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Abstract 

A portosystemic shunt (PSS) is defined as a congenital or acquired abnormal blood 

vessel that redirects blood around the liver without being filtered through hepatic 

parenchyma. PSS are thought to contribute to the distribution of isolated secondary 

metastases beyond the liver in 1.7 - 7.2% of all colorectal cancer patients without 

cirrhosis of the liver. No standardised clinical test for PSS yet exists and 

subsequently, the majority of PSS cases are detected incidentally through 

radiological means. To better identify PSS, a simple standardised clinical test for its 

detection is needed. The aim of this thesis was to develop a cost effective, non-

invasive technique that can detect and measure PSS in a healthy liver model. 

Methods 

An artificial 8mm diameter PSS was created between the portal vein and the 

inferior vena in a pig model with a catheter inserted in the confluence of the 

hepatic veins for sample collection. A spectrum of compounds including 

indocyanine green (ICG), 13C-methacetin, sorbitol and lignocaine, were injected into 

the portal system. To analyse the pharmacokinetic nature of the shunt and liver, 

Evans blue dye and 14C-sucrose were also administered. ICG was measured via a 

LiMON® spectrometer attached to the pig’s snout, while levels of the other 

indicators were measured by serial blood and breath sample collection over a 40 

minute period. The process was repeated with the PSS clamped as the control.  
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Results  

Of the administered compounds, only ICG had the potential to clearly identify and 

quantify the shunt due to the rapid serial sampling via the LiMON®. Further 

simulations using ICG demonstrated that the shunted fraction can be calculated 

using the transit times, including mean residence time, lag time and 

pharmacokinetic modelling.  

Conclusion 

Although this study has not yet provided a concise method for PSS detection 

available for immediate clinical use, it does provide a large foundation for further 

exploration into a quantitative technique. A future PSS test would allow an added 

risk assessment for secondary cancer, and consequently individual cancer therapy 

may be better targeted for individual patient care. 
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Preface 

This thesis is the first stage toward portosystemic shunt (PSS) detection. Chapter 1 

explores the range of PSS diagnosed in patients without liver disease and the 

associated method that was used for diagnosis, while also underlying the values for 

a need of a standardised clinical test. Chapter 2 replicates PSS by describing a 

surgical method to mimic a large PSS within a swine model. With an artificial PSS 

developed, chapter 3 describes the different practical dynamic techniques that may 

be plausible for PSS detection, with some viable techniques to be explored further. 

Chapter 4 studies the techniques chosen from chapter 3 in the PSS swine model 

and determines which technique is best suited for PSS identification and 

quantification. Chapter 5 reviews how the best technique from chapter 4 can 

quantify the shunt and what possible limits the shunt itself has with this technique. 

Finally, chapter 6 summarises this technique with a future outlook as to what PSS 

detection implications would have a clinical setting. This chapter also outlines the 

limitations and complications with the previous methods and what steps were used 

to overcome these problems. References and additional material can be found in 

chapters 7 and 8.  
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CHAPTER 1 

Introduction 
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1.1 Introduction 

A portosystemic shunt (PSS) is defined as a congenital or acquired abnormal blood 

vessel that diverts a portion or all of the hepatic portal blood into the systemic 

venous system. Consequently the diverted blood does not pass through the liver 

sinusoidal parenchyma. Portosystemic shunts developing after birth may develop 

de novo, as a consequence of disease or as a result of human intervention, but still 

little is known about them. Normal human vascular anatomy does not contain any 

venous connections between intrahepatic portal branches and hepatic veins, nor 

are there any connections between superior mesenteric veins, splenic veins, 

extrahepatic portal veins and other systemic veins [1, 2].  PSS are often seen in 

patients with cirrhosis of the liver, but have also surprisingly been viewed in 

patients with functionally healthy liver, including patients without cirrhosis, fibrosis 

or hepatitis.  

 

1.1.1 Classification 

Portosystemic shunts are anatomically divided into two groups – extrahepatic 

(Figure 1.1) and intrahepatic (Figure 1.2). The English surgeon, John Abernethy FRS, 

first described extrahepatic vascular anomalies consistent with a PSS in the post 

mortem examination of a 10 month old infant in 1793 [3]. Consequently, these PSSs 

are now described as being of an “Abernethy” Type. Bellah et al. [4] were the first 

to image extrahepatic PSS, with more recent work by Morgan and Superina [5] 
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resulting in the description of Abernethy Types I and II (Figure 1.1). An Abernethy 

Type I PSS diverts all blood from the portal vein into the inferior vena cava (IVC) and 

the intrahepatic portal vein is absent.  An Abernethy Type II PSS diverts a portion of 

the blood into the IVC with the portal vein being tortuous.  

 

Few Abernethy Type I cases have been reported in detail with pathological 

examination, and therefore it is possible that an underdeveloped hypoplastic portal 

vein may still be present [6]. It is therefore suggested that the Abernethy 

classifications show variability, rather than definite clinical representation [2].  

 

Doehner et al.[7] initially reported intrahepatic PSSs, however Mori et al. [8] was 

the first to image them and Park et al.[9] later categorised them into four types 

(Figure 1.2) based on their location in Coinaud’s segments (Figure 1.3)[10, 11]. Park 

Type I is a single, constant diameter shunt from the intrahepatic portal vein to the 

IVC. In Park Type II, single or multiple shunts can be found between the intrahepatic 

portal branches and the hepatic veins within the same segment.  Park Type III is a 

shunt, which has formed via a portal system aneurysm connecting to a hepatic vein, 

and in Park Type IV, there are multiple shunts between the portal branches and the 

hepatic veins in multiple segments. 
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There are several different classifications to describe PSSs. For the purpose of this 

thesis and to encourage standardisation of PSS classification, the Abernethy and 

Park descriptions will be used.  
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 Table 1.1: Summary of Abernethy extrahepatic and Park intrahepatic 
portosystemic shunt definitions. 

 

 

 

  

PSS Type Definition 

Abernethy I All blood from the portal vein is diverted into the 
inferior vena cava, and the intrahepatic portal vein is 
absent.   
 

 II A portion of the blood from the portal vein is diverted 
into the inferior vena cava with the portal vein being 
thin and tortuous. 

   Park I  A single, constant diameter shunt connecting the 
intrahepatic portal vein to the inferior vena cava. 

 II Single or multiple shunts can be found between the 
intrahepatic portal branches and the hepatic veins 
within the same segment.  
 

 III A shunt formed via a portal system aneurysm 
connecting to a hepatic vein. 
 

  IV Multiple shunts between the portal branches and the 
hepatic veins in multiple segments. 
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Figure 1.1: Extrahepatic Abernethy portosystemic shunts. Type I: All blood from the Portal 
Vein (PV) is diverted into the Inferior Vena Cava (IVC). Type II: a portion of blood diverted 
into the Inferior Vena Cava with the Portal Vein being patent, but tortuous. 
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Figure 1.2: Park classification: Type I has a single, constant diameter shunt from the 
intrahepatic portal vein (PV) to the inferior vena cava (IVC). In Park Type II, single or 
multiple shunts can be found between the intrahepatic portal branches and the 
hepatic veins within the same segment.  Park Type III has a shunt, which has formed 
via a portal system aneurysm connecting to a hepatic vein, and in Park Type IV, 
there are multiple shunts between the portal branches and the hepatic veins in 
multiple segments 
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Figure 1.3:  Human liver divided into segments according to Couinaud’s 
nomenclature. The left lobe consists of segments I-IV, while the right lobe consists 
of segments V-VIII.  
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1.1.2 Portosystemic Shunt Variability Within The Classifications 

Five types of classifications have been proposed for PSSs [12]. The Park and 

Abernethy classification is the most commonly used with some slight additions and 

variations. However, within the classification definitions, there is still some room 

for interpretation.  

 

Abernethy and Banks [3] reported an abnormal IVC, however in most cases, the IVC 

is normal. A PSS may typically drain into the IVC anywhere between the level of the 

renal veins [13] to the confluence of the hepatic veins [14]. There are reports of a 

portal vein formed from the splenic and superior mesenteric veins ascending 

retrohepatically and connecting to the IVC above the confluence of the hepatic 

veins [15, 16]. There is also an additional report of a Type I PSS connecting directly 

the right atrium [5]. There cases reporting with variation when either the splenic or 

superior mesenteric vein join to another systemic vein, which are more commonly 

associated with Type I [2], or similarly the portal vein connects directly into a 

systemic vein other than the IVC. Other systemic veins may include left or right 

renal veins or azygos vein [6, 17-19]. Although rare, there are several reports of a 

shunt between the inferior mesenteric vein, or the superior rectal tributaries with 

the common left or right internal iliac vein [14, 20, 21].   

 

In a typical Type II PSS, portal blood is partially shunted via the IVC posteriorly to 

the liver [22-24] and the intrahepatic portal vein is of normal appearance or 
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hypoplastic [24-26]. However, the shunt has been noted to be partly intrahepatic 

when traversing the caudate lobe [27]. Most cases note the hepatic artery and its’ 

intrahepatic branches are enlarged [14, 23, 28], while the portal venules are small 

or not present [14, 15, 20]. However, some liver biopsies were reported as normal 

in appearance [29]. 

 

1.1.3 Incidence 

Acquired PSSs are commonly recognised in patients with cirrhotic liver disease as a 

compensatory mechanism for the associated portal hypertension [30]. In contrast, 

congenital and naturally acquired PSSs are thought to be rarely recognised in 

healthy individuals or in patients with non-cirrhotic liver disease. It is speculated 

that PSSs only occur in 1/30,000 people, however this is based purely on a 

nationwide screening for galactosemia [12, 31]. Hypergalactosemia is a rare genetic 

disorder known to be associated with PSSs [32, 33]. Such PSSs have usually been 

serendipitously detected and more may be detected if there was a standardised 

clinical prognostic test. Neither the true incidence, the cause, nor the clinical effect 

of a PSS in healthy individuals or in patients with non-cirrhotic liver disease is 

known.  The absence of a standard, simple, diagnostic procedure to detect and 

evaluate the entity contributes to this ignorance. 

 

Abernethy Type I PSSs are more common in females [14, 23].  Abernethy Type II are 

thought to be more prevalent in males [23, 25], but this is not universally accepted 
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[6]. From 1971 to 2003, 61 cases of Abernethy extrahepatic PSSs were found, with a 

majority of Type I more commonly occurring in females [4-6, 13, 14, 16, 18, 20, 23, 

34-53]. Although Type II extrahepatic PSS were not as common in these cases, the 

prevalence was similar in both males and females. PSSs have been reported at ages 

ranging from 31 weeks intrauterine life to 76 years (Type I) and 28 weeks 

intrauterine life to 69 years (Type II) [6].  

 

Park Types I and II are far more common than Types III and IV [2]. A study by 

Glitzelmann et al. [54] in 145,000 infants, it was demonstrated that congenital PSS 

in infants are rare. A PSS was evident in only five infants through biochemical and 

ultrasound findings. Of these five infants, only one was documented in a case study. 

