training 

and validation dataset. The workflow for the statistical analysis is shown in Figure 3.2.  
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Figure 3.2 Workflow of statistical analysis of porcine CLE data.  

The workflow depicted here was also used for the murine model. 

 

The author of this thesis was not involved in the preparation of histology. The author helped 

during establishment of the animal model and during laparoscopic surgery, carried out CLE 

image acquisition and performed subsequent image analysis and data evaluation. 
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3.2. Digital image processing techniques used in this work 

The analysis methodologies used in the chapters on multispectral imaging and video 

magnification make extensive use of image and video processing techniques. All colour 

images and video material was processed in the 8bit RGB colour space. Images from 

multispectral experiments were processed in an arbitrary grayscale format based on the 

camera recording characteristics as described below (3.3.4). A detailed description of digital 

image processing basics is beyond the scope of this chapter. For detailed background 

information please see here (255). 

3.3. Multispectral imaging 

Multispectral imaging experiments were conducted with the aim to develop an imaging 

platform that enabled examination of tissue spectra. This platform was consequently utilised 

to evaluate spectra from normal and pathological liver tissues.  

3.3.1 General principle 

The principle behind this imaging modality is that the chemical and physical composition of 

tissue alters the way that light is absorbed. This property is a function of light spectrum i.e. 

tissues absorption changes depending on light wavelength. This behaviour is reflected in the 

absorption coefficient which is specific for individual substance compounds such as lipids or 

haemoglobin. Tissue characteristics can therefore be inferred by exposing it to light of 

different wavelengths.  

Absorption coefficients for specific substances can be plotted against wavelength in a 

spectral response curve which exhibits a typical pattern that depends on the underlying 

substance. The shape of the curve can be used to infer not only the presence of a 

substance but also in some cases its concentration. In biomedical science the substances 

that are most relevant are oxyhaemoglobin, deoxyhaemoglobin, lipids and water. Other 

substances such as collagen and bilirubin have been studied as well but to a lesser extent 

as they are not as ubiquitous. Typical spectral response curves for these substances are 

shown in (Figure 3.3). 

3.3.2 Ex-vivo tissues for multispectral evaluation 

To develop the imaging platform, animal tissue intended for consumption was purchased 

and tested. Animal tissue was more readily available than human tissue and hence was 

more attractive for preliminary testing. When the development phase was concluded, 

experiments continued with liver tissue excised from patients undergoing liver resection and 

from discarded donor livers. The aim was to get at least 2-3 samples (161,163) for any 

pathological condition (i.e. CRLM, steatosis), but ideally > 6 samples (256,257). Ultimately 

the number of specimen was limited by clinical availability. The former tissues were chosen 

to examine liver malignancy and the latter tissues to examine liver steatosis because 

explanted livers are frequently discarded because they are too fatty. Imaging was conducted 
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on ex-vivo liver tissue as previously described by other authors (162,256). These samples 

had the advantage of being more representative of clinical disease then tissue from cell 

cultures or animal models. Additionally it was technically not feasible to move the imaging 

platform to animal labs or to hospital facilities at this early development stage because of 

concerns about laser safety and the fragility of the system.  

3.3.2.1 Animal tissue  

For preliminary experiments on some of the imaging modalities, commercially available 

animal tissues marketed for consumption were purchased from food stores. The type of 

animal product depended on the tissue of interest. To study multispectral imaging (MSI) on 

lipids for example goose fat was found to be useful whereas beef liver was frequently used 

to obtain preliminary confocal laser endomicroscopy data. The interchange between muscle- 

(red part of the bacon) and fat tissue in bacon proved useful to study the spatial resolution of 

MSI imaging. The composition of these tissues was not quantified because preliminary 

experiments served towards testing of equipment and refining of image acquisition system. 

Experiments were not used to correlate image data with tissue constitution. For transport to 

the laboratory, no additional cold storage precautions were made. In the lab, specimen were 

cut into dimensions appropriate to the imaging modalities field of view. Subsequently they 

were placed on a stationary platform for examination. For MIS studies a translation stage 

was used whereas tissue for CLE examination was simply placed on a plastic tray. 

3.3.2.2 Patient tissue 

Ethical approval for the research use of patient tissues from the Royal Free Hospital, London 

was granted by the UCL Biobank Ethical Review Committee (Reference number 

NC2015.012). Tissue from patients undergoing liver resection for malignancy was collected 

during surgery. Following resection of the cancer and surrounding normal liver the specimen 

was placed in a bowl. Specimen were then taken for further analysis. During excision of liver 

samples for experiments, it was crucial that the oncological resection margins i.e. the area 

where the diseased liver was transected from the healthy liver during surgery was not 

compromised as this would have affected the histopathological evaluation. The maximal size 

of the specimen was tailored to fit under microscope glass slides (75 x 25mm). Frequently 

however the maximal size was limited by the available liver tissue especially in minor liver 

resections which are of a smaller resection volume. The number of excised specimen again 

was mainly dependent on the size of the resected specimen (i.e. less in smaller specimen).  

The main goal of tissue acquisition was to obtain at least one sample of healthy and 

cancerous tissue for each patient. If there was a large resection specimen or multiple tumour 

nodules, the aim was to take multiple biopsies representative of different tumour nodules 

and areas of normal liver tissue. In some patients it was not feasible to excise tissue without 

compromising the resection margin and in these cases only normal liver tissue was excised. 

For transport, biopsies were placed in a container filled with cooled (app. 4 ˚C) organ 

storage solution (KPS-1). After transport the liver samples were removed and placed on a 
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dry gauze swabs to remove excess fluid and prevent smearing between tissue and glass 

cover slip. For image acquisition samples were then placed on a translation stage that was 

covered with an incontinence sheet (dry gauze on top with water proof sheet at the bottom) 

commonly used in hospitals. Smaller samples were placed in a row and covered with one 

glass slip whereas larger samples were covered with individual glass slips (Figure 3.4)  
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Figure 3.3 Absorption spectra of endogenous chromophores. 

Plots of absorption coefficients on the y-axis against excitation wavelengths on the x-
axis for common endogenous chromophores. 

 

 

Figure 3.4 Placement of ex-vivo specimen for MSI studies. 

On the right 4 liver specimen which are covered with glass slides can be seen. On the 
left is a white reflectance standard which is used as reference point for image 
processing. 
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There are two technical challenges to accurate multispectral image acquisition (MSI). Firstly 

the wavelength used for recording, needs to be precisely controlled. Secondly a camera 

sensor which is sensitive to the wavelengths used, which are often within the invisible 

spectrum, needs to be used. For wavelength control unwanted spectra can be filtered out by 

interposing a filter between camera lens and light sensor. Alternatively an excitation source 

that emits light at a specific wavelength can be used. The type of camera sensor depends 

on the desired imaging spectrum. 

3.3.3 Specific setup of the multispectral imaging platform 

Light excitation was conferred via an optical parametric oscillator (OPO) laser that is 

tuneable within a wavelength range of 700nm-2000nm. The light signal itself was conducted 

through an optical fiber with silica-core/silica-cladding and a core diameter of 910 μm. For 

acquisition of multispectral images the wavelength was changed at 5-10 nanometre (nm) 

intervals while images were taken. An Indium-Gallium-Arsenide (InGaAs) sensor camera 

(C10633-23, Hamamatsu, Welwyn Garden City, UK) with the capability of viewing images in 

the near-infrared (NIR) spectrum with a sensitivity ranging from 950-1700nm (henceforth 

called NIR camera) was used to record images. Images were saved on the hard drive of a 

Windows 8™ laptop for subsequent processing and analysis. 

3.3.3.1 Laser excitation and tuning 

As a light excitation source the optical parametric oscillator (OPO) (VersaScan L-532, GWU-

Lasertechnik) was used. This type of laser uses a fixed laser as input source which is being 

fed into an oscillating crystal. As the oscillating speed is adjustable, the output wavelengths 

of the laser can be tuned to a desired wavelength. This OPO was pumped by a frequency-

doubled Q-switched Nd-YAG laser frequency with a wavelength of 532 nm, a repetition rate 

of 10 Hz, and a pulse width duration of 6-10 ns (Quanta-Ray INDI-40-10, Spectra-Physics). 

The idler beam of the OPO was coupled to a silica-silica optical fibre with a core diameter of 

910 µm (FG910LEC, Thorlabs). The idler wavelengths were varied by motorised rotation of 

the nonlinear crystal in the OPO. 

At maximum light intensity the laser produced an over illumination in the camera sensor (i.e. 

a completely white image). Therefore additional optical filters of 6 optical densities were 

positioned between laser source and optical output fibre to reduce light intensity. Before 

experimental use the OPO was calibrated to ensure an accurate wavelength output with an 

error margin of approximately 5nm. The robustness and validity of the calibration was 

checked at regular intervals with a spectrometer that was connected to the optical fibre. The 

calibration was renewed if there was evidence of misalignment. 

3.3.3.2 NIR camera and specimen placement 

The camera was fixed to a 150 mm x 150 mm x 12.7 mm breadboard (metal plate with 

holes) with a 25mm x 100mm optical post (Thorlabs, Newton, NJ, USA). The same 

breadboard also carried the post which held the optical fibre through which the excitation 
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laser was emitted. The breadboard itself was installed onto a 1.5” x 300mm optical post 

which enabled adjustment of the distance between camera and the specimen. The NIR 

camera connected to a Windows 8 laptop via an USB 2 port. NIR camera control and image 

recording was controlled with custom build code written in Labview™ Professional, a high 

level programming language which is widely used for the purpose of controlling physics 

instruments in a experimental environment. 

The camera was fitted with a low magnification lens (machine vision lens - Navitar, 

Rochester, NY, USA) whose focus was adjusted to achieve optimal image sharpness. The 

lens aperture was varied to identify a threshold where maximal light intensity was achieved 

while simultaneously avoiding over illumination (i.e. too much brightness). To study 

absorption behaviour of tissues it is important to reduce the amount of light that is directly 

reflected back from the tissue surface at the same angle at which the excitation light hit the 

surface. To reduce these so called specular reflections (Figure 3.5) a microscope glass slide 

was placed over specimen as described above.  

 

Figure 3.5 Example of specular reflections during MSI experiments. 

The liver specimen can be seen centrally. Specular reflections cause over saturation 
of the camera sensor which results in data loss. To standardise absorption 
coefficients a white reflection normalise was placed in proximity to the liver 
specimen. 
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3.3.3.3 Laser and camera synchronisation 

The NIR camera operated with a maximal and variable rate of 50 frames per second. The 

OPO had a fixed pulse rate (i.e. the frequency that the laser was admitted with) of 10 Hz. 

The exposure time of the camera could be varied between 0.1-15ms whereas the duration of 

the OPO light emission was fixed at 10ns. This means that synchronisation of NIR camera 

exposure and light emission was necessary to ensure that the timing of light emission 

coincided with the exposure time of the NIR camera in a reliable fashion. The OPO 

generated an output signal in the form of an electrical voltage signal which can be used to 

trigger other devices e.g. initiate image acquisition. Unfortunately the NIR camera could not 

be triggered through such a voltage signal but instead could be triggered through a software 

generated signal which had the disadvantage of being slower than a hardware signal.  

To enable a synchronisation of image acquisition and laser pulse it was therefore important 

to transform the voltage signal from the OPO into a software signal that could be recognised 

by the camera. Transformation of the voltage signal i.e. hardware trigger to a software 

trigger was facilitated by a digital input/output box (henceforth called I/O box; National 

Instruments™, Austin, TX, USA) that received the hardware signal in the form of a voltage 

threshold through BNC connectors and send the software signal in the form of a binary 

signal (on or off) to the controlling computer. Because the incoming hardware trigger voltage 

was below the 2.2 Volt (V) limit required by the I/O box, the signal was amplified via an 

oscilloscope (DPO3032, Tektronix, Beaverton, OR, USA) to raise it above the 2.2V 

threshold. The connections, signals and equipment activity was controlled and monitored 

through custom written Labview code. The Oscilloscopes 2nd channel was used to visualise 

the timing of the camera software trigger to aid in evaluating delays between hardware to 

software signal transformation (Figure 3.6). 

 

Figure 3.6 Oscilloscope for OPO light source and NIR camera synchronisation. 

Oscilloscope screen showing the OPO trigger in yellow and the NIR camera trigger in 
blue. Good synchronisation between both signals was crucial for successful image 
acquisition. 
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The transformation of hardware to software signal in addition to the execution of one cycle of 

the image acquisition algorithm took in the range of 0.4s. To accommodate for this delay, the 

maximum rate of camera triggering was forcibly reduced to 1s. This ensured that the 

preceding image was recorded and that the NIR camera was ready for the next image 

acquisition. As opposed to the Labview code, the delay caused by the signal transformation 

was inconsistent at times which lead to an approximate 15-25% loss of synchronisation and 

hence image data. Desynchronised images were under illuminated i.e. virtually black. To 

avoid recording and processing of desynchronised images, an algorithm was implemented 

into the Labview code to automatically delete images where the maximal light intensity per 

pixel fell below a certain light intensity threshold that indicated lack of illumination. The 

threshold was set at 4.000-7.000 depending on the running time of the NIR camera and 

operating wavelength of the OPO because both factors positively correlated with the 

intensity of black pixels (i.e. at higher wavelength and after longer running time black pixels 

had a higher intensity). A photo of the experimental setup is shown below to illustrate the 

workflow and components of the system (Figure 3.7). 

 

Figure 3.7 Experimental setup for MSI studies. 

Signal control and storage is controlled via the laptop. To the left the fibre holder and 
NIR camera can be seen placed above the black translation table that normally holds 
the specimens, 

 

3.3.4 Image processing 

Images were recorded as grayscale pictures in the uint16 format. This commonly used 16-bit 

deep format enables depiction of 65.536 different gray levels in an image. The image size 

was 320x256 pixels but the NIR camera originally saved image data in bytes (i.e. pixels) in 

single 81.920 long sequence of Little-endian order. The order (Big-endian vs. Little-endian) 

describes in which order the sequence must be read correctly when transforming it to other 

formats i.e. a 2D image, as was the case in these experiments. Image data was transferred 
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to MATLAB™ (MathWorks™, Natick, MA, USA) for transformation, processing and 

subsequent analysis. The sequence of pixels was initially transformed to a corresponding 

320x256 pixel image with 65.536 gray levels (uint16). Essentially the gray levels of zero and 

65.536 represented the lowest (i.e. black) and highest (i.e. white) possible pixel intensity. In 

the experimental design described here, high pixel intensity correlates with a low absorption 

in the corresponding tissue and vice versa. Because each image acquisition was repeated at 

different wavelength, the change in pixel intensity can be plotted against wavelength to 

evaluate changes in tissue absorption. This form of representing absorption coefficients, can 

also be called spectral response curve (Figure 3.8). Generally this approach could be 

applied to a region of interest that may consist of a small tissue area or the whole image. 

Alternatively a spectral response curve may be studied for a single pixel that represents a 

minute tissue area of <1mm2 (Figure 3.9). 

 

Figure 3.8 Example of a spectral response curve (SRC). 

Tissue light absorption on the y-axis is plotted against excitation wavelength on the 
x-axis to reveal the spectral response curve of a tissue specimen. 
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Figure 3.9 Spectral response curve from ROI vs. single pixel. 

Spectral response curves can be plotted from larger tissue areas consisting of 
multiple pixels or the whole image (left). Alternatively a spectral response may be 
plotted for single pixels (right). 

 

3.3.5 Image recording 

Specimen were placed on an incontinence sheet. As described above specimen were 

covered with microscope glass slides to reduce specular reflections. A white reflection 

standard was placed close to the specimen to ensure that it was exposed to the excitation 

laser to the same extent that the liver specimen were.  

Initially single images were recorded to ensure that specimen were placed centrally in the 

field of view. Following this the lens aperture was adjusted so that the maximum intensity in 

the images stayed below 16.383 intensity units (maximum of arbitrary units used by NIR 

camera). Beyond this value over-illumination (i.e. white out) occurs which results in loss of 

data. Finally background images were recorded without any illumination to determine the 

background values that were needed for the normalisation process. Once background 

values were recorded, MSI acquisition commenced. For each wavelength step at least 20 

frames were recorded to reduce the impact of outliers. Once the desired complement of 

frames was recorded, the acquisition was paused to allow a manual change of the excitation 

wavelength. This process was repeated until the pre-determined wavelength range required 

to create a spectral response curve was covered. 
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3.3.6 Colour representation of multiple spectra 

It is possible to visualise the single spectrum images in a variety of ways in an attempt to 

improve comprehensibility and mental integration of the observer. The simplest form of 

visualisation is to translate the recorded intensities and therefore the absorption 

characteristics into a gray scale image. This is straightforward and also the default option of 

the NIR camera’s standard issue software package. For improved visualisation the gray 

levels can be converted to a variety of colours and their corresponding hues. For this 

purpose, colourmaps can be employed which assign colours to numerical values, which in 

this specific case correlate with intensity levels. When using the MATLAB™ colourmap jet 

for example low and high intensities are assigned to blue and red respectively (Figure 3.10).  

 

Figure 3.10 Example of different colour maps used for MSI. 

Grayscale 16 bit image representation (left) and the equivalent image shown in colour 
(jet colourmap). 

 

Transformation into colour can perhaps be regarded as a 1:1 conversion where no additional 

data is available to the observer. It is however possible to integrate data from multiple 

spectra (Figure 3.11) into the same two dimensional image to increase the amount of data 

visualised. The only factor changing over time during MSI experiments with individual 

specimen is the wavelength (i.e. single spectra) whereas the tissues are completely 

stationary.  
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Figure 3.11 Variations in pixel intensity according to wavelength. 

Each thumbnail image shows a colour representation of the changing light absorption 
of three liver specimen at wavelengths from 1100-1690nm. 

 

It is therefore possible to combine information pertaining to multiple absorption spectra of the 

same pixel (i.e. tissue area) into a single two-dimensional (2D) image. In a perhaps 

simplified way this could be described as “squeezing” the data contained in a spectral 

response curve into a single pixel colour. There are almost limitless possibilities of 

combining the various spectra, starting with the number of wavelengths to include which 

could range from only two wavelengths up to the maximum number of 61 wavelengths used 

in these experiments. Perhaps even more important is the method of combining intensities 

from different wavelengths. Values can be combined with simple arithmetic operations such 

as addition or division (Figure 3.12). The area under the spectral response curve can be 

determined and used for false colour representation. In a perhaps more complex approach, 

intensity values at particular wavelengths could be employed as variables in an equation or 

regression analysis. 
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Figure 3.12 Example of ‘false colour’ visualisation. 

The same specimen as in figure 3.10 & 3.11 are shown here. Pixel intensities (jet 
colourmap) have been derived by dividing absorption at 1290nm/1450nm hence the 
pixel intensities can be regarded as a function of the two respective wavelengths. 

 

An approach optimised according to a statistical analysis is of utilising different false colour 

options are described in the results section. To systematically assess which wavelengths are 

the most relevant for discriminating normal liver tissue from malignant liver tissue, multiple 

wavelengths absorption coefficients have been evaluated statistically using Bland-Altman 

plotting to determine the wavelengths with the greatest discriminatory power and 

subsequently using these as covariates for inclusion into a generalised linear mixed model 

analysis The statistical methodology is further described in the Statistics part of the relevant 

results chapter. 

3.3.7 Statistical analysis 

Tissue spectra are compared by plotting pixel intensity which is inversely related to 

absorption, against changes in wavelength. As indicated either mean values or scatter plots 

are used. To facilitate statistical comparability between different experiments the intensity 

values were normalised as described in the relevant chapter (6.3.4). Normalised intensity 

values were visualised on a Bland-Altman plot to evaluate if any intensities lying outside the 

limits of agreement were associated with any particular wavelengths. Consequently, the 

normalised pixel intensities are then analysed in a generalised linear mixed model analysis 

to elucidate if intensity variations at particular wavelengths are indicative of pathological 

tissue states. The model used normalised intensity and wavelength as fixed terms whereas 

patient ID and cancer type were used as random terms. Further details about the statistical 
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model can be found below (6.3.4). Statistical analysis was performed using SPSS™ Version 

21 (IBM, Armonk, NY, USA). Statistical significance was assumed for p<0.05. 

With the exception of histological preparation of liver biopsies, all aspects of this research 

were carried out by the author. 
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3.4. Video magnification 

The experiments in this section were conducted to evaluate a video processing technique 

called Eulerian video magnification. Initially a method is developed to analyse and compare 

the signals that result from applying this technology to video. This method is then applied to 

a mechanical flow phantom and subsequently to a porcine model of laparoscopy that has 

already been described above (3.1.4.1).  

3.4.1 General concept 

The experiments outlined in this chapter are based on a work of Wu et.al (136) who have 

created a video processing algorithm called Eularian Video Magnification (VM) that was 

designed to reveal subtle changes in colour or motion that are invisible to the naked eye. In 

brief, the algorithm partitions the field of view into different sections (spatial decomposition) 

to make location of changes possible. The video then undergoes temporal filtering which 

essentially means that only signals that repeatedly occur at a given range of frequencies 

(e.g. physiologic heart rate) are selected for amplification.  

Although algorithms with similar capabilities have been developed in the past, the VM 

algorithm has the advantage of being less computationally expensive (i.e. runs faster) and it 

therefore can process videos in real time on a personal computer. This is made possible by 

measuring and amplifying changes in pixel values such as colour and brightness whereas 

previous algorithms relied on accurate motion estimation (e.g. Lagrangian method), a 

process that requires more computing power and is more prone to errors. A detailed 

description of the work underlying VM can be found here (136). 

The VM algorithm has been written in MATLAB™ (MathWorks, Natick, MA, USA) and is 

freely available from the authors (CSAIL, Massachusetts Institute of Technology). A regular 

video in MP4 or AVI format is used as input and following processing a MP4 video that 

visualises the VM induced changes is stored in MP4 format. A number of parameters can be 

adjusted within the supplied MATLAB code to control the VM processing in detail. Two 

frequency values in Hertz (Hz) determine the frequency bandwidth for video signals which 

will undergo amplification. This means that only signals that occur at a given repetitive rate 

will be amplified by the algorithm.  

A spatial frequency variable determines the level of detail that the VM (henceforth called 

video magnification - VM) algorithm will analyse. Spatial frequency can be described as the 

level of detail from a stimulus (e.g. light or contrast) that is present per degree of visual 

angle. In other words a high spatial frequency translates into a greater level of details in an 

image and vice versa. In regards to the VM algorithm a higher spatial frequency value (e.g. 

100) means that signals that fall below this level of detail are excluded from the 

magnification process. The use of filters suppresses video signals outside the selected 

spatial frequency bandwidth which has the benefit of reducing the video noise in the final 

product. The magnification factor α determines the factor with which signals within the 
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bandwidth are multiplied. In practice, higher amplification factors are able to highlight subtler 

signals but this also results in an overall noisier (i.e. more grainy) output video.  

The choice of temporal band pass filters affects the way that signals outside the selected 

frequency bandwidth are handled. These should be selected based on the desired 

application of VM. A broad band pass filter like the Butterworth filter for example exhibits a 

mildly attenuated amplification for frequencies that are adjacent to the selected frequency 

bandwidth. Amplification is increasingly attenuated the farther away the frequency lies from 

the selected bandwidth. Narrow temporal bandwidth filters like the ideal filter on the other 

hand almost completely suppress magnification of signals outside the selected bandwidth. In 

terms of application, broad temporal band pass filters are well suited for magnification of 

motion signals whereas their narrow counterparts are superior when applied to colour 

change signals. All temporal band pass filters were tested initially to select the most suitable 

filters for motion and colour magnification respectively. Filters were chosen depending on 

optimal visual results and on the fastest processing time as further described in the results 

chapter.  

Colour clipping artefacts result when colour intensity is outside the level that can be 

displayed within a frame which may be caused by excessive magnification. Some artefacts 

may be reduced by increasing the chrominance attenuation in the VM algorithm. For 

standardisation purposes the same chrominance attenuation was used for an individual set 

of image data (e.g. all videos from on patient).  

3.4.2 Flow phantom 

Flow phantoms are normally constructed from a pump that circulates fluid, a channel or 

several channels through which fluid flows, and a tissue-mimicking phantom that surrounds 

the channels (258). Below is a description of how the was constructed. The construction of 

the flow phantom for the purpose of experimenting with video magnification signals in a 

controlled environment is described in the following sections. 

3.4.2.1 Tissue component and flow channels 

Tissue mimicking models with internal structures as a substitute for blood vessels have been 

extensively used for experimental and training purposes. These models can be further 

subdivided into flow phantoms that have vessels with or without walls (wall-less vessels). A 

variety of construction methods have been described (259).  

Limitations of wall-less phantoms is their fragility e.g. they are less able to withstand higher 

pressures from flow (258,260). Because it was intended to conduct some experiments with 

high pressures, a vessel mimicking phantom that could withstand higher pressures was 

chosen for this study. Limitations for vessel mimicking phantom mostly pertain to their use in 

conjunction with ultrasound. The border between flow channel and tissue mimicking 

substance may have an unrealistic appearance on ultrasound and may impede image 
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analysis. If the model is used as a training phantom for percutaneous needle interventions 

then repeat penetrations with a needle may damage the integrity of the flow channels (260). 

Flow channels for the phantom used in this study were created by Foley catheters (hollow 

silicone tubes). The tissue mimicking substance was built from polyvinyl chloride plastisol 

(PVCP) a deformable plastic substance. PVCP has the advantage that its consistency and 

colour can be altered during the production phase. 

Urinary Foley catheters (medical use for draining the urinary bladder) were purchased from 

commercial suppliers (Tiga-Med, Ronneburg, Germany). A catheter size of 12Fr was chosen 

to construct the flow channels because preliminary tests showed that at this size catheters 

were able to withstand pressures of >400mmHg, and because their diameter (3-4mm) is 

similar to medium sized liver vessels. Smaller sizes such as 10Fr were considered as well 

but they turned out to be too fragile for manipulation during the building of the model. Clear 

catheters were used so that they could blend into the PVCP which was also of a clear 

colour. 

The PVCP used for these experiments can be treated with additives that can make it harder, 

softer or change its colour. To establish a consistency and stiffness reflects that of human 

liver tissue, 3 surgeons were asked to rank 4 mixtures of PVCP that differed in stiffness. The 

mixture that all three surgeons opted for unanimously was chosen for all experiments. 

The PVCP (Lure factors, Doncaster, UK) was purchased in its liquid form. For solidification 

the PVCP was heated at 200˚-250˚ C for 20-30 minutes. During this process its colour 

changes from a milky opaque to a colourless translucent appearance. Heating was carried 

out on a laboratory heater-stirrer under a fume hood. On completion the liquid was poured 

into a rectangular plastic container for cooling. Once cooled sufficiently, holes were drilled at 

corresponding heights at either end of the plastic container to prepare it for insertion of the 

silicone catheters. A tract for the catheter was created by pushing a knitting needle through 

opposing holes. A guidewire was then inserted into the catheters to provide some stiffness 

and steerability during insertion. Subsequently catheters were inserted along the previously 

created needle tract crossing over from one end of the container to the other. In some cases 

the surface of the tissue model was inadvertently damaged while advancing the catheters. 

Smaller defects were repaired by adding an additional layer of PVCP onto the disrupted area 

(Figure 3.13). 
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Figure 3.13 Clear flow phantom. 

The completed flow phantom containing two Foley catheters (arrow) that are 
surrounded by clear PVCP. 

 

Several tissue models with different catheter positions which were altered depending on the 

experimental setup were created. For preliminary experiments a model with one catheter 

tract was used initially. Two catheters inserted side by side were used to study the presence 

of a perfusion signal versus a control standard. To study the effect of tissue depth on 

perfusion signal strength, three catheters were inserted, one just below the surface and then 

at app. 2 cm depth and 4 cm depth.  

All initial experiments were conducted with a clear PVCP mixture to measure non-concealed 

VM signal strength. To create a tissue model that closer resembles the colour of human 

livers, a brown mixture was created from black, brown, red and yellow colour additives. This 

colour was added to a tissue model which had two catheters side by side (Figure 3.14) 

(same as shown in Figure 3.13). 
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Figure 3.14 Brown flow phantom. 

A brown coloured flow phantom was created to study how colour and opacity affects 
motion related VM signals. Because the flow channels are not visible, two yellow 
markers were placed at the left side of the screen to facilitate selection of the correct 
region of interest for statistical evaluation. 

 

3.4.2.2 Perfusion circuit 

Circulation of fluid was facilitated by a metering pump powered circuit that was constructed 

with the option to adjust flow rates and pressures. The basic principle was that fluid was 

taken from a container and propelled through this circuit by a pumping mechanism. The 

circuit was connected to the catheters which were embedded into the tissue model. 

Following perfusion through the catheters the fluid drained back into the container to be 

available for further re-circulation . 

An electronic metering pump (LPJ7E2, E-Series, Pulsafeeder, Punta Gorda, FL, USA) was 

used to create flow within the circuit. The pump comes with adjustable stroke rate of 5-125 

beats per minute (bpm) and output pressure of 1.1-5.5bar. Solenoid operated metering 

pumps create pulsatile flow with an inflow phase during which fluid is suctioned into the 

pump from a reservoir and an outflow phase during which the pressurised fluid is discharged 

through the efferent tubing. This characteristic makes metering pumps suitable to simulate 

flow conditions similar to that of the cardiac cycle with the inflow phase and outflow phase 

corresponding with the diastolic and systolic phase respectively. The advantage over roller 

pumps is that the stroke frequency and pressure can be adjusted to closely resemble 

physiological conditions (258). Connectors on the pump enable attachment to standard 3/8” 

tubing via plastic National Standard Pipe Thread (NPT- screw tightening) adapters.  
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The minimum pump output pressure of 1.1bar translates into approximately 825mmHg and 

therefore pressures needed to be reduced further to bring them into the physiological range 

between 50-250mmHg. This was facilitated by inter-positioning a pressure dampening fluid 

reservoir between metering pump and flow phantom. The reservoir was constructed from a 

25ml serum pipette that was inserted into a T-piece connector that enabled connection to 

the rest of the flow circuit. A stopcock was fitted to the upper end of the pipette which made 

it possible to adjust the amount of fluid and air within the pipette. The ratio between air and 

fluid in the reservoir has an influence on circuit pressures. If the reservoir is devoid of fluid 

(i.e. filled with air), the amount of outflow pressure reduction is at its greatest. Pressure 

reduction moves inversely to the amount of fluid in the pipette. An additional effect is that the 

circuit pressure during the inflow phase drops off less quickly. So in essence the “systolic” or 

outflow pressure can be adjusted with the aid of the reservoir. The “diastolic” or inflow 

pressure can be adjusted with a pinch valve installed distally to the flow phantom (i.e. in the 

outflow limb). Increased pinch pressure reduces the outflow diameter and hence increases 

flow resistance according to the Hagen- Poiseuille law. Increased resistance affects the 

circuit by increasing pressure and flow velocity during the inflow phase. There is also an 

effect on circuit pressure during the outflow phase. 

Pressures were measured continuously by connecting a pressure meter (Comark, Milford, 

MA, USA) to the circuit via a T-piece connector. Flow was measured when required with a 

Flowmeter (Transonic, Ithaca, NY, USA) that utilised ring-shaped Doppler probes that 

encircled the flow tubing. To establish how flow and pressure within the circuit were affected 

by pump and reservoir settings, calibration experiments were carried out initially. During 

these experiments a combination of different settings for pump pressure, pump stroke 

frequency, reservoir filling and outflow resistance were studied and the resulting flow rates 

and circuit pressures were recorded (Figure 3.15).  
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Figure 3.15 Complete flow phantom setup during experimentation.  

1 – Fluid reservoir; 2 – Solenoid pump; 3 – Perfusion tubing; 4 – Camera on 
adjustable arm; 5 – Flow meter; 6 – Adjustable reservoir (pipette with stopcock); 7 – 
Pressure meter; 8 – Tissue phantom with flow channels 

 

3.4.2.3 Camera setup 

It was hypothesised that a maximum of image details in terms of resolution, contrast, motion 

and colours would result in richer video magnification signals. To enhance data extraction a 

research grade multi-pixel camera (Grasshopper GS3-U3-32S4C-C, FLIR Integrated 

Imaging Solutions Inc. – formerly Point Grey, Richmond, BC, Canada) with a high frame rate 

and image resolution was therefore chosen for flow phantom experiments. At maximum 

settings, a resolution of 2048x1536 pixels can be recorded at a rate of 121 frames per 

second (fps). The camera was connected to a standard windows computer via a USB3 port. 

Company issued software (Flycap2™) was used to record video sequences at maximum 

resolution and 30 fps. All sequences were recorded in the AVI file format at a running length 

of 7 seconds (s). This duration was chosen because the file size was limited to 2 gigabyte by 

the recording software which corresponded to a video duration of 7s at a desirable resolution 

and fps combination. In preliminary experiments no detrimental effect in VM signal quality 

was found in relation to video duration at lower video resolutions that enabled recording of 

longer periods. 

3.4.3 Porcine study 

3.4.3.1 Concept 

The underlying hypothesis is that VM signal strength or quality would be influenced by the 

presence of circulation and associated blood vessel motion during pulsatile flow. An animal 

model was chosen to compare VM signals from a number of organs including the liver 

during presence of blood flow intraoperatively and the absence of flow following euthanasia.  

1 
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3.4.3.2 Camera and recording 

An experimental model of porcine laparoscopic liver resection was used to sequentially 

record data for CLE and VM experiments. For a description of the model please see above 

section on CLE imaging. VM data was recorded prior to CLE data. A stereo-laparoscope 

(Conmed – formerly Viking, Utica, NY, USA) was used for recording of sequences. Data 

from only one of the two laparoscope channels was processed for experiments. The channel 

with the best image quality (i.e. no smears or smoke causing visual occlusion) was chosen 

for processing. During recording the laparoscope was held in a stable position with both 

hands to reduce the amount of involuntary tremor that is common with laparoscopic videos. 

No mechanical laparoscope clamp was used. Sequences were recorded in H264 format at a 

resolution of 1920x1080 pixels and subsequently converted to MP4 format for further VM 

processing. File conversion was carried out using a non-commercial software programme 

(RipBot264, Freeware written by Atak Snajpera). 

3.4.3.3 Impact of motion on VM signals 

All sequences were recorded before and after euthanasia to evaluate if the cessation of 

circulation had a measurable impact on VM signal strength. It was anticipated that 

extraneous motion i.e. image tremor from holding the laparoscope and respiratory motion of 

the diaphragm would also influence VM signals. Therefore several sequences were 

recorded during brief apnoeic episodes of no more than 5s and then repeated during regular 

ventilation. The VM signals extracted from these sequences were then subsequently 

compared to each other. 

Laparoscopic ultrasound doppler signals were recorded during some of the experiments to 

verify the presence of flow in the organ areas that were recorded for VM signal processing. 

Further doppler signals were recorded following euthanasia to verify the absence of blood 

flow.  

3.4.3.4 Experimental design 

To develop and test a quantification method for VM signals, a number of experiments were 

conducted that compared motion signals using the following experimental designs.  

In flow phantom experiments, different areas in the same field of view (ROI’s) were 

compared t each other. This was useful because perfusion and pulsation could be 

deliberately controlled. In the porcine experiment, two separate videos were recorded from a 

standardised scenario (e.g. laparoscopic view of the liver) during the presence or absence of 

perfusion (Figure 3.16). 
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Figure 3.16 Experimental design structure for video magnification studies.  

 

3.4.4 Use of the Gray level co-occurrence matrix for motion signal 

quantification 

Quantification of motion signals could not be measured by simply plotting variations in pixel 

intensity as described previously (136) because the intensity of a pixel representing a 

moving object may or may not change with the extent of movement. Popular methods of 

estimating motion in video such as the use of a Kalman filter or Lucas-Kanade optical flow, 

work by tracking the change of object position over several video frames. Magnified motion 

signals however reveal themselves as a repetitive change in texture or outline of edges. 