Although still rare, 34 Park Type PSSs and 17 Abernethy Type PSSs were identified 

[55]. However, more infants have been diagnosed with PSS in Japan than anywhere 

else in the world, and it is thought that the prevalence of congenital PSSs is higher 

in Japan as infants are routinely screened for hypergalactosemia [2, 25, 55].  

 

1.1.4 Associated Malformations  

 Several congenital malformations are described in children with Abernethy PSSs. 

Cardiovascular anomalies including ventriculoseptal defect, coarctation of the aorta 

and atrioseptal defect are most prevalent in Abernethy Type I [5, 6, 13, 23, 25]. 

There are several further cases which report biliary atresia, some of which included 

splenic malformation syndrome (polysplenia, situs inversus and intestinal 



12 
 

malrotation) [5, 23]. Other uncommon associated conditions include multicystic 

dysplastic kidney, oculoauriculovertebral dysplasia, choledochal cysts, skeletal 

anomalies and cutaneous haemangioma [14-16, 56, 57].  

 

Congenital malformations associated with Park Type PSSs are rarely seen, but 

biliary atresia, cutaneous haemangioma and congenital cardiac disease have been 

reported [54, 55, 58-60]. Congenital cardiac disease especially is thought to be 

linked to long durational PSS patency and aetiology [25, 61]. There are some 

reports that suggest there may be a general angiogenesis abnormality causing PSSs. 

Two patients with PSSs were reported, in association with multiple coronary artery 

fistulae [62], a left internal carotid-basilar anastomosis and absent vertebral 

arteries [60]. 

 

Fewer associated abnormalities and conditions have been reported in relation to 

Abernethy Type II, although they are similar to the associated conditions related to 

Type I [2]. These include pulmonary valve atresia, patent ductus arteriosus, 

oculoauriculovertebral dysplasia, polysplenia with IVC anomalies and Cornelia de 

Lange syndrome [6, 23-25, 63].   

 

1.1.5 Symptoms and Complications 

Few symptoms have been associated with Park Type PSSs, many cases of which are 

asymptomatic [2]. On occasion neonatal jaundice has been reported [2]. Two main 
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complications can occur as a result of PSSs. Firstly, hepatic encephalopathy is often 

a symptom of large PSS, and secondly PSSs may influence the development of 

intrahepatic tumours.  

 

Hepatic encephalopathy is caused from circulating toxins affecting the cerebrum. 

These toxins are typically removed by the liver in a single pass, however a PSS 

avoids the metabolisation of the toxins. There can also be an increased 

concentration of bile acids, postprandial glucose, galactose, ammonia and 

nitrogenous substances, which may have an effect on the brain [55, 64]. Long 

standing PSSs can cause hypergalactosemia, which then may lead to cataract 

formation [64]. Often encephalopathy is related to the size and duration  of the PSS 

[55], however, the vulnerability to hepatic encephalopathy increases with age [2].   

The lack of, or severe reduction in intrahepatic portal blood flow may cause over 

arterialisation of the liver. This therefore can increase levels of hepatic growth 

factors such as insulin, glucagon or hepatocyte growth factor [65]. Any combination 

of these factors may encourage growth of benign hepatic tumours, such as focal 

nodular hyperplasia, nodular regenerative hyperplasia and adenoma [6, 14, 16, 20, 

24, 41], or malignant hepatic tumours including hepatocellular carcinoma or 

hepatoblastoma [13, 56]. It is possible that these tumours may regress if PSSs are 

occluded, especially in patients with Abernethy Type II PSSs [2].  
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Experimental models and human patients have shown that reduced portal venous 

flow may cause some liver atrophy [66-68]. Animal models have also demonstrated 

that congenital PSSs in rats have developed hyperplastic nodules and hepatic 

atrophy [69, 70]. Portal venous blood supplies hepatotrophic factors from the 

digestive system including insulin and glucagon, which may cause decreased liver 

size due to a congenital PSS. However, other factors may be at play including an 

imbalance between liver regeneration and apoptosis [65, 67].  

 

Other less common complications have been noted such as hyperandrogenism and 

hyperinsulinism due to an Abernethy Type I PSSs [71]. Hepatopulmonary syndrome 

was also seen in patients with Abernethy Type II [26, 72]. Some reports suggest that 

PSSs may cause fatty liver features, as these features disappeared after the PSS was 

occluded [73, 74].  

 

1.1.6 Pathogenesis 

Three different hypotheses have been proposed as a cause of extrahepatic shunts 

and two potentially for intrahepatic shunts. The congenital theory proposes that 

during the initial stages of foetal development, there are connecting venous 

networks between the subcardinal and vitelline venous systems, as well as between 

the portal branches and the caval tributaries, which may later form a PSS [75], 

similar to the intra-uterine circulation through the ductus venous. Most congenital 

PSSs will spontaneously self-occlude during the first 12 - 24 months of life, however 
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it is unknown how often this occurs [54, 58, 61, 64, 76, 77]. If the PSS does not 

occlude further complications can occur in adolescence and adulthood. 

 

PSSs often occur in neonatal infants with a patent ductus venosus connecting the 

left portal vein to left hepatic vein via the umbilical recess of the liver [2]. Typically, 

this would start to occlude directly after birth with the liver being fully functional 

after 17 days [78-80]. It is thought that delayed closure may be the result of higher 

venous pressure and congenital heart disease [2]. The ductus venosus later forms 

the ligamentum venosum within the fissure between the caudate lobe and segment 

3. Persistent patency of the ductus venous has only been diagnosed in 15 cases and 

was seen more in males than females [81]. Persistent patency is thought to be 

caused from or associated with either a genetic disorder [73, 82], or hypoplasia of 

the intrahepatic portal vein [81-83].  

 

Development of Abernethy Type I has been associated with excessive involution of 

the periduodenal vitelline veins [15]. However, it is unknown if a PSS is the cause of 

a lack in development of the portal vein or if the lack of a portal vein causes the 

development of a PSS [2].  

 

Moncure et al. [84] proposed the adhesion theory after a PSS was found at the site 

of intra-abdominal adhesion in a patient with mesenteric varices. A third theory 
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proposed by Akahoshi et al. [29] argues that PSSs are the natural result of 

idiopathic portal hypertension. 

 

1.1.7 Detection and Assessment 

Computed tomography (CT) and Doppler ultrasound scanning are the most 

frequently used imaging modalities for assessing the liver in adults, and therefore 

may account for the detection of most PSSs. These methods are commonly used to 

obtain images of vascular structures and there is considerable expertise required in 

their interpretation. However, there are several significant problems relating to the 

use of these techniques for the purpose of PSS detection. Both CT and Doppler 

ultrasound scanning can be time consuming when searching for a PSS. 

Furthermore, a simple CT scan of the abdomen has a similar amount of radiation 

(10mSv) to nine abdominal x-rays or 200 chest x-rays [85, 86] and therefore carries 

a significant radiation burden. Although Doppler ultrasound scanning does not 

involve any radiation, it can have a low sensitivity for some PSSs, especially if they 

are small. The efficacy of Doppler ultrasound scanning is dependent on the 

transducer used to identify the location and size of the PSSs and the skill of the 

operator [87]. Lisovsky et al. [88] reported that Doppler ultrasound scanning was 

unreliable in detecting PSSs, and suggested that PSSs are commonly undiagnosed. 

It is possible that the lack of a portal vein is unseen via ultrasound due to decreased 

intrahepatic vascular visibility and decreased liver size [64]. Attempts to find an 

Abernethy Type I PSS, visual clues may include an enlarged hepatic artery and 

common bile duct at the hepatic hilum [64]. Similarly, a liver biopsy may indicate 
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the presence of an Abernethy Type I  or possibly Type II PSS, with demonstration of 

absent portal venules, bile duct proliferation, arterialisation, and periportal fibrosis 

[82, 88]. However, these histological factors are not conclusive alone for a PSS [88]. 

With several indications, a CT would then be required to locate the Type I PSS.  

 

1.1.8 Treatment 

Surgical ligation or radiological occlusion can be used to treat PSS if it is surgically 

accessible [2]. Treatment is especially required if the PSS is the cause of hepatic 

encephalopathy or if there is a high risk of a benign hepatic tumour developing. 

Occlusion of PSS may not be safe in all cases especially if the portal vein is 

hypoplastic. Occlusion of the PSS may cause portal hypertension or hepatofugal 

flow. In some cases is may be deemed appropriate to surgically narrow the PSS and 

allow acclimatisation before occlusion [25]. For patients with an Abernethy Type I 

PSS, a liver transplant is currently the only viable treatment [5, 23, 89]. However, 

optimal treatment should be assessed separately for each patient.  

 

Patients who are asymptomatic may not need treatment. In these cases, patients 

can be treated with a protein-free diet and regular administration of branched-

chain amino acids and lactulose if any metabolic abnormalities occur [90]. 
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1.2 Gastrointestinal Cancers 

Colorectal cancer and associated secondary cancers are the third most common 

gastrointestinal cancer worldwide and the fourth most common cause of death. 

The most common sites for secondary gastrointestinal cancer can be identified liver 

and lung [91, 92]. Before the primary tumour has been discovered, between 15 -  

20% of patients will have secondary metastases [93]. Over a four year period, 754 

patients were diagnosed with gastrointestinal cancer, including 12% being 

diagnosed colorectal cancer. Interestingly, 6% of the colorectal cancer patients 

were also diagnosed with isolated secondary lung metastases [94]. Tan et al. [94] 

estimated that between 1.7 - 7.2% of colorectal cancer patients have isolated 

secondary lung metastases.  

 

Veins from the gastrointestinal organ drain into the portal system (Figure 1.4) [95] 

and is therefore clearly understood as to how cancer may spread beyond the liver, 

without the liver obtaining metastases itself.  Theoretically, cancers spreading via 

the bloodstream should be trapped by the liver, rather than progress further and 

generate distant metastases. One possible theory to this obscure metastatic 

distribution phenomenon is that PSSs play a role in facilitating the distribution of 

cancer, however this remains to be investigated. 
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Figure 1.4: Gastrointestinal organs with venous drainage into the portal system 
[95]. 
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1.2.1 Circulating Tumour Cells 

Circulating tumour cells (CTC) are cancer cells that have originated from a primary 

tumour and circulating through the vascular system or lymphatic system [96].  The 

quantity of CTC that are released into the blood stream from a primary cancer is 

unknown [97] as their detection is difficult given there are only 1 to 10 CTC per 

millilitre of whole blood as compared to the millions of white blood cells and red 

blood corpuscles [98, 99]. It is speculated that CTC distribution mostly occurs from 

haematogenous dissemination [97, 100-103]. Dissemination into surrounding 

lymphatics of the primary tumour is often a dead end rather than the route of CTC 

metastasising and further spreading CTC [104].  It is estimated that only 0.01% of 

CTC will actually proliferate into a metastasis [105].  

 

1.2.2 Metastases Distribution 

A hypothesis, first proposed in 1958 by Lore et al. [106] and later studied by Saitoh 

et al. [107], suggested that PSSs could be one of the routes responsible for the 

distribution of gastrointestinal metastases to distant organs, for examples 

colorectal metastases into the lung rather than the liver. Theoretically, CTC from 

colorectal carcinomas should be ‘trapped’ by the liver, without further 

dissemination. However, according to this hypothesis, a PSS may act as a direct or 

indirect route for metastatic cancer cells to reach the pulmonary vascular system. If 

this hypothesis is correct, it is possible that detection and elimination of a naturally 

occurring PSS in cancer patients could prevent some forms of metastatic disease, or 

provide a prognostic indicator.  
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Wallace et al. [108] noted secondary metastases in two of their patients who had 

been implanted with artificial PSSs. Implantation of  a transjugular intrahepatic 

portosystemic shunt (TIPS) was successfully performed in 37 patients. TIPS is an 

artificial shunt that has been more widely used within the last decade to treat 

portal hypertension and other complications [108]. Two of these patients who were 

previously diagnosed with pancreatic neuroendocrine tumours had been identified 

with thoracic metastases and <5 mm nodules in the lungs, ten months after the 

TIPS procedure without hepatic metastases. The TIPS is most similar to Park Types I 

or II PSSs, depending on the site of the stent. Although, PSS diameters may be 

different to that of TIPS, the effects remain similar. The report by Wallace et al. 

[108] is an example of cancer patients that are later diagnosed with pulmonary 

nodules (secondary tumours) which may be due to TIPS. Therefore, it is possible 

that metastases beyond the liver may occur via a PSS. 

 

CTC may still pass through the liver without a PSS provided they are not detected by 

the hepatic immune system. CTC must pass via the vascular bed within the sinusoid 

wall, which contains phagocytes, called Kupffer cells and liver-resident 

macrophages. These Kupffer cells and macrophages are the first line of defence in 

removing unwanted cells and particles, including CTC [109-111]. For a CTC to be 

undetected and disseminate further ligands on the CTC membrane need to be 

modified through a multi-step process to give the ‘appearance’ of a normal cell.  

The biophysics of endothelial cell and CTC interaction is still not entirely understood 

[112]. CTC undergo several stresses including shear hemodynamic stress, immune-
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surveillance and anchorage-dependent survival signalling [113] during movement 

through the extracellular matrix and vascular system. With these stresses, CTC roll 

and adhere along the epithelium via selectins and their specific binding selectin-

ligand. There are three types of selectins, L-, E- and P-selectin which are a type of 

glycoprotein found in the transmembrane that bind to corresponding glyconjugates 

or ligands on other cell membranes [112-115]. As the CTC move through the 

extracellular matrix and vascular system, they interact with different 

haemeopotoeic and endothelial cells, which consequently modifies their selectin 

ligands. This allows the CTC to acquire the potential to create site specific 

metastases [113].  Notably, colorectal carcinoma CTC injected into the portal 

system of E- and P-selectin knockout mice caused 84% fewer lung metastases as 

compared with normal mice [116]. This suggests that some CTC dispatched from 

colorectal carcinomas particularly acquire E- and P-selectin ligands, which are 

specific for the lung and still bypass the hepatic immune system.  

Notwithstanding the strategies that CTC may employ to circumvent hepatic 

surveillance, the presence of a PSS may increase the concentration of colorectal 

carcinoma CTC reaching the lungs. 

 

1.3 Summary  

Naturally occurring and congenital PSSs are not a widely understood area, 

especially when found in patients without cirrhosis. Although, believed to be rare, it 

is possible that microscopic Park Type PSSs maybe still present in some patients. 
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Gastrointestinal cancers are far more common in adults, and it is debatable as to 

how these cancer patients have metastatic dissemination beyond the liver, without 

metastases in the liver. PSS may be one factor that increases the risk of secondary 

cancer occurring. However, there are no standardised clinical tests to detect PSS, 

which therefore limit the number of PSS studies.  

This chapter further reviews the available literature regarding: (a) congenital or 

naturally acquired PSSs in adult patients with functionally healthy livers (without 

cirrhosis, hepatitis or fibrosis.); and (b) the allied methods used to diagnose and 

characterize these PSSs. Reports regarding surgical PSSs and children under the age 

of 18 years old were excluded from this review. 

 

1.4 Objectives 

1. To review the occurrence of congenital or acquired PSSs in adult patients, 

with normal liver function. 

2. Explore similarities between patients including age at diagnosis and 

symptoms.  

3. What methods have been able to incidentally detect these PSSs and which 

are the most prevalently used methods. 
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1.5 Question 

In adults, with normal liver function and congenital or naturally acquired PSSs and 

no plausible associated cause, what is the most frequently used diagnostic 

procedure? 

 

1.6 Methodology 

1.6.1 Search Strategy  

Inclusion and exclusion criteria were defined. Articles were included if the patient 

was human, patient(s) had a natural PSS, functionally healthy liver, were equal to or 

older than 18 years and the article was in English. Articles were excluded if the 

patient(s) had a surgical PSS, diseased liver including cirrhosis, fibrosis or hepatitis, 

were younger than 18 years, was an animal, or the article was not written in 

English.  

 

PUBMED, EMBASE, MEDLINE and Cochrane Library searches were performed using 

the terms listed in Search Term 1.1 and has been formatted for a PUBMED search. 

Due to the numerous articles containing a surgical PSS, PSSs caused by liver disease, 

PSSs found in children and animals, a ‘NOT’ section was included, which excludes all 

articles containing elements of the exclusion criteria. If the patient could not be 

determined as an adult or the state of the patient's liver could not he clearly 

defined, the article was not included for review.  



25 
 

 

 

 

“portosystemic shunt OR portocaval shunt OR portasystemic shunt OR portacaval 

shunt[tw] OR porto systemic shunt[tw] OR porto caval shunt[tw] OR portal systemic 

shunt[tw] OR portal caval shunt[tw] OR mesocaval shunt[tw] OR splenorenal 

shunt[tw] OR portosystemic shunts[tw] OR portocaval shunts[tw] OR portasystemic 

shunts[tw] OR portacaval shunts[tw] OR porto systemic shunts[tw] OR porto caval 

shunts[tw] OR portal systemic shunts[tw] OR portal caval shunts[tw] OR mesocaval 

shunts[tw] OR splenorenal shunts[tw]” 

“NOT (portasystemic shunt, surgical[mh] OR transjugular[tw] OR tips*[tw] OR 

dog[tw] OR dogs[tw] OR cat[tw] OR cats[tw] OR foetus[mh] OR umbilical veins[mh] 

OR caput medusa[tw] OR liver transplantation[mh] OR transplant*[tw] OR  budd-

chiari syndrome[tw] OR neonatal[tw] OR fibrosis[tw] OR fibrotic[tw] OR 

thrombosis[mh] OR prenatal[tw] OR foetus[tw]) AND (Humans[Mesh] AND 

English[lang] AND adult[MeSH])” 

Search Term 1.1:  Search terms formatted for PUBMED used to find naturally 
occurring or acquired portosystemic shunts in adults without cirrhosis.   
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1.6.2 Search Results 

A total of 429 articles were identified from PubMed and Medline, from which 114 

articles were included after reviewing the abstracts. An Embase search of the same 

keywords found a total of 266 articles. Following a review of the abstracts, 53 

articles were included. A search for the term ‘aneurysmal spontaneous 

portosystemic shunts’ yielded 14 additional articles, of which eight were included. 

No articles were identified in the Cochrane Library. A total of 175 articles were 

selected for full text review. After reading through full texts, 80 of the 175 were 

deemed appropriate for inclusion in this review. Articles that were still found to 

contain patients with cirrhotic liver disease, patients who had a surgical PSSs or 

where data could not be clearly identified such as age were excluded from this 

review (Figure 1.5).  

 

All but ten articles, which were retrospective cohort studies, were case studies. 

Data extracted from these 80 articles included age, sex, symptoms, medical history, 

PSS detection method, treatment, blood test results including ammonia levels and 

indocyanine green dye retention at 15 minutes (ICG R15) and Abernethy or Park 

Type PSS. If the article did not explicitly specify the Type of Abernethy or Park PSS, 

it was categorised into one of the Abernethy or Park Types according to its 

description. Splenorenal and gastrorenal shunts were categorised under Abernethy 

Type II. 
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Figure 1.5. Flow chart of the systematic search strategy. 
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1.6.3 Demographics 

In 80 clinical research articles, our analysis revealed that 112 patients were 

diagnosed with either an extrahepatic (Abernethy) or intrahepatic (Park) PSS. With 

regards to PSS sub-type, of these 112 PSS cases a total of 49 patients (43.8%) 

presented with extrahepatic Abernethy PSS and 61 patients (54.5%) were found to 

have intrahepatic Park PSS. In two patients the shunt type could not be specified 

(Table 1.2). Overall, PSSs were more prevalent in women than men (69 and 41 

respectively). The exception to this finding was in the Abernethy Type I subset, 

where there were six males and two females.  

Patients were commonly diagnosed with a PSS at a median (range) age of 51 (18 – 

87) years for males and 55 (18 – 90) years for females (Table 1.3). The median age 

of patients with an Abernethy PSS was 50 (18 – 84) years, while the median age in 

patients with a Park PSS was 57 (18 – 90) years.  

 

1.6.4 Frequency of Diagnostic Procedures 

PSSs were detected and confirmed in 81 of the 112 patients (72.3%) using a single 

imaging method (Table 1.4). Doppler ultrasound scanning, computed tomography 

and computed tomography angiography (CT/A) were the most common with 26 

and 24 patients respectively. 

 In 31 patients (27.6%) two or more imaging methods were required to confirm the 

presence of a PSS (Table 1.4). Of these combined methods, Doppler ultrasound and 
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CT were the most commonly used conjointly in 15 patients of the 26 patients that 

required a combination of two methods.  

 

1.6.5 Symptomatology and Associated Conditions 

Only 72 cases report on symptoms and associated conditions. The majority of the 

symptoms reported were neurological symptoms including encephalopathy, 

disorientation/ataxia, dysarthria and nausea (Table 1.5). Encephalopathy was the 

most common and reported in 27 cases. The next most common symptom and 

complaint were hyperammonemia in 18 patients and abdominal pain in 16 patients, 

while five patients did not report any symptoms.  

Idiopathic portal hypertension and Osler-Weber-Rendu syndrome, also known as 

hereditary haemorrhagic telangiectasia, are both believed to be associated with 

PSSs, and were seen in eight and five patients respectively. However, in 34% of 

cases PSSs were an incidental finding while testing for indirect or non-associated 

diseases. Some of these diseases included ovarian, oesophageal, mammary, gastric, 

colon, urinary tract and rectal carcinomas.  

 

1.6.6 Other Investigations: 

Other clinical investigations reviewed included, blood ammonia levels, ICG R15 and 

reported PSS flow rates. Analysis of included studies revealed 26 patients (23.2%) 

with reported ammonia levels, ranging from 41.9 to 424 µg/dL. Of these 26 cases, 
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18 patients had above normal levels, 30 to 85 μg/dL with a median of 130 µg/dL, 

ranging from 89 to 424 µg/dL [117].   