Therefore applying the aforementioned methods to motion estimation in VM is problematic 

because there are no clearly identifiable objects that can be tracked. A more recently 

proposed method of motion estimation is based on the analysis of image texture through 

utilisation of the gray level co-occurrence matrix (GLCM). The GLCM can be regarded as a 

representation of the spatial relationship between pixels of an image that have been ordered 

into groups according to their grayscale intensity. The number of gray levels and spatial 

relationship to neighbouring pixels (e.g. horizontal direct neighbour or vertical 3 pixels distant 

neighbour) can be specified individually (Figure 3.17). It has been demonstrated previously 

(261) that temporal changes in the GLCM (i.e. image texture) can be used to estimate 

motion in video sequences. Statistics derived from a GLCM such as Energy, Homogeneity, 

Contrast and Correlation allow quantification of these temporal changes and these statistics 

will be employed in this work to measure and compare VM motion signals. 



114 
 

 

Figure 3.17 Example for variation in pixel offset for GLCM processing.  

The pixel of interest may be compared to its direct neighbour or pixels that are further 
distant. The spatial relationship is further defined by neighbourship direction on a 
horizontal, vertical or diagonal plane (262). (reprinted with permission from Elsevier, 
copyright 2014) 

 

3.4.4.1 Selecting regions of interest 

With a few exceptions, VM signals in a video sequence are not represented throughout the 

whole field of view. Therefore it is necessary to focus evaluation and quantification of signals 

on a defined region of interest (ROI) such as the liver surface on a laparoscopic video for 

example. To facilitate VM signal assessment in ROI’s, a MATLAB function was created to 

define and retrieve image data (henceforth referred to as “grabbing”) from a fixed region of a 

video sequence. In essence the retrieved data can be regarded as a cut-out “mini-video” that 

is part of the original video sequence (Figure 3.18). The colour and motion VM signals in the 

grabbed data were subsequently analysed using the methods outlined above. For 

standardisation purposes, fixed ROI dimensions were used for statistical comparison of 

signals from the same video or from the VM and control video as appropriate. 

 

Figure 3.18 ROI marking in laparoscopic video 

A ROI is marking a superficial liver tumour at the bottom edge of the liver. For 
subsequent image signal processing only signals from the ROI are processed. 
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3.4.4.2 Quantification of motion signals 

The GLCM statistics were processed in the following manner. Initially two ROI’s of identical 

dimensions were marked in regions were motion quantification was intended. Usually this 

involved one region with pulsatile motion and one region without, in flow phantom studies. In 

the porcine experiment identical ROI’s from different videos were evaluated as described 

above. The video data from each ROI was stored separately and subsequently underwent 

transformation into 8bit grayscale format to enable GLCM processing. Consequently, the 

GLCM parameters: Energy, Correlation, Homogeneity and Contrast were extracted for each 

ROI. To facilitate comparison, GLCM statistical values were plotted against time in a 2D-

coordinate system (Figure 3.19). In addition mean, median and standard deviation were 

calculated for the entire ROI window and visually compared using bar charts (Figure 3.20). 
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Figure 3.19 Plot of GLCM statistics. 

GLCM statistics, measured on a perfused flow phantom, plotted over time. The top 
row shows the ROI's marked on the screen. In this experiment a third ROI was marked 
as control. 

 

Figure 3.20 Mean GLCM statistics. 

Mean GLCM statistics from the same experiment as figure 3.19 presented as bar 
charts of the mean values over the whole period. 
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3.4.4.3 Statistical analysis 

Group values are stated as median ± IQR. The distribution for GLCM statistical values was 

evaluated with the Shapiro-Wilks test and found to be non-parametric. Therefore the 

Wilcoxon-sign or Kruskal Wallis tests were employed to compare groups as appropriate. 

Binominal regression analysis was used to elucidate if GLCM statistical values were 

independent predictors for the presence of motion. The variable selection method ‘Enter’ 

was used for the regressions analysis. Finally ROC analysis was carried out to determine 

the diagnostic accuracy of GLCM statistics for indicating presence of flow. As indicated 

below the GLCM statistics or their respective gain values are correlated with the presence of 

flow (perfused catheter vs. control catheter). Optimal sensitivity and specificity values were 

chosen arbitrarily, based on the highest combined values for sensitivity and specificity from 

an output table that summarises the relationship of these parameters as seen in the ROC 

curve. Depending on the scientific question a different cut-off point can be selected. For all 

tests, statistical significance was assumed at p<0.05. Statistical analysis was performed 

using SPSS™ Version 21 (IBM, Armonk, NY, USA). 

The author helped with carrying out the surgery in the porcine laparoscopic model. All other 

experimental procedures were performed by the author himself. 
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3.5. Image guided surgery 

Experiments related to the development of an image guidance system for laparoscopic liver 

surgery were carried out on the porcine model already described above (3.1.4.1). Once the 

system had matured sufficiently, it was evaluated in a clinical feasibility study, where its 

performance in terms of imaging accuracy in a real surgical setting could also be assessed.  

3.5.1 General principle 

Intraoperative image guidance facilitated by the use of an image guidance system (IGS) is a 

technology that is widely used in neuro- and spinal surgery and more recently has created 

considerable interest for laparoscopic applications (128,129,141,210). In essence an IGS 

allows the surgeon to view structures that can be seen on preoperative scans but that are 

not visible with a laparoscopic camera (128). This is highly desirable in LLR because it 

enables the surgeon to localise crucial subsurface structures such as tumours or blood 

vessels in real-time. This approach of combining virtual data in the form of a computer 

graphic with real life images from a video feed is also called augmented reality (AR).  

The IGS consist of 3 key components or processes, namely: 1) 3D modelling and planning - 

to create a virtual representation of individual patient anatomy 2) registration and tracking - 

to align “virtual” and real anatomy and 3) Visualisation - to make the information 

interpretable to the surgeon. The individual processes are outlined in greater detail below. 

3.5.2 IGS development and evaluation in a porcine model 

The IGS (prototype named SmartLiver) used in these experiments was developed by a 

collaboration of clinicians and computer scientists at University College London. All IGS 

software component s with the exception of the 3D model creation process were developed 

de-novo by this team. In contrast to this the hardware components (e.g. laparoscopic 

camera, infrared tracked objects etc.) are all commercially available. The author of the thesis 

contributed significantly to this work at certain development stages, namely the preclinical 

(porcine experiments) and clinical stages, and will therefore present results from this 

collaboration within the relevant chapters. There was no author involvement in the technical 

development stage which included the creation and testing of an IGS hardware and software 

platform, but since the underlying concept is important to understand the experiments below, 

a brief summary of the technical phase will be provided here.  

The SmartLiver software system has been assembled from a number of independently 

developed software components that each control individual tasks such as e.g. visualisation, 

tracking control or registration. To transform and integrate the single components into a 

working system the NifTK software platform was used (263). The advantage of the platform 

is that it excels in streaming stereoscopic video and tracking data simultaneously which 

means it is well placed to form the basis of a laparoscopic IGS. New software components 

were evaluated on a silicon liver imaging phantom (data not included in thesis as author did 
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not partake in these experiments) to ensure a robust and fluent performance before being 

transferred to in-vivo experiments (Figure 3.21).  

 

Figure 3.21 Silicone liver phantom. 

A liver phantom was created from silicone to emulate the subtle surface features of 
the human liver. The phantom was used to evaluate the SmartLiver in an ex-vivo 
setting. 

 

One of the novel aspects of the IGS presented here is the use of stereoscopic surface 

reconstruction to automatically register 3D model and patient liver. Because processing 

speed for real time stereoscopic surface r is crucial, the first step was to create a computer 

algorithm that made use of fast parallel computing which is based on graphics processing 

units (GPU) that are commonly found in computer graphics card. The main advantage is that 

complex problems can be computed simultaneously as opposed to computer processor unit 

(CPU) based applications that use a sequential mode. To achieve this, the computer vision 

method of matching propagation was adapted to process multiple high resolution frames, an 

approach which overcomes essential restrictions on parallel data processing and therefore 

enabled a GPU implementation of the algorithm. The underlying work does not form part of 

this thesis and has been described in detail previously (264). 

As an alternative to surface based reconstruction, a manual registration algorithm was also 

implemented into SmartLiver. Manual registration is based on moving a hand-held tracked 

object in which acts as a representative of the 3D liver model. Movement in the real world is 

translated into movement on the screen until a satisfactory position is achieved, which can 
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be locked and remain in place until the liver is manipulated which may require a further 

registration cycle. Although this approach proved useful in the preclinical phase it was 

complicated to use in the clinical study due to operating sterility issues. Therefore an 

additional option to carry out manual alignment with a graphic user interface (GUI) was 

implemented. At the later stages of the clinical study a GUI for SmartLiver was written which 

substituted system control via the NiftyK programme and made it amenable for use by non-

technicians. The testing and integration of infrared tracking system, the stereo-laparoscope 

and the CT acquisition for the creation of 3D models is described in detail below.  

3.5.2.1 Experimental workflow 

A detailed description of the porcine model has been provided above (3.1.4.1). On the first 

day (OP1), ablation zones were created to simulate liver tumours. A CT scan was obtained 

while the pig remained under general anaesthetic and the data from this scan was 

transformed into a 3D model of the liver. Following the 7-10 day recovery period, the animal 

underwent a second laparoscopic operation that either was purely exploratory (i.e. no 

procedure was carried out) or that included a laparoscopic left hemi-hepatectomy as 

described above (OP2). During this 2nd operation the 3D model was registered to the porcine 

liver as seen on the laparoscopic screen which enabled the creation of an augmented reality 

environment. Data recorded during the 2nd procedure was subsequently analysed to study 

organ motion, deformation, overlay accuracy and to compare different methods of 

registration (manual vs. surface based registration). Following termination the 

pneumoperitoneum was maintained while a cone beam CT (GE healthcare, Chicago, IL, 

USA) of the porcine liver was obtained post-mortem to quantify postoperative liver 

deformation. 

3.5.2.2 Intraoperative CT scans and 3D model creation 

Prior to any abdominal surgery being carried out, central venous access was established to 

facilitate injection of intravenous contrast. This was achieved through a cut-down to the 

internal jugular vein and insertion of a 16G central venous line into the proximal portion of 

the internal jugular. The distal end of the vein was ligated immediately after insertion of the 

line. Contralateral internal jugular veins were used for access on OP1 and OP2. After 

removal of the line on OP1 the proximal end of the vessels was ligated as well.  

A total of five CT scans were acquired for each animal. Two triple-phase CT’s with 

intravenous contrast were taken on OP1 and OP2; one with a fully inflated 

pneumoperitoneum (10-12mmHg) and one with the pneumoperitoneum deflated (<5mmHg). 

These scans provided the basis for 3D liver models representing the organs shape with and 

without soft tissue deformation caused by increased intraabdominal pressure. Timing of 

scans was immediately after liver ablation on OP1 and after establishing the 

pneumoperitoneum on OP2. To facilitate imaging, laparoscopic ports were disconnected 

from the insufflators but kept close to maintain positive intraabdominal pressure. Animals 

remained under general anaesthetic and were then transported to a mobile CT scanner unit 
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(Name of company). Following CT scanning under insufflation, the laparoscopic ports were 

opened and a second CT scan was carried out in a deflated state. Triple phase CT’s 

rendered arterial, venous and non-contrast liver image volumes at 2.5mm slice thickness. 

Following termination on OP2, a cone beam CT (company and parameters) without contrast 

was acquired post mortem to assess the amount of deformation caused by liver resection. 

CT data was then submitted to the visible patient service provided by IRCAD™ (Strasbourg, 

France) (265) which created a 3D computer model depicting the livers vascular and biliary 

anatomy in relation to the ablation zones. The resulting computer model was loaded onto a 

custom made software platform (263) that was used as an experimental user interface for 

processing the image overlay and recording of resulting imaging and accuracy parameters. 

3.5.2.3 Theatre layout 

The surgeon was positioned on the right side of the operating table for most of the 

procedure.  In addition to the laparoscopic monitor, two screens displaying to composite 

image overlay were positioned on either side of the operating table. The optical tracker was 

mounted onto a mobile, telescopic tripod system that could be adjusted in height to obtain a 

free line of sight of the tracking markers. In most instances an optimal position was achieved 

on the left top-end of the table. A wheeled stack containing a computer and video capture 

equipment was positioned on the left periphery of the operating theatre and connected to 

laparoscopy stack, additional screens and optical tracker via cables. The position of this 

stack was altered as required so as not to interfere with the surgical procedure. 

3.5.3 Clinical evaluation 

3.5.3.1 Description of the clinical image guidance system 

3.5.3.1.1. Virtual 3D liver model 

The 3D models used in this study (Figure 3.22) were reconstructed by Visible Patient™ 

(Strasbourg, France). In brief, the 3D models were produced from a contrast enhanced CT 

with a slice thickness of 0.5-3mm, which was carried out as part of routine clinical practice 

for staging of patients with suspected hepato-pancreato-biliary cancers. Patients were 

consented in outpatient clinic and their scans were retrieved from the hospitals imaging 

database. Subsequently images were transferred securely and anonymously to Visible 

Patient™. Maximal processing time for the 3D models was within a time frame of 5 working 

days. 
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Figure 3.22 Example of a 3D liver model as used in the clinical study. 

A 3D model showing the anatomical relationship of hepatic vasculature (hepatic 
veins, light blue - thick arrows, portal veins, dark blue – thin arrows; arteries, red - #) 
and liver tumours (green - *) is created in the first stage of the image guidance The 
semi-opaque brown volume delineates the outer margin of the liver parenchyma. 

 

3.5.3.1.2. Tracking 

Tracking was achieved by attaching passive infrared reflecting markers to the laparoscope 

prior to surgery (Figure 3.23). Intraoperatively, the position of these markers was then 

continuously recorded with a Polaris Spectra™ optical tracking camera (NDI Medical, 

Waterloo, Canada) which was positioned in the proximity of the operating table. Because 

SmartLiver provides AR visualisation (i.e. integration of real world video and virtual world 3D 

modelling), there is no need to track or calibrate surgical instruments as their positional 

relationship with the 3D model can be appreciated throughout the procedure. 
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Figure 3.23 Position of tracking markers on the stereo-laparoscope. 

Intraoperative configuration of passive reflective optical tracking markers installed 
onto a stereo-laparoscope. 

 

3.5.3.1.3. Registration 

SmartLiver was designed to enable either a manual or an automatic registration between the 

liver model produced from the pre-operative CT scan and the laparoscopic visualisation of 

the liver at surgery. Manual registration is facilitated by using the graphical user interface 

buttons on a touch screen monitor (Figure 3.24) to manipulate the 3D model into an 

anatomically appropriate position. The automatic registration mode utilises a computer vision 

technique called stereoscopic surface reconstruction (SSR) which recovers 3D geometry 

optically (208,264). In essence, the right and left channel of a 3D laparoscope (IMAGE 1S - 

TIPCAM, KARL STORZ, Tuttlingen, Germany) are used to triangulate the geometry of the 

visible liver surface. This geometric data is transformed into a cloud consisting of several 

hundred thousand points which represent the in-vivo liver surface shape Figure 3.25). Point 

clouds constructed from multiple views of the liver are composited using the tracking 

information from the Polaris tracking system. The point clouds are then resampled (i.e. 

points are combined to reduce their number) to several thousand points to make them 

computationally manageable. A corresponding point cloud is generated from the surface of 

the 3D liver model and subsequently both point clouds are computationally aligned with each 

other (i.e. registration process) using the iterative closest point (ICP) algorithm. Optimal 

alignment is calculated by minimising the residual error between 3D model and in-vivo liver 

surface. Our group has previously refined this registration method and demonstrated its 

feasibility in a porcine model of laparoscopic liver resection (172,264). 
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Figure 3.24 Touch screen control of the registration process. 

The 3D model can be registered to the laparoscopic video stream via touch screen 
buttons. 

 

 

Figure 3.25 Point cloud used for ICP based registration. 

The point cloud can be seen as yellow dots that outline a surface that is a close 
match to the 3D liver model outline. 
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3.5.3.1.4. Integration of the IGS into the operative workflow 

The SmartLiver system consists of a mobile stack that contained all the required hardware 

and software components, a separate high definition (HD) screen and an additional flexible 

arm attachment for the positioning of the optical tracking camera (Figure 3.26). The 3D 

laparoscope system which has its own HD screen was kept on a separate factory-issue 

stack.  

 

Figure 3.26 IGS setup in theatre. 

The optical tracking camera attached to an adjustable arm can be seen on the right of 
the image. The laparoscopic screen showing a video feed without the 3D model 
overlay is further to the left. 

 

In general, the setup process can be divided into a pre- and intraoperative phase. Prior to 

surgery both stacks were moved into the operating room and connected to each other using 

a DVI to SDI image splitter (ROI™ Mini-Converter, AJA, Grass Valley, USA). Subsequently, 

the SmartLiver system was initialised and the patient specific 3D model was loaded onto the 

platform. At completion of the anaesthetic induction the tracking camera was positioned at 

the head end of the operating table at approximately 160-190cm height to obtain an 

unobstructed line of sight of the laparoscopic camera with mounted trackers. Intraoperative 

setup commenced with the installation of the custom made collar bearing the tracking 

markers, onto the case of the laparoscopic camera. Tracking attachments were not sterilised 

and hence were covered with a sterile sheath to allow intraoperative handling. Subsequently 

a calibration procedure according to the Zhang (266) chequerboard method or in later cases 

according to our own “cross-hair” method (267) was carried out to adapt the system to the 

position of the tracking markers.. In practice the calibration involved filming of a standardised 

graphic figure from different angles. Once successful calibration was confirmed the 

recording of study data commenced. 
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3.5.3.2 Clinical study 

The study was approved by the local research ethics committee (Reference: 14/LO/1264 & 

10/HO720/87 and registered with ISRCTN (ID: 77923416). Patients who were 18 years or 

older undergoing staging laparoscopy or laparoscopic liver resection were eligible for 

inclusion in the study. Initially it was planned to only include patients undergoing LLR but 

because patients undergoing a staging laparoscopy offered the same potential for assessing 

SmartLiver, it was decided to include patients undergoing staging laparoscopy. 

Demographic patient information and perioperative data including operative time were 

recorded for all patients. In addition to these the conversion to open surgery rate, serious 

perioperative incidents, significant intraoperative blood loss, postoperative complications 

(Clavien-Dindo grade), resection margin status and length of hospital stay were also 

recorded for LLR patients. Significant intraoperative blood loss was defined as a requirement 

for intra- or postoperative blood transfusion or a reduction in postoperative haemoglobin 

level of ≥3g/dl compared to preoperative levels. Ethical approval allowed evaluation of the 

IGS, but surgeons were not permitted to use the displayed information to adjust 

intraoperative strategy. 

3.5.3.3 Task description and endpoints of the clinical evaluation 

The aim of the study was to assess the feasibility of using the SmartLiver system for 

intraoperative image guidance, to evaluate how accurately the 3D model represented in-vivo 

anatomy and to assess usability. The primary endpoint was defined as a successful 

registration resulting in an augmented reality display of 3D model and laparoscopic video 

feed. Secondary endpoints were the anatomical accuracy of the AR display, usability 

evaluation and the occurrence of critical incidences. Additionally, postoperative outcome 

data for patient that underwent LLR was also recorded.  

The protocol for intraoperative data collection included the following steps. After the 

calibration was completed the laparoscope was inserted into the abdomen to record liver 

surface points individually from the anterior left and right hemi-liver. To prevent loss of 

surface data the laparoscope was moved at a slow and steady pace in an attempt to cover 

the entirety of each lobes anterior surface. To facilitate manual registration, the laparoscope 

was kept stationary focusing at anatomical landmarks of the right or left lobe such as the 

liver edge or the porta hepatis. While the surgeon handled the laparoscope one of the 

technical developers carried out the manual registration. 

For the first patient registration was carried out intraoperatively to confirm the functionality of 

the system. The complete duration of the intraoperative data collection protocol was found to 

be in the range of 20-30 minutes. It was felt that this was too much time to add to a staging 

laparoscopy. To save time it was decided to focus solely on intraoperative data acquisition 

for the subsequent patients and to carry out the registration process after surgery. For 

standardisation purposes this approach was also maintained for LLR patients recruited to 

the study. 
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3.5.3.4 Clinical usability evaluation 

A usability survey was drawn up by the research group with the aim of obtaining surgeon 

feedback on the systems usability. The questions were drawn up to guide the ongoing 

development of SmartLiver and to allow workflow adjustments if necessitated by clinical 

requirements. Following completion of each procedure, surgeons were asked to fill out the 

usability survey which was focused on system ergonomics and user friendliness. Seven 

standardised questions were scored on a Likert scale from 1-5. In addition there was space 

on the survey to provide suggestions for improvements.  

3.5.3.5 Analysis of imaging accuracy 

Due to the lack of any standardised methods for assessing the imaging accuracy of AR 

based IGS, our group has previously proposed a novel evaluation method which was also 

employed in this study (172). In summary the method utilises the 2D distances between 

corresponding anatomical landmarks on the laparoscopic video and the 3D model (Figure 

3.27). Therefore the landmark position on the video can be regarded as the gold standard 

because it reflects the true position of liver anatomy as perceived by the surgeon. The 

accuracy for each relevant landmark is typically evaluated over multiple video frames to 

account for intra-patient variation. Finally the root mean square (RMS) value of all individual 

distance errors in millimetres is calculated to provide a meaningful estimate of the target 

registration error (TRE) for each patient.  

 

Figure 3.27 Anatomical landmark based accuracy estimation. 

Distance between patient anatomy (blue landmarks) and 3D model anatomy (green 
landmarks) is measured to determine the registration error. 

 

It is important to consider that due to current technological limitations, IGS depend on the 

static and rigid 3D models which do not change position or shape to reflect the physical 

forces exerted on the liver by respiratory motion, cardiac motion, increased intra-abdominal 

pressure or surgical manipulation. Therefore the TRE consists of three surgically relevant 

key components, namely the errors introduced by registration, motion and deformation. To 

provide an estimate of how much each of these components influences the final TRE, an 

assessment of motion error and deformation error is stated in addition to the overall TRE. 

The median and interquartile range of the motion error is stated in mm and was calculated 
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by plotting the maximum positional change of each video frame based landmark over time. 

Essentially it can be regarded as a measure of how much the liver moves in relation to the 

theatre environment. The deformation error in contrast to this measures how much the liver 

changes shape during surgery. It is calculated by observing to what extent the distances 

between different anatomical landmarks change over time. The landmark distances on the 

3D model serve as a gold standard. In parallel with the TRE, overall deformation is 

expressed as root mean square in millimetres.  

The author of this thesis was not involved in ex-vivo experiments on the silicon liver 

phantom. For the data acquisition during porcine experiments and clinical study he worked 

jointly as part of a research team. Analysis of the clinical data was carried out by the author 

with some assistance (provision of customised software modules) from the computer 

science members of the research team. 
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4. Identification of Liver Metastases with Probe-Based 

Confocal Laser Endomicroscopy at Two Excitation 

Wavelengths  

4.1. Introduction 

Colorectal cancer is one of the most common cancers globally, being the third most 

commonly diagnosed cancer in men and second most common in women 

(16)￼(268)￼(269)￼(270).  

Surgical resection of solid tumour metastases is the preferred treatment for curative intent 

(271,272), resulting in 5-year survival rates approaching 60% (270). Incomplete tumour 

resection occur in up to 17% of cases and detrimentally affect patient survival (273,274). 

Macroscopically, colorectal cancer liver metastases (CRLM) usually exhibit a white 

appearance that makes larger nodules easy to distinguish from normal liver tissue, which 

appears brown.  

Unfortunately, visual assessment is insufficient to confirm complete tumour excision. 

Although intraoperative ultrasonography (IOUS) and bi-manual palpation are frequently used 

to determine tumour location within the liver, this approach is not suitable to identify residual 

cancer following resection because it is mainly of a microscopic nature (275,276). 

Identification of residual disease using histopathology is not feasible during liver resection. 

An imaging modality that can confirm or refute the presence of malignancy within liver tissue 

at a microscopic level would therefore be helpful in ensuring complete resection, reducing 

the amount of liver tissue resected, or to avoid an unnecessary excision if cancer can be 

excluded (277).  

Other imaging modalities such as cone beam CT, magnetic resonance imaging and near 

infrared fluoroscopy may be able to enhance imaging during liver surgery, but none of these 

modalities provides an image resolution that would enable identification of residual disease 

at a microscopic level (229,278,279).  

Optical imaging modalities offer micrometer scale image resolution but at this stage only 

optical coherence tomography (OCT) and confocal laser endomicroscopy (CLE) are 

available in compact designs that make an intraoperative application feasible. Either imaging 

modality can visualise liver tissue ex-vivo, but only CLE has been extensively studied in an 

in-vivo setting (176,280–282). When employed in a compact design, CLE has a better lateral 

resolution than OCT at 1.4µm vs. 7µm (283). This is an important advantage of CLE which 

may allow imaging at subcellular level in greater detail. CLE can be performed with a bulkier 

rigid endomicroscope which contains the required optics in its tip (146) or with a thin, flexible 

fibre based endomicroscope that conducts the excitation laser and transmits signals to an 

external laser scanning unit (248,282). For the latter, a commercially available solution is the 
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Cellvizio™ system (Mauna Kea Technology, Paris) which can be used in conjunction with 

fibre-optic probes ranging from 0.3-4.5mm diameter. 

Studies comparing confocal laser endomicroscopy (CLE) with standard histology in animal 

models, have proven its ability to visualise the cellular architecture of tissues, thereby 

providing a method of obtaining virtual, in vivo histology in real-time (281,284). In clinical 

practice, probe based confocal laser endomicroscopy (CLE) is licensed for the endoscopic 

diagnosis of gastrointestinal, bronchial and urinary malignancy and dysplasia. Depending on 

the tissue type, diagnostic accuracy is in the range of 86-91% (249,285–287). Recent 

reports suggest that CLE may also be a useful tool for the detection of breast and head and 

neck cancers (288,289)  

4.1.1 Aims 

The specific aims in this chapter are: 

1) describe virtual histology of normal murine liver on CLE examination using 

fluorescein at 488nm and indocyanine green at 660nm illumination. 

2) describe virtual histology of liver metastasis in this murine model and examine blood 

circulation characteristics in its tissue, using the same CLE imaging technique as in  

3) assess the ability of CLE to predict the presence of normal vs. cancerous liver tissue 

based on fluorescence intensity variations. 

4.2. Methods 

General and specific methodology has already been described above (3.1.3). It was felt to 

be advantageous for ease of reading to avoid separating the methodology across chapters. 

4.3. Results 

4.3.1 Test sample size  

The orthotopic CRLM model was established in 8 mice. One animal died before any CLE 

measurements could be carried out. The remaining 7 mice underwent CLE examination. In 

two animals the tumour burden relative to normal liver was too great to allow meaningful 

statistical comparison. Two animals died during image acquisition; one (ID6) before 

sufficient data at either wavelength could be collected and a further animal following 

completion of CLE imaging with fluorescein at 488nm (ID7). In summary 6 animals 

underwent consequential CLE imaging and of these, 4 (fluorescein / 488nm) and 3 (ICG / 

660nm) experiments provided sufficient data for statistical analysis.  

4.3.2 Evaluating normal liver at 488nm wavelength with fluorescein 

Examples of CLE images and H&E histology for normal and CRLM tissue are shown below. 

Each example is from the same animal but due to the frequently small size of lesions, no 

attempt was made to spatially correlate CLE images with histological slides. Macroscopic 

lesion size was larger than the CLE field of view but otherwise variable between animals. 
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The smallest lesions were 1-2mm whereas in some animals the majority of the liver surface 

was covered by metastatic deposits.  

Prior to administration of fluorescein no endogenous fluorescence was observed in normal 

or metastatic tissue. The initial period following fluorescein injection was termed the inflow 

phase. During this phase the fluorescein strongly accumulated within the vascular 

compartment and could be observed in hepatic sinusoids and interlobular vessels Figure 

4.1). Occasionally, individual erythrocytes could be visualised moving through blood vessels 

or sinusoids. Because erythrocytes did not take up fluorescein they could be seen as small, 

dark, round or discoid shapes outlined against the bright contrast signal of the intravascular 

fluorophore (Figure 4.1). Generally, inflow phase images were dominated by a meshwork 

pattern of bright interlobular vessels criss-crossing dark areas which represented the 

parenchyma of liver lobules (Figure 4.1).  

 

 

Figure 4.1 CLE of normal murine liver parenchym during the inflow phase at 488nm. 

(a) A CLE image (488nm) showing fluorescein entering the intravascular space (bright 
areas) shortly after injection. (b) At completion of the inflow phase (>12 minutes after 
fluorophore injection), hepatocyte cords appear dark, whereas the intravascular 
space which includes sinusoids and larger lobular vessels is bright. (c) Erythrocytes 
can be seen as dark shapes within the bright intravascular space (arrow). The 
remainder of the image shows the typical pattern of normal liver parenchym 
consisting of a mixture of hepatocyte cords and sinusoids. (d) Histology of normal 
liver tissue with two blood vessels (arrows) containing erythrocytes.  

  



132 
 

Inflow phase duration varied between animals but was approximately 7-11 minutes. At the 

end of the inflow phase, the fluorophore shifted from the intravascular compartment to the 

liver parenchyma and connective tissue, which resulted in high signal intensity within liver 

lobules. This stage of the CLE examination, lasting throughout the remainder of 

observations, was termed the parenchymal phase. Throughout its duration, cords of 

hepatocytes and the sinusoid structure could frequently be observed (Figure 4.2). Sinusoids 

and other liver vessels appeared largely dark and devoid of fluorescence, and this 

phenomenon became more marked at the later stages of image acquisition.  

Differentiation between types of vasculature (e.g. portal vs. central venous vessels) was 

challenging at either imaging phase but could sometimes be accomplished by interpreting 

the vessel’s location and morphology. For example, a central vein (which drains towards 

hepatic vein) could be identified by its location and orientation within the middle of a liver 

lobule (Figure 4.2). 

 

Figure 4.2 CLE of normal liver tissue in the parenchymal phase at 488nm. 

(a) In the parenchymal phase of fluorescein administration, hepatocytes appear bright 
in CLE images (488 nm) whereas the intravascular space (*) is dark due to 
extravasation of the fluorophore into the interstitium. (b and c) The central vein (*) can 
be visualised as a round area in the middle of the hepatic lobule with feeding sinusoid 
vessels (arrows) converging towards it. (c) Histology with a similar configuration to 
the CLE image in b. 

 

4.3.3 Evaluating liver metastases at 488nm wavelength with fluorescein 

Areas of CRLM could be analysed in detail at 488nm wavelength using fluorescein. The 

majority of malignant tissue showed a pattern of dark patches criss-crossed by bright linear 

structures. The areas devoid of fluorescence represented malignant tissue which was 

interspersed by torturous, neoangiogenic vessels that traversed throughout the metastasis. 

Fluorescein appeared to be retained within tumour vessels for longer than in the healthy 

hepatic vasculature.  This resulted in neoplastic vessels displaying high intensity 

fluorescence throughout most of the image acquisition. Infrequently, glandular structures 

typical of moderate to well differentiated colonic malignancy could be visualised (Figure 4.3).  

Visible erythrocytes exhibited a mostly slow and erratic movement when compared to 

normal hepatic vessels (Fig. 3b & c). In two animals there was sufficient image data to 

estimate erythrocyte flow velocity in both tissue types. Median flow velocity in normal tissue 
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was 0.47±0.13mm/s and 0.52±0.31mm/s compared to 0.18±0.15mm/s and 0.15±0.1mm/s in 

CRLM tissue for animal ID1 and ID8 respectively. Subjective discrimination between normal 

and malignant tissue was feasible and a demarcation line could be visualised in all animals 

(Figure 4.3). 

 

 

Figure 4.3 CLE of CRLM in the parenchymal phase at 488nm. 

(a) In the mouse model, fluorescein enhancement in CRLM tissue during the 
parenchymal phase was characterised in CLE images by dark, irregular, round 
structures that retain some of the original glandular architectural features that can 
also be seen on histology. The concentric arrangement of adenocarcinoma cells 
(arrows) results in the “bullseye” appearance of a dark ring around a bright centre on 
CLE and H&E histology. (b) Irregularly arranged vessels containing erythrocytes (*) 
can be seen throughout the tumour tissue. In contrast to normal liver tissue, the 
intravascular space within CRLM retained the circulating fluorophore throughout the 
entirety of the observation period. (c) The corresponding histology features showing 
concentrically arranged adenocarcinoma cells (arrows) and irregular vessels (*). (d) 
The border (arrows) between normal (bright) and cancerous tissue (dark) can be 
readily appreciated on CLE imaging. (e) Border between normal and cancerous tissue 
on H&E histology. 

 

4.3.4 Evaluating normal liver at 660nm wavelength with ICG 

CLE examination at 660nm did not reveal any endogenous fluorescence in areas of normal 

liver or CRLM tissue prior to ICG injection. In contrast to CLE imaging at 488nm with 

fluorescein, no signal was detectable from blood vessels during the inflow phase following 

ICG administration, and erythrocyte movement could not be visualised. In the parenchymal 

phase however, structures with the configuration of central lobular veins could be identified 

(Figure 4.4). These had the typical appearance of round, irregularly outlined structures, 

situated in the centre of the lobule. During the parenchymal phase, ICG’s high specificity for 

the cytoplasm of hepatocytes, resulted in good visualisation of sinusoidal structures and 

allowed distinction between hepatocytes and the surrounding vasculature (Figure 4.4).  
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In general, blood vessels were identified as linear or round structures that had a lower 

fluorescence signal, relative to the surrounding hepatocytes. Because of the prominent 

cytoplasmatic fluorescence, the nuclei of individual hepatocytes were identifiable as dark 

intracellular areas (Figure 4.4). Approximately 15 minutes after injection of ICG, bright 

regions of around 5-20µm diameter could be observed throughout the parenchyma. This 

phenomenon possibly represents areas of ICG accumulation (e.g. bile juice) (Figure 4.4). 

 

 

Figure 4.4 CLE of normal liver tissue at 660nm. 

(a) A central vein (*), acquired in vivo with CLE (660 nm), surrounded by normal 
parenchyma, acquired following ICG administration, which can also be seen in a 
corresponding H&E image. (b) The distribution pattern of ICG mediated fluorescence 
enables discrimination between sinusoids (thin arrows), larger blood vessels (wide 
arrow), and the hepatocytes, the latter of which make up most of the image. Vessels 
and their bifurcations are represented by dark linear structures (arrows). (c) 
Hepatocyte nuclei can be seen as small contrast sparing areas (thin arrows), 
surrounded by bright cytoplasm. (d) At the end of the parenchymal phase, 
hepatocytes have lost most of their fluorescence. Bright regions (arrows) spaced 
throughout the normal tissue likely presents areas where bile juice is concentrated 
(e.g. bile ducts). (e) Section of normal liver histology depicting a central vein (*), 
nuclei (thin arrows), and larger interlobular vessels (wide arrows). 

 

4.3.5 Evaluating liver metastases at 660nm wavelength with ICG 

In contrast to CLE imaging of fluorescein at 488nm, areas of CRLM, as identified by visual 

inspection, did not emit any measurable fluorescence and therefore appeared as dark areas 

covering several fields of view (Figure 4.5). Although no specific tumour characteristics could 

be appreciated, it was possible to visualise the delineation between CRLM and normal 

hepatic tissue by observing a demarcation between high- and low intensity fluorescence 

areas (Figure 4.5). 
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Figure 4.5 CLE of CRLM tissue at 660nm. 

(a) A CLE image of a region of CRLM, which is devoid of any fluorescence following 
ICG administration. (b) An irregular transition (arrows) from low to high fluorescence 
represents the demarcation line between CRLM and normal tissue in a CLE image 
acquired at 660 nm. (c) The border between metastasis and normal liver tissue viewed 
on H&E histology. 

 

4.3.6 Statistical analysis of fluorescence values  

RFU values measured during the parenchymal phase in metastatic tissue were 53-94% 

lower for fluorescein/488nm and 65-100% lower for ICG/660nm when compared to normal 

liver tissue (Table 4.1 & Figure 4.6). GLIMMIX analysis showed that higher RFU values 

measured during the parenchymal phase were statistically significant predictors for the 

presence of normal liver tissue at either fluorophore and wavelength combination.  