One study reported on ICG R15 in 14 patients, which is commonly used as a liver 

function test. A normal ICG R15 after 15 minutes is <10% [118]. In 11 cases, the ICG 

R15 was remarkably high, even though their liver was classified as ‘healthy’. Normal 

ICG R15 is described in three patients, while the remaining 11 patients showed an 

elevated IGC R15 ranging from 13 to 47.5%, with a median of 39%. Of the three 

patients with normal ICG R15 levels, two were found to have a Park Type II PSS with 

a low shunting ratio of <9%. The third patient had a Park Type III PSS with a large 11 

cm aneurysm with turbulent flow. The slow flow in the shunt may account for the 

normal ICG R15 results.  

Seven cases reported the shunt ratio and/or flow rate as measured by Doppler 

ultrasound (Table 1.6). The shunted ratio ranged from 15.7 to 39.5%, with a median 

of 25.5% and the shunt flow rate ranged from 0.17 to 1.2 L/min with a median of 

0.33 L/min. Three cases with Park Type III PSSs demonstrated 6 mmHg, 8 mmHg 

and 17 mmHg pressure gradients between the portal branches and hepatic veins 

[119-121].  
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               Table 1.2: Prevalence of the type of shunt in male and female patients.  

Shunt Type   Males Females Total 

Abernethy 
Type I 6 3 9 

Type II 17 23 40 

     
Park Type I 1 5 6 

 
Type II 6 17 23 

 
Type III 9 14 23 

 
Type IV 2 7 9 

     

 
Unknown - - 2 

  Total 41 69 112 
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Table 1.3: Median age at diagnosis of shunts n=104 (no data reported in eight 
patients) 

Shunt Type Median (years) Range (years) 

Abernethy Type I 
  Male 51.5 24 - 63 

Female 33 28 - 42 
Both 42 24 - 63 

Abernethy Type  II 
  Male  48 20 - 67 

Female 51 18 - 84 
Both 50.5 18 – 8 4 

Park Type I 
  Male  68 68 

Female 58 43 - 69  
Both 62.5 43 - 69 

Park Type II 
  Male  53.5 24 - 67  

Female 59 22 - 90 

Both 56 22 - 90 
Park Type III 

  Male  53 18 - 87  
Female 59 27 - 89  

Both 57 18 - 89 
Park Type IV 

  Male  54.5 43 - 66 
Female 47 34 - 68 

Both 47 34 - 68 

 

 

  



33 
 

 

 

Table 1.4: Different methods used for detection of naturally occurring portosystemic shunts in patients without hepatic cirrhosis. CT/A – 
computed tomography/angiography. MRI/A  –  magnetic resonance imaging/angiography. n=number of patients. 

 

PSS Type Abernethy  Park       

Method Type I Type II  Type I Type II Type III Type IV Unknown Total Reference 

Doppler Ultrasound 1 4  2 7 10 2 - 26 [118, 119, 122-136] 

CT/A 1 10  1 5 2 3 2 24 [19, 75, 86, 137-153] 

Angiography/X-ray - 13  - 2 1 3 - 19 [8, 51, 117, 154-169] 

Scintigraphy - 6  - 1 - 1 - 8 [170-174] 

MRI/A 1 2  - 1 - - - 4 [175-178] 

           

Combination of 2 methods 3 5  3 6 8 - - 25 [118, 121, 126, 134, 143, 167, 179-187] 

Combination of 3 methods 2 1  -  1 - - 4 [120, 143, 188, 189] 

Combination of 4 methods - -  - 1 1 - - 2 [25, 190] 

           

Total single method 3 35  3 16 13 9 2 81  
Total combinations 5 6  3 7 10 - - 31  

Total 8 41  6 23 23 9 2 112   

3
3
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Table 1.5: Symptoms and pre-existing conditions in patients with Abernethy and 
Park type portosystemic shunts. 

 
Abernethy Type             Park Type     

Symptom I II 
 

I II III IV   Total 

Neurological symptoms 
         Encephalopathy 1 18 

 
1 3 3 1 

 
27 

Disorientation/Ataxia - 4 
 

2 1 2 2 
 

11 
Dysarthria - 3 

 
1 - 1 - 

 
5 

          Non-neurological symptoms 
         Hyperammonemia 1 10 

 
2 2 2 1 

 
18 

Abdominal pain 2 5 
 

1 3 4 1 
 

16 
Fatigue - 1 

 
- 1 3 - 

 
5 

Jaundice 1 1 
 

- - 1 - 
 

3 
Other pain 1 2 

 
- - - - 

 
3 

Dyspnoea - 1 
 

- - - - 
 

1 
Flapping tremor  - - 

 
- - 1 - 

 
1 

Nausea - 1 
 

- - - - 
 

1 

          No symptoms 
 

1 
 

1 1 2 - 
 

5 
Not reported 

 
2 

 
- 4 2 - 

 
8 

          Associated Conditions 
         Osler-weber-rendu syndrome - - 

 
- 1 - 4 

 
5 

Hypertension - 6 
 

1 - 2 - 
 

9 

          Non-associated conditions 
         Neoplastic diseases 1 1 

 
- 5 4 - 

 
11 

Other 2 14 
 

- 3 3 1 
 

23 
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Table 1.6:  Shunt flow rate and shunted ratio. 

Patient Shunt Type Shunt flow rate (L/min) Shunted ratio (%) Reference 

1 Park Type III 0.17 14.7 [118] 
2 Park Type III 0.08 9 [118] 
3 Park Type III 0.33 22 [118] 
4 Park Type III 0.36 29 [118] 
5 Park Type III 1.2 - [119] 
6 Park Type IV - 68.1 [171] 
7 Abernethy Type II - 39.5 [129] 
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1.7 Discussion 

Over a 29 year period (1982-2011), 112 adult patients were incidentally diagnosed 

with PSS, emphasizing the rarity of this vascular malformation. This rarity in PSS 

diagnosis may be due to the lack of a standardised, cost-effective, and safe clinical 

test given that  most cases of PSSs in patients with functionally healthy livers 

remain unnoticed. Therefore, the frequency of PSSs could be higher than currently 

thought, either due to patients not being tested for PSS or the limitations of the 

available diagnostic techniques. The clinical implications of PSSs, including the 

effect on reduced rate of drug metabolism and questionable tumour metastases 

distribution, highlight a need for the development of a diagnostic technique. 

 

There are several limitations with this review mainly due to the inconsistency of PSS 

terminology and how they are categorised [12]. It is also questionable as to what 

constitutes a congenital PSS and a spontaneous PSS. Congenital implies that the PSS 

is present from birth, however there are some articles which use it with a definition 

that is actually ‘acquired PSS’ or ‘natural PSS’.  Most PSSs are ‘naturally acquired’ 

unless there is a congenital vascular malformation from birth. Similarly with 

‘spontaneous PSSs’, which implies that a PSS suddenly appears without cause, most 

articles reference ‘spontaneous’ as secondary to another problem, for example, an 

aneurysm. We have categorised the PSSs into Abernethy and Park Types as a means 

to encourage a standardised PSS categorisation system.  
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Eighty articles were reviewed describing 112 patients with PSSs, of which the 

majority were incidental findings while undergoing imaging tests. The pathogenesis 

of the PSSs in these adult patients remains still largely unknown, except in those 

with Park Type III PSS, and some patients with Park Type IV who have Osler-Weber-

Rendu Syndrome.  The hypothesis originally posed by Lore et al. [106]  that PSSs 

could be one of the routes responsible for the distribution of gastrointestinal 

metastases to distant organs, deserves additional attention. Therefore the question 

can be asked “What is the frequency of PSSs in patients with pulmonary metastases 

from colorectal origin without liver metastasis?” Although there are still yet to be 

any studies which directly link metastatic distribution with PSSs, it has been 

reported that two pancreatic neuroendocrine cancer patients, who had a TIPS 

inserted, were diagnosed with pulmonary metastases several weeks after the 

intervention [108]. A plausible explanation is that the artificial shunt acted as a 

route for circulating tumour cells to bypass the liver. Therefore, PSSs may be a 

plausible explanation for patients present with pulmonary metastases from 

pulmonary origin and no secondary liver metastases [191]. 

 

The 112 patients included in this review, Doppler ultrasound scanning and CT scans 

were singularly the most frequently used methods to detect PSSs (23% and 21% 

respectively; Table 1.4). However, 31 patients required two or more different 

methods to confirm a PSS. Of these, 15 were diagnosed using a combination of both 

CT and Doppler ultrasound. This indicates that PSSs may be difficult to detect with 

just one method, or need confirmation with an additional imaging modality, thus 
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supporting the need for new detection techniques. Other methods, such as MRI, 

MRA, CTA, venography and angiography procedures can be used for validation, 

however these methods can be costly and sometimes more time consuming than 

using Doppler ultrasound or CT alone.  

 

CT scanning is a commonly used procedure in many medical fields, but is associated 

with a significant radiation burden, particularly, abdominal scans where patients 

are susceptible to a large exposure of radiation [85, 86]. It is therefore advisable 

that the amount of received radiation a patient can have at any one time should be 

kept at a minimum. 

 

Doppler ultrasound scanning, MRI and MRA do not have the same radiation hazard 

as CT, angiography or venography, but could be time consuming and expensive.  

Although Doppler ultrasound scanning is more commonly used, PSSs are extremely 

difficult to find unless they are large. Small PSSs could quite easily be missed with 

the wrong transducer [87], or if they are intrahepatic and without the use of a 

contrast [192].  MRI or MRA is a better choice for determining the presence of PSSs 

as there is no radiation. Although standard MRI cannot visualise blood flow in veins 

or arteries, the addition of a contrast dye makes it easier for the MRI to 

demonstrate the vein [193].  
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An additional concern with radiological PSS detection techniques is their sensitivity 

and specificity, which may be insufficient to detect small or microscopic PSSs.  

Angiography, CTA, and similarly scintigraphy may be better in detecting the smaller 

intrahepatic shunts as they can be visualised with a contrast dye or radioactive dye 

respectively [194]. Even if the PSS cannot be clearly identified by the dye, the 

connecting veins may still be visible, indicating the presence of a PSS. This may be 

especially useful for the detection of Park Type IV shunts.  

 

Not all PSSs will have a similar size even across the different types. Many cases have 

reported the PSS to be ‘large’ or to have a diameter between 0.2 – 5 cm [8, 19, 51, 

117, 129, 132, 134, 138, 144, 149, 154, 163, 169, 177, 178, 180, 181, 187]. There 

were ten Abernethy cases where the PSS was reported to be between 1 – 5 cm in 

diameter or as large/giant [19, 51, 117, 129, 144, 154, 163, 177, 180, 181], whereas 

there were eight Park cases that reported the PSS diameter to range between 2 – 7 

mm in diameter and large or enormous in size [8, 132, 134, 138, 149, 169, 178, 

187]. The larger diameter will increase the volume of flow to the heart, however 

this is not necessarily related to the severity of any associated symptoms.  

 

Several reports using Doppler ultrasound scanning and scintigraphy went further to 

measure an associated shunt rate (Table 1.6).  It has been suggested that 

encephalopathy is not associated with PSS, even in patients with cirrhotic livers if 

the shunted fraction is less than 24 – 30% [118, 129]. Although, children are less 
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likely to have hepatic encephalopathy even with shunt ratio of 60%. Elderly patients 

with a shunting ratio larger than 60% have the greatest risk of hepatic 

encephalopathy [15, 29, 73].  