 488nm with fluorescein 660nm with ICG 

ID normal 

(n=2195) 

CRLM 

(n=1922) 

RFU 

chang

e (%) 

normal 

(n=2681) 

CRLM 

(n=2050) 

RFU 

change 

(%) 

1 3720 

(2857) 

226 (216) 94% 126 (53) 0 (0) 100% 

2 2259 

(760) 

678 (308) 70% 462 (150) 0 (0) 100% 

7 523 (164) 51 (128) 90% * * * 

8 2164 

(1948) 

1153 

(1763) 

53% 310 (43) 110 (113) 65% 

Table 4.1 Relative fluorescence value changes at 488nm & 660nm. 

Comparison of relative fluorescence units in normal liver and colorectal cancer liver 
metastasis. Median RFU values in normal and CRLM tissue during the parenchymal 
phase are shown for each animal with the interquartile range stated in brackets. 
Decrease of RFU from normal to CRLM tissue is shown in percent. Negative RFU 
values were thresholded to zero. * - no data collection as animal expired during 
experiment.  
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For the fluorescein / 488nm combination, a RFU value change from 37.8 to 38.8 increased 

the odds ratio of liver tissue being normal (e.g. non-metastatic) by 1.2 (p<0.0001, CI 1.21-

1.24). This was also true for the ICG / 660nm combination where a RFU value change from 

10.5 to 11.5 resulted in an odds ratio increase of 4.6 (p<0.0001, CI 3.8-5.7). The impact of 

treating individual animals as a random effect did significantly contribute to the fit of either 

model with a covariance parameter of 3.9±2.8 (SE, p<0.001) for fluorescein / 488nm and 

43.0±35.8 (SE, p<0.05) for ICG / 660nm. The covariance parameter estimation indicates to 

what degree the random variable affects the fit of the mathematical model (e.g. aids in 

predicting outcome) and its associated standard error gives a measure of repeat sampling 

variability.  

Subsequently, observations were randomised into a training- and validation set for each 

fluorophore and wavelength combination. GLIMMIX analysis of the training samples retained 

statistical significance with a RFU increase from 37.7 to 38.7 and 10.6 to 11.6 resulting in an 

odds ratio increase of 1.22 (p<0.0001, CI 1.20-1.24) and 5.08 (p<0.0001, CI 3.62-7.12) for 

the fluorescein / 488nm and ICG / 660nm combinations, respectively. Again the random 

effect from performing measurements in different animals did contribute to the fit of the 

model with a covariance parameter of 3.8±2.7 (SE, p<0.001) for fluorescein / 488nm and 

49.2±42.0 (SE, p>005) for ICG / 660nm.  

ROC analysis of the training set resulted in an area under the curve of 0.934±0.003 (CI 

0.928-0.941) for fluorescein / 488nm and 0.994±0.001 (CI 0.992-0.997) for ICG / 660nm. A 

probability threshold value of 0.67 for fluorescein / 488nm and 0.69 for ICG / 660nm 

(representing a fixed RFU value and random animal effect) with a high corresponding 

sensitivity and specificity was chosen from the ROC curve coordinates. Based on these 

threshold values, the validation set observations were categorised into either normal or 

metastatic tissue which consequently enabled calculation of sensitivity and specificity for the 

proposed quantification method. For the fluorescein / 488nm combination, sensitivity and 

specificity was 82.9% (CI 81.1% - 84.6%) and 85.2% (CI 83.2% - 87.0%) respectively. For 

CLE imaging of ICG at 660nm wavelength the sensitivity and specificity was 97.9% (CI 

97.0% - 98.6%) and 97.5% (CI 96.4% - 98.4%), respectively.  
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Figure 4.6 Relative fluorescence values normal tissue vs. CRLM. 

(a) Median RFU values and 95%CI comparison between normal and CRLM tissue for 
each animal liver imaged at 488nm with fluorescein. (b) Median RFU values and 95%CI 
comparison between normal and CRLM tissue for each animal liver imaged at 660nm 
with ICG. Note that the median and 95%CI for CRLM tissue in animal ID 1 and ID2 is 
zero and is, therefore, not displaying on the bar chart. 

 

4.4. Discussion 

This article represents the first in vivo comparison of dual-wavelength CLE imaging in 

combination with two exogenous fluorescent probes as a method of differentiating liver 

metastases from normal liver parenchyma. The CLE system used in this study allows high-

resolution (3.9 μm), imaging of fluorescence with a field of view of 424x302μm (488nm) or 

323x323μm (660nm), thereby allowing in-vivo tissue structure and function evaluation in real 

time. 

Two distinct phases of CLE liver imaging, based on fluorophore behaviour, have been 

described. The inflow phase lasted up to 11 minutes and was characterised by accumulation 

of fluorophore (and hence signal intensity) in the intravascular space. Following on 

seamlessly, and lasting for the remainder of the CLE examination, the parenchymal phase 

showed a signal intensity shift to the liver lobules. Images obtained in healthy liver tissue at 

488nm wavelength with fluorescein provided good detail of the sinusoidal structure and 

hepatic vascular architecture. In contrast CRLM tissue showed a pattern of tumour cell 

agglomerations which were traversed by haphazardly-arranged blood vessels.  

Quantitative estimation revealed that erythrocyte flow velocity in CRLM tissue was slower 

than in normal liver tissue. In contrast to healthy vessels that relatively quickly lost 

fluorescence during the inflow phase, the signal intensity in tumour vasculature remained 

high throughout the inflow and parenchymal phases of imaging. This was intriguing because, 

commonly, tumour vessels are reported as having increased permeability (290) which can 

lead to a rapid extravasation from the intra- to the extravascular compartment. This might 

have resulted in rapid transfer of fluorescence from the vasculature to the surrounding 

cancer tissue, whereas, In fact, the visualised cancer tissue was largely devoid of signal 
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which remains unexplained by our experiments. This finding could potentially be explained 

by a number of tumour specific or general factors such as local tissue necrosis, systemic 

hypoperfusion, arterio-venous shunts or the unique nature of the tumour cell line. 

Alternatively, tumour vasculature associated factors such as reduced permeability due to 

accelerated vessel maturation or volume expansion of the extravascular space causing 

dilution of fluorophore concentration could also be responsible for the observed lack of 

fluorescence intensity. Without further studies, it is difficult to put these findings into context 

because to the best of our knowledge, CLE imaging of a comparable small animal model 

has not been reported in the past. 

Imaging at 660nm wavelength with ICG was dominated by the rapid uptake of ICG into the 

cytoplasm of normal hepatocytes. Visualising the whole field of view enabled sinusoid 

architecture to be identified, whereas on an intracellular level, hepatocyte nuclei could be 

observed as dark areas contrasted by the strong cytoplasmatic fluorescence signal. 

Localised regions of high intensity fluorescence that were seen at the later stage of imaging 

could not reliably be attributed to a specific feature of liver histology. Because ICG is known 

to be exclusively excreted by bile (291) it is possible that these regions were small bile 

ductules where the fluorophore accumulated before being transported to the larger bile 

ducts. During image acquisition, no vascular contrast could be observed but occasionally 

vessels could be identified as dark linear or circular structures outlined against the bright 

surrounding liver parenchyma.  

Areas of CRLM were characterised by lack of ICG mediated fluorescence purportedly due to 

the lack of ICG uptake in the cancerous tissue. The absence of any relevant imaging signal 

prevented the characterisation of CRLM tissue with this wavelength and fluorophore 

combination. The general finding was that fluorescein in combination with CLE at 488nm 

was more suited to the imaging of the vasculature and for examining CRLM morphology, 

which was characterised by a mosaic of dark areas, irregular vasculature and, occasionally, 

glandular structures. In contrast, CLE imaging of ICG at 660nm appeared to be better suited 

to assess the structure of sinusoids and the surrounding hepatocytes  

Although some reports on in vivo CLE examination of human liver disease have been 

published to date (178,282), no data exists describing the application of CLE in liver surgery 

for cancer. Several of the imaging features described in this animal model, indicate that they 

could be usefully translated to patients. For example the combination of glandular 

architecture and proliferation of irregular vasculature with abnormal flow characteristics, as 

observed on CLE examination of fluorescein at 488nm, is a common histological feature of 

human CRLM (292–295). A lack of ICG related fluorescence that was apparent at 660nm 

has previously been reported using camera based near-infrared imaging during liver 

resection for colorectal metastases (279). 
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The feasibility of using CLE intraoperatively to confirm complete removal of cancer in the 

resection of intracranial malignancy has been demonstrated previously (296). This approach 

could also be of benefit during resection of CRLM, where confirmation of malignancy at the 

borders of a resection may allow a more radical procedure to be performed with the intention 

of increasing cure rates. If presence of microscopic malignancy can be excluded on the 

other hand, it would allow surgeons to minimise the resected total liver volume which in turn 

can reduce the incidence of postoperative complications (297).  

The same rationale can also be applied to ablation therapy of CRLM which is emerging as a 

feasible alternative or auxiliary treatment modality beside surgical resection. In liver ablation, 

cancerous tissue is destroyed by inducing coagulation necrosis through a variety of methods 

(e.g. radiofrequency, microwave ablation) (298). Because Cellvizio™ and other non-

commercial CLE systems are not yet licensed for clinical use during surgery, it was crucial to 

investigate its potential benefit in an animal model before considering its clinical evaluation. 

In the current study it was demonstrated that utilising a dual wavelength approach may be 

more advantageous than using single wavelength CLE (178,282), because two fluorophores 

and their respective imaging properties in tissue can be evaluated in short succession. 

Fluorescein and ICG CLE visualisation in hepatic tissue differs because the former has 

properties suited to the visualisation of vasculature (178) whereas the latter is exclusively 

cleared by the liver and therefore has a stronger affinity to hepatocytes and bile ducts (291). 

Other groups have explored the potential of CLE imaging for identifying cancers and 

evaluated these in animal models (281,299,300). These, however, have been based on non-

clinically approved CLE systems which would need further development before they can be 

used in a clinical context (284,299). The experiments outlined here were all performed with a 

CE marked device that has found widespread interest for the clinical diagnosis of 

malignancy (287,301–303) and it is hoped that the relatively widespread dissemination of 

this CLE imaging platform can help in facilitating the further clinical evaluation of the findings 

presented here.  

Previous articles on CLE imaging of malignancy have been based on subjective, observer 

dependent image interpretation but have not identified quantifiable and reproducible 

parameters of malignancy (284,304). To establish such a quantifiable parameter that would 

allow discrimination between normal and malignant liver, a tissue evaluation centred on 

numerical fluorescence values was proposed. A GLIMMIX analysis revealed that normal 

liver tissue was more likely if high RFU values were recorded with either wavelength and 

fluorophore combination. Based on a random set of observations, a threshold probability 

value for distinguishing normal liver from CRLM tissue has been established for the 

measured CLE data. Subsequent validation on the remaining observations revealed a very 

good and excellent diagnostic accuracy of 83.9% and 97.8% for the fluorescein / 488nm and 

ICG / 660nm, combination, respectively. Based on the diagnostic results in the validation 
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datasets, CLE imaging of ICG at 660nm may be better suited for the use of fluorescence 

intensity to discriminate between normal and CRLM tissue. The superior performance when 

using CLE imaging of ICG at 660nm for this purpose probably reflects the more 

homogenous nature of CRLM tissue visualised with this CLE setting. As described above, 

an abundance of high intensity vascular structures seen with CLE imaging of fluorescein at 

488nm causes a heterogeneous imaging pattern in areas of CRLM. Whether a combination 

of both fluorophore and wavelength combinations can enhance diagnostic accuracy, could 

not be shown in this study due to the inability of applying simultaneous dual waveband CLE 

imaging to exactly the same field of view. A new version of Cellvizio™ capable of 

simultaneous dual waveband imaging is now available but we did not have access to this 

system for application in this study. 

Because probability values used for ROC analysis are based on a combination of a fixed 

(RFU) and a random effect (animal ID) it cannot be extrapolated into a specific RFU value 

for future studies. Before this can be considered, it is crucial to standardise RFU value 

calibration which could potentially result in reproducible and absolute fluorescence units that 

could be globally applied across different research groups. 

Further limitations that have to be taken into account regarding the presented findings 

pertain to the animal model and the technical characteristics of confocal laser microscopy. 

The animal model of CRLM that was studied uses a human cancer cell line and a portal 

venous route of establishing liver metastasis which is the most common route of GI 

malignancy disseminating to the liver in humans (305). Despite these similarities, research 

on murine models of malignancy have well-described limitations when it comes to applying 

results to a clinical setting (306). A further issue is that experiments have focused on a 

single cell line of colorectal neoplasia. This cell line was chosen specifically because it 

exhibits a moderate- to well differentiated tumour histology that can display colonic glandular 

architecture (307) and therefore was felt to be more visually distinct on CLE imaging. It is 

however only representing a small spectrum of the histological characteristics that CRLM 

may exhibit on virtual histology and therefore further validation on different colorectal cancer 

cell lines may be necessary. No formal liver resection was carried out and therefore it is 

difficult to predict if cutting into CRLM tissue would lead to alteration of its fluorescence 

properties. 

A clear trend for lower fluorescence intensity in CRLM compared to healthy liver tissue was 

especially prominent on CLE imaging of ICG fluorescence, probably because it has a strong 

affinity for hepatic tissue. Colorectal cancer liver metastasis is a common indication for 

surgical resection of liver malignancy in the western hemisphere and is generally regarded 

as the only curative treatment option for this disease (213,308). Some of these results may 

become relevant for this patient population in the future, but it is unlikely that these findings 

can be directly transferred to primary liver malignancy (e.g. hepatocellular carcinoma), 

because fluorophore behaviour probably depends on the organ of origin of the cancer. For 
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example, groups examining patients undergoing liver resection for either CRLM or 

hepatocellular carcinoma, found decreased or increased ICG related fluorescence within 

cancerous tissue, respectively (279,309). 

Further restrictions that have to be accounted for are related to the technology behind CLE 

imaging. Optical imaging modalities including CLE can visualise details down to a sub-

cellular level but at the cost of a limited imaging depth. The maximal imaging depth of the 

Cellvizio™ probes used by our group was 0-70µm depending on probe type, which means 

that only liver cell architecture that is either superficial or adjacent to the resection margin 

could be assessed. It has been shown that removal of tumour within an area of <1mm 

conveys a patient survival benefit in the resection of CRLM (310). Therefore a potential use 

of CLE would be to confirm that a resection margin is clear of cancer by probing the cut 

surface. Because of CLE’s limited depth penetration it should not be considered as a 

potential substitute for intraoperative ultrasound imaging but more as a complementary 

modality that expands the borders of intraoperative imaging into the microscopic domain. 

The Cellvizio™ probes used in this study had a maximal field of view of 600µm2 which may 

limit its applicability in the clinical examination of liver resection margins which are usually in 

the cm2- range. It has previously been shown however that clinically relevant CLE imaging 

with a field of view of approximately 2mm2 (282) is possible. Robotic control of CLE during 

laparoscopic liver surgery has been utilised to create even larger fields of view (150). If 

clinical translation for intraoperative use of CLE is considered, it would be crucial to 

encourage the development of probes that offer a field of view of ≥1mm2, because this would 

greatly improve the integration of CLE imaging into the surgical workflow. 

Currently, Cellvizio™ probes are only marketed for endoscopic applications and are not 

certified for intraoperative use. Some of the probes, however, can be fully sterilised and may 

potentially be used for imaging during laparoscopic liver resection. If a clinical benefit for the 

intraoperative usage of this system can be defined, sterility issues and clinical re-certification 

should not present a major obstacle. 

4.5. Conclusion 

In conclusion, a clinically licensed CLE system was used to provide a detailed description of 

discriminatory tissue characteristics in an orthotopic murine model of CRLM. A dual 

wavelength approach in conjunction with two fluorophores was found to be of benefit 

because CLE imaging of fluorescein at 488nm enabled better visualisation of metastatic 

tissue whereas quantification of ICG mediated fluorescence intensity demonstrated a better 

potential to objectively discriminate between normal liver and CRLM tissue at a cellular level. 

In the following chapter the findings relating to fluorescence intensity based tissue 

discrimination from the current chapter are applied to CLE imaging in a laparoscopic large 

animal model. Evaluation of simultaneous (i.e. non-sequential) dual waveband imaging and 
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standardisation of fluorescence values is the next crucial step to advance CLE imaging of 

liver malignancy. 

In the next chapter CLE examination will be studied in a large animal model of laparoscopic 

liver surgery to assess the feasibility of using this imaging modality during laparoscopy to 

evaluate the adequacy of liver ablation. 
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5. Use of dual wavelength probe based confocal laser 

endomicroscopy to determine the adequacy of 

laparoscopic liver ablation 

5.1. Introduction 

Thermal ablation is a minimal invasive therapy which can be used for the treatment of 

primary or secondary liver malignancy (298,311). During the procedure an ablation probe is 

inserted into the liver lesion where it causes thermal-mediated denaturisation of proteins 

which results in the destruction of cancer cells. Most commonly, heat is created by 

radiofrequency or microwave energy, but laser or high intensity focused ultrasound induced 

heat can also be employed (311). The ablation probe can be applied by percutaneous, 

laparoscopic or open approaches. The laparoscopic approach allows easy access to 

tumours which are difficult to treat percutaneously such as those superficially in the liver or 

high under the diaphragm. It also permits use of laparoscopic ultrasound to localise the 

lesion and assess its relationship to local vital structures, hence reducing the incidence of 

collateral injuries (312).With small solitary liver cancers thermal ablation may produce 

comparable results to liver resection with a reduced morbidity and mortality (50).The main 

concern regarding thermal ablation is the high incidence of local recurrent disease and the 

main aim of ablation therapy is therefore to destroy not only the cancer harbouring tissue but 

also a 5-10mm safety margin to include any local satellite lesions. Ablated liver tissue 

changes in colour from brown to white (total coagulation effect) but the spatial dimension of 

cellular destruction and functional damage extends well beyond this phenomenon, therefore 

making ablation monitoring crucial and mandating development of a visual inspection or 

detection device to locate the real damage margins. Using ultrasound for monitoring is 

unreliable because ablation therapy generates gas bubbles within the hepatic tissue which 

subsequently creates an acoustic shadow effect, negating any diagnostic value to the 

images (313,314). Conventional computer tomography (CT) and magnetic resonance 

imaging (MRI) are commonly used for the postoperative assessment of ablation efficacy 

(315,316) only, whereas intraoperative cone beam CT and open MRI scanners may be used 

but technical restrictions such as incompatibility with metal instruments (MRI) (317) and 

limited imaging quality (cone beam CT), make them impractical for the intraoperative 

evaluation of ablation therapy. 

During thermal ablation there is a significant change in tissue temperature which in itself can 

be regarded as a surrogate marker for cellular destruction (314). This relationship has been 

exploited for the purpose of non-invasive ablation monitoring, with MR- or CT thermography 

(317). In a more direct approach, tissue temperature can also be measured invasively by 

placing optical fibres under image guidance within liver tissue (313). This approach however 

confers the risk of needle tract seeding (318), i.e. the risk of displacing tumour cells with the 

needle, into normal tissue and therefore disseminating the malignancy unnecessarily. 
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Measuring changes in tissue elasticity by shear wave elastography has also been 

investigated for its utility in ablation monitoring (317,319). The modalities listed above 

measure surrogate markers for tissue necrosis but a method of directly imaging the changes 

in the ablation zone has yet to be identified. 

Confocal laser endomicroscopy (CLE) is a novel optical imaging technology that enables 

accurate microscopic assessment of in-vivo histopathology. Its utilisation in a variety of 

experimental and clinical scenarios has been increasingly reported. CLE utilises a fibre optic 

element as its objective lens, allowing confocal microscopy with a micron-scale resolution 

that enables visualisation of sub-cellular details using endogenous or exogenous 

fluorescence. Exogenous fluorescence is provided by fluorescent dyes which can be applied 

in a systemic (e.g. intravenous) or topical fashion and are commonly referred to as 

fluorophores. They enhance CLE image contrast by absorbing and emitting light at 

wavelengths that are specific for each individual agent and circumstance (146,247).  

CLE during laparoscopy or NOTES (Natural Orifice Transluminal Endoscopic Surgery) has 

been performed either with a rigid endomicroscope which contains the scanning optics in its 

tip (146) or with a slim, flexible optical fibre bundle which transmits light signals to laser 

scanning equipment situated at the far (e.g. extra-corporeal) end of the intrusive fibre 

(177,248). An example for a fibre based CLE system is Cellvizio™ (Mauna Kea 

Technologies, Paris, France) which is CE-marked for clinical use in luminal endoscopy and 

can be operated with probes that have a diameter range of 0.3-4.5mm. During endoscopy, 

Cellvizio™ can reveal histopathological cellular changes and has been shown to enhance 

accuracy in the diagnosis of malignancy and dysplasia (146,249).  

Liver ablation has been visualised using a bench-top confocal laser microscope in a small 

animal model (320), but the diagnostic ability of a clinically approved CLE system to 

distinguish between healthy and necrotic liver tissue in a laparoscopic setting have yet to be 

tested. In these experiments, the aim was to evaluate if CLE imaging employing the 

Cellvizio™ system’s can differentiate ablation induced tissue necrosis from normal liver 

tissue in an in-vivo porcine model of laparoscopic microwave liver ablation.  

For establishment of the model, percutaneous microwave ablation was conducted under 

direct laparoscopic visualisation. As the CLE system used in this study has a limited imaging 

depth of <100µm, only superficial ablation zones were created and assessed. Optical 

scattering in hepatic tissue is very high and imaging depths are likely to be no better in any 

other optical technique. Imaging of subsurface ablation zones was not attempted. However, 

imaging of deeper ablated areas is of clinical relevance, and CLE via a placed optical fibre 

within the periphery of an ablation volume may be a potential approach to achieving this. 

Due to the small size of the probes, placement without significant damage to blood vessels 

or bile ducts should be feasible. 
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Previous groups evaluating laparoscopic CLE have used single fluorophores that are usually 

visible on CLE imaging within the blue-light or near-infrared spectrum (178,248,282). For the 

experiments presented here dual wavelength CLE imaging at 488nm (blue) and 660nm (red) 

wavelength was facilitated by the fluorophores fluorescein and indocyanine green (ICG). By 

evaluating liver tissue at two discreet wavelengths and dissimilarly partitioned fluorophores, 

we aimed to maximise imaging information and highlight any potential advantages or 

disadvantages between the wavelengths and their corresponding fluorophores. The image 

acquisition software (ImageCell™) supplied with Cellvizio™ can compute basic image 

values (mean, median, maximum, minimum intensities). As well as comparing images, basic 

image summary statistics have been analysed to establish if they can aid in defining the 

zone of tissue necrosis associated with microwave ablation.  

5.1.1 Imaging of pathological tissue in a porcine model 

In this chapter the focus is on the CLE examination of ablated liver tissue. For continuity and 

comparability, imaging of liver malignancy in a porcine model would have been preferable 

but this would have introduced a number of issues related to studying liver malignancy in 

large animal models. Although chemical induction of hepatocellular carcinoma in pigs has 

been reportedly successful, this approach is lengthy, costly and time consuming (253). The 

main obstacle to application of CLE in humans is technical handling and analysis of visual 

data. Both aspects can be studied without the presence of malignancy and hence it was felt 

that using the discrimination of ablated vs. non-ablated tissue would be a suitable substitute 

outcome to study the tissue visualisation characteristics of CLE.  

5.1.2 Aims 

In this chapter the aims are to: 

1) describe virtual histology of normal porcine liver on CLE examination using 

fluorescein at 488nm and indocyanine green at 660nm illumination. 

2) evaluate the technical feasibility and limitations of visualising virtual histology with 

CLE in a laparoscopic setting.  

3) assess the ability of CLE to predict liver tissue necrosis induced by ablation therapy. 

5.2. Methods 

General and specific methodology has already been described above (3.1.4). It was felt to 

be advantageous for ease of reading to avoid separating the methodology across chapters 

in this case. 

5.3. Results 

5.3.1 General histology 

The histological samples obtained within 7-10 days of microwave ablation showed different 

degrees of cellular injury in the ablated areas. Centrally, within the ablation zone, tissue 
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appeared macroscopically white and on histology, showed complete coagulation necrosis. 

Surrounding these areas was a rim of tissue that showed signs of sinusoidal obstruction, cell 

shrinkage and disruption of lobular architecture. On macroscopic inspection these areas 

were difficult to distinguish from the normal liver tissue in the periphery, validating the use of 

a sensitive imaging instrument for this purpose.  

5.3.2 CLE evaluation of fluorescein at 488nm - normal liver  

CLE images are shown adjacent to histology sections, obtained from normal porcine liver 

after conclusion of the experiments. To facilitate comparison, CLE images are shown in 

parallel to histology slides with comparable architectural features from the same animal. 

When using 488nm CLE, no auto-fluorescence signals were recordable from the tissue 

before fluorescein administration. Intravenous fluorophore injection was followed by an 

“inflow phase” where the fluorophore is distributed and taken up by the liver parenchyma. 

This phase lasts for approximately 7-10 minutes after injection and is characterised by bright 

signals in blood vessels contrasting with dark lobule areas (Figure 5.1). Using CLE imaging 

of fluorescein at 488nm, individual erythrocytes flowing through blood vessels could be 

observed with greater regularity than was possible with CLE imaging of ICG at 660nm. 

Unfortunately the limited image resolution made a more detailed analysis of blood vessel 

flow difficult at either wavelength.  

The inflow phase was followed by the “parenchymal phase” when the fluorescence pattern is 

reversed as the fluorophore has been redistributed from the vasculature into the liver 

parenchyma. During this phase, the vasculature is devoid of fluorescence signal and can be 

visualised as dark lines of increased contrast (i.e. absence of fluorescence) that surrounds 

the liver lobules which had by then become rich in fluorescein (Figure 5.1). CLE imaging of 

fluorescein at 488nm allowed sinusoid structure and individual hepatocyte cords 

visualisation (Figure 5.1). Usually a distinction between different types of vessels (arterial / 

venous) is not feasible, but in some instances the location and morphology of blood vessels 

can reveal its specific characteristics (Figure 5.1).  
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Figure 5.1 CLE of normal liver tissue at 488nm. 

Comparison of CLE imaging with fluorescein/488nm and H&E liver histology. (a and 
b) Strong fluorescence signal in the intravascular compartment during the inflow 
phase. _Liver lobules; arrows, interlobular vessels. (c and d) Shift of fluorescence 
signal from the intravascular- to the intracellular compartment in the parenchymal 
phase. #Liver lobules; _vessel bifurcation; arrows, vessel branches. (e and f) Pattern 
of sinusoidal architecture. _Horizontal sinusoid; arrows, perpendicular sinusoid. (g 
and h) Vessel bifurcation of a centrilobular vein. _Vessel lumen; arrows, vessel 
branches. 

 

5.3.3 CLE of ICG at 660nm - normal liver  

Similar to the fluorescein system, 660nm CLE illumination of ICG, demonstrated no tissue 

auto-fluorescence and thus no imaging of liver architecture was possible prior to fluorophore 

administration. 

In contrast to CLE of fluorescein under 488nm excitation, it was not possible to visualise any 

significant fluorescence within the intravascular compartment during the “inflow phase”. The 

combination of ICG and 660nm CLE however appeared to be better suited to imaging the 

sinusoid structure within liver lobules (Figure 5.2). Because ICG is rapidly taken up and 

cleared by the hepatocyte cytoplasm, the hepatocyte nuclei were seen outlined as dark 

spots within the liver cells (Figure 5.2). Central lobular veins that drain the blood towards the 

hepatic venous system could be seen as round dark structures within the centre of a lobule 

(Figure 5.2). Because the vasculature and connective tissues were both devoid of 

fluorescence signal in the parenchymal phase, blood vessels could not be distinguished 

from interlobular septations when using ICG as sole fluorophore (Figure 5.2). Within this 

limitation, the visualisation of fibrous tissue septations between lobules was readily 

reproducible with ICG CLE at this wavelength. Between 30-40 minutes after ICG infusion, 

bright spots were seen appearing throughout the liver parenchyma (Figure 5.3). This 

phenomenon possibly represents areas of ICG accumulation (e.g. bile juice).  
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Figure 5.2 CLE of normal liver tissue at 660nm. 

Comparison of CLE imaging with ICG/660nm and H&E liver histology. (a and b) 
Typical sinusoidal architecture of normal porcine liver. _Sinusoids. (c and d) 
Hepatocyte nuclei appear as intracellular contrast sparing. arrows, nuclei. (e and f) 
The dark central area represents a centrilobular vein. Note how the vessel lumen 
appears ragged because ICG does not accumulate in the vascular endothelial cells. (g 
and h) Interlobular septations appear as linear contrast sparing areas between liver 
lobules. #Septation; *liver lobule. 

 

 

Figure 5.3 CLE of normal liver and resection surface at 488nm & 660nm. 

(a) Bright foci of fluorescence (arrows) at the later stages of CLE imaging with 
ICG/660nm may correlate with areas where bile juice accumulates. The surface of the 
resected liver is mostly devoid of fluorescence but occasionally band-like 
fluorescence signals can be seen at 488nm (b) and 660nm (c) wavelength. 

 

5.3.4 Probe manipulation, placement and image quality 

As the CLE probe has no inherent navigability, the use of an intravascular catheter (Agilis™ 

St. Jude Medical, Saint Paul, MN, USA) afforded free rotation, flexion and retroflexion to 180 

degrees. Familiarity with the steering system allowed instant successful use of the CLE 

instrument without additional prior expertise or training. 

This degree of manoeuvrability allowed access to virtually any area on the liver surface 

(Figure 3.1). The main detractor to image quality was the respiratory movement of the liver. 

This made methodical and complete examination of liver tissue difficult because tissue 
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contact loss would frequently occur with each respiratory cycle. The problem of respiratory 

interference to CLE signal was greater on the anterior and superior surfaces of the liver and 

was compounded by pooling of fluids or blood on the liver surface which increased probe tip 

slipping. The size of the steerable access catheter allowed parallel insertion of two CLE 

probes, this method however made overall handling difficult and impaired image quality.  

5.3.5 Evaluating ablation zones and liver resection surface 

In ablated liver tissue, the characteristics of CLE images recorded with fluorescein and ICG 

were similar in all the animals studied. Whether the fluorophore was injected before or after 

ablation was carried out, did not affect visualisation of tissue characteristics. In the majority 

of the ablation zone no fluorescence was detectable which corresponded to zones of 

ablation induced injury on histology (Figure 5.4). When examining the border region between 

normal and ablated liver, the change from high to low fluorescence zone could often be 

observed in the same field of view (Figure 5.5). Because it was technically difficult to 

stabilise the probe over a very small area (<1mm), no differentiation between zones of 

cellular apoptosis and necrosis could be made. Similar to zones of ablated liver, the liver 

resection surface (divided using the ultrasonic scalpel) did not show any significant 

fluorescence signals. If signals were recorded on the resection surface they usually 

originated from linear structures of high signal intensity that potentially represent vessels 

(Figure 5.3) or zones of fluorophore extravasation following the destruction of fluorophore 

containing vessels.  

 

Figure 5.4 CLE images of liver necrosis at 488nm & 660nm. 

Areas of complete necrosis with fluorescein/488nm (a) and ICG/660nm (b) show loss 
of fluorescence intensity which correlates with complete destruction of hepatic 
architecture on H&E histological analysis (c). 

 

 

Figure 5.5 CLE images of liver necrosis and viable tissue at 488nm & 660nm. 
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The border between complete necrosis (#) and partial cellular injury (_) can be 
visualized with fluorescein/488nm (a) and ICG/660nm (b). The corresponding H&E 
histological appearance can be seen in (c). 

 

5.3.6 Analysis of fluorescence values  

Overall RFU values measured in non-ablated vs. ablated tissue decreased by 75-94% and 

77-100% for CLE imaging with the fluorescein / 488nm system and the ICG / 660nm system 

respectively (Figure 5.6). In Table 5.1, median RFU values for each animal and tissue type 

are shown with ablated tissue further subdivided into individual lesions.  

 

Figure 5.6 Relative fluorescence in normal vs. ablated liver tissue. 

(a) Median RFU values_95%CI for each animal liver studied with fluorescein/488 nm. 
(b) Median RFU values_95%CI for each animal liver studied with ICG/660 nm. The bar 
for ablated tissue in animal ID 1 is not visible because the median and 95%CI is zero. 
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Animal ID. Type of tissue Fluorescein & 488nm ICG & 660nm 

1 Non-ablated * 514(624) 

 Ablated * 0(20) 

 RFU change in %  100% 

 Lesion 1 * 20(18) 

 Lesion 2 * 0(0) 

2 Non-ablated 3030(1868) 893(240) 

 Ablated (Lesion 1) 169(862) 210(123) 

 RFU change in % 94% 77% 

3 Non-ablated 5978(3782) 570(254) 

 Ablated 1177(949) 37(29) 

 RFU change in % 80% 94% 

 Lesion 1 1177(949) 17(8) 

 Lesion 2 * 63(106) 

 Lesion 3 * 36(2) 

4 Non-ablated 1778(846) 1221(532) 

 Ablated 443(627) 27(3) 

 RFU change in % 75% 98% 

 Lesion 1 838(871) 24(3) 

 Lesion 2 381(192) 20(16) 

 Lesion 3 953(707) 27(1) 

Table 5.1 Relative fluorescence value changes per ablated lesion for 488nm & 660nm. 

The interquartile range is given in brackets. RFU change states the decrease of 
median RFU values in non-ablated (set as 100%) vs. ablated tissue. *No image 
acquisition for these lesion due to technical issues. 

 

With CLE of fluorescein using 488nm excitation, a standardised RFU value change from 41 

to 42 increased the odds ratio of liver parenchyma being normal (i.e. non-ablated) by 1.16 

(p<0.0001; CI 1.15–1.17). At this fluorophore and wavelength combination the variation 

introduced by imaging individual animals and re-calibrating the Cellvizio™ system did not 

contribute to the fit of the model as a random effect with a covariance parameter of 

1.66±1.66 (SEM, p>0.05). The covariance parameter estimation indicates to what degree 

the random variable affects the fit of the model (i.e. it aids in predicting outcome) of the 

model and its associated standard error gives a measure of repeat sampling variability. This 

means that the same RFU values could be applied across different animals in the study to 

predict the presence of healthy liver tissue. ROC analysis resulted in an area under the 

curve of 0.955±0.003 (p<0.0001, CI 0.95-0.96). 
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A standardised RFU value change from 17 to 18 with CLE imaging of ICG at 660nm 

increased the odds ratio of liver parenchyma being normal by 1.58 (p<0.0001, CI 1.54-1.63). 

Variation introduced by individual animals and re-calibration did significantly contribute to the 

fit of the model as a random effect with a covariance parameter estimation of 4.6±3.8 (SEM, 

p<0.05). This means that the predictive RFU values were not interchangeable for different 

animals in the study as each individual’s fluorophore distribution pattern within the areas of 

interest, were unique to that animal. ROC analysis resulted in an area under the curve of 

0.999±0 (p<0.0001, CI 0.998-1.0). 

5.4. Discussion 

This study has demonstrated that confocal laser endomicroscopy can be used in-vivo to 

distinguish thermally ablated liver, from healthy liver, during laparoscopic surgery. The main 

discriminating factor between healthy and ablated tissue was loss of fluorescence intensity 

as expressed by RFU. This phenomenon was independent from the time point of 

fluorophore injection which means that it is unlikely to be caused by the destruction of 

fluorophore carrying vasculature. It is proposed that the destruction of fluorophore containing 

cellular and intercellular structures that occurs during liver ablation is the most likely 

explanation for this finding. 

Evaluation of ablated liver tissue is of relevance because similar to surgical excision of 

malignancy, a complete ablation margin around a treated lesion is necessary to optimise 

patient survival (321). An important limitation of thermal ablation is that it is relatively 

contraindicated when the tumour is close to vulnerable structures such as major bile duct 

and blood vessel structures (322). Proximity to large blood vessels also renders ablation 

less effective and predictable because of the “heat sink effect” (322). Although not 

demonstrated here, CLE probes could be deployed close to vulnerable structures to detect 

thermal injury and allow the progress of ablation to be monitored. Because the approach 

evaluated in this article enables direct visual tissue assessment in small and distinct areas of 

liver parenchyma, it may be advantageous compared to measuring surrogate markers of 

tissue necrosis such as temperature. 

An analysis based on generalised linear mixed modelling has indicated that loss of 

fluorescence intensity can be used in vivo to identify ablated or non-vital liver tissue. This 

type of analysis was chosen over and above a more simplistic group-wise comparison 

because of the specific constraints that the collected data presented. Firstly we had to 

account for comparing two different types of tissues in the same animal (normal and 

ablated); secondly the tissue types were repeatedly measured to account for the 

inconsistency introduced by CLE probe movement and a small field of view; thirdly an 

incongruent number of mean RFU values in each group resulted from having a different 

number of frames available for analysis. Lastly the absolute values of the measured RFU 
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were not comparable between different experimental days because each new calibration of 

the Cellvizio™ altered the RFU value.  

The general linear mixed model analysis allows for all these considerations and takes into 

account the correlation in measurements between different tissues in the same animal. It is 

also able to handle non-parametrically distributed data. A separate ROC analysis has been 

used to confirm the validity of the model. Before fluorescence values can be used to inform 

clinical decision making however, it is imperative that standardised, absolute fluorescence 

values are established. If an ablation dependent variability in absolute fluorescence can be 

validated in more extensive datasets, it has the potential to be transformed into a 

computational image recognition algorithm. This algorithm could then be integrated into a 

clinical imaging system with the ability to monitor and map liver ablation. 

Each frame value was treated separately because unavoidable probe movement meant that 

some sections of tissue may just be represented by a single frame. Although a single image 

frame may not provide enough data for clinicians to evaluate tissue, it could provide 

sufficient data for an automatic tissue evaluation algorithm based on fluorescence intensity. 

A description has been provided comparing key characteristics of liver tissue architecture as 

imaged on fluorescein and ICG facilitated CLE examination at 488nm and 660nm 

wavelength. To account for temporal variations in imaging characteristics following 

fluorophore injection, a categorisation into hepatic “inflow” and “parenchymal” phases has 

been proposed here. The inflow phase lasts approximately 7-10 minutes and takes place 

while the fluorophore is mainly concentrated in the hepatic vasculature. This blends over into 

the parenchymal phase when the bulk of fluorophore concentration has been re-distributed 

into the intracellular compartment. Although a number of articles have evaluated CLE of the 

liver for different indications in animals and humans, (148,177,178,248) no report to date has 

made a comparative description by employing a dual wavelength approach. Because 

fluorescein and indocyanine green have different distribution properties in tissues 

(282,291,323) they could be employed sequentially and within a time frame to allow 

examination of a particular area of interest. Overview images obtained during the inflow 

phase had different characteristics for both fluorophore and wavelength combinations. When 

focusing on blood flow evaluation in this phase, CLE examination of fluorescein with the 

blue-light system was advantageous because it enabled regular visualisation of erythrocyte 

movement within sinusoids and larger parenchymal vessels. Although ICG is similarly 

distributed through the vasculature, it was not possible to detect intravascular ICG mediated 

fluorescence in this study. A group investigating near-infrared CLE imaging of ICG in 

patients with liver disease were able to visualise blood flow in 8 out of 21 patients (282) 

possibly reflecting low / slow function of the hepatocytes in these particular 8 cases. No ICG 

related fluorescence was visualised within sinusoidal vessels which was also the case in our 

experiments. It is not possible to draw any conclusions from this because the employed CLE 

systems have different specifications and with only 4 subjects in our study, the inability to 
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visualise hepatic blood flow may have been accidental but it is tempting to ascribe it to good 

hepatocyte affinity for ICG in health, allowing a one-pass clearance effect. 

In the parenchymal phase, CLE of the fluorescein /488nm system was better suited to 

imaging blood vessel morphology because low contrast areas correlated better with blood 

vessels, whereas these areas in the ICG/660nm system were consistent with both fibrous 

tissue septations and vasculature. A more homogenous and intense distribution of 

fluorescence throughout the liver tissue indicated that fluorescein accumulated in 

hepatocytes and other cells (e.g. fibrocytes and vascular endothelial cells). In comparison, 

ICG CLE at 660nm revealed a high affinity of ICG to hepatocytes with nuclear sparing, 

providing a strong contrast. Visualisation of interlobular septation architecture appeared to 

be better suited to the 660nm CLE system with ICG, which was able to clearly delineate liver 

lobules from surrounding fibrous tissue. At 30-40 minutes after ICG injection areas of 5-

20µm2 could be observed that accumulated high fluorescence intensity. Given that ICG is 

known to be rapidly excreted via bile (291) it is proposed that these signals may represent 

bile canaliculi, the smallest division of bile ducts . The fluorophore choice of fluorescein and 

ICG was guided by potential clinical applicability. There are many other potential 

fluorophores for 488 – 660nm CLE, but none are currently approved for clinical use or have 

the same low risk profile as fluorescein and ICG (291,323). The latter two fluorophores have 

been used in CLE studies of the human liver in the past (178,282) which could aid in the 

transferability of our findings to a clinical evaluation of CLE imaging in liver ablation. 

Overall the detection sensitivity of ICG fluorescence intensity at 660nm was lower when 

compared to fluorescein at 488nm wavelength. This was likely due to the fact that the optical 

absorption maximum of ICG is 800nm (near-infrared spectrum) so our excitation efficiency 

was poorer at 660nm, and while not optimal, was adequately within the excitation range to 

excite fluorescence emissions for this fluorophore. This illumination wavelength is a 

manufacturer pre-set and cannot be altered. Near-infrared CLE imaging however is not 

available yet in a CE marked system and we felt that adequate signal was achieved in the 

system described, as the fluorophore has attractive properties relevant for clinical liver and 

bile duct imaging (291). 

Although porcine models are frequently used to evaluate novel surgical technologies 

(324,325) the resulting findings have to be interpreted with caution. Firstly, porcine liver 

histology differs from humans with more pronounced interlobular septations. Despite these 

differences authors with extensive experience in CLE imaging of the liver state that data 

acquired from animal studies can be regarded as equivalent to human data (247). Secondly, 

we found during laparoscopy that the pig’s distinctive multi-lobulated liver configuration 

altered the handling and manipulation of the liver considerably in comparison with the 

expected characteristics in humans. Although the number of animals tested was small, the 

extensive data acquisition was  comparable to similar studies published by other groups 

(248,326). The acquired number of images was sufficient to describe dual wavelength CLE 
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imaging features and to evidence the feasibility of using fluorescence values to distinguish 

between vital and ablated liver parenchyma in an individual. Establishing large animal 

models of liver malignancy is expensive, time consuming and not routinely employed for 

research purposes (253). Therefore the pig model employed in this article solely focused on 

assessment of ablated tissue and did not account for the presence of malignant tissue with 

its commonly associated vascular disturbances, as would be encountered during clinical 

liver ablation procedures. The advantage of CLE imaging compared to a simpler 

fluorescence detection device is that it has the ability to demonstrate tissue architecture and 

thus discriminate between malignant and benign tissue (146), but due to the limitations of 

the porcine model this aspect could not be evaluated in this study. In addition the image 

quality alludes to fouling of the tip – a danger in single fibre spectrophotometry systems 

reporting no signal due to absence of fluorophore or a fouled tip?  

The relation and distribution of fluorescence characteristics in healthy and ablated liver 

tissue demonstrated in this article indicate that CLE may well have utility in ablation 

monitoring but further research is required. Before absolute RFU values can be compared 

between different experiments or between research groups the Cellvizio™ platform or 

alternative CLE imaging systems would need to be adjusted and standardised to allow 

reproducible calibration of fluorescence intensity.  

At this stage CLE imaging can offer micron level resolution in discriminating ablated from 

non-ablated liver tissue and may therefore be of interest as a novel imaging tool in liver 

ablation research. If clinical translation is considered in the future, technical limitations 

imposed by CLE imaging depth and probe vulnerability will have to be addressed.  

The feasibility of utilising needle based, diffuse optical spectroscopy to evaluate liver 

malignancy (225,256) and steatosis (327) has been demonstrated in the past. A similar 

needle based approach could also be applied to increase the imaging depth of CLE which is 

currently restricted to <200µm. The smallest commercially available CLE probe has a 

diameter of 300µm which would enable insertion through the bore of a 24G needle which is 

smaller than liver core biopsy needles currently in routine use and therefore less likely to 

cause inadvertent injuries. Once placed within the bore of the needle, the CLE probe could 

be inserted into the liver parenchym under US guidance. Correlation of US and CLE images 

could then respectively provide anatomical and functional information about the adequacy of 

ablation therapy. 

 In the diagnosis and treatment of abdominal malignancy, there are a number of scenarios 

(e.g. transgastric fine needle aspiration of the pancreas, irreversible electroporation of the 

pancreas, liver biopsy) where a needle is intentionally inserted into malignant tissue. This is 

feasible because the risk of needle tract seeding is either small or outweighed by the clinical 

benefits of the procedure (328–330). To minimise the risk of needle tract seeding from 

needle based CLE, an ablation of the needle tract should be carried out which is advocated 
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by some authors as routine practice in any laparoscopic liver ablation (312). In addition, if 

the procedure is being conducted anyway, the obtaining of CLE data through the same 

needle track simply adds to the benefits side of the risk evaluation and offers the possibility 

of increased data yield from the same clinical exercise. Further testing and validation in an 

experimental setting will be required to elucidate if this solution is feasible. Until feasibility 

has been confirmed, experimental CLE ablation monitoring should be restricted to superficial 

liver tumours that do not require a needle based approach.  

Another technical issue is the CLE probe’s vulnerability to high temperatures. The 

Cellvizio™ probes are only licensed to work within the range of normal body temperature 

whereas liver ablation may generate temperatures in excess of 100˚C. This may prevent real 

time CLE monitoring within the centre of an ablation zone but the temperature in the 

periphery of an ablated region is generally lower than in the centre and rapidly deteriorates 

(331). Temperatures that are within the working range of a CLE probe can be expected 

within minutes of completing liver ablation therefore potentially allowing assessment during 

the same treatment session as near-real time monitoring. 

5.5. Conclusion 

In summary, this chapter has assessed dual-wavelength CLE for evaluating ablation therapy 

of focal liver lesions under laparoscopic guidance. Intraoperative CLE image acquisition 

during liver resection has been shown to be technically possible. In analogy to CLE studies 

conducted on murine CRLM in chapter 4, it was demonstrated that numerical analysis of 

fluorescence intensity can be employed to confirm the extent of liver ablation. Based on 

these findings, CLE may be of interest as a novel imaging modality in liver ablation research. 

Further investigation seems warranted to examine if technical limitations, that currently 

prevent a clinical translation of this approach, can be overcome. 

In the following chapter normal and pathological liver tissue will be studied on a macroscopic 

scale with multispectral imaging. 
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6. Multispectral imaging 

6.1. Introduction 

The way that tissues interact with light is too a large extend determined by their chemical 

composition. As a generalisation it can be said that within the visible spectrum, tissues that 

appear bright reflect light (i.e. “throw” it back at the observer) whereas dark tissues mostly 

absorb light. Light absorption and reflection are inversely related to each other. This 

phenomenon also takes place outside the visible range e.g. in the infrared and ultraviolet 

spectrum. It has previously been established that as tissues undergo a pathological process 

they will often alter their absorption behaviour (and vice versa for reflection) within the visible 

and invisible spectra of light. The absorption characteristics of tissues and potential changes 

can be elucidated by obtaining a spectral response curve (SRC). These curves are created 

by plotting tissue absorption or reflection against light wavelengths. Many substances (e.g. 

lipids or water) have one or more absorption maxima (a wavelength where more light is 

absorbed than in the adjacent wavelengths) that is specific to them and that can be used to 

infer their respective presence and estimate their tissue concentration (224). The 

characteristics of SRC has been shown to reflect the tissue composition through further 

detailed analysis conclusions may be drawn as to the concentrations of a number of 

substances such as lipids, water or haemoglobin to name a few (163,224). This principle has 

found wide spread use in pulse oxymetry where the fractions of oxygenated vs. 

deoxygenated haemoglobin are measured with the aid of red and infrared light to allow the 

assessment of oxygen saturation. 

Previously it was demonstrated that this technique can be transferred to laparoscopic 

surgery by fitting the laparoscope with a light filter that narrows the reflected (i.e. received by 

the laparoscope) light down to a certain spectral range (e.g. range of 20nm) by filtering out 

light received from tissue that is outside the desired range. This approach was facilitated by 

employing either an adjustable filtering process controlled by a liquid crystal tuneable filter 

(LCTF) (163)or by the use of a multiple bandpass filter that was used in conjunction with the 

RGB colour channels of the camera sensors (332). For example a multiple bandpass filter 

may allow transmission of light at 425-455nm, 500-535nm and 590-620nm. If an image is 

exclusively processed using the blue RGB channel then only light reflected at the range of 

425-455 is recorded. The authors demonstrated that this method enabled laparoscopic 

evaluation of relative haemoglobin concentration (163) and an improved visibility of 

superficial vasculature (332). A different group that also utilised a LCTF showed that by 

focusing on determination of fat, water and haemoglobin contents, it was possible to clearly 

visualise the hepatic artery, portal vein and the common bile duct in a porcine model (155). 

A more detailed analysis of tissue spectra can allow quantification of substance 

concentrations within tissue. One group has described the development of a needle-based 

probe device that can be used to perform diffuse optical spectroscopy by putting it into direct 
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contact with organic material. In one of their first publications they verified the devices 

capability to estimate concentrations of lipid and water in tissue phantoms and ex-vivo 

porcine liver samples (161,224). This approach has been further expanded to include the 

estimation of haemoglobin and bile content. By analysing various physiological and 

morphological parameters of spectral response characteristics of oxygenated haemoglobin, 

deoxygenated haemoglobin, water, bile and lipid, it was possible to fit a model representing 

the SRC of normal (i.e. non-pathological) liver tissue. This model was then subsequently 

utilised to distinguish between normal and malignant tissue in ex-vivo liver specimen that 

were resected from patients with CRLM. This technique has also been recently applied to an 

in-vivo model of primary liver cancer. Using probe-based diffuse optical spectroscopy, 

reduced fractions of lipids, blood and reduced tissue oxygenation were detected in areas of 

HCC in 5 woodchucks (257). Although these results are promising there are several 

disadvantages to employing a probe based design intraoperatively. Firstly, the tissue 

evaluation is limited to a small volume of tissue due to the small separation between the 

optical fibres delivering and receiving light (1.84 mm). This means it may take a long time to 

assess a clinically meaningful area. Secondly the tissue analysis depends on changes in the 

spectroscopic response curve which is not an intuitive or time efficient way to mentally 

integrate information during surgery.  

Spectroscopic discrimination of tissue characteristics the nature of tissue has potential 

advantages for its application in laparoscopic surgery because it may replace in part the 

sense of touch that is lost in minimal invasive surgery, by displaying normally invisible tissue 

qualities to the surgeon. Tissues types of surgical relevance that have been successfully 

identified using either multispectral imaging (MSI) or diffuse optical spectroscopy include 

veins, arteries, bile ducts, steatotic liver and cancerous liver. To avoid the aforementioned 

disadvantages of diffuse optical spectroscopy however, it would be important to develop a 

no-touch method of spectroscopic assessment that does not require direct contact or the 

insertion of needles into tissue. It is hypothesised that a multispectral imaging system that 

can reproduce the tissue discrimination approach demonstrated for diffuse optical 

spectroscopy would be a potential solution to this problem. 
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The aim of this chapter is to formulate a technique and analysis method that enables 

intuitive, image based spectroscopic interpretation of liver tissue characteristics. The 

spectroscopic studies will be carried out on ex-vivo human liver tissue. 

6.1.1 Aims 

The specific in this chapter aims are to: 

1) develop and test an imaging platform that enables spectroscopic tissue evaluation in 

a continuous wavelength range. 

2) examine spectra of normal and pathological liver specimen and compare findings to 

data published in the literature. 

3) perform statistical analysis of the predominant predictive components of the spectral 

response curve in liver tissue.  

6.2. Methods 

6.2.1 General setup 

In this chapter spectroscopic response curves are recorded from liver tissue samples. This is 

achieved by illuminating tissue with an Optical Parameteric Oscillator, a wavelength-

tuneable light source that can be finely tuned to wavelengths between 700-2000nm. The 

amount of light absorbed by tissues corresponds is inversely related to the amount of 

reflected light. Reduction of background illumination is achieved by conducting the 

recordings in a darkened room without additional light sources. A NIR camera with an 

InGaAs sensor is employed to record the reflected light which is measured as pixel intensity 

on a scale of 0-16.383. Generally it can be stated that higher pixel intensities correspond to 

higher tissue scattering and lower tissue absorption. The excitation wavelength is changed 

over time while images are recorded from the stationary liver specimen. As an analogy it can 

perhaps be compared to recording a video sequence where instead of moving objects, a 

change in light spectra is recorded. Tissues from the same source (e.g. patient) but different 

characteristics (e.g. healthy vs. pathological tissues) are always examined at the same time 

and within the same field of view. To reduce variability in illumination that is introduced by 

the synchronisation between OPO light pulse and camera recording, several frames (usually 

20, if different number it is stated) are recorded at each wavelength. Approximately <1% of 

frames were grossly under-illuminated despite synchronisation. These were excluded from 

analysis using on an automatic outlier recognition algorithm that was based on the median 

absolute deviation method (333) that has been shown to be efficient in datasets with non-

parametric distributions such as the spectroscopic data recorded for the experiments in this 

chapter. Simultaneous examination reduces experimental variables and ensures that most 

of the variability in the tissue spectra originates from differences in tissue composition. At the 

conclusion of the spectroscopic examination, specimen biopsies are taken for histological 

examination. Finally histological findings are correlated with spectroscopic response curves. 
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6.2.2 Comparison of spectral response curves 

Initially results are analysed by observing the spectral response curves from whole tissue 

samples. For example in an experiment with three tissue sample, each sample is marked 

with a region of interest (ROI) and the mean pixel intensity (y-axis) from each ROI is 

subsequently plotted against the excitation wavelength (x-axis). This results in three 

separate spectral curves plotted on the same graph. Background noise is accounted for by 

subtracting the average value of non-illuminated frames that were recorded prior to each 

experiment. The characteristics of the spectral curves are compared against each other and 

in addition to spectroscopic tissue data from the literature. 

 

6.2.3 Normalisation process 

A limitation to statistical comparison across different experiments was that a number of 

factors such as illumination area, lens to specimen distance, specimen size and number 

varied between different experiments. To make the spectroscopic curves comparable, 

recorded data was normalised.  

Normalisation was carried out by calculating the background noise subtracted mean 

intensity from all recorded tissue samples (including normal and pathological tissue) at 

individual wavelengths. The resulting mean intensity value for each wavelength was then set 

to a value of 1. The pixel intensities recorded at an experiment is subsequently expressed as 

a multiplicative term at each wavelength. If for example the intensity at 1200nm is 50% of 

the mean value across experiments, it is translated into a normalised value of 0.5. The 

equation for the normalisation process is shown in Equation 6.1. 

𝐼 =
𝐼𝑜 − 𝐼𝑏

𝐼M

 

Equation 6.1 Equation used to normalise pixel intensities of MIS images. Pixel 
intensities inversely correlate with light absorption. I - normalised intensity; o - 
original intensity; b - background intensity; M – background subtracted mean 
intensity across all samples 

This approach was chosen as initial attempts of utilising a white reflection standard (which 

can be seen in most images) were unsuccessful because there was too much of a 

discrepancy between the light absorption exhibited by liver samples and the reflection 

standard, respectively. As light absorption of the liver tissue was much higher, the 

illumination levels needed to produce a spectral response curve from tissue was at a level 

were at the majority of wavelengths, the reflectance standard was over-illuminated (i.e. at 

maximal intensity). A spectral response at maximal intensity, which was a limit set by the 

physical characteristics of the cameras sensor, translates into a flat line which cannot be 

used for data analyses purposes (Figure 6.1).  
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Figure 6.1 SRC of the white reflectance standard. 

The spectroscopic response curve of the white reflection standard “flatlines” at most 
wavelengths at the illumination levels needed for producing spectroscopic response 
curves from liver tissue, due to detector saturation.  

 

6.2.4 Statistical analysis 

For statistical analysis single pixel values were compared rather than whole tissue samples. 

This method was chosen because images of cancer samples at certain wavelengths often 

appeared to be more heterogeneous than images from normal tissue. When taken the mean 

of a larger ROI however these variances would potentially cancel each other out. 

Normalised single pixel intensities were grouped according to tissue origin (normal tissue vs. 

cancer) and wavelengths (Cancer type distribution in results). Patient ID and cancer type 

(CRLM or HCC) were also recorded as covariates. At first it was investigated if any specific 

wavelengths would be particularly suitable to distinguish normal tissue from cancer. Bland-

Altman plotting (334) was carried out initially to look at distribution differences between 

patients and subsequently to look at differences between wavelengths. In Bland-Altman 

plots the mean value of two tests, in this case pixel intensity for normal and cancer tissue, on 

the x-axis is plotted against the absolute difference between both tests on the y-axis. If both 

tests have congruent results the resulting plot follows a horizontal which is set at zero 

difference. Different test results diverge from this line. To carry out the analysis the 

BlandAltman function (©Ryan Kerner) that is available from MATLAB file exchange was 

used. Subsequently generalised linear mixed model analysis was carried out with two aims 

1) to determine if normalised pixel intensities could independently predict the presence of 

cancer vs. normal tissue and 2) which particular wavelengths are most useful in 
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discriminating tissue. The analysis was conducted using SPSS™ Version 21 (IBM, Armonk, 

NY, USA). Intensity and wavelengths are used as fixed term whereas cancer type and 

patient ID (representing confounding factors between different experiments) are used as 

random terms for the analysis. For the analysis a multinominal distribution type was chosen 

combined with a logit link function. 

6.3. Results 

6.3.1 Assessment of feasibility and spatial resolution of the SCR 

The first experiment was carried out to find the optimal setup configuration for and to 

evaluate image quality, to establish the spatial resolution of the spectroscopic data and to 

obtain preliminary data from spectral ranges that have been previously related to fat and 

water content. The setup configuration included lens to camera distance, upper illumination 

limit (i.e. maximum illumination without crossing the saturation limit of the camera sensor) as 

determined by use of optical filters and lens aperture. The preliminary experiments were 

conducted without synchronisation between camera and OPO laser source. 

A low power output of the OPO at 900-1000nm meant that images recorded at this spectrum 

were hugely under-illuminated. It was possible to adjust for this by widening the lens 

aperture but this unfortunately meant that subsequent images at higher wavelengths were 

grossly over-illuminated and could therefore not be analysed. A decision was made at this 

point to limit MSI image acquisition to wavelengths > 1100nm (The OPO could not be tuned 

to wavelengths between 1000-1100nm).  

For these experiments no synchronisation or automatic selection process was used, which 

means all frames regardless of illumination levels were recorded. A large number of frames 

were under-illuminated and hence a scatter plot representation was used to assess tissue 

SCR. A mean representation in the plot would have been heavily influenced by the under-

illuminated frames. 

Tissue used for this experiment were commercially purchased bovine liver and streaky 

bacon. The bacon was thought to be useful because of its contrast between lipid rich (fatty 

stripe) and water rich (red stripe) tissue. Bovine liver was used as a substitute to human liver 

samples. In addition a white reflectance standard was used to evaluate the consistency of 

the illumination. The reflection level is expected to be almost unchanged across 

wavelengths. Experiments were repeated three times, but at each repetition there was at 

least one wavelength for which no measurable illumination was recorded. These frames 

were depicted on the plots as circles lying directly on the x-axis which means that the 

corresponding mean ROI pixel intensity equalled zero or near zero. These values have been 

removed from the scatter plots to improve readability (Figure 6.2). The spectra with the 

lowest data loss are presented in the plots below, which compare SRC’s at 1150-1250nm 

and 1400-1500nm from the same tissue area. These wavelength ranges were chosen 
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because the former contains the lipid absorption peak around 1200nm and the latter 

contains a water absorption peak which is broader at around 1450nm (224). 

The ROI marked over the fatty region of the bacon slice exhibited the highest intensity (i.e. 

lowest absorption) of all the tested regions. Due to the lost data it is hard to interpret but it 

was felt that there is a suggestion of stronger absorption at 1200 & 1210nm (arrow). At 

1400-1500nm the absorption was higher compared to 1150-1250nm (Figure 6.2). The ROI 

marked muscle tissue (red bacon stripe) was <1cm distant from the fatty area but did show a 

different spectral response. The absorption was stronger at both wavelength ranges 

compared to the lipid rich area (Figure 6.3). The absorption at 1400-1500nm was strongest 

for the liver tissue sample perhaps indication a greater water content (Figure 6.4). The 

spectral response of the white reflection standard, although exhibiting a slightly higher 

absorption at 1150-1250nm was generally constant (Figure 6.5). 

Optimal camera lens to specimen distance was found to be 20-25cm which provided a good 

balance between a sharp image focus and a good illumination level. To prevent over-

illumination, the lens aperture was kept very narrow and optical filters of 6 optical densities 

strength were used. Spatial resolution of the MSI imaging system was found to be in the 

range of app. 1mm meaning that tissues 1mm apart can display different absorption 

behaviour. Generally the absorption at 1400-1500nm was found to be higher for all tissues 

but the absorption for the liver sample was most pronounced. An absorption peak over the 

fatty tissue was recorded in two out of three experiments. In the 3rd experiment no usable 

image data was recorded at 1200nm and the adjacent wavelengths. It became apparent that 

a solution to prevent data loss in future experiments was required. 
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Figure 6.2 Scatter plot - SRC from lipid rich tissue. 

Spectral response of fat tissue from a piece of bacon. Plotted is background noise 
subtracted pixel intensity on the y-axis and wavelength on the x-axis. Each circle 
represents one frame that was recorded at the respective wavelength. Top - ROI. 
Middle – spectrum of 1150-1250nm, The lipid absorption peak at 1210nm is annotated 
with an arrow. Bottom – spectrum of 1400-1500nm.  
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Figure 6.3 Scatter plot - SRC from muscle tissue. 

Spectral response of muscle tissue from a piece of bacon. Plotted is background 
noise subtracted pixel intensity on the y-axis and wavelength on the x-axis. Top - ROI. 
Middle – spectrum of 1150-1250nm. Bottom – spectrum of 1400-1500nm. 
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Figure 6.4 Scatter plot - SRC from liver tissue. 

Spectral response of bovine liver tissue. Plotted is background noise subtracted pixel 
intensity on the y-axis and wavelength on the x-axis. Top - ROI. Middle – spectrum of 
1150-1250nm. Bottom – spectrum of 1400-1500nm.  
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Figure 6.5 Scatter plot - SRC from a white reflectance standard. 

Spectral response of the white reflection standard. Plotted is background noise 
subtracted pixel intensity on the y-axis and wavelength on the x-axis. Top - ROI. 
Middle – spectrum of 1150-1250nm. Bottom – spectrum of 1400-1500nm. A smaller 
area of the standard was marked because illumination did not reach the whole area of 
the standard 
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To improve data acquisition the Labview code was reprogrammed to ensure that at a 

minimum number of frames (usually 20) was obtained for each wavelength. Frames whose 

maximum intensity did not pass a certain threshold were automatically discarded. This new 

approach ensured that there were no further issues with “empty” wavelengths (Figure 6.6). 

An ongoing issue was however that some under-illuminated frames were still recorded 

because specular reflections did occasionally cross the required maximum intensity 

threshold. 
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Figure 6.6 Scatter plot – SRC from liver tissue recorded with an improved image 
acquisition algorithm. 

Automatic frame selection enabled continuous recording of SRC without "empty" 
wavelengths. Shown is a SRC from bovine liver tissue as a scatter plot. 
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6.3.2 Assessment of normal vs. steatotic liver  

Before studies on steatotic liver tissue were conducted, an improved image acquisition 

algorithm was programmed. This minimised loss of data to <1% (Figure 6.7). A detailed 

description of the algorithm has been given in the General Methods section (3.3.3.3).  

Steatotic liver samples were retrieved from discarded donor livers. Non-steatotic liver 

samples were retrieved from liver resections carried out for cancer. The samples were taken 

from areas of the liver that did not show any cancer involvement. The tissue spectra were 

plotted and assessed for differences between steatotic and non-steatotic samples. A 

prominent absorption peak at 1210nm indicating a greater lipid content in the steatotic 

samples was observed Figure 6.8). The plotted intensity represents noise subtracted raw 

pixel intensity. No normalisation process was carried out due to the low number of tissue 

samples which made statistical analysis unfeasible. Therefore, absolute intensity differences 

could potentially be due to changes in illumination intensity, the shape of the spectra would 

however not be influenced by this. Presence of liver steatosis as indicated by vacuole 

formation was confirmed on H&E stain histology examination (Figure 6.9 & Figure 6.10). 

Vacuoles form at the location of adipocytes (fat cells) during the preparation process of 

histology slides (335). 
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Figure 6.7 Scatter plot – SRC recorded using the final version of the MSI acquisition 
algorithm. 

The improved MIS image acquisition improved data loss significantly. Each 
wavelength step has been measured with 15 repetitions. Out of a total of 56x15 
frames, only 3 have been under-illuminated. These frames are excluded from further 
analysis by automatic outlier exclusion based on the median absolute deviation. 

 

 

Figure 6.8 SRC from steatotic and non-steatotic liver specimen (n=2 each) 

Tissue spectra from steatotic (S01 & S02 – solid lines) and non-steatotic (N01 & N02 – 
dashed lines) liver samples. The dotted vertical line (arrow) marks 1210nm where an 
increased absorption could be observed in steatotic liver tissue. Background noise 
has been subtracted from the plotted intensity. 
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Figure 6.9 H&E histology from non-steatotic liver biopsies. 

Histology H&E stains from non-steatotic livers. Vacuole formation indicating fat 
content (arrows) was only infrequently observed in one of the samples (N01). The 
other sample (N02) was virtually free of vacuole formation. 

 

 

 

Figure 6.10 H&E histology from steatotic liver biopsies. 

In steatotic liver tissue vacuole formation indicating fat content was frequently 
observed (arrows). 
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6.3.3 Qualitative assessment of cancer vs. normal liver  

6.3.3.1 CRLM 

Multi-spectral imaging was carried out on tissue samples from patients with CRLM (n=3). 

Images were analysed to create SRC from regions of interest that covered the whole tissue 

area. These were subsequently compared between normal and cancerous tissue (Figure 

6.11). For patient ID’s C02 and C03 one sample each was evaluated whereas for patient ID 

C03 one cancerous and 3 normal samples were evaluated. The number of samples was 

determined by the size and nature of the liver resection specimen. Samples for MSI 

experiments could only be obtained if the pathological resection margin would not be 

compromised. At the conclusion of experiments, tissue biopsies were taken for histological 

evaluation (Figure 6.12), which was used to confirm the nature of the tissue sample (i.e. 

normal vs. cancer). Analysis of the SRC did not reveal any obvious differences between 

cancerous and normal tissue. Samples taken from different patients did however exhibit 

different MSI characteristics, but this could not be clearly attributed to the absorption 

characteristics of a specific substance. 
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Figure 6.11 SRC of CRLM tissue vs. normal liver tissue. 

Tissue absorption spectra of normal vs. CRLM tissue obtained from three different 
patients. Background noise has been subtracted from the plotted intensity. 

 

 

Figure 6.12 H&E histology from liver samples with CRLM. 

H&E stained histology from a liver specimen containing CRLM. a) The arrows mark 
the border between normal tissue on the left and CRLM tissue on the right. b) Normal 
hepatocyte architecture with a few vacuoles on the left of the screen. 
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6.3.3.2 HCC 

In analogy to MSI experiments on CRM tissue, data was obtained from HCC specimen using 

the same protocol. Tissue was obtained from two patients. For patient ID C01, two normal 

and one cancerous sample were available for examination, whereas for patient ID C04 two 

normal and three cancerous samples were available. Subjective analysis of the absorption 

spectra did not reveal any overt difference between normal and cancerous tissue. There 

were differences in the SRC characteristics between the two patients (Figure 6.13). It was 

also noted that C01 who had mild liver steatosis as marked on histological evaluation, 

exhibited a marked absorption peak at around 1210nm.Presence or absence of cancer was 

verified based on tissue histology (Figure 6.14). 
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Figure 6.13 SCR of HCC vs. normal liver tissue. 

Tissue absorption spectra of normal vs. HCC tissue obtained from two different 
patients. Background noise has been subtracted from the plotted intensity. 

 

 

Figure 6.14 H&E histology from liver sample with HCC. 

a) A accumulation of HCC cells (arrow) within fibrotic liver tissue. b) Tissue obtained 
from a normal section of tissue shows regular hepatocyte architecture with a slightly 
higher than normal amount of vacuoles. 
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6.3.4 Statistical analysis of cancer vs. normal liver 

Because subjective evaluation of the tissue absorption spectra from cancer and normal 

tissue could not discern any defining characteristics it was decided to perform a statistical 

analysis on the available MSI data. It was noted that on visual inspection, liver tissue 

containing cancer often had a heterogeneous appearance. Therefore the main focus of the 

statistical analysis was on evaluating potential differences on a pixel by pixel basis. At first 

data from all samples was normalised as described above (6.2.3). The resulting normalised 

absorption spectra are shown below (Figure 6.15 & Figure 6.16). 

 

Figure 6.15 Normalised SRC of tissue from patients with CRLM.  

 

 

Figure 6.16 Normalised SRC of tissue from patients with HCC. 
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The next step was to analyse the data for differences between patients and between 

individual wavelengths using Bland-Altman plotting (BAP). For each patient ID, normalised 

intensity values were averaged for cancer and normal tissue to facilitate BAP. This was 

necessary because only two groups (i.e. normal & cancer) per patient ID can be analysed 

with BAP. 

The resulting BAP initially grouped by patient ID (Figure 6.17) and then by wavelength 

(Figure 6.18) are depicted below. The aim was to identify any particular wavelengths that 

would be outside the expected distribution which is highlighted by the dashed horizontal 

lines which represent limits of agreement between cancer and normal tissue intensities. It 

was intended to include any wavelength that was repeatedly (i.e. across patient ID’s) outside 

the agreement limit in a subsequent generalised linear mixed model analysis. Although 

several wavelengths were found to be outside this area this was not consistent across 

patients and was therefore more likely due to inter-individual differences. 
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Figure 6.17 Bland-Altman Plot ordered according to patient ID’s. 

The left graph depicts cross-correlation between cancer and normal tissue values. 
The graph on the right is the actual Bland-Altman plot. It can be observed that 
normalised intensities for patient ID C05 and to a lesser extent C02 (both CRLM) are 
outside the limits of agreement. 

 

Figure 6.18 Bland-Altman plot ordered according to wavelengths.  

The wavelengths outside the agreement limit were largely in the range of 1400-
1600nm. 
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Because no particular wavelengths could be identified in the BAP, a generalised linear 

mixed model analysis was carried out including all wavelengths from 1100-1700nm. 

Essentially the pixels from all previously marked ROI’s were combined and divided into two 

groups, cancer vs. normal, according to the tissue sample the ROI was taken from. The 

analysis included normalised intensity and wavelength as fixed terms whereas patient ID 

and cancer type were used as random terms. The tissue type cancer vs. normal tissue was 

used as dependent. A multinominal model with a logit link function was used. According to 

the analysis, the normalised pixel intensities measured at 14 out of 61 wavelengths (Table 6) 

were statistically significant as an independent predictor for the presence of normal vs. 

cancer tissue. The classification accuracy of the model was 69.1%. 