 

Few risk factors are actually distinguishable between age, sex, symptoms and pre-

existing disease.  Since the discovery of PSSs is often serendipitous, no clear 

conclusions can be made about the age it is acquired.  Large PSS can be associated 

with a few symptoms, such as encephalopathy, disorientation or other neural and 

psychiatric disorders [195], idiopathic portal hypertension and Osler-Weber-Rendu 

disease [124, 138]. Pain itself has not been directly associated with PSSs. 

Disregarding patients with a pre-existing disease, what is interesting is the lack of 

symptoms in several cases. If a person is asymptomatic, then the chance of a PSS 

being discovered would be low. However, it is also possible that some symptoms 

may be attributed to the pre-existing condition and therefore it is still unlikely that 

a PSS will be discovered. Consequently, it is impossible to provide an incidence of 

PSSs in patients without cirrhosis.   

 

Twenty patients reported to have high serum levels of ammonia. This is comparable 

to the findings in patients with cirrhotic liver disease and one of the known 

associations of PSS is high serum ammonia [30]. Ammonia plasma levels alone are 

not conclusive enough to determine the presence of a PSS, but it can be used as an 

indication of a PSS to indirectly determine the severity of the shunt [30, 195]. 
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Fourteen patients were also tested for ICG R15. Eleven had retention up to four 

times higher than normal (<10%) ICG. These levels are similar to those seen in a 

cirrhotic patient. Typically, high ICG R15 levels indicate severe liver dysfunction, but 

if other tests, such as liver biochemistry blood test and biopsies, show no sign of 

liver failure, ICG R15 may well be a strong indicator of a PSS. Issues with both 

ammonia and ICG R15 tests are that, alone, they are neither conclusive nor 

quantitative. However, if the ammonia serum test is used in conjunction with ICG 

R15 test, integration of these two biomarkers could serve as a more conclusive test 

for a PSS, and would be indicative of the need for further imaging tests.  

 

Depending on the severity and/or Type of PSS, treatment options may be limited. If 

the patient shows no symptoms and is in good health, then there may not be any 

need for treatment. In most cases, patients were treated for their symptoms of 

encephalopathy and pain, and not for the actual PSS. In some extreme cases, where 

a PSS was having a serious effect on the patient, the patient underwent surgical 

treatment for either an occlusion, ligation or embolization procedure [117, 142, 

153, 160, 163, 164, 166, 177, 180]. 

 

1.8 Conclusion 

Over 29 years, there were 112 cases of PSSs in adult patients with functionally 

healthy livers, which were critically reviewed in the literature. Most PSSs were 

serendipitously found with a high prevalence in middle aged patients and especially 
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in women. Doppler ultrasound and CT were more commonly used in the detection 

of PSSs. However these methods are not guaranteed to find a PSS and they could 

be easily missed. It is suggested that a combination of methods is used, which may 

decrease the chance of a PSS being missed, although more attention to this 

research area is required. Microscopic PSSs could easily be missed using any of the 

current techniques available, and therefore answering the question if PSSs have a 

role in metastatic distribution is currently not possible.  A novel technique is 

needed that can quantify a PSS, which is less susceptible to the downfalls and 

limitations of radiological techniques in order to provide evidence in answering 

what role PSSs may play in metastatic distribution.  

 

1.9 Significance 

Currently, there is no standardised clinical test for PSS detection and they may be 

more common than first thought. These PSS are thought to be the reason behind 

the distribution of secondary metastases beyond the liver in 15-20% of all colorectal 

cancer patients with functionally healthy livers, that is patients without cirrhosis, 

fibrosis or hepatitis. Detection of PSSs could provide an early warning to the 

systemic spread of cancer, allowing for more appropriate medical treatment.  

 

1.10 Aim 

To develop a cost effective, non-invasive technique that can identify and measure 

portosystemic shunts in a functionally healthy liver. 
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CHAPTER 2  

Development of a 

Portosystemic Shunt in a 

Swine Model 
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2.1 Introduction 
 

Artificial grafts were first used experimentally in 1947, in an animal model, to 

replace the aorta [196]. Many different materials were studied as a suitable graft; 

however major problems were thrombogenicity and durability. Further research 

showed that the polyethylene terephthalate (Dacron) and polytetrafluoroethylene 

(PTFE) were far more durable and performed well provided the diameter of the 

graft was great than 6 mm [197]. When the graft is attached to tissue, many serum 

proteins including, albumin, fibrinogen and immunoglobulin, are absorbed into the 

graft immediately after it is exposed to blood flow and line the graft. The 

interaction between blood and the graft surface is dependent on surface charge, 

surface energy and friction. Positive surface charge will allow platelet adhesion, 

while negative charge will reduce the platelets affinity for adhesion.  

 

PTFE was originally marketed in 1937 by DuPont as Teflon® [197]. The PTFE 

compound itself is hydrophobic, however through a process of heating, stretching 

and extruding, a microporous structure can be formed. This allows a better tissue 

adhesion, and as the surface is negatively charged, it reduces the chance of 

thrombosis [197]. The patency of PTFE has been demonstrated to be long lasting 

[198-200] and has also been used to create an artificial PSS for relief of portal 

hypertension [201, 202]. Currently, PTFE shunts are commonly used for vascular 

procedures in human medicine. 
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Surgical portosystemic shunts  and TIPS are procedures which are sometimes 

performed in patients who generally have portal hypertension or are undergoing 

liver transplantation.  A TIPS procedure is often used to relieve portal hypertension 

and decreases the chances of intestinal bleeding or ascites by creating a direct 

route between the intrahepatic portal vein and hepatic vein. The hepatic vein is 

then intubated with a specialised catheter via the peripheral jugular vein under 

radiologic guidance [203].  

 

The size and length of natural PSS can range dramatically between individuals and 

also shunt type.  In all of these cases, blood flow has been hepatopetal with the 

pressure difference between the portal vein and IVC being greatly different. There 

are some patients with a Park Type III PSS that have shown a pressure gradient of 6 

to 17 mmHg between the portal branches and the hepatic veins [119-121].  It is 

known that fluid direction is always from high pressure to low pressure, however 

the rate of flow within the portal vein can change dramatically depending on heart 

rate, breathing rate, if food is being consumed, and even body position.  

There have been some case studies in both Park and Abernethy PSSs that show the 

fraction of blood flowing through the shunt. The mean (range) fraction between 

these cases is 30.4% (9 – 68.1%) and the shunt flow rate mean was 0.428L/min 

(0.08 – 1.2 L/min) [118, 119, 129, 171]. This large range of blood bypassing the liver 

may have some serious consequences as outlined in Chapter 1.  
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For the experimental work in this thesis, there are three possible shunt materials 

that could be used, being polytetrafluoroethylene (PTFE), vein from a donor animal 

or silicon tubing. Scavenged vein and PTFE are commonly used in vascular 

procedures. Anastomoses can be quickly formed by a trained vascular surgeon; 

however blood clotting can quickly occur within silicon occluding the PSS if the 

blood is not well heparinised. PTFE has similar properties to arteries as it allows 

fluid movement across the wall, similar to a vein or artery, however PTFE can 

occlude over time. Scavenged vein is the optimal material for grafts as it is not a 

prosthetic material and is less likely to thrombose. However, vein grafts are 

technically difficult to perform and much care and time is needed to avoid excess 

bleeding and punctures.  

 

One of the most common types of PSSs found in patients is the extrahepatic, 

Abernethy Type II PSSs. These shunts directly connect the portal vein and the IVC, 

external to the liver with the portal vein patent and are normally  <7mm diameter 

[8, 19, 51, 117, 129, 132, 134, 138, 144, 149, 154, 163, 169, 177, 178, 180, 181, 

187]. Based on these patients, it was decided to be the simplest PSS to mimic within 

a swine model. 

 

A swine model was chosen as they have similar sized blood vessels and liver 

function to humans. The portal vein and IVC of a swine have a similar diameter and 

flow rates to that of a human with a liver size of approximately 1500 cm3.  
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Previous PSS models within a pig have used TIPS with a focus of improving patency 

for patient care [204, 205]. Some earlier portocaval shunt models have been used 

to treat hypercholesterolemia [206] or measure cholesterol metabolism [207].  

 

This study recreates an Abernethy Type II PSS in a swine model. Pigs were used as 

they have very similar anatomical organs, vascular size and function to those in 

humans, giving an optimal canvas to perform an Abernethy Type II anastomosis,  

whereby providing results that are applicable and relevant to a clinical setting.  

 

2.2 Materials & Methods 

This study was approved by the University of Adelaide Animal Ethics committee 

(No. M-2010-92a) and the Institute of Medical and Veterinary Science Animal Ethics 

committee (No. 96/10a). All procedures were performed at The Queen Elizabeth 

Hospital (TQEH) animal house (Woodville South, South Australia). 

 

Eight pathogen free domestic female pigs were used in this study and were housed 

in TQEH animal house with 12 hour day/night cycles in a 24 degree Celsius 

temperature controlled room. Each pig was imported four days prior to surgery to 

acclimatise to TQEH animal house with an appropriate diet and water was provided 

ad libitum. Ethical guidelines were followed according to the National health and 
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Medical Research Council’s Australian code of practice for the care and use of 

animals for scientific purposes [208]. 

 

Using a swine model, an extrahepatic portosystemic shunt was created between 

the portal vein, approximately 5 – 10 cm below the liver, to the IVC. Each shunt had 

a diameter of 8 mm and was made out of PTFE or scavenged swine iliac vein from 

another pig (diameter ranged 6-8 mm). Two trial pigs were used to pilot test the 

PTFE and iliac vein material. A further six pigs were used for the study using the 

material deemed most appropriate.  

 

The median weight of the pigs was 45 kg, ranging 35 to 55 kg. Each pig was 

anesthetised by a trained veterinary technician with 0.5mg/kg ketamine followed 

by a continuous dose of 1.5% isoflurane in oxygen via an endotracheal tube for the 

duration of the surgery. Intravenous access was established. The animals were 

continuously monitored for change in heart rate and oxygen saturation for the 

duration of the procedure. After the surgery was completed and all samples 

collected the pig was euthanized with a lethal dose 100 mg/kg of sodium 

pentobarbitone.  
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2.2.1 Surgical Procedure 

A 10 cm incision was made on the lower right side of the neck and the jugular vein 

was dissected and mobilised (Figure. 2.1A). A 16G x 1.25” Braun Introcan Safety® 

intravenous catheter was inserted into the jugular vein to allow for a 0.9% sodium 

chloride drip line. The catheter and drip line were secured to nearby epithelium 

(Figure 2.1B).  A midline laparotomy was performed with an approximately 40 cm 

incision (Figure 2.2). The infrahepatic vena cava was exposed via visceral rotation 

and then mobilised in a cephalad fashion to a level at the confluence of the liver 

substance and the adventitia of the cava (Figure 2.3A). The portal vein was then 

identified and mobilised with separation of lymphatics and lymphatic nodes that 

surround the portal vein (Figure 2.3B). Each pig was initially heparinised with a 

weight appropriate dose of 80 units/kg of intravenous heparin, immediately 

followed by 5000 units of heparin added to each 1 L 0.9% saline bag.  