 

Wavelength Coefficient 95% 

lower 

95% CI 

upper 

p-value 

1100 0.238 0.2 0.276 0 

1110 0.125 0.087 0.162 0 

1130 0.041 0.004 0.079 0 

1180 -0.04 -0.078 -0.003 0.034 

1190 -0.067 -0.105 -0.03 0 

1220 -0.044 -0.082 -0.007 0.02 

1320 -0.043 -0.08 -0.005 0.025 

1430 0.038 0.001 0.075 0.047 

1470 0.039 0.001 0.076 0.042 

1480 0.061 0.023 0.098 0.001 

1570 0.05 0.012 0.087 0.009 

1600 0.047 0.01 0.084 0.014 

1610 0.048 0.011 0.086 0.012 

1660 0.042 0.005 0.079 0.028 

Table 6.1 Results of the generalised linear mixed model analysis. 

Wavelengths that were shown to be independent predictors for the presence of 
malignancy are shown in the table. 

 

6.3.5 False colour visualisation 

A ‘false colour’ image was created by combining data from several wavelengths in one 

image frame as described above (3.3.6). Image data obtained at wavelengths that were 

statistically significant with a positive coefficient on generalised linear mixed model analysis 

was averaged for each pixel. The resulting image is shown below (Figure 6.19). 
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Figure 6.19 ‘False colour’ representation of multiple wavelength spectra.  

a) Image obtained at 1130nm. The sample containing CRLM is marked (arrow).  b) 
False colour image combining the average for all wavelengths that were shown to be 
independent predictors for the presence of normal vs. CRLM tissue (arrow). 

 

6.4. Discussion 

In this chapter a system has been developed and tested to enable multispectral imaging of 

ex-vivo tissue samples. It was shown that depending on field of view MSI images enabled 

reconstruction of tissue absorption spectra at fine spatial resolution that could be interpreted 

based on individual pixels. Because a tuneable OPO was employed as excitation source, 

the spectral resolution was (i.e. distance between individual wavelengths) was in the range 

of 3-5nm. An additional advantage of this approach was that no direct contact with the tissue 

was required and the area of multispectral evaluation could be altered by changing the field 

of view. 

Liver tissue specimen from normal and diseased tissue were qualitatively examined and the 

resulting SRC were compared to data from the existing literature. A prominent absorption 

peak at 1210nm was observed in steatotic liver samples which is congruent with previous 

reports (224,336). The steatosis in the specimen was not formally quantified because with 

tissue only being available from two patients an in depth quantitative analysis between fat 

content correlation and strength of the absorption peak would not have been feasible. Based 

on estimation however the steatosis involved <30% of the histological samples which means 

the steatosis was likely to be in the mild category (335). In preliminary experiments using 

bacon and bovine liver as ex-vivo tissue phantoms, the spectral range between 1400-

1500nm which includes an absorption peak for water exhibited lower absorption in lipid rich 
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tissue. In the red meat part which was treated as a substitute for muscle tissue, the 

absorption at this range was stronger and in liver tissue it was the most prominent 

absorption out of all three examined tissues. It is hypothesised that this was due to greater 

water content in liver over muscle tissue but because a detailed tissue analysis was not 

performed this claim could not be verified. 

The examination of liver specimen containing primary and secondary liver cancer did not 

show any obvious differences in the SRC characteristics of normal and cancerous liver 

tissue. There was however a difference when looking at tissue from different patients and 

between CRLM and HCC tissue. The generalised linear mixed model analysis indicated that 

a combination of absorption values taken at 14 different wavelengths could predict the 

presence of normal vs. cancerous liver tissue. 

Having identified the most relevant wavelengths for the prediction of tissue quality, these 

were consequently incorporated into a false colour image processing algorithm. The aim of 

this approach was to enhance the visual perception of tissue quality in an intuitive and time 

efficient manner.  

There were some limitations to the data presented in this chapter. The reported variations in 

the intensity values, normalised or otherwise could in part be explained by changes in 

experimental factors such as camera lens to specimen distance, which had to be altered to 

adjust the field, ensuring that specimen of different sizes were visible. Another factor with an 

impact on pixel intensity is the varying power output of the OPO laser source.  

It is hypothesised however that impact of these two factors was attenuated because under-

illuminated frames were automatically excluded during the image acquisition process. Using 

patient ID (tissue from different patients was examined on separate days) a random factor in 

the generalised mixed model accounts for variations in unknown parameters that could have 

changed between individual experiments. As is true for other optical imaging technologies, 

the imaging depth for MSI is limited. Penetration of light will vary slightly depending on 

wavelength but generally it has to be assumed that only tissue quality up to a maximal depth 

of ≈ 5mm can be assessed at present (144). There is some indication that stronger light 

sources may allow a deeper penetration within the region of >1cm depth (337) but if this is 

translatable to MSI remains to be seen. A further limitation is the small number of samples 

and the heterogeneous nature of the samples. The number of available cancer samples was 

limited due to practical issues. Tissue could only be obtained from one surgeons practice 

due to ethical considerations. The time frame in which tissue could be obtained was < 6 

months because it took a substantial amount of time to build the MSI system and its 

accompanying software algorithm. In this context the process of synchronisation was 

especially time consuming. The samples themselves could only be obtained if a resection 

specimen was large enough to allow tissue harvest without compromising histopathological 

evaluation (i.e. to confirm that surgical excision of cancer was complete). The number of 
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liver specimen with steatosis underlay even greater restrictions because access depended 

on availability of discarded donor organs and sufficient staffing at the local tissue bank. A 

further limitation was that the effect of tissue perfusion could not be examined because all 

experiments were conducted on ex-vivo samples. Finally the breadth of the measured 

absorption spectra was limited by technical considerations. The InGaAs NIR camera used 

for recording the SRC had a wavelength range of 900-1700nm. The OPO laser source could 

be tuned to wavelengths between 700-1000 and 1100-2000nm.The power output and hence 

illumination intensity at 900-100nm was very low and hence it was decided to omit the range 

of 900-1000nm completely, because it would not have been possible to record a continuous 

spectrum. Evidence from the literature suggests that within the measured range of 1100-

1700nm it is feasible to assess the absorption peaks of water and lipids because they have 

absorption peaks at around 1450nm and 1200nm respectively (224). Absorption peaks of 

other biologically relevant substances such as haemoglobin and bile lie within the range of 

600-800nm. 

The results from this chapter have highlighted the potential of MSI to remotely sense 

aspects of tissue composition that may reveal pathological changes. Further work is required 

before transferring this imaging modality into a clinical evaluation phase. Initially it would be 

useful to expand the width of the measured spectra to include biologically important 

substances such as bile and haemoglobin. This for example could be achieved by 

combining the existing system with an additional laser excitation source and sensing camera 

or a LCTF based system that can cover the range between 600-1100nm (155). It is also of 

crucial importance to expand the tissue data that was employed for building the predictive 

model. Because the nature, origin, biological behaviour and pathological composition of liver 

cancer types differs (20,23,338) it is proposed to evaluate tissue absorption spectra divided 

by cancer type. Once the spectral behaviour of different liver cancer types has been further 

evaluated the focus could be switched to developing a laparoscopic MSI system that can 

translate this methodology into clinical use. Although laparoscopic systems with MSI 

capabilities exist they are currently targeted at relatively narrow spectral range of a few 

hundred nanometres (155,195). It remains to be seen whether laser excitation, multi-

bandwidth filtering or an alternative technique is the most useful method for MSI in 

laparoscopy. Based on the findings in this chapter a multi-bandwidth filter system appears to 

be the technically more feasible option because tuneable laser excitation sources are time 

consuming to use and comparably fragile. In terms of required timing for example, the 

InGaAs camera employed for the experiments in this chapter had a frame rate of 30fps, 

which translates to 30 individual wavelength spectra recorded per second. This frame rate 

was however limited by the OPO light emission frequency of 10Hz (i.e. 10fps). In contrast to 

this a bandwidth filter system would not have the same restriction.  
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6.4.1 Conclusion 

In summary, the development of a broad spectrum remote multispectral imaging platform 

has been described. Its ability to record and visualise absorption spectra in liver tissue has 

been demonstrated and it was shown that variations in these spectra may allow prediction of 

pathological processes such as steatosis or malignancy. Statistical analysis of tissue spectra 

has led to the formulation of a predictive model that was consequently employed to develop 

an enhanced MSI based visualisation method for liver malignancy. 
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7. Video magnification 

7.1. Introduction 

In a previous chapter it was shown that CLE can visualise blood flow in small vessels and 

capillaries. Aside from tumour associated changes in microcirculation, the assessment of 

blood flow is of great importance during surgical procedures to evaluate the vitality of tissue 

and to guide surgical dissection. Failure to excise non-vital tissue, can result in ischaemic 

damage and this can activate inflammatory pathways and stress response (339). 

Guidance is needed to make surgeons aware of blood vessel location which is important to 

avoid inadvertent injury that can lead to significant blood loss and associated morbidity. To 

achieve this form of guidance a technology that enables early detection of blood vessels and 

allows estimation of organ perfusion would be of benefit (67,141,265). Another scenario 

where visualisation of blood flow may be useful is during hepatectomy with hilar dissection 

(control of inflow vessels). When performing a traditional hepatectomy, the blood inflow to 

the liver is divided before liver tissue is transected. It can be difficult to appreciate which part 

of the liver is de-vascularised and hence decide on the optimal plane of transection. 

Visualisation of blood flow or segmental borders can be of benefit in this circumstance (159). 

Because visual inspection to assess tissue perfusion is subjective and unreliable attempts 

have been made to develop an objective technique that can aid surgeons in this context. 

The approaches that have been proposed so far require the use of additional equipment 

and/or intravenous contrast agents which may increase procedure time or may have a 

negative impact on patient safety (184,340). 

High resolution video that is routinely recorded during laparoscopic surgery contains 

potential physiological and anatomical information. However, surgeons cannot take 

advantage of this information because they are restricted by the limitations of the human 

visual system. A recent work on “Eularian Video Magnification” (136) has shown that 

physiological and anatomical information available due to variations in motion, colour and 

light can be brought to the attention of the observer by analysing space-time related 

variations of specific image regions in the video. Skin colour for example has been shown to 

fluctuate at the same rate as the heart frequency, which in turn can be translated into signals 

to record the pulse rate. Recording and analysis of vessel pulsation- and respiratory rate has 

also shown to be possible (136,341). 

Despite these promising preliminary findings, major challenges have to be solved before real 

time VM can be used to assess tissue perfusion and detect hidden vasculature. One 

challenge for example is a standardised quantification or measurement method that enables 

researchers to directly compare different VM methods. Many improvements to the original 

work of Wu have been proposed (244,245,342). It is however difficult to decide without 

standardised metrics which of these methods is best suited to laparoscopic surgery. As part 
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of establishing quantifiable metrics, it would also be prudent to assess if the strength of the 

VM signal bears any correlation to the underlying physiological process e.g. when assessing 

blood vessels in the arm, would a higher blood pressure result in a stronger VM signal? 

Another challenge is to look at how VM processing is affected by different environments. 

Although pulsation of subsurface blood vessels (e.g. ulnar artery) have been made visible, it 

is not clear if this finding is transferable to the liver which has a much darker surface which 

absorbs more light. In this chapter video magnification is applied to experiments on imaging 

phantoms and a porcine laparoscopy model. Because it is a “wide field” method that 

encompasses the entire field of view it is more appealing for assessment of blood flow than 

a microscopic point based method such as CLE, where a vessel is only visualised when it is 

directly targeted. As a technology, VM could potentially be useful during laparoscopy by 

delineating perfused from non-perfused tissues and by localising non-visible blood vessels. 

The texture of digital images can be analysed to extract features from a scene that enables 

an estimation of its content. This method has been popularised by some authors for the 

estimation of crowd density and crowd motion. The rationale behind this is that the texture 

becomes finer with an increasing crowd size because more persons on an image equate to 

a more detailed texture. These crowd and motion estimation algorithms are based on the 

Gray-level co-occurrence matrix (GLCM), a statistical texture representation method first 

described by Haralick (343). The GLCM methodology has been further described above 

(3.4.4.2). In this chapter the feasibility of employing GLCM analysis to estimate video 

magnification signals will be analysed. The proposed method will then be applied to the 

estimation of video magnification signals. 

7.1.1 Aims 

The aims in this chapter are to: 

1) evaluate the feasibility of using texture based analysis to identify video magnification 

signals that originate from pulsatile motion. 

2) elucidate if the analysis method from 1) enables quantification of pulsatile motion. 

3) assess in how far the analysis method from 1) can be applied to pulsatile motion 

from structures that are concealed. 

These objectives will be evaluated in a controlled laboratory setting first before being 

translated to an in-vivo model of laparoscopic liver resection. 
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7.2. Methods 

7.2.1 Flow phantom experiments 

In this section VM signals are evaluated on a pulsatile flow phantom. Tests in a controlled 

environment were a prerequisite to exploring this technology before evaluating VM signals in 

an in-vivo model. The first series of experiments was focused on determining the best 

combination of settings for 1) camera recording 2) VM processing 3) GLCM settings. The 

second series of experiments tested the ability of VM to enhance pulsatile motion 

(henceforth called ‘VM signals’) in a phantom with visible flow channels (henceforth called 

‘clear phantom’). The third series of phantom experiments repeated the same tests in a 

phantom with concealed flow channels (henceforth called ‘brown phantom’) which was 

created to better reflect the visual appearance of liver tissue. 

All video sequences were processed and analysed using the same workflow. At first a video 

sequence is recorded. This is then processed with a VM algorithm to enhance motion. A 

region of interest (e.g. perfused catheter) is marked on the video to allow region specific 

processing of GLCM statistics.  Finally the GLCM data is analysed for the presence of 

repetitive signals (e.g. pulsation) (Figure 7.1). 

 

Figure 7.1 Steps involved in texture based VM signal analysis. 

Flowchart showing the individual steps that are involved in analysing motion signals 
from VM enhanced videos. 

 

7.2.1.1 Establishing the optimal evaluation setup  

Before the evaluation of VM processing on the flow phantom could be carried out it was 

important to standardise three types of settings, namely 1) Camera recording settings 2) VM 

algorithm processing settings and 3) GLCM processing settings. Because all these settings 

have an impact on the characteristic of the resulting VM signal, it is crucial that the impact of 

different settings is well understood. Until now, the impact of video resolution, colour codec 

and recording speed on VM signals has not been evaluated. 

7.2.1.2 Camera and video codec settings 

In their first publication on VM processing Wu et al. (136) suggested that the field of view is 

centred on the object of interest and any additional objects should be avoided from this view. 

The field of view during experiments was therefore positioned to be completely occupied by 

the flow phantom. The camera was kept in a stationary position with the help of an 

adjustable camera arm which was fixed to a perpendicular pole (Figure 3.15). Lens- aperture 

and focus were set to provide a clear image avoiding formation of reflections and shadows 
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where possible. Video sequences were then recorded at different image resolutions; colour 

codecs (methods of compressing video data) and recording speeds (frame rates). 

7.2.1.3 GLCM settings 

The GLCM is processed based on the positional relationship of grayscale pixels in an image. 

Change in the statistical parameters of the GLCM reflect a change in image texture and as 

such can be utilised to estimate motion (261,344). The following set of parameters for the 

graycoprops MATLAB function determine the precise method of GLCM processing.  

Offset: determines the position of the neighbouring pixel which can be found in any of 8 

horizontal, vertical or diagonal directions (Figure 3.17). 

Numlevels: Determines how many graylevels are used for processing. Default is 8, which 

means that all graylevel intensity values (e.g. 255 in an 8 bit image) are binned into 8 ordinal 

categories from low to high. If more levels are used then the bin categories shrink. 

Graylimits: Sets the cut off points for the lowest and highest grayscale intensity. Any values 

below or above the threshold are binned into the next closest category. 

7.2.1.4 Video magnification settings 

As described above (3.4.1) video magnification settings determine how the original video 

data is processed.  

 

In brief, a frequency range that includes the frequency of interest is selected (e.g. 60-

100bpm for normal heart rhythm). The magnification factor ‘alpha’ determines the extent to 

which the signals are magnified. The spatial frequency ‘lambda’ is used to select the level of 

detail that is magnified with a high frequency chosen for finer details. Motions that fall below 

this level are filtered out. In general the amount of potential motion magnification is inversely 

related to image quality i.e. a strongly magnified video including many spatial and time 

frequencies results in a noisier image than videos that are weakly amplified. All sequences 

were processed using a temporal Butterworth filter, which is a filter setting targeted at 

enhancing motion (136). 

7.2.1.5 Objective evaluation of motion signals 

To enable objective decision making on optimal camera, VM and GLCM settings a 

quantifiable and reproducible evaluation method needed to be construed. The motion 

signals were analysed over time to evaluate if VM can elucidate frequency and flow pressure 

within the phantom at different depths. As described above (3.4.4.1) GLCM statistical values 

from a region of interest in the video are plotted over time. Subsequently they are processed 

using the MATLAB function ‘correlation’ that allows quantification of signal repeatability and 

an approximation of its frequency (i.e. number of pulsations over time). As a sensitivity 

analysis the signal frequency was additionally evaluated using Periodogram power spectral 
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density estimation employing the MATLAB function ‘periodogram’. Results from these 

calculations for all four GLCM statistical parameters energy, homogeneity, correlation and 

contrast were saved in a table format.  

Signal processing methodology: At first two regions of interest are defined, one marking an 

area of pulsation and the other an area of exactly the same size and shape without 

pulsation. The mean value of the four GLCM stats is saved over time in a data matrix. 

Because of image noise the signal is often distorted by interference but can be improved by 

smoothing functions (described below at 7.3.1.2.1). At the beginning of each VM processed 

video there is a short time span of 1-2 seconds that is extremely noisy and therefore this is 

manually excluded from analysis. For normalisation purposes the smoothed signal is 

subtracted from its mean value before further processing (Figure 7.2). 

 

 

Figure 7.2 Processing steps of raw GLCM signal. 

The raw signal (a) is smoothed using a loess filter (b). To avoid noise which 
frequently occurs at the start of the sequence, a starting point (dashed line in c) for 
data analysis is selected manually. Finally signals from both ROI’s are normalised by 
subtracting the mean over the whole sequence (d). 

 

The signals from both ROI’s then undergo autocorrelation i.e. in simple terms the signal is 

phase shifted backwards and forwards over time to evaluate if there is some degree of 

matching between the signals curves (i.e. if the same pattern repeats itself in the signal). 

This phase shift is also called lag. For example every signal has maximal autocorrelation at 

zero lag. A completely homogeneously repetitive signal (e.g. sine curve) with a frequency of 

1Hz would show a maximal correlation when phase shifted for a one second interval. The 

‘coefficient’ option is chosen to normalise the signal meaning that at zero lag the 

autocorrelation is 1.0 (Figure 7.3). The resulting autocorrelation for each GLCM stat is then 

plotted and analysed using the ‘findpeak’ MATLAB function. This function essentially finds 

the position of a peak within a plot, peak being defined as a point on the x-axis where both 
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neighbouring points have lower values. The mean value of the distance between the peaks 

is then calculated. This reveals the average time passed between signals and hence the 

signal frequency. 

Autocorrelation can be regarded as a measure for sameness and repeatability. For example 

a continuous sine wave signal at 1Hz does exhibit maximal autocorrelation values at 1s 

intervals corresponding with the signal interval.  

 

 

Figure 7.3 Example of autocorrelation analysis. 

A sine wave of 1Hz (a) exhibits peaks of high autocorrelation values (b) at 1s 
intervals. A random waveform without regular components does not display any peak 
values other than at 0 lag when the signal is directly overlayed with a copy of itself. 

 

Processing of autocorrelation gives us a measure of signal frequency and sameness. 

Another way of evaluating the signal characteristics is to compare it to a standardised signal 

with a known frequency. To achieve this, a sine-form signal was created with a frequency 

that corresponded to the pulse rate used in the perfusion phantom. This sine wave was used 

as the gold standard to which the signal from the VM sequence ROI was cross-correlated. 

The main difference between cross- and auto- correlation is that in the latter case the signal 

is compared to itself. The value of cross-correlation is again normalised with the coefficient 

option meaning that two identical signals would result in a value of 1.0 at a point other than 

zero lag.  

As a sensitivity analysis, the signal was finally evaluated using the power spectral density 

estimation. This method uses a discrete fourier transform to represent the input signal as a 

frequency domain graph. The discrete fourier transform is useful because it reveals the 

periodicity of data as well as relative strengths of periodic components. The graphs x-axis 

represents the frequency spectrum (limited to 0-5Hz for relevance) and the y-axis indicating 

the power of the frequency. For example a sine wave signal of 1Hz would have a peak at 
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1Hz (Figure 7.4). Signals with multiple components do have several peaks, with the highest 

peak indicating the most dominant signal component (345).  

 

 

Figure 7.4 Example of periodogram analysis. 

a) Two sine waves with distinct frequencies. b) Using periodogram analysis the two 
underlying frequencies can be identified at a point of maximal spectral density power. 
c) Two random waveforms. d) Periodogram analysis does not reveal a clear maximum 
of spectral density power because many frequencies are represented in the original 
waveforms. 

 

As a measure of image quality the signal-to-noise ratio (SNR) for each VM sequence was 

processed (Equation 7.1). The SNR which frequently used in medical imaging is a value that 

describes the clarity of an image. A higher value results in more prominent and clear main 

signal (e.g. TV show). For example a standard definition video does have a lower SNR than 

a full high definition video. 

𝑆𝑁𝑅 =  
𝑃𝑆

𝑃𝑁

 

Equation 7.1 SNR - signal to noise ratio; Ps – power signal; Pn – power noise 

 

7.3. Results 

7.3.1 Graylevel co-occurrence matrix statistics are representative of motion 

within a video area of interest 

7.3.1.1 Workflow to determine the optimal parameters for VM signal 

evaluation 

For every video there are a number of parameters for camera recording, VM- and GLCM 

processing. Taken together, all possible combination of parameters or settings result in an 
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unmanageable plethora of variations. Therefore it was initially important to elucidate the 

combination of parameters that would result in the optimal enhancement of pulsatile motion. 

To start with the optimal smoothing filter was tested. This was essential because without 

smoothing, signals were too noisy to be analysed with the methodology described above 

(7.2.1.5). Once the optimal filter was determined further tests focused on GLCM settings, 

VM processing parameters and camera recording settings in this order (Figure 7.5). It should 

be noted that the evaluation process was not conducted in a strictly linear fashion because 

occasionally new results led to a re-evaluation of earlier experiments. The video sequence 

used to test these settings was chosen because it subjectively showed a strong motion 

enhancement without suffering from excessive image noise (VM settings: magnification 

amplitude 100, spatial frequency 30, frequency bandwidth = 0.33 – 3.33Hz, chrominance = 

0; GLCM settings: offset = [-1 1], symmetry = false, graylevel = 16, graylimit [] = no limit). 

 

Figure 7.5 Stepwise approach to determining optimal VM processing parameters. 

This flow diagram depicts the stepwise approach used to elucidate settings to enable 
the optimal enhancement of pulsatile motion in VM processed videos. 

 

7.3.1.2 Testing settings for the processing of GLCM data 

7.3.1.2.1. Data smoothing 

First the issue of plot smoothing was addressed by testing different smoothing filter 

functions. Due to an abundance of image noise, non-smoothed GLCM data did not enable 

the extraction of any significant signals related to pulsation in the flow phantom (Figure 7.2). 

Smoothing filters create an approximating function from a given data set to enable the 

recognition of important patterns. During smoothing very high or low data points are 

approximated to neighbouring values to create a smoother curve that allows interpretation of 

slow change phenomena. The filters tested were the average-, loess-, robust- loess-, loew-, 

robust loew- and the Savitzky-Golay filter each at 4 different spans. A more detailed 

description of filtering can be found here (346). The filter span determines how many 

adjoining data points are used for filtering. Visual evaluation of the resulting plots was 

carried out to establish which filter function resulted in the best signal. While many filters 

resulted in a good representation of the expected pulse signal (e.g. 75 peaks per minute for 

a pump frequency of 75bpm), many did also show an extent of over-smoothing (flattening 

signal amplitude). Based on these tests and following visual assessment of the resulting 

plots, the loess filter with a span of 21 data points was selected (Figure 7.6).  
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Figure 7.6 Comparison of smoothing filter functions. 

a) Each smoothing filter was tested at different data point spans. This figure shows 
the best spans for each individual filter. b) From the selection in (a) the Loess filter at 
a span of 21 was selected because it displayed the best compromise between noise 
reduction and signal yield.  

 

The next step involved a decision on the optimal GLCM settings. To this end a VM file was 

chosen as reference standard (Offset - [-1 0]; Numlevel - 32; Symmetry - off; Graylimit – no 

limitation) to which other processed files were compared. Each GLCM parameter was 

subsequently varied and tested against this reference file to compare resulting changes to 

signal strength. The settings with the strongest signal in all 4 GLCM statistical parameters 

were: Offset [0 1]; NumLevel 16 and Symmetry off. The offset [-1 1] was chosen over [0 1] 

because it resulted in an almost equally strong signal but had the theoretical advantage of 

assessing movement in two dimensions (up and down, left and right). 
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7.3.1.2.2. Selection of optimal GLCM stats processing 

For the tested data set, the Loess filter method with a span of 21 data points showed a good 

balance between signal amplitude and noise suppression. For GLCM processing the 

settings chosen for all future experiments were: Numlevel =16; Offset = [-1 1] without any 

restrictions on Graylimit.  

7.3.1.3 Video magnification settings 

7.3.1.3.1. Amplitude and spatial frequency 

A video file was recorded at a resolution of 800x600 in an analogy to the original work of Wu 

et al (136). This file was VM processed with a combination of different amplitude factors - 

alpha signified by “A” (25A, 50A, 100A and 200A) and spatial frequencies –lambda signified 

by “L” (20L, 30L, 40L, 60L, 80L and 100L). The resulting signal strengths were analysed and 

compared to elucidate the combination that resulted in the best signal. Additionally it was 

assessed how well the known pulse frequency of 75 could be identified with the ‘findpeak’ 

and ‘periodogram’ methods (henceforth called frequency discrimination). The combinations 

40L & 50A; 30L & 100A; 60L & 100A and 80L& 100A produced the best signal. On visual 

assessment a pulsation in the perfused section of the phantom was clearly visible for all 

tested combinations. With the exception of videos processed at 20L who had a very poor 

SNR (i.e. high image noise), no obvious difference was found with regards to image noise 

between the other combinations as is evidenced by comparable SNR values (SNR 9.4 – 

10.1). 

7.3.1.3.2. Frequency range 

The signal strength in terms of autocorrelation and gold standard signal cross-correlation 

was best for a range of 1Hz (1.83Hz- 0.83Hz) and 3Hz ( 3.3Hz – 0.3Hz). During this stage it 

was not clear which frequency range would result in optimal VM signals and hence it was 

decided to carry out flow phantom experiments using a 1Hz and 3Hz range. 

7.3.1.3.3. Chrominance 

Chrominance was evaluated at a setting of 0.25, 0.5, 0.75 and 1.0. The impact of 

chrominance on signal strength and SNR was minimal hence a setting of zero was chosen 

for future experiments.  

7.3.1.3.4. Selection of optimal VM processing settings  

Based on the experiments above, camera settings were evaluated with the following spatial 

frequency and amplification settings: 30L/100A, 40L/50A, 60L/100A and 80L/100A. Each of 

these settings was evaluated at 1Hz and 3Hz frequency range. Chrominance was kept at 

zero. 
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7.3.1.4 Camera settings  

7.3.1.4.1. Resolution  

The three magnification and spatial frequency combinations with the best signal strength 

(40L & 50A; 60L & 100A, 80L& 100A and 30L & 100A) were further evaluated at different 

video resolutions. The aim was to establish if there was a relationship between video 

resolution and VM signal characteristic. In their original work Wu et al. recommended use of 

non-HD video (around 800x600) for VM processing. Hypothetically however a higher 

resolution could result in a less noisy video and a better pick up rate for subtle signals. The 

resolutions tested in addition to the reference file were 640x480, 1024x786 and the maximal 

camera resolution of 2048x1536. Processing the video sequence at the highest resolution of 

2048x1536 resulted in the best VM signal and frequency discrimination. 

7.3.1.4.2. Colour codec 

Video sequences recorded at maximal resolution and processed at 30L/100A were 

processed at two different colour codecs to evaluate any differences in the resulting VM 

signals. From the 5 available codecs three (Directional, Rigorous and Integrated 

Performance Primitives codec) were excluded because they required extensive processing 

speed that was beyond the processing power of the laptop used for these experiments. The 

two remaining codecs namely ‘Edge Sensing’ and ‘Multithread’ were evaluated. No 

difference was found in the signal strength, frequency discrimination or image noise between 

the two colour codecs. The ‘Multithread’ codec was chosen for future experiments because it 

performed more stable (i.e. less software crashes). 

7.3.1.4.3. Frame rate 

Video sequences were recorded at 90fps at a resolution of 800x600. Although a higher 

frequency is supported by the camera, the processing speed of the laptop used did not allow 

recording at speeds beyond 90fps. No improvement in the VM signal or frequency 

discrimination was found at the highest feasible frame rate of 90fps. The SNR (9.6) was the 

same at 30fps and 90fps.  

7.3.1.4.4. Selection of optimal camera recording settings 

With the exception of 640x480 it was possible to extract good VM signals and to discriminate 

pulsation frequencies from all tested resolutions. The best mixture of signal strength, 

frequency discrimination and image noise however was elucidated at the maximal resolution 

of 2048x1536. The impact of frame rate and colour codec choice on signal strength was 

minimal and hence the standard settings used at the outset were maintained in future 

experiments. 

7.3.1.5 Preliminary pressure and frequency evaluation 

Using the previously determined settings for camera recording, GLCM stats and VM 

processing two further sequences were recorded at a 100bpm and pressures of 
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250/30mmHg and 140/20mmHg respectively. Each sequence was processed at two 

different frequency ranges of 1.17Hz – 2.17Hz (1Hz range) and 0.67Hz – 3.67Hz (3Hz 

range). At 140/20mmHg only the 3Hz range produced a signal that was stronger over the 

perfused channel. Frequency recognition was not functional as the same frequency was 

attributed to the perfused and non-perfused catheters. The periodogram sensitivity analysis 

did however yield valid frequency results. At pressures of 250/30mmHg use of either 

frequency range did result in a strong signal and good frequency discrimination. At 1Hz 

range signal strength was better compared to the 3Hz range Table 7.1. 

Pressure 

(mm/Hg) 

Range  

(Hz) 

Auto-

correlation 

Cross-

correlation 

Findpeak 

(Hz) 

Periodo-

gram 

(Hz) 

mean 

SNR 

130/70 1 0.39 vs. 

0.06 

0.35 vs. 

0.15 

1.33 1.29 9.1 

3 0.39 vs. 

0.12 

0.36 vs. 

0.16 

1.30 1.29 8.7 

140/20 1 0.16 vs. 

0.17 

0.14 vs. 

0.07 

1.68 0.97 10.0 

3 0.2 vs. 

0.1 

0.19 vs. 

0.03 

1.64 1.64* 8.5 

250/30 1 0.55 vs. 

0.11 

0.33 vs. 

0.03 

1.64 1.64 9.8 

3 0.44 vs. 

0.09 

0.28 vs. 

0.06 

1.63 1.64 8.4 

Table 7.1 VM signal strength based on GLCM Energy stats.  

The strongest signal based on autocorrelation is recorded at 250/30mmHg whereas 
the strongest cross-correlation signal is found at 130/70mmHg. Frequency 
discrimination is most accurate at 130/70mmHg. * - frequency discrimination same 
over perfused and non-perfused catheter. 

 

7.3.2 Correlation of perfusion pressure and location with the VM signal 

7.3.2.1 Experimental design and perfusion settings 

A flow phantom containing three flow channels, respectively embedded just below the 

surface and at app. 2 cm and 4 cm depth was created using clear PVCP as described above 

(3.4.2). The construction required a plastic container of greater depth and width than the 

container used for the flow phantom that contained two catheters at equal depth. There were 

no other substantial differences between the perfusion phantoms.  

Each catheter was perfused at three different pressures, namely 90/40mmHg, 120/80mmHg 

and 200/100mmHg at a stroke frequency of 75bpm (1.25Hz) and 100bpm (1.67Hz) while 
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video sequences were recorded. Solenoid pump power was adjusted to achieve the required 

perfusion pressures which were constantly measured throughout the experiment. Because 

the catheters were at different depths and hence were exposed to different external pressure 

from the PVCP material, the pump power varied according to the catheter position. This was 

also reflected by the variation in perfusion flow which was constantly measured using a 

flowmeter. Video recording for each pressure and frequency combination was recorded at 

least twice using the settings established in (7.3.1). Each video sequences was processed at 

two frequency ranges of 1Hz and 3 Hz respectively (i.e. at 100bpm:1.17Hz - 2.17Hx and 

0.67Hz-3.67Hz; at 75bpm 0.83-1.83 and 0.33Hz – 3.33Hz). Subsequently signals were 

analysed as described above (3.4.4.3). Experiments were conducted on three separate 

days. As a control two sequences were recorded without any flow being present on each 

day. 

7.3.2.2 VM signals do not reflect perfusion depth in the clear perfusion 

phantom 

On subjective evaluation, catheter motion was not clearly visible in any of the tested 

perfusion pressure and frequency settings. In some sequences it appeared that the whole 

phantom as opposed to individual catheters was in pulsatile motion. All comparison and 

statistical tests were carried out separately for sequences processed at 1Hz and 3Hz 

frequency range. In the main data was of a non-parametric distribution type. Median values 

at different pressures and depths are shown in Table 7.2 and Table 7.3.  

Paired Wilcoxon signed rank test was performed for all 4 GLCM values. No statistical 

significant difference (p>0.05) between values obtained during pulsatile perfusion (PP 

group) and without perfusion (NP group). 
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Pressure Position Energy Correlation Contrast Homog. 

90/40 

(n=6) 

bottom 

PP 

0.129 

(0.051) 

0.145 

(0.167) 

0.109 

(0.070) 

0.108 

(0.076) 

bottom 

NP 

0.106 

(0.052) 

0.083 

(0.114) 

0.100 

(0.084) 

0.100 

(0.062) 

middle 

PP 

0.141 

(0.113) 

0.122 

(0.092) 

0.207 

(0.108) 

0.206 

(0.105) 

middle 

NP 

0.146 

(0.071) 

0.179 

(0.129) 

0.145 

(0.159) 

0.195 

(0.185) 

top PP 0.127 

(0.104) 

0.167 

(0.090) 

0.116 

(0.053) 

0.116 

(0.058) 

top NP 0.141 

(0.146) 

0.189 

(0.064) 

0.190 

(0.132) 

0.219 

(0.138) 

120/80 

(n=4) 

bottom 

PP 

0.162 

(0.174) 

0.105 

(0.076) 

0.120 

(0.101) 

0.122 

(0.083) 

bottom 

NP 

0.160 

(0.168) 

0.090 

(0.062) 

0.108 

(0.097) 

0.108 

(0.097) 

middle 

PP 

0.086 

(0.143) 

0.121 

(0.194) 

0.068 

(0.201) 

0.073 

(0.178) 

middle 

NP 

0.152 

(0.072) 

0.123 

(0.187) 

0.199 

(0.206) 

0.197 

(0.211) 

top PP 0.197 

(0.048) 

0.154 

(0.090) 

0.137 

(0.142) 

0.136 

(0.142) 

top NP 0.095 

(0.086) 

0.101 

(0.080) 

0.188 

(0.710) 

0.185 

(0.259) 

200/100 

(n=6) 

bottom 

PP 

0.129 

(0.062) 

0.130 

(0.097) 

0.122 

(0.071) 

0.129 

(0.047) 

bottom 

NP 

0.138 

(0.050) 

0.155 

(0.097) 

0.131 

(0.124) 

0.146 

(0.124) 

middle 

PP 

0.109 

(0.080) 

0.176 

(0.114) 

0.135 

(0.139) 

0.141 

(0.150) 

middle 

NP 

0.141 

(0.086) 

0.149 

(0.133) 

0.168 

(0.068) 

0.163 

(0.066) 

top PP 0.138 

(0.088) 

0.166 

(0.017) 

0.097 

(0.038) 

0.094 

(0.040) 

top NP 0.110 

(0.012) 

0.112 

(0.091) 

0.136 

(0.062) 

0.136 

(0.076) 

Table 7.2 Median values and (IQR) of GLCM autocorrelation stats at 1Hz 
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Pressure Position Energy  Correlation  Contrast Homog. 

90/40 

(n=6) 

bottom 

PP 

0.095 

(0.067) 

0.083 

(0.085) 

0.1 

(0.157) 

0.107 

(0.181) 

bottom 

NP 

0.134 

(0.165) 

0.124 

(0.181) 

0.139 

(0.103) 

0.143 

(0.135) 

middle 

PP 

0.122 

(0.154) 

0.148 

(0.222) 

0.185 

(0.142) 

0.169 

(0.123) 

middle 

NP 

0.155 

(0.146) 

0.164 

(0.395) 

0.159 

(0.226) 

0.207 

(0.3) 

top PP 0.149 

(0.093) 

0.188 

(0.105) 

0.132 

(0.089) 

0.119 

(0.079) 

top NP 0.121 

(0.078) 

0.168  

(0.2) 

0.106 

(0.015) 

0.111 

(0.025) 

120/80 

(n=4) 

bottom 

PP 

0.126 

(0.1) 

0.152 

(0.118) 

0.092 

(0.078) 

0.095 

(0.08) 

bottom 

NP 

0.119 

(0.033) 

0.107 

(0.054) 

0.07 

(0.032) 

0.071 

(0.05) 

middle 

PP 

0.13 

(0.12) 

0.216 

(0.278) 

0.165 

(0.104) 

0.149 

(0.1) 

middle 

NP 

0.132 

(0.085) 

0.186 

(0.678) 

0.131 

(0.226) 

0.13 

(0.21) 

top PP 0.204 

(0.17) 

0.183 

(0.666) 

0.207 

(0.246) 

0.206 

(0.247) 

top NP 0.094 

(0.069) 

0.319 

(0.794) 

0.246 

(0.736) 

0.24 

(0.746) 

200/100 

(n=6) 

bottom 

PP 

0.113 

(0.066) 

0.093 

(0.11) 

0.117 

(0.044) 

0.113 

(0.052) 

bottom 

NP 

0.102 

(0.053) 

0.207 

(0.178) 

0.097 

(0.077) 

0.121 

(0.084) 

middle 

PP 

0.116 

(0.21) 

0.162 

(0.014) 

0.123 

(0.066) 

0.125 

(0.083) 

middle 

NP 

0.117 

(0.143) 

0.191 

(0.111) 

0.12 

(0.092) 

0.131 

(0.071) 

top PP 0.164 

(0.124) 

0.146 

(0.159) 

0.161 

(0.135) 

0.172 

(0.125) 

top NP 0.083 

(0.064) 

0.175 

(0.198) 

0.104 

(0.072) 

0.113 

(0.07) 

Table 7.3 Median values and (IQR) of GLCM autocorrelation stats at 3Hz 
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Looking exclusively at absolute GLCM values obtained during perfusion (PP group), there 

was no obvious relation to perfusion -pressure or -depth. To get a better understanding of 

relative changes in GLCM values they were standardised with the aid of the control signal 

from the NP group. Mean values obtained from the ROI’s overlying the perfused and non-

perfused catheter were expressed as percentage change using the formula below (Equation 

7.2Error! Reference source not found.). Simplified this means that the ROI (either PP or 

NP) with the stronger signal has a value of >100%. 

𝐺 = 100 × (
(𝑥𝑃 − 𝑥𝑁)

|𝑥𝑁|
) 

Equation 7.2 Calculation of fractional change in GLCM values expressed as 
percentage.  

For the calculation of the non-perfused Gain, xP and xN are reversed. G – Gain; xP – 
perfused GLCM value; xN – non-perfused GLCM value. 

 

The gain values (Figure 7.7) were subsequently compared across individual depths and 

perfusion pressures (e.g. 90/40mmHg vs. 120/80mmHg vs. 200/100mmHg at middle depth 

or bottom vs. middle vs. top catheter at 90/40mmHg) using the Kruskal-Wallis test. At 1Hz 

range there were two statistical significant differences found. First there was a difference in 

median Energy gain when comparing individual depths (-15.7% -bottom vs. -45.1% - middle 

vs. 127.4% - top; p <0.05). For the catheter closest to the surface (top) differences in Energy 

gain (0.1% – 90/40mm/Hg vs. 127.4% - 120/80mmHg vs. 16.5% - 200/100mm/Hg; p<0.05) 

and Correlation gain (-27.7% - 90/40mmHg vs. 75.9% - 120/80mmHg vs. 41.7% - 

200/100mm/Hg; p<0.02) were found. No statistically significant differences were elucidated 

at 3Hz range. 

  



201 
 

 

 

 

 

Figure 7.7 Median GLCM stat gains at 1Hz (left) and 3Hz (right).  

Error bars indicate 95% CI. Y-axis dimension has been limited to improve visibility of 
bar the graphs.  
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To assess if Gain is an independent predictor of flow in an examined ROI, a binominal 

regression analysis was carried with presence of flow as the dependent and Gain, perfusion 

pressure, depth and perfusion rate as covariates. To improve the fit o the model any variable 

except Gain could be removed. None of the covariates was found to be an independent 

predictor for this model (p>0.05). To assess if despite these negative findings GLCM gain 

could be used as a test for predicting VM enhanced motion a ROC analysis was carried out 

for the original GLCM values and the processed gain values. None of the GLCM stats or 

their respective gains had an AUROC of>0.65 and statistical significance was not reached 

for any of them (p>0.05). 

7.3.2.2.1. Utilisation of cross-correlation and sinus wave controls to 

assess presence of flow 

In the paragraph above, GLCM auto-correlation values and their respective gain values were 

analysed. The same analysis approach was then applied to cross-correlation values which 

were obtained by comparing GLCM signal changes to a sinus wave which functioned as a 

gold-standard signal (i.e. perfect pulsatile signal). The median cross-correlation values are 

shown in Table 7.4 and Table 7.5. 
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Pressure Position Energy Correlation Contrast Homog. 

90/40 

(n=6) 

bottom 

PP 

0.104 

(0.049) 

0.107 

(0.055) 

0.101 

(0.053) 

0.096 

(0.05) 

bottom 

NP 

0.081 

(0.053) 

0.094 

(0.074) 

0.097 

(0.062) 

0.097 

(0.059) 

middle 

PP 

0.135 

(0.15) 

0.103 

(0.067) 

0.101 

(0.06) 

0.098 

(0.058) 

middle 

NP 

0.085 

(0.05) 

0.105 

(0.042) 

0.104 

(0.055) 

0.095 

(0.043) 

top PP 0.083 

(0.131) 

0.107 

(0.088) 

0.084 

(0.087) 

0.086 

(0.083) 

top NP 0.097 

(0.128) 

0.077 

(0.089) 

0.096 

(0.104) 

0.095 

(0.09) 

120/80 

(n=4) 

bottom 

PP 

0.146 

(0.082) 

0.102 

(0.056) 

0.111 

(0.039) 

0.109 

(0.04) 

bottom 

NP 

0.123 

(0.088) 

0.081 

(0.092) 

0.118 

(0.065) 

0.108 

(0.059) 

middle 

PP 

0.086 

(0.059) 

0.065 

(0.04) 

0.089 

(0.039) 

0.081 

(0.046) 

middle 

NP 

0.121 

(0.072) 

0.07 

(0.041) 

0.061 

(0.091) 

0.062 

(0.07) 

top PP 0.111 

(0.063) 

0.104 

(0.062) 

0.125 

(0.072) 

0.12 

(0.062) 

top NP 0.115 

(0.04) 

0.083 

(0.071) 

0.096 

(0.042) 

0.094 

(0.041) 

200/100 

(n=6) 

bottom 

PP 

0.101 

(0.077) 

0.081 

(0.043) 

0.108 

(0.061) 

0.115 

(0.054) 

bottom 

NP 

0.124 

(0.09) 

0.079 

(0.021) 

0.104 

(0.052) 

0.108 

(0.053) 

middle 

PP 

0.08 

(0.134) 

0.079 

(0.041) 

0.097 

(0.045) 

0.09 

(0.053) 

middle 

NP 

0.102 

(0.078) 

0.067 

(0.075) 

0.082 

(0.076) 

0.074 

(0.073) 

top PP 0.105 

(0.175) 

0.087 

(0.077) 

0.135 

(0.063) 

0.118 

(0.066) 

top NP 0.111 

(0.042) 

0.072 

(0.037) 

0.087 

(0.052) 

0.08 

(0.045) 

Table 7.4 Median values and (IQR) of GLCM cross-correlation stats at 1Hz 
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Pressure Position Energy Correlation Contrast Homog. 

90/40 

(n=6) 

bottom 

PP 

0.094 

(0.039) 

0.062 

(0.058) 

0.076 

(0.044) 

0.071 

(0.034) 

bottom 

NP 

0.071 

(0.021) 

0.098 

(0.066) 

0.081 

(0.039) 

0.077 

(0.034) 

middle 

PP 

0.086 

(0.051) 

0.077 

(0.053) 

0.081 

(0.081) 

0.076 

(0.068) 

middle 

NP 

0.084 

(0.085) 

0.09  

(0.04) 

0.088 

(0.034) 

0.083 

(0.029) 

top PP 0.088 

(0.06) 

0.105 

(0.087) 

0.09 

(0.087) 

0.091 

(0.082) 

top NP 0.163 

(0.07) 

0.072 

(0.085) 

0.111 

(0.113) 

0.114 

(0.113) 

120/80 

(n=4) 

bottom 

PP 

0.119 

(0.069) 

0.091 

(0.033) 

0.107 

(0.058) 

0.108 

(0.056) 

bottom 

NP 

0.113 

(0.09) 

0.099 

(0.062) 

0.088 

(0.079) 

0.093 

(0.079) 

middle 

PP 

0.107 

(0.105) 

0.065 

(0.042) 

0.085 

(0.043) 

0.081 

(0.035) 

middle 

NP 

0.079 

(0.092) 

0.048 

(0.068) 

0.047 

(0.086) 

0.047 

(0.074) 

top PP 0.105 

(0.112) 

0.086 

(0.033) 

0.079 

(0.1) 

0.076 

(0.1) 

top NP 0.099 

(0.077) 

0.077 

(0.053) 

0.095 

(0.044) 

0.09 

(0.049) 

200/100 

(n=6) 

bottom 

PP 

0.114 

(0.06) 

0.077 

(0.051) 

0.09 

(0.044) 

0.084 

(0.049) 

bottom 

NP 

0.09 

(0.047) 

0.075 

(0.046) 

0.096 

(0.056) 

0.093 

(0.045) 

middle 

PP 

0.073 

(0.038) 

0.066 

(0.033) 

0.067 

(0.025) 

0.072 

(0.028) 

middle 

NP 

0.095 

(0.091) 

0.064 

(0.034) 

0.09 

(0.04) 

0.084 

(0.055) 

top PP 0.1 

(0.064) 

0.085 

(0.084) 

0.089 

(0.047) 

0.073 

(0.04) 

top NP 0.089 

(0.045) 

0.062 

(0.03) 

0.061 

(0.03) 

0.063 

(0.025) 

Table 7.5 Median values and (IQR) of GLCM cross-correlation stats at 3Hz 
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Paired testing of the PP vs. NP group (Figure 7.8) values did not show any statistically 

significant difference. Testing across different catheter depths revealed a statistically 

significant difference for Correlation gain at 90/40mmHg perfusion pressure (6.95% - bottom 

vs. -4.30% - middle vs. 5.03% - top; p<0.03). No such difference was found when comparing 

different perfusion pressures. Regression analysis results indicated that at 1Hz Correlation 

gain (p<0.07; CI 1.01-1.03), Contrast gain (p<0.04; CI 1.00-1.02) and Homogeneity gain 

(p<0.05; CI 1.00-1.02) were all independent predictors for the presence of flow. At 3Hz 

range only Correlation gain (p<0.07; CI 1.00-1.02) was found to be an independent 

predictor. ROC analysis yielded statistically significant results for Correlation gain with an 

Area under the Curve (AUC) of 61% (p<0.05) at 1Hz and an AUC of 64% (p<0.02) at 3Hz. 

Sensitivity and specificity were 57% and 55% at 1Hz and 68% and 52% at 3Hz.  
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Figure 7.8 Median GLCM cross-correlation stat gains at 1Hz (left) and 3Hz (right).  

Error bars indicate 95% CI. Y-axis dimension has been limited to improve visibility of 
bar the graphs. 
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The recorded GLCM signals were examined using the findpeak function (Table 7.6) and 

periodogram function (Table 7.7) as described above (7.3.1.3.1). Frequency discrimination 

was deemed to be successful if the estimated frequency was within a ±20% range of the 

actual perfusion rate. At 75bpm (=1.25Hz) the frequency range where a result was counted 

as positive was at 1-1.5Hz whereas at 100bpm (=1.67Hz) the range was 1.3-2Hz. Positive 

frequency discrimination also occurred in the NP group in some cases even if this was not 

the case in the PP group. Frequency discrimination with the findpeak method was best for 

Energy at 1Hz but even here only 50% of cases had the correct frequency. The majority of 

these cases did also exhibit positive frequency discrimination at the corresponding NP 

signal. Frequency discrimination using the periodogram method was overall poor with only a 

few positive measurements. Anecdotally a peak was often observed at the correct frequency 

but this was only rarely the maximal peak and hence could not be counted. During initial 

experiments (7.3.1.3) one or two dominant peaks was found in most cases whereas the 

periodograms for the experiments in this section exhibited several peaks which indicates 

that many different frequencies were present at once.  

Frequency 

range 
Group Energy Correlation Contrast Homogeneity 

1Hz 

n=56 

PP 28 12 23 21 

NP 28 14 20 20 

3Hz 

n=56 

PP 24 11 13 14 

NP 23 5 16 17 

Table 7.6 Frequency discrimination using the findpeak method. 

Frequency 

range 
Group Energy Correlation Contrast Homogeneity 

1Hz 

n=56 

PP 5 0 1 1 

NP 7 0 3 3 

3Hz 

n=56 

PP 0 0 0 0 

NP 0 0 0 0 

Table 7.7 Frequency discrimination using the periodogram method. 

 

7.3.3 Enhancing motion of concealed structures  

7.3.3.1 Experimental design and perfusion settings 

Using brown dye a fully opaque perfusion phantom containing two catheters both at 

approximately 0.5cm depth was created. With the exception of PVCP colour the phantom 

construction was the same as the 2-catheter phantom used in 7.3.1.3. The same perfusion 

pressures and pulsatile frequencies were used as for the 3-catheter phantom. For each 

setting at least two recordings were acquired. As control two sequences were recorded 

without any flow being present (Table 7.8 & Table 7.9).  
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Pressure Perfusion Energy Correlation Contrast Homog. 

90/40 

(n=11) 

PP 0.156 

(0.103) 

0.189 

(0.383) 

0.127 

(0.072) 

0.129 

(0.076) 

NP 0.142 

(0.076) 

0.181 

(0.102) 

0.133 

(0.078) 

0.125 

(0.058) 

120/80 

(n=10) 

PP 0.163 

(0.142) 

0.133 

(0.077) 

0.178 

(0.105) 

0.172 

(0.108) 

NP 0.114 

(0.113) 

0.183 

(0.143) 

0.151 

(0.066) 

0.144 

(0.069) 

200/100 

(n=13) 

PP 0.123 

(0.076) 

0.138 

(0.154) 

0.149 

(0.209) 

0.151 

(0.211) 

NP 0.118 

(0.058) 

0.137 

(0.099) 

0.11 

(0.107) 

0.14 

(0.13) 

Max. pres 

(n=9) 

PP 0.159 

(0.156) 

0.22  

(0.22) 

0.173 

(0.18) 

0.166 

(0.165) 

NP 0.114 

(0.075) 

0.15 

(0.131) 

0.144 

(0.157) 

0.145 

(0.16) 

Table 7.8 Median values and (IQR) of GLCM stats at 1Hz 

 

Pressure Perfusion Energy Correlation Contrast Homog. 

90/40 

(n=11) 

PP 0.191 

(0.134) 

0.196 

(0.196) 

0.083 

(0.058) 

0.143 

(0.166) 

NP 0.097 

(0.074) 

0.183 

(0.248) 

0.068 

(0.146) 

0.12 

(0.141) 

120/80 

(n=10) 

PP 0.094 

(0.123) 

0.138 

(0.118) 

0.07 

(0.123) 

0.107 

(0.043) 

NP 0.109 

(0.062) 

0.159 

(0.133) 

0.072 

(0.082) 

0.113 

(0.105) 

200/100 

(n=13) 

PP 0.116 

(0.114) 

0.126 

(0.256) 

0.081 

(0.204) 

0.182 

(0.208) 

NP 0.092 

(0.09) 

0.098 

(0.084) 

0.081 

(0.116) 

0.106 

(0.196) 

Max. 

pres 

(n=9) 

PP 0.072 

(0.074) 

0.18 

(0.266) 

0.071 

(0.067) 

0.09 

(0.128) 

NP 0.067 

(0.032) 

0.153 

(0.125) 

0.07 

(0.052) 

0.104 

(0.094) 

Table 7.9 Median values and (IQR) of GLCM stats at 3Hz 
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7.3.3.2 Pulsatile motion of concealed structures in a perfusion phantom is 

enhanced by VM processing  

Original GLCM values were compared between the PP and NP group using the paired 

Wilcoxon sign test. At 1Hz range a statistical significant difference was found for Contrast (p 

< 0.02) and Homogeneity (p<0.01), whereas differences between groups at3Hz range were 

found to be non significant. Gain values for different perfusion pressures are shown in Figure 

7.9. On statistical analysis of GLCM gain differences between perfusion pressures, a 

statistical significant difference was found for Correlation at 3Hz range (p=0.05).  

  

 

Figure 7.9 Median GLCM stat gains at 1Hz (left) and 3Hz (right).  

Error bars indicate 95% CI. Y-axis dimension has been limited to improve visibility of 
the bar graphs. 

 

Binominal regression analysis was carried out for each raw and gain GLCM value to assess 

if they were independent predictors for the presence of flow in the phantom. Contrast 

(p=0.055,OR CI 0.91-14461.49), Contrast gain (p=0.077, OR CI 1.00-1.01) and 

Homogeneity gain (p=0.074, OR CI 0.79 - 14388.69) came close to reaching statistical 

significance. Reviewing the graphical representation of this data revealed a very wide 95% 

confidence interval for values recorded at 90/40mmHg pressure. Exclusion of these values 

did have a substantial impact on the results of the binominal regression analysis with 

Contrast (p<0.05, CI 1.32- 83470.08), Contrast gain (p<0.02, OR CI 1.00-1.02) and 

Homogeneity gain (p<0.04, CI 1.00-1.01) becoming statistically significant independent 

predictors for the presence of flow.  

To evaluate if GLCM stats could be useful in determining the presence of flow in VM 

processed videos, a ROC analysis was carried out for raw GLCM and gain GLCM values, 

individually at 1Hz and 3Hz range respectively A number of these showed statistically 

significant results with an AUC of <0.65. The best ROC performance however was identified 

for Contrast gain (AUC = 0.70, p<0.005, CI 0.58-0.81) and Energy gain (AUC = 0.71, 
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p<0.005, CI 0.59-0.82) at 1Hz. Sensitivity and specificity were 74% and 65% for Contrast 

gain and 81% and 60% for energy gain, respectively (Figure 7.10). 

 

Figure 7.10 ROC curve for Energy gain (left) and Contrast gain (right) both at a range 
of 1Hz. 

 

7.3.3.2.1. Utilisation of cross-correlation and sinus wave controls to 

assess presence of flow in concealed structures 

Auto-correlation values for VM sequences recorded on the brown flow phantom are shown 

in Table 7.10 and Table 7.11. Paired Wilcoxon-matched pair-signed rank testing did not 

reveal any statistical significant differences between GLCM cross-correlation values in the 

PP and NP group. GLCM gain values (Figure 7.11) were tested across different perfusion 

pressures using the Kruskal-Wallis test which showed a statistical significant difference 

between pressures Figure 7.11) at 1Hz for Correlation gain (p<0.03) and at 3Hz for Contrast 

gain (p<0.05) and Homogeneity gain (p<0.003).  
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Pressure Perfusion Energy Correlation Contrast Homog. 

90/40 

(n=11) 

PP 0.118 

(0.062) 

0.067 

(0.124) 

0.117 

(0.08) 

0.113 

(0.081) 

NP 0.063 

(0.097) 

0.064 

(0.07) 

0.107 

(0.041) 

0.1 

(0.031) 

120/80 

(n=10) 

PP 0.109 

(0.073) 

0.087 

(0.034) 

0.125 

(0.072) 

0.119 

(0.083) 

NP 0.07 

(0.083) 

0.075 

(0.05) 

0.108 

(0.066) 

0.109 

(0.066) 

200/100 

(n=13) 

PP 0.085 

(0.06) 

0.075 

(0.069) 

0.091 

(0.104) 

0.078 

(0.106) 

NP 0.088 

(0.052) 

0.077 

(0.094) 

0.08 

(0.084) 

0.061 

(0.087) 

Max. pres 

(n=9) 

PP 0.147 

(0.168) 

0.108 

(0.283) 

0.244 

(0.283) 

0.242 

(0.239) 

NP 0.137 

(0.073) 

0.114 

(0.07) 

0.133 

(0.128) 

0.126 

(0.135) 

Table 7.10 Median cross-correlation values and (IQR) of GLCM stats at 1Hz 

 

Pressure Perfusion Energy Correlation Contrast Homog. 

90/40 

(n=11) 

PP 0.065 

(0.07) 

0.06 

(0.096) 

0.079 

(0.015) 

0.068 

(0.044) 

NP 0.076 

(0.065) 

0.063 

(0.038) 

0.074 

(0.021) 

0.07 

(0.042) 

120/80 

(n=10) 

PP 0.086 

(0.062) 

0.088 

(0.062) 

0.091 

(0.036) 

0.082 

(0.038) 

NP 0.084 

(0.063) 

0.087 

(0.069) 

0.099 

(0.028) 

0.087 

(0.042) 

200/100 

(n=13) 

PP 0.071 

(0.058) 

0.069 

(0.07) 

0.075 

(0.021) 

0.052 

(0.036) 

NP 0.078 

(0.064) 

0.074 

(0.068) 

0.076 

(0.025) 

0.071 

(0.047) 

Max. pres 

(n=9) 

PP 0.102 

(0.101) 

0.124 

(0.312) 

0.087 

(0.105) 

0.096 

(0.212) 

NP 0.093 

(0.025) 

0.111 

(0.074) 

0.085 

(0.048) 

0.08 

(0.04) 

Table 7.11 Median cross-correlation values and (IQR) of GLCM stats at 3Hz 
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Figure 7.11 Median GLCM stat cross-correlation gains at 1Hz (left) and 3Hz (right).  

Error bars indicate 95% CI. 

 

Binominal regression analysis found that Contrast (p<0.02, CI 6.3- 88157175.9) and 

Homogeneity (p<0.03, CI 4.5 - 52670673.02) as well as Energy gain (p<0.02, CI 1.00-1.02), 

Contrast gain (p<0.02, 1.00-1.02) and Homogeneity gain (p<0.02, CI 1.00-1.02) were all 

statistically significant independent predictors for the presence of flow at 1Hz range, in the 

brown flow phantom. At 3Hz only Correlation gain (p<0.05, CI 1.00-1.02) was found to be a 

statistically significant independent predictor. ROC analysis found that Energy gain 

(AUC=66%, p<0.02), Contrast gain (AUC=65%, p<0.02) and Homogeneity gain (AUC=65%, 

p<0.02) –values crossed the threshold of statistical significance for the prediction of flow 

presence. 

Frequency discrimination utilising the findpeak method was best for Homogeneity at 1Hz 

with 21/43 positive results (Table 7.12). Again virtually the same numbers of positive results 

were obtained for the PP and NP group (21 vs. 19). When using periodogram based 

frequency discrimination, optimal results were obtained for Energy at 1Hz (22/43). In 

contrast to previous results there were virtually no positive results found for the NP group at 

this setting Table 7.13). 

Taken together with the results from the clear phantom it is suggestive that Energy at 1Hz 

range may be the GLCM statistic best suited to determine the frequency of a signal in a VM 

processed video. 
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Frequency 

range 
Group Energy Correlation Contrast Homogeneity 

1Hz 

n=43 

PP 18 13 21 21 

NP 14 8 18 19 

3Hz 

n=43 

PP 13 13 10 10 

NP 10 10 12 10 

Table 7.12 Frequency discrimination using the findpeak method. 

 

Frequency 

range 
Group Energy Correlation Contrast Homogeneity 

1Hz 

n=43 

PP 22 5 6 6 

NP 2 2 6 4 

3Hz 

n=43 

PP 10 5 1 3 

NP 0 2 1 2 

Table 7.13 Frequency discrimination using the periodogram method. 

 

7.3.4 Assessment of VM motion signals in an in-vivo setting 

7.3.4.1 Setup for signal recording 

The premise of the following experiments was to transfer the GLCM stats based motion 

signal methodology to an in-vivo model of laparoscopic surgery. To this end the porcine 

model of laparoscopic surgery that has already been described in the General methods 

section (3.4.3) was used. Image sequences of abdominal organs with and without the 

presence of pulsatile blood flow were recorded with a laparoscopic camera. While the animal 

was alive (PP group) videos were recorded with the hand held laparoscope in a stationary 

position. To reduce respiratory motion, ventilation was stopped during sequence recording. 

Each organ/area was recorded with the laparoscope very close to its surface and then again 

with the laparoscopic tip further away so that adjacent areas or organs could be viewed as 

well.  

Following euthanasia, another video which served as the control (NP group) was recorded 

from the same organ area, again from up close and at a greater distance. The absence of 

blood flow was confirmed by monitoring the ECG trace and performing ultrasound duplex 

imaging of the organ area in question. 

Original videos were stereoscopic (i.e. 3D video) and required transformation into monocular 

sequences before VM processing could be carried out. Results from the flow phantom 

indicated a frequency range of 1Hz appeared to be superior to a 3Hz range in terms of 

retrieval of GLCM motion signals. Also it was felt that a wider range may lead to inclusion of 

non-pulsatile repetitive signals such as respiratory motion. Therefore VM processing was 
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only carried out with a 1Hz range. Because the pulse rate of the animal fluctuated wildly 

between 70-120bpm, an average pulse rate of 100bpm (1.32 Hz) was utilised as the gold 

standard and control. All other VM processing settings including magnification factor, 

chrominance and spatial frequency were used at identical settings to the flow phantom 

experiments above (7.3.1.3). 

To compare GLCM signals between the PP and NP group, ROI’s of equal dimensions and 

shape were marked on the pre- and post mortem recorded video sequences. IN contrast to 

the flow phantom experiments however the ROI position had to be altered because it was 

not possible to record each organ area from exactly the same camera position and distance. 

The GLCM signals retrieved from these ROI’s were subsequently processed and analysed 

in exactly the same manner as described above. 

7.3.4.2 Respiratory motion impairs the interpretation of VM signals during 

laparoscopy 

Video sequences were recorded from the liver, small bowel, colon and stomach. 

Subjectively there was strong respiratory motion visible in the VM processed videos that 

were obtained pre euthanasia. Although mechanical ventilation was held during recording, 

the animals started to breathe spontaneously hence causing a motion signal. Comparison of 

GLCM signals in the PP and NP group only rarely showed stronger autocorrelation or cross-

correlation in the PP group. When a positive gain (i.e. stronger signal pre-mortem) was 

present, this was usually at a frequency that correlated with respiratory motion (around 

0.3Hz). As evidenced by duplex scanning, flow was absent in the NP group. Despite the lack 

of perfusion, low amplitude GLCM signals were present (Figure 7.12, Figure 7.13). 

Frequency discrimination was not successful for any of the examined organs. Due to the 

lack of viable VM signals and the comparably small number of VM processed videos, no 

attempt at statistical analysis was made. 
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Figure 7.12 Periodogram of VM signals recorded over porcine liver (blue pre-mortem; 
red post-mortem).  

The dominant frequency is around 0.2Hz which falls within the respiratory rate 
observed during surgery of app. 10-18 breaths per minute. 

 

 

Figure 7.13 Autocorrelation of the same VM signal as in Fig. 7.12.  

The VM signal recorded pre-mortem exhibits a maximal autocorrelation at app. 4.5s 
lag which corresponds well with the periodogram analysis in Fig. 7.12. 
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7.4. Discussion 

In this chapter it was shown that the utilisation of texture analysis, specifically the time based 

plotting of the Gray-level co-occurrence matrix (GLCM) allows an objective assessment of 

VM signals and can provide metrics for subsequent statistical analysis. The repeatability of 

these methods has been verified as it has produced constant results in 12 different video 

sequences, using a variety of image resolutions and colour codecs and having been 

recorded over the space of a day. Based on these metrics a number of VM processing 

settings and camera recording options were established based on their utility for recording 

sequences in the environment used for subsequent flow phantom experiments. It was also 

established that higher image resolution enhances the quality of the VM signal to a certain 

extent. GLCM analysis has previously been used to assess the flow of crowds on CCTV 

cameras (261,344) but this approach has not been used previously to assess VM signals. It 

is purported that it is advantageous to use texture based motion analysis over more 

conventional approached such as the Lucas-Kanade method for the estimation of optical 

flow (347) because it does not rely on specific markers or objects to motion. It is very difficult 

to use foreign objects in a surgical site for the sole purpose of research. Although this has 

been successfully employed in open surgery by some groups for the purpose of 

intraoperative image guidance (348), it is exponentially more complicated to replicate this 

method in laparoscopic surgery as objects would have to be placed and retrieved via narrow 

laparoscopic ports. To circumvent this limitation one group has utilised tattooing of the liver 

to facilitate landmark recognition during surgery organs to create a tractable objects (349). 

This latter approach, has the disadvantage of requiring the use of additional procedures and 

substances and hence there are some additional ethical and workflow considerations that 

have to be taken into account. 

A number of flow phantoms were produced to facilitate testing of VM signals in a controlled 

environment. These phantoms were integrated into a solenoid pump powered person circuit. 

The circuit‘s settings were adjustable via a number of adapters and connectors which made 

it possible to fine tune a variety of pressure and perfusion rate combinations. The perfusion 

circuit’s pressure and flow rate was closely monitored and hence the creation of a consistent 

experimental environment was made possible. These circuit design was previously proven 

to provide a close approximation of the systolic and diastolic phase found in human blood 

circulation (258).  

The hypothesis that the strength of the VM signal can allow conclusions about the strength 

or location of the underlying motion process could not be verified. The flow phantom has 

been recorded under a multitude of perfusion settings including different perfusion –

pressures, rates and –depths. Although a statistical significant difference of GLCM stats was 

found between different pressures and perfusion depths in some experiments, these 

differences were not expressed in any coherent pattern. For example, frequently the highest 

perfusion pressure exhibited lower GLCM stat values than lower pressures and perfusion at 
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the shallowest depth did not usually produce stronger VM signals as would have been 

expected. 

Although no direct correlation between VM signal and signal source strength was found, 

statistical test indicated that the difference between perfused and non-perfused regions as 

expressed as percentage gain could be useful in determining the presence or absence of 

motion. Using cross-correlation and comparison to a gold-standard sine wave signal, 

binominal logistic regression analysis revealed that increased gain for Correlation, Contrast 

and Homogeneity was an independent predictor for the presence of flow. The ROC analysis 

using gain values resulted in AUC levels that indicated a poor accuracy (<0.7) for the 

prediction of flow. The same analysis using auto-correlation based analysis did not yield any 

significant results. 

In parallel to the clear phantom experiments, no correlation between perfusion pressure and 

VM signal strength was found in the brown flow phantom where flow tubes were concealed. 

Binominal regression analysis however indicated that gain for Contrast and Homogeneity 

was an independent predictor of flow presence using the auto-correlation. In contrast to 

results from the clear phantom the raw Contrast values also reached statistical significance. 

ROC analysis showed that Energy gain and Contrast gain exhibited a fair accuracy (both > 

0.7) for the prediction of flow presence.  

Cross-correlation based evaluation indicated that Contrast, Homogeneity, Energy gain, 

Contrast gain and Homogeneity gain were all independent predictors for the presence of 

flow. Perhaps somewhat surprisingly, ROC analysis using these GLCM stats did not result in 

an accuracy > 0.65. Because no correlation between perfusion depth and VM signal 

strength was found in the clear phantom, no attempt was made to replicate this experiment 

with concealed perfusion catheters in the brown phantom. 

Frequency discrimination using either the findpeak- or the periodogram method was poor for 

either phantom type. This is a striking difference to initial experiments conducted to evaluate 

optimal settings. Based on the experiments on both phantoms, it is purported that a 

frequency range of approximately 1Hz centred around the expected frequency of a 

physiological signal is better suited for VM analysis than a frequency range of 3Hz. 

It was not possible to demonstrate an implementation of statistical VM signal analysis in the 

in-vivo model. The overpowering motion signal during all sequences was at around 0.2-

0.4Hz and hence most likely originated from diaphragmatic motion. It is also possible that a 

tremor originating from the surgeon’s hand holding the laparoscope added further motion 

noise (350) to some extent. Attempts were made to minimise respiratory motion by 

executing a “breath hold” (i.e. stopping mechanical ventilation. This was however futile 

because the animal would start to breath spontaneously almost immediately. In a surgical 
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setting this would probably not be a problem because patients receive muscle relaxants. The 

use of muscle relaxants was not included in the ethical approval for these experiments. 

It is clear that respiratory motion from the diaphragm and perhaps to some extent cardiac 

motion will pose one of the biggest limitations to implementing VM processing in 

laparoscopic surgery. Interestingly this was not an issue that was highlighted by other 

groups who published their experience on VM in laparoscopic surgery. One group 

developed and utilised a new algorithm in robotic nephrectomy to detect vessels that were 

obscured by retroperitoneal fat (351). Although the kidney is also in close proximity to the 

diaphragm, it is less affected by respiratory motion because it lies in the retroperitoneal 

space and as such is in a more fixed position than the liver (352). The same can be said for 

the prostate. A different group used a similar approach in robotic prostatectomy (245) and 

again no issues with respiratory motion were reported. 

Further limitations in the experiments described here is that it was not possible to control the 

presence of shadows in the recorded video sequences because the configuration of the 

laboratory and the use of regular ceiling lighting made this difficult. Attempts were made to 

minimise these effects by positioning light blocking screens at certain positions in the lab. 

Regarding the construction of the flow phantom it may be that the consistency of the flow 

catheter wall which was stiffer than that of a human blood vessel had some impact on the 

flow characteristics. The use of wall-less flow phantoms which avoid this limitation has been 

reported previously (353). It could however be argued that human blood vessels do have a 

wall that regularly is of a different consistency to surrounding tissues. Subjectively it was 

striking that the VM motion signals were very strong during the initial experiments that were 

conducted to establish optimal settings. Out of 12 sequences only one sequence which was 

recorded at a low resolution (640x480) did not show a clear and unequivocally perceptible 

motion signal. This was however not true for videos recorded for experiments on the clear 

(three catheters) and the brown phantom during subsequent experiments. Although the 

same setup was used, motion signals were only visible in a minority of video sequences. In 

some sequences the entire background was moving which perhaps indicates that the kinetic 

energy from the perfusion circuit was transferred onto the plastic case that envelops the flow 

phantom. This may also explain why rate discrimination was often equally positive for the 

ROI in the PP and the NP group. The difficulties encountered in the visual interpretation of 

VM signals does highlight the importance of having a reproducible quantification method. 