 

The IVC was partially clamped using a side biting Satinsky clamp and a longitudinal 

venotomy was performed with local heparin/saline irrigation (Figure. 2.4A). An end-

to-side anastomosis of the portosystemic shunt was performed using continuous 

6/0 polypropylene suture (Ethicon™) and 8 mm diameter by 10-15cm PTFE tubing 

or scavenged iliac vein. The portal vein and IVC were prepared with a 16 mm 

elliptical excision and the shunt material, PTFE or iliac vein, was bevelled at each 

end for an acute angled connection to reduce turbulence. The anastomosis is first 

started at the ‘heel’ end with a suture running along each side to the middle. The 

‘toe’ end is then started with sutures running along each side, meeting the other 
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suture from the heel in the middle with any excess trimmed before the join is 

complete (Figure 2.5) [209]. The shunt was flushed with heparinised saline and 

clamped. The portal vein anastomosis was similarly completed with partial 

occlusion clamping and end to side anastomosis using 6/0 suture material in 

continuous fashion (Figure. 2.4B).  

 

The portal system and shunt were flushed with heparinised saline and the suture 

line was completed and haemostasis achieved. Antegrade portal circulation was 

achieved prior to release of the clamp on the shunt. A dual lumen Turbo-Flo® 4 

French catheter (Cook Medical) was flushed with saline and inserted into the portal 

vein inferior to the liver, approximately 10 cm below the shunt. Another tri-lumen 5 

French catheter was inserted into the IVC and guided up to the confluence of the 

hepatic veins. Each catheter has surrounding 6/0 purse string sutures to secure and 

avoid tearing of the veins. The shunt was then left to stabilise for five minutes 

(Figure. 2.6)  
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Figure 2.1:  A 10 cm incision made on the lower right side of the neck. (A) 
The Jugular vein located (arrow). (B) Drip line inserted into the jugular vein 
with a 16G Braun Introcan Safety® needle.  
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Figure 2.2: A 40 cm incision was made down the midline to expose 
abdominal organs and vessels.  
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Figure 2.3: (A) The inferior vena cava (arrow) is located and mobilised to a 
level at the confluence of the liver. (B) The portal vein (solid arrow) was 
identified and mobilised with separation of lymphatics (hollow arrow) and 
nodes that surround the portal vein. 



 
 
 
 

54 
 

Figure 2.4: (A) The inferior vena cava (IVC) was partially clamped using a side biting 
satinsky clamp and a longitudinal venotomy was performed. An end to side 
anastomosis of the portosystemic shunt is performed using continuous 6/0 
polypropylene suture and 8 mm diameter by 10-15 cm PTFE tubing. (B) The portal 
vein anastomosis was similarly completed with partial occlusion clamping and end-
to-side anastomosis. 
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Figure 2.5: Schematic of an end-to-side anastomosis. (A and B) The graft material is 
trimmed. (C) A 16 mm elliptical excision is made into the portal vein or inferior vena cava 
with the suture starting at the ‘heel’. (D) The ‘heel’ is sutured until half way, along both 
sides and then suturing is started from the toe. (E) Suture from the toe is joined in the 
middle with any excess edges removed.  
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Figure 2.6: The end to side anastomosis of the portosystemic shunt is 
measured and allowed to stabilise for five minutes. 
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2.2.2 Shunt Flow Direction  

Typically flow direction and velocity can be determined using Doppler ultrasound 

scanning with the appropriate transducer. A thermodilution technique could also 

be used to measure flow, however, the appropriate computer for thermodilution 

could not be obtained. 

 

Doppler ultrasound was conducted with a SonoSite® Micromaxx and a HEFL38 13-6 

Mhz transducer. This type of transducer is typically used in vascular surgery and for 

vascular imaging.   After the anastomosis described in the previous section had 

stabilised, the transducer was placed directly on top of the anastomosis, portal vein 

and IVC. Due to the type, size and weight of the transducer, there was a tendency 

for the veins to collapse, hence imaging the vein and calculating its velocity was 

difficult. Due to the physical properties of PTFE, being made of a synthetic material 

that contains air pockets, ultrasound is poorly transmitted from air to water due to 

impedance mismatching and the ultrasound is virtually reflected. Further PSSs were 

soaked in 0.9% saline solution, in a modified vacuum container (Figure 2.7). 

However, the blood flow could still not be determined with a soaked PTFE 

anastomosis. This was believed to be due to a low flow rate and the type of 

transducer. Ideally, a more appropriate transducer would be a smaller ‘hockey stick’ 

shaped probe, for example the SonoSite® SLA 13-6 MHz. This probe is lighter, 

smaller and therefore unlikely to collapse the veins and due to the smaller scanning 

area, the transducer would have better spatial resolution. Due to the high costs of 
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Doppler ultrasound transducers, the ‘hockey stick’ probe could not be obtained for 

animal use. 

 

Fluid dynamics state that fluids will always flow from high to low pressure, provided 

there are no obstructions. In humans, a typical portal vein pressure is 23 - 25 mmHg 

and the IVC pressure is 0 - 3 mmHg. Due to the animal  being in supine position with 

an open abdominal cavity for the shunt procedure, there are no external forces on 

the portal vein and IVC, the pressure will be much less and will be mostly due to the 

force of the blood within the vessel.  An ARGON® DTXPlusTM central venous 

pressure transducer was connected to the catheters previously inserted in the 

portal vein and in the IVC. The pressure transducer was fixed at the same height as 

the midline of the pig and connected to a 1 L bag of 0.9% saline solution in a 

pressure bag set to 300 mmHg. The lines were flushed of any air and the pressure is 

zeroed to atmospheric pressure via a three way tap. The line was then connected to 

the catheter in the portal vein or IVC and allowed to stabilise for one minute. 

Pressure measurements were taken for the portal vein with the shunt open and 

shunt closed, the IVC with the shunt open and closed, and in the portal vein with a 

clamp above the shunt for 100% shunting.  
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Figure 2.7: A vacuum container consisting of a 100 mL glass jar filled with 0.9% 
saline solution and a portion of PTFE. A BD Connecta™ three-way tap with luer-lock 
has been drilled and glued into the cap so air can be withdrawn from the jar using a 
syringe.   
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2.2.3 Shunted Blood 

Since neither suitable Doppler ultrasound nor thermodilution equipment were 

available, an exact calculation of blood flow through the shunt could not be 

obtained.  

 

Theoretically, flow rate can be calculated using a rearranged Hagan Poiseuille 

equation (Equation 2.1). Also, a new simplified equation developed in dogs was 

used to calculate PSS fraction (Equation 2.2)[210]. 

 

Kudo et al. [118] measured shunt ratio by dividing the blood flow volume of the 

shunt by that of the portal vein using Doper ultrasound. However, as Doppler 

ultrasound was not available, the PSS fraction was calculated using the ratio of total 

volume between the portal vein and the total volume of the anastomoses (Equation 

2.3). The volume of each vessel can be calculated by  x radius2 x length. 

Photographs were used to measure the length of the shunt and the diameter of the 

portal vein. Due to the difficulty of measuring the length of the portal vein, average 

lengths 6.5 ± 1.5 cm was used.                               
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Equation 2.1: Hagan Poiseuille equation rearranged to find the flow rate of the 
portosystemic shunt.   

  

 

             ( )      
           (     )

    (       )
 

Equation 2.2: A simplified equation to calculate the portosystemic shunt (PSS) 
fraction using the Portal vein pressure (PVP) when the shunt is open and closed. 
Adapted from Washizu et al. [210]. 

 

             ( )       
          

                  
 

Equation 2.3:  Ratio of blood volume between the portosystemic shunt (PSS) 
volume and the portal vein volume. 

  
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2.3 Results 

2.3.1 Anastomosis Material 

Both scavenged iliac vein and PTFE work equally well as an anastomosis between 

the portal vein and IVC (Figure 2.8). However, due to time restraints, PTFE was a 

better option for several reasons. Firstly, using the iliac vein has several problems. 

The iliac vein is fragile and thus difficult to create a PSS in short lengths, and 

secondly, the procedure would take longer than two hours to complete by an 

experienced vascular surgeon.  The iliac vein is also limited by the length that can 

be scavenged as this length may not be long enough to reach between the portal 

vein and IVC. The time taken to perform the anastomosis with PTFE was less than 

one hour, unless any accidental bleeding occurred. Apart from the surgical time 

advantage with PTFE, it maintains a constant diameter unlike the iliac vein and is 

not limited by length, although each shunt was created as short as possible (10-

12cm).  As the flow rate in the anastomosis could not be determined from Doppler 

ultrasound in either iliac vein or PTFE, PTFE was used for all remaining procedures 

due to its convenience.  

 

Photographs of each pig shunt were taken to record the length of the PTFE and the 

width of the portal vein (Figure 2.9). The PTFE shunt lengths ranged from 9 to 13.5 

cm, with a mean of 10.1 cm (Table 2.1). The shortest length possible was used, but 

was dependant on the visual location of the portal vein and IVC.  The diameter of 

the portal vein was also recorded, with a mean of 14 mm, and was used to calculate 
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its volume. The ratio of the anastomosis volume to the portal vein volume 

estimates the expected volume of blood bypassing the liver, with a mean ranging 

between 39.5 - 56.4% (assuming portal vein lengths of 6.5 ± 1.5  cm) (Table 2.1).  
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Figure 2.8: (A) scavenged iliac vein and (B) PTFE used to create an 
anastomosis between the portal vein (PV) and inferior vena cava (IVC). 
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Figure 2.9: Images of all anastomoses inserted into each of the six pigs between the 
portal vein (PV) and inferior vena cava (IVC) 
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2.3.2 Pressure Gradient 

There was a significant pressure difference towards the IVC from the portal vein 

when the shunt was closed (p<0.001) and also when the shunt was open (p<0.001) 

(Table 2.2), and can be assumed that flow direction is from the portal vein to the 

IVC. Due to the hemodynamic properties of blood, the actual flow rate is difficult to 

calculate using the Hagan-Poiseuille equation (Equation 2.1). Another simple 

equation was used to estimate the fraction of blood shunted, based on the 

difference of portal venous pressure when the shunt is open and closed (Equation 

2.2)[210]. However, this equation requires a minimum of 1 mmHg pressure 

difference and fails to take into account the portal vein can expand, thus reducing 

pressure. 

 

 The portal vein was clamped above the anastomosis to allow 100% shunting. 

Pressure difference was recorded in the portal vein with 100% shunting and was 

compared against portal vein pressure with the shunt open. The mean pressure of 

100% shunting was 4.5 mmHg, ranging from 1 to 7 mmHg and is significantly higher 

than normal flow with shunt open, mean of 1.83 mmHg, ranging 1 to 3 mmHg 

(p=0.02). This is to be expected as more blood is now forced through the shunt.  
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Table 2.1: Length of anastomoses that was inserted into each pig with the ratio 
between the portal vein (PV) and shunt (PSS) volumes. A range is given as the portal 
vein length was assumed of 6.5 ± 1.5cm. 