Instead of relying on observer interpretation for example it would potentially be feasible to 

extract statistical values from ROI’s in VM processed video sequences and then base the 

discrimination of motion signals on this data. If shown to be feasible in future experiments, 

this approach may improve the interpretation of VM videos that have been recorded under 

less than ideal conditions. If taken further this approach may allow to leave the analysis of 

VM signals entirely to a computer algorithm based on GLCM stats. It would then be possible 

to extract the location of VM signals on the screen and overlay it on the regular video feed. 
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The advantage would be that the surgeon would still benefit from the motion enhancing 

abilities of VM but would no longer be distracted by the often rather noisy original VM video. 

In summary it was shown that quantification of VM signals using a texture based approach is 

feasible. Pulsatile flow in concealed structures was shown to be independently predicted by 

analysing GLCM based stats. It could not be established if VM signal strength correlates 

with the strength of the underlying signal. It is hypothesised that this may have been due to 

poor recording quality of the video sequences examined. Analysis of perfusion based VM 

signals in an in-vivo setting was prevented by strong respiratory motion. Future efforts in VM 

for laparoscopic use should focus on enabling perfusion signal extraction in the presence of 

added motion noise (e.g. respiratory, cardiac, hand tremor). Another important factor is 

processing speed which will need to be improved significantly to allow analysis of high 

definition video feeds (136). 
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8. Image guided surgery 

8.1. Introduction 

Laparoscopic liver resection (LLR) has been shown to benefit patients by improving short 

term outcomes such as pain control, length of hospital stay and rate of complications while 

offering comparable oncological long term outcomes to open liver resection (74,98,102,122). 

Most HPB units are carrying out some liver resections laparoscopically. However major 

procedures are being carried out routinely in only a small number of centres because of the 

technical challenges of major laparoscopic liver resection. A very small number of centres 

have championed increasingly complex and technically challenging laparoscopic techniques 

such as the Glissonian-, trans-diaphragmatic- and single port approaches to LLR (354–356).  

Concomitant with these novel surgical techniques, the potential indications for LLR have 

been expanded from minor segmental-, sectional and non-anatomical liver resections to 

major hepatectomies, superior-posterior segmentectomies and donor hepatectomies 

(73,74,357). Although uptake has been generally slow (122,123), the laparoscopic approach 

for liver resection is becoming increasingly popular with a recent world wide review reporting 

on over 9000 cases that have been published in the literature so far (102). A 2014 

consensus conference found that minor LLR (≤2 liver segments) have now progressed to 

stage 3 of the Balliol IDEAL framework and can therefore be regarded as standard practice 

(74). In contrast to this, the technically more challenging complex and major LLR are mainly 

carried out in highly specialised centres with doubts remaining about external reproducibility 

(123). A major contributor to the technical complexity of LLR is the intraoperative loss of 

anatomical orientation which is caused by the lack of depth perception, tactile feedback and 

a reduced field of view, factors which are further exacerbated by the liver’s intricate vascular 

anatomy (127,141). These issues have led to concerns about the technical difficulty, 

haemorrhage control and oncological radicality of LLR. Many authors perceive these 

concerns as one of the major obstacles to the wide spread dissemination of LLR 

(94,102,122–124,358). 

Although routine use of laparoscopic ultrasound during laparoscopic liver surgery is 

recommended (74), its utility is limited by its two-dimensionality and because some lesions 

may be difficult to identify as they have a tissue density similar to liver. The latter is 

especially true for, lesions in steatotic livers, livers with chemotherapy associated changes, 

cirrhotic livers and with small or vanishing (shrinking tumour size following neoadjuvant 

chemotherapy) lesions (141,142,218). Further issues are related to the practicalities of using 

laparoscopic ultrasound during surgery because it is difficult to use once parenchymal 

transection has started (141,143,144) and visualisation of ultrasound images on a separate 

screen is not intuitive (210). 
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The development and implementation of novel technologies in laparoscopic liver surgery has 

been driven by an effort to lessen its complexity, to make it simpler and quicker to perform, 

and to increase safety through identification of key structures during resection. It may also 

improve the learning curve for surgeons training in advanced laparoscopic liver surgery. 

Some examples for technologies that have been proposed as surgical aids in LLR are: near-

infrared laparoscopy, parenchymal transection with energy devices or the use of 

preoperative surgical simulation (74,133).  

Intraoperative image guidance facilitated by the use of an image guidance system (IGS) is a 

technology that is widely used in neuro- and spinal surgery and more recently has created 

considerable interest for laparoscopic applications (128,129,141,210). In essence an IGS 

allows the surgeon to view structures that can be seen on preoperative scans but that are 

not visible with a laparoscopic camera (128). This is highly desirable for LLR as it enables to 

surgeon to localise crucial sub-surface structures such as tumours or blood vessels in real-

time. Two IGS licensed for open hepatic resection have been shown to facilitate anatomical 

orientation and the detection of vulnerable structures (66,359). Their integration into the 

surgical workflow involves several steps. Liver structures are visualised with the aid of a 3D 

liver model which is constructed from a preoperative CT or MRI scan. During surgery the 

position of the in-vivo liver is recorded with a probe and these location coordinates are 

subsequently used to align the 3D model with the intraoperative site. This process, called 

“registration” is the technically most complex step in an image guidance procedure. The 

positional relationship of the probe, liver, patient and surgical instruments is continuously 

determined with the aid of optical tracking markers which are attached to the instruments 

and probe. 

These licensed devices have also been adapted and applied to laparoscopic and robotic 

liver resection (141,143) with one study demonstrating comparable image guidance 

accuracy in laparoscopic and open surgery (141). Both IGS do however have significant 

limitations that have prevented their widespread uptake by the surgical community. Firstly, 

the visual interpretation of image guidance data is rendered somewhat counter-intuitive due 

to the utilisation of a parallel screen configuration where the 3D model is shown on a screen 

next to a regular laparoscopic screen. This approach is cumbersome because it requires 

additional mental integration by the surgeon to analyse the provided image guidance 

information analogous to the simultaneous viewing of laparoscopic video and laparoscopic 

ultrasound images. Another design issue of these systems that has a negative impact on 

workflow and registration error is the probe based registration method which due to its user 

dependency, is a potential source of errors and time delay. 
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8.1.1 Aims 

The specific aims in this chapter were: 

1) To assess the feasibility of using the proposed IGS during laparoscopy 

2) To determine the systems performance with regards to accuracy and usability 

3) To evaluate manual and automatic registration methods for aligning 3D liver model 

and patient in-situ anatomy 

The initial IGS development carried out on a porcine model is described before the clinical 

study to better illustrate the concept of the systems concept. 

8.2. Results 

8.2.1 Preclinical evaluation 

Automatic registration and real time AR visualisation during surgery was attempted in 5 

animals.  Due to issues with excessive organ deformation following the ablation procedure, 

registration was possible in 3/5 of cases. The ablation caused adhesions between thin 

porcine liver lobes and the diaphragm which resulted in overt kinking of the liver lobe and a 

grossly deformed surface area of the whole liver. The extent of the deformation was so great 

that the similarity between intraoperative liver and 3D liver model shape was insufficient to 

perform a successful registration. In the remaining animals an automatic registration was 

carried out and its accuracy calculated as described above (3.5.3.5). The resulting accuracy 

is compared to 2 best case scenarios. The first called best single deformation uses a one-off 

deformation (i.e. as opposed to continuous) to adjust the preoperative 3D liver models shape 

so that it closer matches that of the intraoperative liver. This registration mode relies on data 

from the intraoperative CT scans that were taken during the first surgical procedure. The 

best rigid registration registers the liver based on the postoperative accuracy analysis. 

Corresponding landmarks on 3D model and intraoperative liver are registered to each other 

to achieve an alignment with minimal residual distances between corresponding landmarks. 

Both registration modes are based on data that is not usually available during routinely 

performed laparoscopic procedures. The final registration method which is intended to form 

the principle registration mode for SmartLiver is based on stereoscopic surface 

reconstruction (SSR) and an ICP matching process as described above (3.5.3.1.3). As 

opposed to single deformation and best rigid registration it is functional without requiring 

additional pre- or post-operative data. Due to these restrictions, the single deformation and 

best static registrations were carried out postoperatively only. Real-time registration during 

attempted laparoscopic liver resection was only carried out using the SSR based registration 

method. All three methods yielded TRE’s <10mm RMS. The resulting accuracies from 

carrying out the three different registration methods (172) are shown in the table below 

(Table 8.1).  
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Animal ID 
Single 

deformation 
Best rigid SSR 

No. of 

frames 

No. of 

landmarks 

1 5.1 (20.7) 7.3 (20.2) 8.6 (18.2) 476 4 

2 6.1 (26.0) 8.2 (33.4) 10.7 (25.6) 234 6 

3 6.5 (46.7) 6.9 (48.7) 9.0 (43.3) 483 6 

Table 8.1 The TRE in mm RMS (max) for three different registration methods and each 
study animal.  

The number of frames and landmarks used for accuracy calculation is also given. 

 

8.2.1.1 Patient characteristics and registration outcome 

In total 12 patients were recruited for the study, of which 5 were scheduled for LLR and 7 for 

staging laparoscopy (SL). The gender ratio was 7 women to 5 men and the mean age was 

59 years at time of surgery (range 38-77). Three of the 12 patients had to be excluded prior 

to data processing, two due to a fault with the laparoscopic camera and one patient due to a 

technical failure to establish a pneumoperitoneum secondary to extensive previous surgery. 

In the remaining 9 patients data acquisition was successful however in one patient a 

registration was not possible due to a calibration error. Hence, a successful registration 

could be carried out in 8 cases. No critical intraoperative incidents occurred in the study 

population. All patients undergoing staging laparoscopy were discharged on the same day 

with the exception of one patient who stayed overnight due to urinary retention. Patient 

characteristics for LLR patients are summarised in Table 8.2.Total operative time for LLR 

patients was 210-360 minutes. All patients had clear resection margins (R0) on 

histopathological evaluation. Two patients had to be converted to open surgery, one for 

failure to establish pneumoperitoneum secondary to extensive adhesions (LR03) and the 

other patient required a more extensive hepatic resection than pre-operatively anticipated 

(LR04) and therefore was converted for safety reasons. There was only one postoperative 

complication (Clavien-Dindo grade 4) in a patient who required re-intubation on 

postoperative day 2 for type 1 respiratory failure and hospital acquired pneumonia. Median 

length of hospital stay was 7 days (range 3-14). 
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Patient 

ID 
Indication 

Op 

time 

Blood 

loss 
Conversion 

Liver 

segment 

affected 

Lesion 

size 

(in mm) 

LOS 

LR01 Adenoma 210 y n 5&6 60mm 6 

LR02 CRLM 240 n n 5&6 25mm 3 

LR03 CCA 275 y y 2&3 35mm 7 

LR04 CRLM 360 y y 3&4 84mm 8 

LR05 HCC 240 y n 4 a&b 60mm 14 

Table 8.2 Characteristics of laparoscopic liver resections.  

CCA – cholangio carcinoma; CRLM – colorectal cancer liver metastasis; HCC – 
hepatocellular carcinoma; LOS – length of hospital stay 

8.2.1.2 Assessment of intraoperative workflow and usability feedback 

Preoperative setup took 20-35 minutes and because it was carried out before or during 

anaesthetic induction it did not impact on the operating time. In contrast to this the 

intraoperative setup added approximately 10-20 minutes to the operating time. Setup time 

did not include the time needed for manual or automatic registration, which was carried out 

postoperatively in all but one case. Following the introduction of the “crosshair calibration” 

method (267) it was found that intraoperative setup time decreased by approximately 5 

minutes.  

Feedback forms were completed fully for 8 cases. The surgeon survey was largely positive 

about handling of the altered laparoscope, visual profile and the positioning of the 

SmartLiver equipment stack. Negative feedback largely centred on the difficulty of the 

intraoperative setup (collar installation, calibration) and the associated delay it caused in the 

surgical workflow (Table 8.3). Comments for improvement suggested a more convenient 

way of fixing the tracking collar and a desire for a smaller footprint of the SmartLiver stack.  

Question Mean Median 

Did the system impair handling of the laparoscopic 

camera? 

1 (no impairment) – 5 (substantial impairment) 

2.4 2 

Did the system impair handling of the laparoscopic 

instruments? 

1 (no impairment) – 5 (substantial impairment) 

1.6 1 

How easy was the system to setup? 

1 (very easy) – 5 (very difficult) 
3.2 3 

Did you feel that the equipment setup caused delay in 

completing the surgical procedure? 

1 (no delay) – 5 (substantial delay) 

3 3 

Did the system setup impair your line of view of the 1.2 1 
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patient? 

1 (no impairment) – 5 (substantial impairment) 

Did the system setup impair your line of view of the 

laparoscopic monitor? 

1 (no impairment) - 5 (substantial impairment) 

1.2 1 

Were you overall satisfied with the positioning of the 

system within the theatre environment? 

1 (very satisfied) – 5 (very unsatisfied) 

1.7 2 

Table 8.3 Summary of surgeon feedback (n=8) on a Likert scale of 1-5. 

 

8.2.1.3 Manual vs. automatic registration 

Manual registration was successfully performed in two patients intraoperatively (Figure 8.1) 

and in 7 patients postoperatively. Initially it proved to be impossible to carry out an automatic 

registration for any of the cases. This was surprising as pre-clinical studies from our group 

on a porcine liver resection model had indicated that automatic registration should be 

possible in at least a third to a half of the cases. An error analysis revealed that the 

acquisition of surface points worked well but the computer algorithm was unable to 

discriminate between surface points from the liver and other surrounding structures (e.g. 

stomach, diaphragm). This issue rendered it impossible to match the corresponding point 

clouds to each other, resulting in a failure of the automatic registration. To confirm our 

hypothesis, the video data of one patient was visually analysed and the liver surface was 

manually marked out in several hundred video frames. In essence, this pre-processing of 

video data enabled the computer algorithm to now discriminate between liver and non-liver 

surfaces. Subsequently automatic registration was successfully carried out on this data set. 

 

Figure 8.1 Real time AR display of a patient with hepatic adenoma in segment 5/6.  

The liver surface is not displayed to allow a clear view of the vasculature. AR 
visualised structures: green – adenoma; blue – portal veins; cyan – hepatic veins; red 
– hepatic artery; arrows liver edge. 
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8.2.1.4 Anatomical accuracy 

The target registration error (TRE) as a measure of anatomical accuracy was calculated as 

described above (Table 8.4). Usually several video sequences were recorded for each 

patient. Separate registrations for anatomical left lobe (i.e. segment 2&3), anatomical right 

lobe and the area between lobes were carried out and analysed individually. The number of 

video frames and landmarks used for TRE evaluation are also given in the table. The best 

possible TRE’s were <10 mm RMS in one patient, ≈10mm RMS in two patients, ≈ 15mm 

RMS in three patients and 20-25mm RMS in two patients. A TRE >30mm occurred in 3 

patients and 5 separately recorded sequences and was considered as a failure of 

registration because on visual inspection the resulting AR images looked anatomically 

grossly inaccurate. There was no statistically significant correlation found between organ 

deformation and TRE (Pearson correlation coefficient = 0.3; p>0.05). In fact soft tissue 

deformation of the liver was in the main consistent around ≈10mm RMS in patients with low 

and high TRE’s which may indicate that this factor has a constant impact on accuracy. In 

contrast to this, liver motion was greatly variable between patients and a statistically 

significant correlation with the TRE was found in this study population (Pearson correlation 

coefficient = 0.53; p<0.05). (Table 8.5).  

 

Patient ID 
Liver 

lobe 

No of 

frames 

No. 

landmarks 

Best TRE  

(RMS mm -range) 

LR01 RL 75 13 17.7 (0.3-47.8) 

 LL 22 4 15.4 

LR02 RL n.a. n.a. n.a. 

 LL 146 7 22.7 (0.4-44.6) 

LR05 

manual 

RL n.a. n.a. n.a. 

 LL 34 6 9.4 (0.6-44.7) 

LR05 - 

automatic 

RL n.a. n.a. n.a. 

 LL 39 6 8.5 (0.3-17) 

LS03 RL 64 6 24.6 (0.3-87.5) 

 LL n.a. n.a. n.a. 

LS04 RL* 42 7 5.9 (0.2-12.2) 

 LL 102 8 5.9 (0.1-26.6) 

LR04 RL 35 4 14.5 (0.2-28.6) 

 LL 68 4 83.7 (3.6 142.7) -fail 

LS06 RL* 23 11 18.9 (0.1-27.5) 

 LL* 162 12 16.1 (0.2-59.1) 
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LS07 RL 28 4 10.0 (0.6-19.2) 

 LL 4 8 10.7 (1.1-24.9) 

Table 8.4 Listed is the best possible TRE for each liver lobe and all sequences 
combined.  

*RL and LL combined in sequence. In LR02, LR05 and LR04 only one liver lobe was 
available for analysis. 
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Patient ID Liver lobe Deformation in 

mm RMS 

Motion in mm ± SD 

(IQR)  

LR01 RL 7.5 22.9±18.6 (0.9-34.7) 

 LL 5.1 8.5±3.8 (5.8-11.8) 

LR02 RL 8.7 15.3±4.9 (1.3-46.5) 

 LL 8.8 23.5±19.3 (9.1-80.7) 

LR05 

manual 

RL na na 

 LL 11.3 18.5±27.6 (3.6-43.3) 

LR05 auto RL na na 

 LL 9.3 18.6±19.8 (5.7-55.7) 

LS03 RL 9.8 14.2±22.3 (2.4-34.4) 

 LL 21 25.8±27 (18-55.2) 

LS04 RL 10.7 15.6±18.5 (3.8 66.6) 

 LL 36.2 17.8±38.7 (12-63.6) 

LR04 RL 7.9 28.7 18.9 (12.5 39.0) 

 LL 19.8 32.6 50.7 (1.1 95.2) 

LS06 RL 13.6 13.7 18.7 (1.5 - 46.7) 

 LL 15.1 12.5 21.7 (3.2 - 58.7) 

LS07 RL 12.1 18.9 41.4 (0.7 48.8) 

 LL 5.7 16.2 23.3 (1.2 41.6) 

Table 8.5 Shown are measures of soft tissue deformation and liver motion. 
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8.3. Discussion 

This study has demonstrated that SmartLiver is capable of providing augmented reality 

based intraoperative image guidance for use in laparoscopic liver surgery. Applied for the 

first time in patients, a computer vision technique called stereoscopic surface reconstruction 

was used to automatically register a 3D model which had been created pre-operatively to an 

individual patient’s anatomy. All components required to perform image guidance were used 

intraoperatively without any incidents or safety concerns and the perioperative patient 

outcomes for patients undergoing LLR were similar to previous reports on minor LLR 

(102,360,361).  

Image guidance systems (IGS) have been used in neurological surgery for decades before 

this concept was transferred to intraabdominal surgery (226). In open liver resection and 

ablation, IGS have demonstrated their ability to improve intraoperative orientation and 

precisely indicate the location of blood vessels and tumours (66,218,359). There is ongoing 

interest in exploiting the benefits of IGS for laparoscopic procedures other than liver 

resection. In a recent example a group has presented its experience with using a side-by-

side display IGS with manual alignment in 23 patients undergoing laparoscopic gastrectomy 

(131). With a mean TRE of 14mm the system was found to be a useful tool for identifying the 

correct blood vessels prior to division. 

As with open liver resections, the precise knowledge of tumour location and its relationship 

to major vascular structures is crucial to prevent incomplete resection and uncontrolled 

haemorrhage in LLR. Because it is technically more challenging than open surgery, the 

benefit gained from use of IGS in LLR is hypothetically greater than for open liver resections. 

Previously a group reported on the advantage of producing an individualised “stand alone” 

3D liver model without image guidance components, for improving anatomical orientation 

during LLR. The authors stated that a non-registered 3D model displayed alongside the 

laparoscopic screen was found to improve the safety and accuracy of hepatic resection in 

the cases studied (362). 

An accurate spatial correlation between the 3D model and patient anatomy is likely to yield 

greater benefits, but to maximise the potential of IGS in LLR it is important to make it easy to 

use and to enable a smooth integration into the operative workflow. The main benefit of an 

AR display is to facilitate the intuitive use of image guidance information by obviating the 

need for mental image integration that is required when using two separate screens and 

therefore reducing the potential for associated errors (210). Employing user independent 

automatic registration to align the 3D model will likely confer further benefits in terms of 

eliminating operator bias while at the same time being more user friendly. 

An alternative approach to image guided surgery is the use of intraoperative cone beam CT 

to identify anatomical landmarks on the liver and subsequently register them with a 

preoperative 3D model. Compared to manual alignment of 3D models, this method has the 
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advantage of smaller registration errors but this comes at the cost of exposing the patient to 

ionising radiation, workflow interruptions to facilitate repeat CT acquisition and the lack of 

real time spatial correlation between surgical instrument and anatomical site (229). Another 

limitation of this approach is that it can only be performed in specially designed operating 

theatres with an integrated cone beam CT system, a requirement which confers significant 

cost implications.  

Instead of recovering camera movement from optical tracking the “Simultaneous 

Localisation and Mapping” method (SLAM) utilises vision to estimate the trajectory and 

speed of camera motion (363). In a recent publication the feasibility of using SLAM to 

determine the laparoscope position during experimental liver surgery was demonstrated 

(129). The advantage of this method is that there is no requirement for a direct line of sight 

between optical tracking camera and laparoscope. Indeed no additional tracking equipment 

is needed. At the current development stage however SLAM based tracking in liver surgery 

is associated with higher tracking inaccuracies when compared with optical tracking (129).  

Laparoscopic ultrasound (LUS) is currently the gold standard for anatomical orientation 

during LLR. Its limitations derive from the fact that it is a two dimensional imaging modality 

and as such it contributes little to the understanding of complex 3D liver anatomy (142). In 

addition, laparoscopic ultrasound is impractical to use while simultaneously carrying out 

transection of hepatic parenchyma. In large animal studies, our group has previously 

demonstrated the feasibility of visually combining laparoscopic US images with a 3D liver 

model (236). This approach enables surgeons to record US images at the start of surgery 

and subsequently recall and display them within seconds in the anatomically correct position 

on the 3D model, without having to redeploy the laparoscopic US probe(236). 

Utilising SSR registration in porcine laparoscopy, the TRE’s where in the range of 9-10mm 

RMS. Analysis of the TRE’s resulting from single deformation- and best rigid- registration 

methods, revealed some important information about factors that contribute towards the 

accuracy of AR guided surgery. In single deformation registration the 3D model is deformed 

to create an optimal match with the intraoperative liver shape, hence the majority of the TRE 

will be caused by dynamic organ motion (e.g. ventilation and heart beat). In best rigid 

registration additional error is introduced by subjective picking of anatomical landmarks and 

the rigidity of the 3D model. For both cases a triangulation error caused by use of a stereo-

laparoscope is also present. The triangulation error may lead to imprecision when picking 

anatomical landmarks on the video-laparoscopic stream Based on an analysis of these 

factors it is estimated that the optimal TRE for a rigid 3D model is ≈ 8mm RMS, for single 

deformation ≈ 5mm RMS and for dynamic real time deformation ≈ 3mm RMS. An 

improvement of accuracy beyond this limit would require better tracking technology and can 

therefore not be addressed by optimising registration (172). 
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With the exception of one outlier that was considered as a failed registration, the TRE in the 

patients studied varied in the range of 5.9-24.6 mm RMS. To the best of our knowledge, this 

is the first report on registration errors in an IGS that offers real-time AR visualisation. 

Anatomical accuracy in parallel screen based systems has been evaluated before in open 

hepatic surgery but these TRE values are not directly comparable to an AR environment 

because there is no real gold standard that can be used as reference. The accuracy 

evaluation method used in this study is based on anatomical landmarks located on the 

visible surface of the liver that are directly compared to their counterparts on the 3D model. 

On a parallel screen display the 3D model and intraoperative site are not integrated on the 

same screen and therefore the error calculation is based on landmark features that are 

located with a tracked stylus. Because the liver anatomy outside these landmark features is 

not perceivable, the resulting registration errors are perhaps more representative of local 

liver deformation as opposed to a global evaluation of anatomical accuracy.  

Our group has previously studied a number of factors that affect alignment errors in 

SmartLiver. The 3D tracking system has an innate albeit small error in determining the 

position of tracking markers. This error is magnified by the long distance between the collar, 

which is the reference point for tracking, and the laparoscope tip, which is the point of 

interest. For better understanding this phenomenon could perhaps be described as an 

“optical tracking lever effect”. If a manual alignment is performed, this may become 

erroneous by the user failing to sufficiently match visible landmarks on the in-situ liver and 

3D model. Automatic registration on the other hand can occasionally confuse different 

regions on the liver surface with each other because they consist of structurally similar point 

cloud configurations. This is a particular weakness of using stereoscopic surface 

reconstruction on smooth and relatively featureless surfaces such as the liver. As was 

demonstrated in this study, SSR of the human liver may be feasible if areas of an image 

which represent the liver surface are pre-selected. Although promising, this process is very 

time intensive and it is therefore not suited for real time intraoperative image guidance. With 

recent advances in machine learning however it may be possible to teach SmartLiver to 

independently discriminate between the liver surface and adjacent structures. Using Caffe, a 

deep learning framework (364), our group has recently reported promising results with this 

approach (365) and it is intended to integrate and evaluate this method within an upgraded 

version of SmartLiver. 

In our previous work it was estimated that even if all the above mentioned sources for 

registration errors could be rectified, a residual TRE of app. 7.5mm RMS would remain due 

to the liver motion and deformation (172) which are caused by a number of intraoperative 

factors including cardiac motion, ventilation, pneumoperitoneum and surgical manipulation 

(174,216). Because currently used 3D models are non-deformable and fixed in space this 

baseline TRE must be regarded as the optimal reference standard that IGS should currently 

be measured against. Therefore it is important to address technical components of the IGS 
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to improve anatomical accuracy but a residual error will remain until a feasible solution for 

modelling intraoperative soft tissue deformation has been found. 

The research community has attempted to predict liver deformation by developing computer 

algorithms that can alter the shape and position of 3D models to reflect intraoperative 

conditions. Despite recent advances, (219,366) this technology has not yet matured enough 

to be employed in a clinical environment because the modelling of soft tissue deformation is 

exceedingly complex and computationally expensive. A positive correlation between organ 

motion and TRE was found in our study population and therefore we hypothesise that 

compared to deformation, organ motion has a more pronounced impact on the registration 

error in IGS that use a rigid 3D organ model. The significance of this assumption is that in 

contrast to liver deformation, it is technically less challenging to model repetitive liver motion 

from ventilation and cardiac movement. If this can be confirmed in future studies it may re-

direct research efforts towards liver motion which potentially has a greater translatable 

value. 

Although the results from this study have demonstrated the feasibility of using SmartLiver as 

a image guidance tool in LLR, there are some limitations that have to be taken into account. 

In two patients SmartLiver setup, registration and AR visualisation has been performed in 

real time. For the remainder of the study however, data was collected at surgery but the 

registration and overlay was performed later to reduce the time during surgery, particularly 

for patients who underwent staging laparoscopies which are relatively short procedures. By 

choosing a retrospective approach for this study it was possible to maximise data acquisition 

in a relatively limited time frame and therefore accelerate the development of SmartLiver. 

Once the overlay procedure can be done more quickly overlays will be carried out during 

surgery. 

The average intraoperative setup time of up to 20 minutes was longer than reported for 

parallel screen display IGS used in open hepatic resections (359). This is likely due to the 

fact that the latter do not require a laparoscopic camera calibration. The calibration time 

however was improved by approximately 5 minutes in the later stages of the study by 

implementing the cross-hair calibration method (30). Another time intensive step in the 

intraoperative setup was the installation of the tracking collar which had to be manually 

tightened with small screws. Alternative methods for the fixation of tracked objects onto the 

laparoscope have been explored for future studies and it is expected that this will further 

reduce setup times.  

Based on the surgeon survey, the procedural delay caused by the intraoperative setup time 

was felt to be the most negative aspect of SmartLiver. However this represents only a small 

fraction of the time taken to perform a laparoscopic liver resection. In addition to making 

improvements to laparoscope calibration and tracking collar fixation, our group is also 

working on a graphic user interface which will allow non-technical users to setup SmartLiver 
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independently, a feature which hypothetically could further decrease the required setup time. 

A further concern raised in the survey was that the 30 degree laparoscope angle movement 

of the IMAGE 1S – TIPCAM is restricted. This is a limitation of 3D laparoscopy caused by 

fixed spatial relationship of the two video channels and is not a specific for SmartLiver. 

Furthermore 3D laparoscopes have been demonstrated to be a safe tool in complex LLR 

(202,203). 

Intraoperative use of SmartLiver does not require tracking of surgical instruments. Although 

instrument tracking has advantages such as allowing point based registration and interaction 

with the 3D model during surgery (67,367), it does also has disadvantages because 1) each 

additional instruments has to be calibrated which increases setup time and 2) overall 

accuracy may deteriorate because further tracking errors are introduced for each additional 

instrument used.  

In summary, this paper has described a novel augmented reality image guidance system for 

LLR and in addition reported crucial anatomical accuracy metrics that can be utilised as 

benchmarks for future development work in this field. It was demonstrated that the system is 

able to operate in real time during surgery. Stereoscopic surface reconstruction was shown 

to be a feasible approach to user independent registration with a comparable target 

registration error to manual alignment. Future research efforts in our group are dedicated to 

improving SmartLiver’s setup speed, user friendliness and the target registration error. The 

latter may potentially be achieved by refining the stereoscopic surface reconstruction 

algorithm with the aim of enabling it to independently discriminate between the liver and 

adjacent organs. 
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9. General discussion and conclusions 

9.1. Summary of results 

In this doctoral research project, the aim was to investigate the hypothesis that optical 

imaging and computer vision technologies have the ability to extract sensory information 

from the liver that is useful for guiding laparoscopic liver surgery. 

The results shown here provide evidence that optical imaging technology can be employed 

to characterise liver tissue to an extent that is not possible with the naked eye. Computer 

vision was shown to enable creation of an augmented reality environment to facilitate 

intraoperative guidance for laparoscopic liver surgery. During laparoscopic surgery the 

sense of touch is lost which deprives surgeons of an important sense that in the main is 

used to assess the firmness of tissue which is increased in disease processes such as liver 

cirrhosis or malignancy. While the imaging modalities tested within the framework of this 

thesis cannot completely replace the sense of touch, they may provide a lot of information 

usually provided by touch, for example, whether the tissue is normal liver tissue or cancer, or 

the position of blood vessels in the operating site. Therefore, they can enhance and extend 

surgical vision and therefore, can substitute and in some cases, may even provide additional 

information that is not available from touch. 

The first two results chapters (chapter 4 & 5) of this thesis focused on utilising confocal laser 

endomicroscopy to image minute details of liver tissue at the microscopic level. In chapter 4 

one objective was to describe normal and cancerous liver histology using a dual wavelength 

method in a mouse model of colorectal cancer liver metastasis. It was demonstrated that 

using CLE imaging, typical features of normal and cancerous virtual liver histology could be 

described which correlated with tissue H&E histology examination from liver biopsies. It was 

found that evaluation at two different wavelengths, within the visible spectrum, was 

complementary and improved the quality of tissue characterisation. This was likely made 

possible by exploiting differences in the behaviour of the exogenous fluorophores fluorescein 

and indocyanine green. In addition, erythrocyte flow velocities could be estimated using this 

technology. Another objective in this chapter was to evaluate if fluorescence intensity could 

indicate the nature (i.e. normal vs. cancer) of examined tissues. Statistical analysis found 

that the relative fluorescence in tissue could be employed as an independent predictor for 

the presence of normal vs. cancerous tissue. An increase in relative fluorescence unit raised 

the odds ratio for the presence of normal liver tissue by 1.2 and 4.6, for CLE imaging at 

488nm and 660nm, respectively. These findings indicate that virtual histology images can be 

obtained with probe-based CLE. Whether fluorescence intensity can indicate the presence 

of liver malignancy in patients cannot be commented on until this imaging modality is 

evaluated in a clinical setting. 
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Once it had been established that CLE imaging enables discrimination between normal and 

pathological liver tissue, the next question was if this could be applied during laparoscopic 

surgery. The objective in the subsequent chapter (chapter 5) was to test the feasibility of 

employing CLE during laparoscopic surgery in a porcine model and to evaluate if a 

visualisation of virtual liver histology can be achieved in analogy to the preceding chapter. It 

was shown that virtual liver histology can be visualised but that it is more problematic due to 

the technical difficulties of controlling the imaging probe. In parallel to chapter 4, 

fluorescence intensity was shown to be an independent predictor for the presence of normal 

vs. ablated liver tissue. Statistical analysis indicated that an increase in one relative 

fluorescence unit raised the odds ratio for the presence of normal liver tissue by 1.2 and 1.6 

for CLE imaging at 488nm and 660nm, respectively. The results in this chapter indicate that 

laparoscopic CLE is feasible but would require an additional laparoscopic port and a 

steerable catheter. To determine if discrimination between normal and ablated liver tissue is 

feasible in humans, would require a clinical study for further evaluation.  

In the chapters 4 and 5 it was shown that optical imaging can be utilised to sense 

pathological (malignant) or therapeutically induced (tissue necrosis secondary to thermal 

ablation) changes in liver tissue. As a microscopic imaging modality, CLE has limited use in 

sensing tissue on a larger macroscopic level (i.e. > 1-2cm2). In other words, it is impractical 

to apply CLE to sensing a wider field of view. The aim of the subsequent chapter (chapter 6) 

was therefore to evaluate an optical imaging modality, called multispectral imaging, that 

could provide optical sensing on a wider field of view. The first objective in chapter 6 was to 

develop and test an imaging platform that enables spectroscopic tissue evaluation in a 

continuous wavelength range. Development and testing of a multispectral imaging platform 

consisting of an OPO light source and a NIR camera was outlined and the platforms ability 

to reliably obtain multispectral images was confirmed. The next objective was to acquire 

images from pathological ex-vivo liver tissue and compare it to tissue spectra that were 

previously published in the literature. This was only partially successful as no clear 

delineation between normal and malignant liver tissue spectra could be observed. It was 

however possible to record increased light absorption at 1210nm which corresponded with a 

well documented spectral feature which is associated with an increase in tissue lipid 

concentration. The presence of steatosis and malignancy was confirmed on H&E histology 

examination. The last objective in chapter 6 was to identify any particular wavelengths in the 

tissue spectra that are predictive for the presence of liver malignancy (HCC or CRLM). A 

generalised linear mixed model analysis carried out on the recorded multispectral data 

revealed a number of wavelengths that were statistically significant independent predictors 

for the presence of normal vs. cancerous tissue. The classification accuracy of the resulting 

model was relatively poor at 69.1%. 

The concept of the multispectral imaging platform used in chapter 6 was based on 

equipment that allows a detailed spectroscopic examination but that due to limitations with 
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regards to laser safety and robustness (i.e. ability to withstand positioning in theatre) may 

not be ideally suited for laparoscopic use. Suggestions for the future development of a MSI 

system more suitable for laparoscopy were made (6.4.). The appeal of such a system is that 

it could potentially be incorporated into a laparoscope without requiring additional 

instruments or probes. Computer vision technology is similar in this aspect because it 

utilises video data as its main sensory input and therefore it can be applied to laparoscopy 

without requiring additional probes. To further investigate this avenue, the next chapters 

(chapter 7) aimed to investigate to what extent Eulerian video magnification could provide 

visual sensing during laparoscopic liver surgery.  