Pig Shunt Length (cm) PV:PSS Ratio (%) 

1 9 38.9 ± 9.7 
2 8.5 42.15 ± 10.6 
3 8.5 42.2 ± 10.5 
4 10 43.2 ± 10.7 
5 11 54.5 ± 13.6 
6 13.5 66.9 ± 16.7 

Mean ± SD 10.1 ±  1.9 47.9 ± 11.96 
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Table 2.2: Pressure differences (mmHg) between portal vein (PV) and inferior vena 
cava (IVC) with the shunt open (S) and when closed/control (C). 

Pig PV-C IVC-C Gradient PV-S IVC-S Gradient 

1 4 -5 9 2 -4 6 

2 2 -5 7 2 -6 8 

3 1 -3 4 1 -4 5 

4 2 -6 8 1 -5 6 

5 2 -3 5 2 -3 5 

6 7 -2 9 3 -3 6 

Mean ± SD 3 ± 1.1* -4 ± 1.5 7 ± 2.1 1.8 ± 0.5** -4.2 ± 1.2 6 ± 1.1 

*Students T test between PV-C and IVC-C (p<0.01). ** Students T test between PV-S 
and IVC-S (p<0.01). 
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2.4 Discussion 

Here we successfully recreated an extrahepatic Abernethy Type II PSS in a swine 

model. Due to the sheer size of the PSS, it can be classified as ‘enormous’ as it is 8 

mm in diameter and slightly larger than what’s been previously reported in patients 

with PSS is and without cirrhosis [8, 132, 134, 138, 149, 169, 178, 187].  

 

The surgical PSS procedure used is similar to what would be used for a liver 

transplant or any other type of shunt surgery and the end-to-side anastomosis is 

commonly used for vein and artery reconstructive vascular surgery [209].  It is 

classified as the safest technique due to sound haemostasis throughout the 

connection, even at the ‘heel’ and the suture placement reduces narrowing at the 

‘toe’.  

 

There are several limitations with using pigs in this scenario. Pigs are known to be 

susceptible to anaesthetics and may prematurely die. In this study, the total time 

each pig was anaesthetised was over five hours, but no pigs prematurely died or 

were prematurely euthanized. Pigs three and five started breathing on their own, 

which can be out of synchronisation with the respirator and could potentially result 

in suffocation of the animal. An increase of isoflurane usually resolved this issue. 

The independent breathing reflex can also have an affect the venous blood flow by 

increasing its pressure and rate of flow. This may have caused some erratic flow 

rates through the anastomoses. The swine venous system is extremely delicate and 
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can be easily punctured if due care is not taken. In pig 1 and 3, the catheter inserted 

into the portal vein came out, causing extra tearing and excessive bleeding. 

Therefore, not all data could be collected from these pigs.  

 

Measuring the pressure difference between the portal vein and IVC would ideally 

been more appropriate if the measurement was taken at either end of the 

anastomosis. However, for this to occur, two more catheters would need to be 

inserted into the portal vein and IVC. Although theoretically possible, due to the 

fragile nature of the vascular system, there runs a high risk of tearing and bleeding 

and therefore was not practical. As a consequence, pressures of the portal vein and 

IVC were measured and using Bernoulli’s principle, it can be concluded that flow is 

from portal vein to IVC.   

 

At any given point in time, the ratio of blood shunted is the same irrespective of 

actual flow rate, which can change. The total volume of the portal vein and the total 

volume of the shunt is the same ratio as the percentage shunted. Although this 

technique is not completely accurate, it does show a good estimate of shunting rate 

and can be used when other equipment is not available.  

 

A section of the PTFE was removed after each pig was euthanized to check for 

patency. The first two trial pigs demonstrated that a large single dose of heparin 

was not adequate to keep the shunt patent. Hourly top up doses of heparin helped 
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reduce the anastomosis thrombosing, but this still restricted the flow. A constant 

flow of heparin through a heparinised saline drip maintained the patency of the 

anastomosis. The downside of this was if bleeding did occur, it was extremely 

difficult to stop without partial clamping.  

 

2.5 Conclusion 

Using techniques based from human surgery, it was possible to create and mimic a 

PSS in a swine model. Due to time restraints and difficulty of the surgery, PTFE was 

seen as the optimal material to perform the anastomosis. The anastomosis is large 

enough to allow adequate flow into the IVC, but still allow hepatopetal flow in the 

portal vein. This type of shunt could potentially also mimic the same fraction of 

blood diverting around the liver as other types of large PSS, being Abernethy or 

Park.  
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CHAPTER 3  

Practical Methods for 

Portosystemic Shunt 

Detection 
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3.1 Introduction 

The liver is the largest internal organ, weighing approximately 2% of adult body 

weight and is histologically divided into four lobes, two larger left and right lobes 

and two smaller, quadrate and caudate lobes [211]. The liver’s blood is supplied 

from both the hepatic portal vein (75%) and the hepatic artery (25%). The hepatic 

artery carries the oxygenated blood to the liver and mixes with the deoxygenated 

blood from the portal vein, in the sinusoids prior to reaching the hepatocytes. Once 

the blood has passed through the lobule to the central vein, it then flows through 

the liver into the IVC. Couinaud [10, 11] later anatomically separated the liver into 

eight segments for surgical use with each segment having its own terminal branch 

of the portal vein, hepatic artery and drained by the hepatic veins. 

 

This multifunction organ has an important role in uptake, stoage and distribution of 

nutrients and vitamins, regulation of very low density lipoproteins, degradation of 

toxic substances and has exocrine and endocrine-like functions. The liver absorbs 

and breaks down the majority of the substances from the portal vein including, 

nutrients, toxic substances from the intestine, blood cells and endocrine secretions 

from the pancreas, and organisms from the gastrointestinal tract [211].  

 

One of the major functions of the liver is the metabolism and excretion of drugs 

[212]. Drugs are taken up into the hepatocytes either passively or actively through a 

range of transporters and are then metabolised through the phase I cytochrome 
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P450 (CYP) system [213, 214] and phase II conjugating enzymes [213, 214]. Polar or 

ionised compounds require uptake into hepatocytes through either a single or 

several active transporters [214-216] (Figure 3.1). Some of these include the 

sodium-dependent taurocholate co-transporting protein (NTCP), organic anion 

transporting polypeptides (OATPs), organic anion transporters (OATs), the 

polyspecific organic cation transporters (OCTs), organic solute or steroid 

transporter alpha and beta (Ost α and β) [216] and glucose transporter (GLUTs). 

Once the drug is metabolised, it’s substrate is then excreted into the sinusoid or 

bile canaliculi through multidrug resistance proteins (MRPs), breast cancer 

resistance protein (BCRP) and the bile export pump (BSEP) [216, 217].   
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Figure 3.1: Schematic of a hepatocyte with the location of drug transporters. The 
drug transporters illustrated include the sodium-dependent taurocholate co-
transporting protein (NTCP), organic anion transporting polypeptides (OATPs), 
organic anion transporters (OATs), the polyspecific organic cation transporters 
(OCTs), organic solute or steroid transporter alpha and beta (Ost α and β), 
Mammalian multidrug and toxic compound extrusion (MATEs) proteins and glucose 
transporter (GLUTs) (Adapted from Li et al [216]; published with permission see 
Appendix M) 
 

 

GLUTs 
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3.1.2 Possible Portosystemic Shunt Detection Techniques 

3.1.2.1 Microspheres 

Microspheres are microscopic beads that have been used to measure 

portosystemic shunts. In a study on rats, conventional physiological indices found 

intrahepatic shunts with diameters up to 80-90 µm [218, 219]. In these studies, the 

microspheres were used as an intrahepatic portal blockade, which emphasised 

shunting as shown by reduced uptake of glucose [220-222]. 

 

Radio-labelled microspheres have been used to measure shunt fractions [223, 224]. 

They are administered into the portal vein and the pulmonary recovery is recorded, 

however, the size of radio-labelled microspheres is limited to 15 µm in diameter 

[220]. Hence, any blood flow through shunts smaller than 15 µm is excluded. In a 

study conducted rats by Li et al. [220] 15 µm microspheres were injected into 

rodents to enhance hepatic hypertension. In the control group, it was found that 

2.1% of blood flow naturally passed through shunts. With the administration of 

microspheres and hepatic ligation, the shunt size dramatically increased, allowing 

95.9% of blood flow to be shunted.  
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3.1.2.2 Biomarkers 

It has been suggested that administering sorbitol and ICG together and measuring 

the difference in extraction fractions it will indicate the presence of a PSS [225]. 

However, this view is not universally agreed upon [226]. The extraction fraction is 

the rate that a substrate can cross a sinusoidal membrane into a hepatocyte, where 

1.0 is the fastest extraction fraction. The extraction fraction E [equivalent to 1 – 

(hepatic venous concentration /arterial concentration)] can be measured (Equation 

3.1) in one sinusoid by permeability of a substrate (P, litres per minute per square 

centimetre), surface area (S, square centimetres) and the flow through the sinusoid 

(F, litres per minute) [226].  
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(A) Ex=1-e-PxS/F  (B) Px.S = -F.In(1-Ex) 

Equation 3.1: Kety-Renkin-Crone equation (A) to find the extraction rate (E) of a 
substrate in a sinusoid, x denotes the measurement is specific to the substrate. 
Rearranged Kety-Rekin-Crone equation (B) to determine the linear relationship 
between two substrates [226].  
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Generally, in a healthy liver the extraction of sorbitol is great that the extraction of 

ICG, therefore the hepatocyte uptake of sorbitol is also greater than the uptake of 

ICG. . However, theoretically in patients with liver disease who may have a PSS, the 

flow will increase causing the extraction to decrease. Although, in some studies 

little change in E has been seen in patients with cirrhosis and acute liver failure 

[226, 227].  Originally Molino et al. [225] described that measuring the fraction of 

blood shunted equalled 1 – Esorbitol and blood ‘shunted’ via capillarisation could be 

measured by the equation EICG – Esorbitol. However, Molino assumed that the 

correlation between EICG and Esorbitol was linear (directly proportional), and the 

curved relationship shown was due to capillarisation.  Ott et al. [226] also found a 

curved relationship between EICG and Esorbitol, suggesting the two are indirectly 

proportional, therefore measuring shunts is more complicated than using just these 

equations.  

 

Many pharmacological agents, or biomarkers have been used to test for liver 

function, but none have been exclusively tested to measure PSS. To test for PSS, a 

pharmacological agent must be extensively metabolised by the liver and have low 

intravenous bioavailability, thus have a high (close to 1) extraction fraction, hence a 

high first-pass hepatic clearance. It is also advisable to use compounds with 

different uptake transporters as so there is little to no competition between uptake, 

which may reduce the overall first pass clearance. The half-life of the compound is 

also crucial; a low half-life is preferred (i.e. <2hrs) as this will reduce the testing 

time on patients.  
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3.1.3 Aims & Hypothesis 

Due to the high risk of microspheres, it is highly unlikely that this method at this 

point intime will be a practical option. Many pharmacological agents are readily 

available in a clinical setting to test for liver function or used in general practice; it is 

therefore hypothesized that a deviation in the pharmacokinetics can demonstrate 

the presence of a PSS. Therefore, this chapter aimed to identify suitable compounds 

or pharmacological agents, with a short half-life and fast hepatic uptake (>0.8) that 

may be used as a PSS marker.  