The first objective in the chapter was to develop and test a texture based analysis method to 

quantify VM signals that were derived from motion. The proposed analysis method correctly 

and repeatedly identified the presence of VM signals in 12 different video sequences 

obtained from observations of a flow phantom. In some sequences the VM enhanced 

pulsatile motion was not clearly visible but a variation in GLCM statistics enabled 

identification despite this. It is therefore postulated that this approach to VM signal analysis 

may be useful in scenarios were enhanced motion is not clearly visible to the observer. The 

second objective in this chapter was to establish if the texture analysis method could be 

employed to quantify the extent of pulsatile motion. The series of experiments did not verify 

this hypothesis. The third objective in chapter 7 was to apply texture based VM signal 

identification to concealed flow channels in an opaque flow phantom. It was demonstrated 

that VM signals could be correctly identified in a majority of occasions. On ROC analysis, the 

diagnostic test accuracy was found to be fair (>0.7) for two out of four GLCM statistical 

values (Energy and Correlation). It was therefore concluded that identification of VM signals 

in concealed structures is feasible using the proposed method. Finally an attempt was made 

to utilise the texture based analysis method in an in-vivo setting. Video recorded during 

laparoscopy in a porcine model was processed and subsequently analysed. No VM signals 

related to pulsatile motion were discernible and it is purported that this was due to 

extraneous respiratory motion. This result suggests that VM processing algorithms require 

further refinement in order to allow filtering of undesired motion signals. 

A shared limitation of the imaging modalities tested in chapters 4-7 is that they have a 

limited penetration depth and are therefore not capable of sensing deep lying structures 

within the liver. In chapter 8 an image guidance system (IGS) was evaluated as an example 

of a computer vision technology that can overcome this restriction. By using stereoscopic 

surface reconstruction to register detailed 3D liver model to the liver surface, the system 

exemplifies how the precision of computer vision technology can be amalgamated with the 

detailed volumetric data from a preoperative CT scan. The data in this chapter has been 

obtained as part of a clinical feasibility study. Before any of the objectives are addressed, a 

description is given of how the system was developed and how it performed in the pre-

clinical phase. The first objective in this chapter was to assess the feasibility of using the IGS 
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during laparoscopy. In 9 out of 12 recruited patients, the IGS was functional and no incidents 

were recorded. As two out of the three failures to function were secondary to a technical 

fault of the laparoscope with no malfunction recorded in any of the IGS components, it was 

concluded intraoperative use is feasible. In the next step, accuracy and usability were 

assessed. The target registration error was in the region of 14mm RMS. Based on the user 

survey the main issue regarding usability was the additional time required for the setup of 

the IGS. The last objective was to compare manual and automatic registration. Manual 

registration was always possible but occasionally yielded high registration errors. Although it 

was fully functional during preclinical evaluation, automatic registration was hampered by the 

systems inability to distinguish liver tissue from other surrounding tissues in humans. With 

the aid of manual delineation of the liver surface (manual segmentation), automatic 

registration at a TRE of <6mm RMS, was successfully demonstrated in one patient. This 

approach however is very time intensive and hence would not be an option during surgery. It 

was therefore concluded that manual registration is fully functional, whereas automatic 

registration required further refinement before meaningful clinical evaluation of its 

performance could be continued. Suggestions of how to implement a machine learning 

algorithm that can aid in liver segmentation, has been made (8.3) and its feasibility of use 

has been demonstrated elsewhere (365). 

Development and clinical evaluation of an augmented reality based image guidance system 

in chapter 8, investigated the ability of computer vision techniques to enhance imaging on a 

centimetre (i.e. macroscopic) level. The current accuracy of the system was shown to be in 

the region of 10-20mm which was sufficient to improve anatomical orientation during 

laparoscopic surgery. A positive correlation between organ motion and imaging accuracy 

was elucidated and it is hypothesised that accuracy may be improved by implementing 

adjusting factors for organ motion into the registration process.  

9.2. Potential clinical application 

Intraoperative ultrasound is an essential tool for the visualisation of functional liver anatomy 

and has therefore to be regarded as the gold standard for imaging in laparoscopic liver 

resection (73–77,368). Its advantages are a good spatial- and temporal resolution which is 

combined with an excellent depth penetration (232,352). Its use in LLR does however have 

some limitations such as operator dependence and decreased diagnostic accuracy for small 

lesions especially if found on the background of liver cirrhosis or steatosis. Furthermore it is 

a 2D imaging modality and hence does not offer much orientation in space (141–144,233). 

In this section potential clinical applications for the imaging modalities explored in this thesis 

are described. An attempt is also made to highlight how alternative experimental imaging 

technologies could be used in this context. Because LUS has already found widespread use 

in LLR and is clinically established (74), it will not be elaborated on any further in this 

section. The potential clinical applications of novel imaging technologies are focused on 

areas where LUS has limitations (e.g. 3D imaging, small lesions). 
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None of the tested imaging modalities in this thesis are at a technical maturity level where 

they could be applied in clinical studies to inform a change in surgical strategy. Confocal 

laser endomicroscopy and SmartLiver have been demonstrated to be safe in a laparoscopic 

environment (150). It is however crucial to determine the optimal way of utilising the 

provided image data to guide surgical therapy before potential benefits for patient care can 

be evaluated. Multispectral imaging and video magnification are perhaps even further away 

from being evaluated clinically but the underlying technology behind these systems can be 

integrated into existing laparoscopic equipment without having to overcome great technical 

hurdles. In the case of video magnification the main requirement on hardware would be the 

use of a high definition laparoscope. From a software point of view it would be crucial to 

increase the processing speed of existing algorithms to enable the real time implementation 

for high definition video (136). Multispectral imaging has already been used in laparoscopic 

surgery and threre are even commercially available systems (103,108). To truly evaluate 

and unlock the potential of this modality it would however be pertinent to develop a device 

that can examine a wide range of spectra including the wavelengths from 600-1500nm and 

perhaps even beyond. Outlined below are some ideas and visions of how to apply optics 

and computer vision in a clinical context. To relate directly to clinical translation, potential 

forms of applying enhanced visualisation are divided according to clinical need.  

9.2.1 Intraoperative histology 

With the exception of the primary tumour in case of liver metastasis, the majority of liver 

resections are only beneficial if there is no extrahepatic spread. If tissue is suspicious for 

malignancy it is often excised and sent for histological evaluation. This however is time 

consuming and has a comparatively low accuracy. An imaging method such as CLE may 

enable the examination of suspicious tissue at a microscopic level and in future studies this 

may be shown to be beneficial. One group is currently exploring the feasibility of sending the 

image information obtained via CLE through a video conference to a histopathologist for 

real-time evaluation (150). The increasing role for parenchyma sparing liver resection for 

HCC and CRLM has already been discussed above (1.1.5). An intraoperative microscopic 

imaging modality could be a useful adjunct if unexpected disease (e.g. HCC nodules and 

regenerative nodules) is found outside the planned resection area (369). 

The safety and feasibility of using CLE during laparoscopic surgery has been demonstrated 

almost a decade ago (178). Based on the results of this thesis, the main hurdle to the use of 

CLE in LLR is that the fine control of the CLE probe tip is not sufficiently accurate yet. 

Suggestions of how address this issue in the future have been outlined below (9.4.1). 

9.2.2 Verifying clear oncological margins 

The complete removal of malignancy is an important factor in improving long term survival 

rates. Indeed if based on preoperative imaging a complete removal is not feasible then 

alternative techniques of cancer treatment need to be considered (55,370). Enhanced 

intraoperative orientation such as can be provided by image guided surgery (chapter 8) may 
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improve chances of locating cancer lesions. Before utilisation of IGS for precise 

intraoperative guidance can be advocated though, it is crucial to improve accuracy to a 

degree where surgeons can be confident that the position of lesions displayed within an AR 

environment are correct. In addition it needs to be ensured that an IGS can provide excellent 

accuracy on a consistent level. Suggestions on how this could be achieved with future 

research efforts are stated below (9.4.4).  

A different approach to ensuring that cancer has been cleared completely in the immediate 

vicinity of the operating site (i.e. avoiding R1 resections) is to develop a method of checking 

the resection margin of the liver for any residual disease. Within this context MSI could be 

utilised to directly examine the margins of the liver remnant. If future studies confirm that 

detection of malignancy by MSI is reliable, than a routine examination of resection margins 

could reveal if any disease is left behind. Narrow band spectral imaging is already clinically 

licensed, therefore the main obstacle to clinical implementation of ‘broad band’ spectral 

imaging or in other words MSI, is to find a technical solution to expanding the wavelength 

range of existing systems (195). A complementary approach to this would be the ICG 

mediated visualisation of NIR fluorescence. Based on previous reports an increased 

fluorescence in contrast to surrounding liver parenchyma may be present in the rim of CRLM 

lesions or throughout the whole of a HCC lesion (189). Fluorescence ICG imaging can be 

described as MSI in conjunction with an exogenous fluorophore, because existing MSI 

systems would be able to visualise ICG mediated fluorescence in addition to the previously 

described tissue spectra (6.3.3). Therefore it is proposed that both imaging approaches 

could be utilised in a complementary fashion. Theories on how to take MSI based imaging 

forward and mature it to a stage where it can be studied clinically are given below (9.4.2). 

9.2.3 Assessing the vitality of tissue 

Assessment of liver vitality and perfusion is useful to guide parenchymal transection of the 

liver. A popular technique for carrying out major liver resections involves the ligation and 

division of blood vessels that carry blood into the liver. Once blood flow is cut off, the 

affected portion of the liver changes its colour. The border between changed and unchanged 

liver is used as orientation for the parenchymal transection line. It may however be difficult to 

appreciate this line in some circumstances and here is where an evaluation of tissue vitality 

and perfusion may be helpful. A number of the evaluated imaging modalities could be used 

in this context. The use of CLE may highlight absence of fluorophore inflow in the non-

perfused part of the liver. Imaging via MSI may reveal a reduction in oxygenated 

haemoglobin (aspect not tested in this thesis) whereas video magnification could be used to 

enhance an imperceptible change in colour. Restrictions to the clinical translation of CLE 

and MSI have already been discussed above (9.2.1, 9.2.2). An important limitation of VM to 

its application in LLR is liver motion secondary to respiration, a finding of this work which has 

been described above (7.3.4.2). Potential solutions to overcome this issue are stated below 

(9.4.3). 
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9.2.4 Haemorrhage preventive techniques 

Major haemorrhage from the liver can lead to a blood loss of several litres within minutes. It 

is difficult to control laparoscopically and is one of the leading causes for converting to open 

surgery (358). For this reason, prevention of haemorrhage is paramount in laparoscopic liver 

resection and for this to be effective, it is important to appreciate the vascular anatomy and 

location of individual blood vessels. Providing a registered and accurate 3D liver model 

during surgery as has been outlined in chapter 8 is likely to be of value in enhancing the 

surgeons understanding of the livers vascular anatomy and its use may prevent inadvertent 

injury to vascular structures. Multispectral imaging has been shown to enable visualisation of 

extrahepatic blood vessels that were obscured by fat (155). If it is possible to extend this 

application to intrahepatic vessels, even if only at 1-2mm imaging depth then it may be 

another tool useful for the prevention of haemorrhage. The limitations that prevent a clinical 

translation of IGS and MIS for laparoscopic liver surgery have been outlined above (9.2.2) 

and potential solutions are proposed below (9.4).  

9.2.5 Identification of hilar structures 

A standard approach to major hepatic resection is to identify and control the blood vessels 

that carry blood into the liver (hepatic artery and portal vein). If a blood vessel is identified 

wrongly and consequently divided, it can have fatal consequences for the patient. In this 

scenario a number of imaging modalities may be helpful. Successful discrimination between 

hepatic artery, portal vein and common bile duct in a porcine model has been reported by a 

group that used a LCTF based MSI laparoscope (155). Video magnification could be used to 

highlight pulsation in the hepatic artery and interpretation of hilar anatomy may be facilitated 

by comparing it with a registered 3D liver model as can be provided by an image guidance 

system. Obstacles to the clinical translation of MSI, VM and IGS have already been 

described in this section and potential solutions are outlined below (9.4). 

9.2.6 Assessing the future liver remnant 

A crucial paradigm in liver surgery is that the volume and function of the liver remaining after 

resection must be sufficient to prevent postoperative liver failure (371). Generally liver 

function is difficult to assess, it is well documented though that patients with cirrhotic or fatty 

livers are more prone to develop postoperative liver failure. Hence the use of MSI to quantify 

liver steatosis in such patients may theoretically be of benefit. One group reported on the 

successful use of spectroscopic fibre based analysis in the evaluation of liver cirrhosis. 

Although this has not been translated into a remote image based approach yet, this is 

certainly an enticing prospect. In this context the assessment of liver fibrosis and cirrhosis 

utilising CLE via a mini-laparoscopic approach has previously been demonstrated in 47 

patients (147,178). This method of assessing tissue quality could potentially be combined 

with a 3D liver model based estimation of residual liver volume. Segmental vascular 

anatomy and precise volumetric assessment of the liver is an inherent part of the 3D liver 

model. It is relatively straight forward to visualise this data and it could also be employed to 
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simulate a liver resection and assess the functional residual volume (371,372). The 

limitations of CLE, MSI and image guided surgery have already been discussed in this 

section and potential solutions to facilitate a future clinical translation are outlined below. 

(9.4) 

9.2.7 Alternative imaging modalities 

There are several alternative experimental imaging technologies that could be applied to the 

clinical situations that have been described above.  

Optical coherence tomography is an alternative microscopic optical imaging modality and as 

such it could potentially be used to assess virtual in-vivo histology (9.2.1) and be used to 

evaluate the quality of liver tissue in the future liver remnant (9.2.6). It has a similar limitation 

in terms of depth penetration to CLE but a further disadvantage is that it has an inferior 

lateral resolution at (7µm vs. 1.4µm) compared to CLE. This means optical coherence 

tomography is less suited to visualising subcellular details in liver architecture (283,373). 

Also its ability to image liver tissue in-vivo has not been evaluated yet (374).  

Photoacoustic imaging is a hybrid imaging technology that combines optical and ultrasound 

technology (232). The majority of photoacoustic research is focused on macroscopic 

imaging but a number of systems have been developed that enable imaging on a 

microscopic scale which potentially could be applied to obtaining virtual in-vivo histology 

(9.2.1). The design of microscopic photoacoustic systems is however very complex and at 

this stage a miniaturisation for laparoscopic use has not been reported yet to the best of my 

knowledge (375). More commonly photoacoustic imaging is evaluated for macroscopic 

imaging (i.e. millimetre scale). It has been shown to have the potential to enable highly 

specific imaging of oxyhaemoglobin, deoxyhaemoglobin and bilirubin in a mouse model 

(240). If this can be replicated in a clinical setting, this modality could become a useful aid 

for the identification of structures in the liver hilum (9.2.5). Visualisation of oxygenated and 

deoxygenated haemoglobin could also enable photoacoustic imaging based evaluation of 

liver tissue vitality (9.2.3). Hypothetically, decreased vitality would be associated with a 

decrease in oxygen content. The design of a laparoscopic probe that is capable of 

visualising haemoglobin has previously been described (242). In this report though the probe 

was only studied ex-vivo and to the best of my knowledge, a laparoscopic application has 

not been reported.  

The majority of preoperative liver diagnostic for surgical planning and surveillance is 

conducted with CT and MRI. They can also be utilised intraoperatively in the form of cone 

beam CT (CBCT) and open plane MRI. Excellent accuracy for of CBCT used in LLR has 

been demonstrated by one group (229) and in addition depth penetration is not an issue with 

this modality or with open plane MRI. Intraoperative imaging to facilitate: verification of clear 

oncological resection margins (9.2.2), prevention of haemorrhage (9.2.4), identification of 

hilar structures (9.2.5) and for the volumetric assessment of the future liver remnant (9.2.6) 
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should all be potentially possible. There are however many disadvantages to utilising CBCT 

for image guidance in LLR including a low resolution, ionising radiation, high costs, lack of 

portability and an inability to allow spatial correlation between instruments and 3D model in 

real time (228,229). With the exception of ionising radiation and low resolution, open MRI 

based image guidance has the same limitations. MRI also has a slower image acquisition 

time than CBCT but the most significant obstacle to utilising it for image guidance during 

laparoscopy is its incompatibility with metallic equipment. This restriction makes the use of 

custom built metal free surgical equipment mandatory (230,231).  

Finally 3D ultrasound could enable the volumetric assessment of the future liver remnant 

(9.2.6). One group reported on the reconstruction of liver volumes in ex-vivo porcine tissue 

(376). If this can be replicated in-vivo, then it could provide a useful tool for assessing the 

volume of the future liver remnant. Disadvantages of 3D ultrasound are comparable to its 2D 

variant perhaps with the exception of providing a better spatial orientation within the imaged 

volume (9.2). 

9.3. Limitations of the current work 

The experimental results presented as part of this thesis have several limitations. The 

mouse model used for CLE assessment has been widely reported on and has been shown 

to be a reliable and reproducible model in the study of metastatic liver disease (250). 

It is however only representative for colorectal cancer liver metastasis and hence findings 

cannot be transferred to other types of liver cancer. Furthermore this animal model is 

created with one specific colorectal cancer cell line. This line was chosen because it is 

known to stem from a well differentiated cancer that was more likely to have typical imaging 

characteristics that would set it apart from hepatic cells. It is however important to verify the 

applicability of CLE imaging for identification of metastatic disease on a variety of cancer cell 

population because this is more reflective of the clinical setting.  

The ability to sequentially record CLE images and combine them to form a larger image or 

so called mosaic has been demonstrated previously (149). This may be of value because it 

allows the assessment of larger and clinically more meaningful tissue areas. The 

commercial software package that can facilitate this recording mode was however not 

accessible for experimental use. The importance of standardising the fluorescence values 

that have been used in the statistical analysis of CLE image data has already been stressed 

above (4.4).  

A major issue during laparoscopic CLE imaging in the porcine model was the stabilisation of 

the CLE probe. Stability of images was hugely dependent on the area of the liver being 

visualised which meant that some liver regions may have been over-represented. 

Occasionally more pressure had to be exerted to obtain images and this may have 

influenced the local tissue perfusion and hence distribution of fluorophores. A change in this 
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distribution pattern may have influenced the quality of images. In both animal models, 

porcine and murine, normal tissue was compared to pathological tissue (ablated or cancer 

tissue) from the same animal. It could be argued that a comparison to control animals may 

have been preferable. The rationale behind comparing tissues in the same animal was that 

this approach is more relevant in a clinical context where it is important to delineate areas of 

diseased form non-diseased tissue (134). 

A clinical evaluation of CLE imaging of liver pathology and an attempt to verify the predictive 

algorithm developed for the murine and porcine model in this context would have been 

desirable. It was however not possible to obtain ethical approval in the required time frame. 

Furthermore it was felt that more data was needed on different forms of cancer and that in 

addition a better stabilisation method for laparoscopic CLE imaging was required to make a 

clinical evaluation beneficial. More recent CLE platforms enable simultaneous dual 

wavelength visualisation. If this technology would have been available for experiments, a 

better direct correlation between CLE images in the red and blue light spectrum could have 

been achieved.  

Studies into multispectral imaging were only conducted on ex-vivo liver tissue. Examination 

of in-vivo tissue may have provided a better estimate of the impact of perfusion and bile 

content on tissue spectra. On the other hand, the range of the spectral imaging was 1100-

1700nm which does not include absorption peaks that are relevant for haemoglobin or 

bilirubin (256). This means that theoretically only the water content could have been different 

in an in-vivo experiment as the content of fat is unlikely to be influenced by blood flow. 

Naturally it would have been preferable to conduct MSI employing a wider spectral range, 

perhaps between 600-1700nm (155,240). This was however not possible due to the 

technical restrictions of the excitation laser source and the InGaAs NIR camera.  

The number of studied animals and ex-vivo specimen was small across studies, but 

comparable to previous reports from other groups (225,241,248,336,377). In the murine 

model some animals were lost before they could be studied and for some of the studied 

animals data was insufficient to allow comparison between healthy and cancerous liver 

(4.3.1).  

In the porcine model the main issues were the high costs for each experiment and the fact 

that several different imaging modalities were tested on each animal which meant that the 

time that could be spared for each modality was limited. The findings from murine and 

porcine experiments however were sufficiently congruent (i.e. decreased fluorescence form 

pathological areas) to support the intended analysis strategies. The main restrictions of 

obtaining more ex-vivo tissue for MSI experiments on liver steatosis were related to the 

difficulty in obtaining discarded donor livers. A larger number of live cancer specimen could 

not be obtained because no tissue could be taken from the vicinity of the resection margin 

because this would have impacted negatively on the clinical decision making process. 
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During histopathological evaluation it is crucial to ensure that the resection margin is clear 

from cancer. This would potentially be compromised if tissue for experiments were to be 

taken from this margin. This essentially means that only very large resection specimen that 

had cancer lesions distant from the resection margin could be used. Given this limitation it 

was fortunate that tissue from two different patients with HCC could be retrieved because, 

HCC is a rare indication for surgical excision in the UK (378). The time frame in which 

specimen could be retrieved was also limited (<8 months) because it took a significant 

amount of time to develop and test the MSI platform used for experiments in this thesis. 

During analysis of video magnification experiments, a striking discrepancy between initial 

results and results form later experiments was found (7.4). This difference related to visibly 

less enhanced pulsation in the latter experiments which correlated with a decrease in the 

measured VM signal strength as expressed by GLCM stats. It is unclear whether this 

discrepancy was due to a variation in the perfusion circuit itself i.e. related to pressure and 

flow although this was monitored continuously. It is also possible that the change was 

related to the use of a different flow phantom construction, because initial experiments used 

a clear phantom with two perfusion catheters whereas later recordings were made 

employing a clear phantom with three perfusion catheters and a brown phantom with two 

perfusion catheters. More concerning than this discrepancy however was the inability to 

replicate the enhancement of vessel pulsation in laparoscopic video that was reported by 

other authors (244,245). A potential explanation could be that other groups preferred the use 

of video sequences recorded with a surgical robot whereas the video material in this thesis 

was derived from laparoscopic video. The significance of this is that robotically recorded 

video is not influenced by hand tremor which would usually affect laparoscopic video 

recordings (350).  

It is however more likely that hand tremor played a minor role. The dominant VM signals 

observed in the laparoscopic video had a similar frequency to the respiratory motion. It is 

therefore hypothesised that respiratory motion of the liver prevented acquisition of more 

subtle pulsatile motion signals (7.4). Another possible problem with the video sequences 

recorded for VM processing may be related to ambient light conditions. These were not 

controlled for and hence differing amounts of light and shade were present in some of the 

sequences. Standard ceiling lighting was used for illumination and as the flow phantom was 

placed in the same position on the lab table, this factor should not have varied to a great 

extent. Because of the negative results from the porcine laparoscopy no attempts were 

made to study laparoscopic video data from patients.  

Due to time constraints during surgery, intraoperative registration was only carried out in two 

out of 9 patients who underwent image guided surgery. As highlighted above it was not 

justifiable to significantly prolong surgical procedures to optimise the accuracy of 

registration. A retrospective registration was carried out for the remaining patients. This 

mode of evaluation was not originally intended but it nevertheless provided valuable data 
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and helped in making improvements to the SmartLiver IGS. The accuracy of the system was 

objectively assessed with a validation method that has been previously verified in a porcine 

model (172). The validation method utilises visual assessment of anatomical landmarks as 

gold standard but it could perhaps be argued that an additional marker of registration 

accuracy would have been desirable. One alternative method of assessing accuracy is (141) 

to measure the distance of cancer lesions to the resection margin based on IGS data and 

then to compare this metric with a distance measurement taken from the pathological 

resection specimen. The disadvantage of this method though is that it relies solely on one 

measured dimension whereas the method used in this thesis combines metrics form two 

dimensions. In addition tumour growth in the period between preoperative image acquisition 

and time of surgery may decrease the distance between lesion and resection margin on 

histopathological evaluation. There is some indication that electromagnetic tracking of the 

laparoscope may be advantageous to optical tracking (267) and it would have been useful to 

elucidate this in a clinical setting. It was not possible to test this though because no safe 

means of integrating the electromagnetic tracker into the laparoscope could be established. 

Because of this shortcoming no attempt was made to gain ethical permission for the clinical 

use of an electromagnetic tracker. Finally the use of retrospective registration meant that 

any potential clinical impact of using an IGS could not be assessed. This however was not 

intended in the original study protocol as the main objective was to assess performance 

metrics (e.g. accuracy) and device safety. 
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9.4. Areas of future work 

9.4.1 Microscopy 

As a microscopic imaging modality, the main advantage of CLE, its detailed view of cellular 

architecture could perhaps also be regarded as its Achilles heel, because by focusing on a 

small field of view it is difficult to put images into a larger and clinically meaningful context. 

An important step would therefore be to enhance the field of view so that an area >1 cm² 

can be viewed. The capability of combining several smaller fields of view together has 

already been implemented by one commercial system (149). A crucial hurdle for making this 

‘mosaicing’ approach viable during laparoscopy, is the need for a stable point of view. To 

provide this sort of stability it is essential to have the ability to control the position of a CLE 

probe with millimetre precision. The ability to achieve this is no trivial matter because the 

probe motion needs to be coordinated with the respiratory motion of the liver. It has 

previously proposed to use a robotic arm for this purpose and this method has been 

evaluated via a natural orifice transluminal endoscopic surgery and a standard laparoscopic 

approach in a porcine model (149,150). This group’s proposed methodology addresses the 

issue of precise control but it does not allow adaptation to organ motion and furthermore 

robotic liver resection is not practiced widely at present (118). 

The liver largely consists of smooth and featureless surfaces on the outside. Theoretically a 

frame attached to several suction cups or fine atraumatic graspers could be applied to the 

liver surface. This frame could provide a steady point of reference. A motorised device 

attached to this frame could then be used to move the CLE probe smoothly across the 

underlying liver surface while ensuring that the surface is covered in its entirety. The fine 

control for this motorised movement could either be carried out manually or automatically. 

To create such a device it is proposed to aim for a spider or crab- like design with several 

arms centrally arranged around the motorised manipulator of the CLE probe in the middle. 

Such a device however would have to overcome many hurdles with the biggest probably 

being the issue of miniaturising it to such a degree where its introduction through a 12mm 

laparoscopic port is possible. If such an undertaking is considered, it is suggested to design 

it for open surgery first and then expand on this design later to apply it to minimal invasive 

surgery. 

A more sophisticated and practical solution would perhaps be a combination of CLE, robotic 

(379) and image guided surgery. In essence the robotic control provides precise 

manoeuvring of the CLE probe whereas the IGS is used to guide the robotic movements 

(221). Should future IGS gain the ability to adjust for liver deformation and motion then it 

would be possible to alter the movement of robotic arms accordingly. Combination of these 

technologies would potentially permit precise mosaicing of large patches of liver surface. As 

an added bonus the recorded CLE images could be integrated into the 3D liver model and 

hence be viewed within the correct macroscopic context (Figure 9.1).  
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A further aid in providing visualisation of greater surface areas would be a CLE probe that is 

customised to the specific requirements of laparoscopy. The CLE device tested in this thesis 

is licensed for use in luminal endoscopy and hence has been miniaturised to fit through an 

endoscopic working channel of <3mm. During laparoscopy however it would be feasible to 

used devices with a diameter of up to 12mm. Greater circumferential size would not only aid 

in covering a greater surface area but it would also likely have a positive impact on image 

quality (380). 

 

Figure 9.1 Integration of CLE images into a 3D liver model. 

 

It was demonstrated in this thesis that the relative fluorescence values (RFU) measured with 

CLE can be used to predict the presence of malignancy in a mouse model and of ablated 

tissue in a porcine model. Due to the nature of the underlying methodology no fluorescence 

threshold values that are indicative of pathological liver tissue states could be determined. 

To create a predictive clinical tool based on this method though, comparable threshold 

values are required. Creation of a system with such capabilities would require a novel and 

reproducible method of using a reference standard to calibrate the optical fibres within a 

CLE probe (299). It is proposed that a light source that emits light at a constant power 

through a narrow band filter could be used to calibrate such a system. The consistency of 

the calibration signal could be verified with the aid of a spectrometer and a photometer. The 

system used in this thesis utilises a chemical calibration standard that undergoes 

degradation over time and therefore it is unlikely to form a useful basis for producing 

calibration norms that are comparable between different users. 
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9.4.2 Multispectral imaging 

Tissue evaluation with MIS depends on the interpretation of absorption characteristics that 

are inherent to different biological substances. Some substances such as lipids have more 

than one absorption peak at different wavelengths (app. 900nm and 1200nm) whereas 

others such as oxygenated haemoglobin possess only one absorption peak (256). To extract 

a maximum of spectral data from tissue it is therefore essential to cover a broad wavelength 

range. Based on previous in-vivo studies into MSI of the liver, it is purported that a desirable 

range would include wavelengths from 600-1700nm hence covering absorption peaks for 

bile at the lower end and water and collagen at the upper end (240,256). No single system 

capable of covering this spectral range in its entirety has been described in the literature so 

far. It is believed that it should be feasible to combine existing systems to cover the desired 

spectrum. The construction of such a broad spectrum MSI system would be the first 

important hurdle towards the accelerating clinical translation of MSI of the liver.  

Once the foundation is formed to interrogate liver tissue at the most relevant wavelengths 

the following step should be the formation of an extensive database, correlating spectral 

response curves (SRC) with pathological and healthy liver tissue. It is presently unclear how 

ex-vivo and in-vivo analysis will compare but it is hypothesised that the main differences will 

be related to the absorption characteristics of haemoglobin and perhaps to a lesser extent 

water. The rationale behind this theory is that blood perfusion present in in-vivo studies will 

likely have an impact on the concentration of the main components of blood namely 

haemoglobin (163) and possibly also on water. Nevertheless studies from ex-vivo human 

liver specimen have the advantage of mirroring the histological composition of clinical 

disease (e.g. cancer) more closely than would be the case for animal disease models. The 

latter model however would provide a valuable insight into how blood flow will affect the 

spectral signature of disease. An integral approach to analysing findings from both 

experimental models in context will likely yield a close approximation of what can be 

expected from intraoperative MSI of the liver. 

To facilitate clinical studies, it will likely be most efficient to focus on spectral responses in 

certain narrowly defined wavebands as opposed to requiring a full acquisition of SRC in 

small wavelength steps (381), because this is heavily time and resource dependent. Once 

the relevant spectral ranges have been established from a SRC database, it should be 

possible to fit a spectral response curve to normal liver tissue and a variety of liver 

pathologies, respectively (161,256). Instead of measuring a full spectral response in clinical 

studies, MSI could focus on obtaining spectra from specific wavebands only and this data 

could then be processed to compare its fit to the pre-established pathological and healthy 

“signature” spectra. If this approach is shown to be feasible it would mean that technical 

solutions to laparoscopic MSI could be based on multiple bandpass filters instead of 

tuneable laser excitation. The former approach would be much less complicated as it avoids 

concerns about laser safety, costs and theatre space (382).  
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A recently established method of MSI completely dispenses with the need for interrogating 

tissue at specific wavelengths. In parallel to video magnification this methodology has the 

advantage that no specific hardware adaptations are required. The authors describe how 

they employ radiometric colour calibration of the endoscopic camera’s sensor in conjunction 

with a Bayesian framework to analyse blood volume and oxygen saturation in the observed 

tissues (383). 

9.4.3 Video magnification 

Experiments into video magnification in this thesis have corroborated findings from other 

groups which found that imperceptible motion can be enhanced and made visible in a variety 

of settings (136,244,245). A major drawback of Eulerian video magnification however is an 

increase in image background noise which correlates with the magnitude of the 

magnification factor and the quality of the original video (7.3.1.4.1). For this reason much of 

the future work into this computer vision modality will likely be directed at improving image 

noise (244,342,384,385). Although primarily investigated as a method to improve 

laparoscopic vision, VM has also been applied to standard video cameras utilised for a 

number of clinical diagnostics. One group has proposed VM as a method of monitoring 

viability of skin flaps after reconstructive surgery (386). Other authors have suggested to 

utilise VM for the diagnosis of fasciculation in patients with amyotrophic lateral sclerosis. The 

fact that VM technology can be utilised in conjunction with standard video cameras that are 

nowadays ubiquitously available is one of its main advantages. A further step towards 

implementing VM as a methodology for the remote monitoring of vital signs in a large 

number of subjects has been its incorporation into mobile app technology (341). In addition 

to using standard RGB video signals as input for VM, thermal video data has also been 

successfully utilised to assess microvascular health in diabetic feet.   

Based on the reports from a number of authors groups it is clear that utilisation of VM in 

laparoscopic surgery has led to some promising results (244,245,385). Despite this there is 

a significant requirement for further improvements and clinical evaluation before this 

computer vision modality can be employed to enhance surgical sensing of physiological 

motion. Based on the results in this thesis it is purported that considerable efforts should go 

into standardising the evaluation of VM processed video scenes. Extraneous motion such as 

respiratory and cardiac motion, may also prove an important obstacle to the implementation 

of VM in laparoscopy. A potential solution that has not been evaluated here may be to track 

a region of interest on the liver surface and transform it into a virtual “still image” to facilitate 

consequent VM processing without the interference of extraneous motion. 
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9.4.4 Image guided surgery 

The results from the SmartLiver clinical feasibility study presented in this thesis indicate that 

two key areas requiring more development work in image guided surgery are accuracy and 

usability. Quite simply an improved accuracy will increase surgical confidence in the 

reliability of the displayed augmented reality environment. Accuracy as reflected by target 

registration errors (TRE) in the range of 5-20mm RMS did vary significantly between cases 

and at this stage it is justifiable to regard the system as an aid to intraoperative orientation. 

To achieve the sub-centimetre accuracy required to carry out precise intraoperative 

navigation more improvements are required. 

Most efforts of improving accuracy are directed towards creation of a deformable 3D liver 

model that can simulate changes in liver shape in real time. Many groups are working 

towards this goal but due to the scientific complexity and immense computational demands 

the realisation of a real-time deformable liver model remains elusive so far 

(174,228,348,387). It was highlighted in chapter 8 (8.3) that a rigid 3D model that adjusts for 

liver motion would be less complex and hence may be a more realistic short to medium-term 

solution. Refinement of the 3D liver model is not the only area where accuracy may be 

enhanced. Based on preclinical experiments with the SmartLiver system it was estimated 

that a TRE of 1-2mm RMS is caused by inaccuracies of the optical tracking method. Utilising 

electromagnetic tracking instead of optical tracking was consequently shown to convey an 

improved accuracy (267). An entirely novel approach to tracking has been proposed by a 

group that employs stereoscopic surface reconstruction to estimate the laparoscopic pose. 

Initial results were promising although the best accuracy was achieved when combining the 

stereoscopic surface reconstruction method with conventional optical tracking (129).  

The second key component of IGS is usability and integration within the surgical workflow. 

This is dependent on performance of different technical aspects such as time needed for 

registration and calibration (66,67) but also on the human-to-machine interface ergonomics 

of operating the system. At the later development stages of the SmartLiver system a graphic 

user interface that is controllable via a touch screen display was implemented. Subjectively 

this was felt to be a palpable improvement over the mouse and keyboard directed controls in 

the earlier development stages of the system. A novel way of addressing IGS control during 

surgery is the utilisation of natural user interfaces, namely gesture control sensors in the 

form of wristbands and voice control. This method circumvents sterility issues that are 

encountered during surgery. A reported disadvantage is that one hand needs to be freed up 

for performing gestures, but this is also true for any other form of interacting with machines, 

systems and the surgical environment in general (388). 
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9.5. Conclusion 

The major conclusions drawn from this study with regards to the stated objectives were: 

1) Confocal laser endomicroscopy can be utilised to discriminate between normal and 

pathological liver tissue in experimental mouse and porcine models. Reduction of 

fluorescence intensity increases the likelihood for the presence of colorectal cancer 

liver metastasis or ablated liver tissue. 

2) Characteristics of liver tissue absorption spectra reconstructed from multispectral 

images, are related to the nature of the underlying tissue composition. Within the 

limitations of the available data, there is some indication that tissue absorption at 

particular wavelengths may independently predict the presence of malignant tissue. 

3) Texture based analysis of video magnification signals can be used to verify the 

presence of subtle signals. This analysis method however does not enable a 

quantification of the underlying signal strength. 

4) The feasibility of using an augmented reality based image guidance system for 

laparoscopic liver surgery has been demonstrated. The average accuracy of the 

system suggests that it will be useful in enhancing intraoperative orientation. 

The above conclusions support the hypothesis of this thesis that optical imaging and 

computer vision technologies have the ability to extract sensory information from the liver 

that is useful for guiding laparoscopic liver surgery. 
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