 

3.2 Methods 

A search for pharmacological agents and other compounds was made in the 

Australian Medicines Handbook [228] and PubMed for any agents commonly used 

within a clinical setting or for liver function assessment. The noted compounds 

were selected based on an inclusion criteria of half-life <2 hours and high 

hepatocyte extraction (>80%). From the compounds that met the inclusion criteria, 

only one per hepatic uptake transporter was chosen so as not to compete and 

cause saturation.   

 

3.3 Results 

A total of 110 compounds were found that had a high hepatocyte uptake. However, 

only six had a short half-life, high extraction faction and had different hepatic 
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uptake pathways (Figure 3.2; see Appendix A for full list of searched drugs and 

compounds). ICG was added to the list (Table 3.1) due to the very short half-life and 

availability of a pulse spectrophotometry, LiMON® (Pulsion®, Germany) which 

measures ICG non-invasively. A final list of compounds and agents that met the 

inclusion criteria can be found in Table 3.1 and their corresponding dose in Table 

3.2. To measure liver dispersion, two further control compounds were chosen, 14C-

sucrose and Evans blue as they are not metabolised by the liver.  
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Figure 3.2: Flow chart of pharmacological agents and compounds that may be 
suitable for detection of portosystemic shunts.  
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Table 3.1: List of pharmacological agents and compounds that may be used as a 
portosystemic marker. 

Name Half-life (mins) Extraction fraction (%)  Uptake transporters 

Lignocaine 90 99 Passive 
Sorbitol 0.5 96 GLUT 4 
Fructose 20 99 GLUT 2/5 
13C-methacetin 60 99 Passive 
3H-taurocholate 30 99 NTCP, OATP, OAT2, OST 
Ethanol - *15mL/100mL/hr Passive 
Indocyanine green 3 66 OAT7 

*clearance rate.  
   NTCP - sodium-dependent taurocholate co-transporting protein.  

OATPS - organic anion transporting polypeptides.  
OATs - organic anion transporters the polyspecific.  
OCTs - organic cation transporters.  
Ost - organic solute or steroid transporter.  
GLUTs- proteins and glucose transporter.  
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Table 3.2 List of pharmacological agents and compounds with respective doses.  

Drug Dose (mg/kg) Reference 

Lignocaine 1 [229] 

Sorbitol 2 [230] 

Fructose 100 [231] 
13C-methacetin 2 [232] 
3H-Tauracholate 1.5 x 106 dpm [233] 

Ethanol 600 [234] 

Indocyanine green 0.25 [235] 

   Evans Blue* 1 mg/Kg [236] 
14C-Sucrose* 3 x 106 dpm [233] 

*Compounds used to measure liver dispersion 
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3.4 Discussion 

The pharmacological agents which matched the inclusion criteria were lignocaine, 

sorbitol, ethanol, fructose, 13C-methacetin and 3H-taurocholate. ICG has an 

extraction fraction of 0.66, but is also another possible option as it is completely 

metabolised by the liver, and can be non-invasively sampled by pulse spectrometry.  

The general theory to measure a PSS is to intravenously inject these agents directly 

into the portal system and then measure their concentration in the blood once it 

has passed through the liver. If there is any significant remnant in the blood, it may 

suggest that a PSS is present. Due to the high risk of microspheres, it will not be 

further investigated in this thesis. 

 

3.4.1 Lignocaine and Monoethylglycinxylidide (MEGX) 

Lignocaine is a local anaesthetic which is passively uptaken into the hepatocyte and 

97% metabolised by the cytochrome P450 pathway, into monoethylglycinexylidide 

(MEGX) [237]. Lignocaine has previously been used to measure liver function by 

monitoring MEGX levels at a series of time points up to six hours after lignocaine 

administration [238]. A previous study has shown that the metabolism of lignocaine 

can be correlated to the severity of cirrhotic livers, where the MEGX levels are 

inverse with ICG clearance and alanine transaminase activity [239].  However this 

test is based on metabolism and results may be inconsistent due to metabolic 

variation between patients. Also, MEGX is limited to and dependent on hepatic flow 



 
 
 
 

86 
 

and metabolism rate, which further can be affected by drugs which may increase or 

decrease this flow [240, 241].  

 

Due to the short half-life of 1.5 hours and a high extraction fraction of 0.995 [237], 

lignocaine may be suitable to measure PSS. The volume of blood shunted can be 

measured by determining the ratio of lignocaine : MEGX. If a shunt is present, the 

ratio of lignocaine : MEGX will be much higher than normal. 

 

3.4.2 Sorbitol, Fructose and Ethanol 

Sorbitol is a non-absorbable sugar alcohol that was synthesised for use as an 

artificial sweetener [242] and fructose is natural sugar found in most foods. Sorbitol 

and fructose uptake into the hepatocyte is via GLUT 7 and GLUT 2/5 respectively 

and due to sorbitol’s high extraction fraction of 0.96 [243] and fructose being 99% 

metabolised in the liver, they may be suitable for measuring PSS. Ethanol is slightly 

different from the other pharmacological agents described as it does not have a 

half-life, but rather a linear clearance rate of 15 mL per 100 mL blood flow per hour. 

If the dosage of ethanol is less than the clearance rate, then it may be used to 

measure a PSS. Fructose and ethanol were removed from this study for several 

reasons. A high sensitivity assay for fructose could not be obtained. Low sensitivity 

assays are available however, there was the possibility of glucose cross-

contamination, since glucose is commonly found in plasma. Assay equipment was 
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not readily available for ethanol. Also, the volume of plasma required for assaying 

off-site was more than could be collected (see Chapter 4: 4.2.3 Sample Collection).  

 

3.4.3 3H-taurocholate 

Taurocholate is a bile salt that has a high extraction fraction of 0.9 and maybe a 

suitable compound to test for a PSS as it transported into the bile instead of re-

entering the vascular system. Taurocholate uses active transport (ATP-dependent 

transport) to cross the canalicular hepatocyte membrane into the hepatocytes 

[244] via NTCP , OAT, OATP and Ost  [233]. Taurocholate is then excreted into the 

bile via the bile salt export pump (BSEP) virtually unchanged [28]. As taurocholate 

can be radio-labelled [3H], it is easily detectable in blood, thus may be a suitable 

compound for measuring PSSs. However, due to the large expense per dose, 3H-

taurocholate (approximately AU$1,200 per dose)  was not deemed as a sustainable 

option at this time.  

 

3.4.4 13C-methacetin 

13C-methacetin has been used as a liver function assessment by measuring the 

ratio and decay of 13CO2 in the breath.  Methacetin is passively taken up into the 

hepatocyte and is entirely metabolised by cytochrome 1A2 (CYP1A2) [245], which 

has been directly linked to assessing the function of the liver.  CYP1A2 metabolises 

methacetin into acetaminophen (paracetamol) and CO2
 [232]. The 13CO2 breathed 

out, measured in liver function tests, may not match the amount of 13C-methacetin 
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injected, which could be due to either the diffusion process in the blood [246] or 

from the presence of a PSS, allowing methacetin to directly bypass the 

hepatocytes. As methacetin is exclusively metabolised in the liver and has a high 

extraction fraction, methacetin may be used to measure PSS by finding the ratio of 

methacetin and its metabolite in blood samples. PSSs may also be indicated by 

measuring the rate of 13CO2 decay in the breath.  

 

3.4.5 Indocyanine Green and the LiMON® System 

Indocyanine green (ICG) is a water soluble compound, which has been used to 

measure liver function in a clinical setting. Hepatic blood circulation, energy reserve 

[247] and functional hepatic mass [248] can also be measured by ICG clearance. ICG 

easily binds to albumin in plasma and then is completely taken up via OAT7 and 

transferred to the biliary system [249]. ICG remains unchanged as it does not enter 

the intestine, whereby avoiding enterohepatic recirculation [250]. 

 

ICG clearance tests involve measuring serum samples at several time points post 

intravenous administration of ICG, with liver function capacity (ICG retention) best 

seen at 15 minutes after administration (R-15). A normal ICG retention rate ranges 

from 3.5% to 10.6% at R-15 [251]. Non-invasive pulse infrared spectroscopy (i.e. 

LiMON® system, Pulsion Medical Systems, Munich, Germany) is also used to 

measure ICG uptake and elimination. The LiMON system monitors the ICG 

clearance continuously and gives a final clearance rate after 20 minutes [252, 253]. 
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There has been some discrepancy in liver function tests between Okochi et al. 

[254], de Liguori Carino et al. [235] and Sugimoto et al. [252]. This may be due to a 

range of variables including individual patient metabolic rate or the severity of an 

individual’s liver disease.  

 

In a standard LiMON® test, each patient is intravenously injected with 0.25 mg/kg 

of ICG-PULSION® dye in 5 mL of saline solution. ICG plasma clearance and retention 

is then measured continuously for 20 minutes [235]. As ICG has a low extraction 

fraction of 0.61 [255] and concentrations are measured constantly,  it is 

hypothesized that the presence of a PSS may be shown graphically. When ICG is 

injected directly into the portal vein, ICG will quickly bypass the liver through a PSS 

and theoretically form an early peak on the LiMON® machine followed by a slower 

secondary peak from the ICG that has passed through the liver. This may be visually 

demonstrated by double peaks shown in an ICG concentration versus time graph. 

The size of the first peak is dependent on the size of the PSS. However, if the PSS is 

small, it may be visually demonstrated as a broad parabolic graph. It is unknown if 

extremely small anatomical shunts, i.e. kinetic shunts [226] or capillarisation will be 

visually shown in these results.  

 

3.5 Conclusion 

There are many more pharmacological agents, other than those discussed, that 

have a high extraction fraction and short half-life (such as glyceryl trinitrate, 
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nimodipine and lovastatin), however these generally have severe side effects when 

used in addition with other drugs and may cause harm. Four compounds were 

chosen to be used in this study to measure and detect PSSs, those being lignocaine, 

sorbitol, 13C-methacetin and ICG. 13C-methacetin and ICG have the advantage as 

13C-methacetin’s metabolite 13CO2 can be measured non-invasively via breath 

testing and ICG can be measured by pulse spectrometry, both are relatively 

inexpensive.  
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CHAPTER 4 

Analytical Methods and 

Results 
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4.1 Introduction 

In this study, four compounds, ICG, 13C-methacetin, sorbitol and lignocaine were 

chosen for assessment based on the fact that they are quickly metabolised by the 

liver, and therefore it is possible to obtain a snap shot of liver function in a short 

period of time (see Chapter 3: Possible Methods for Portosystemic Shunt Detection). 

An additional two compounds Evans blue dye and 14C-sucrose were used as a 

comparative measure as these are not metabolised by the liver.  

 

It was postulated that a deviation in the rate of metabolisation and transit times for 

a given compound could identify and quantify a PSS. Particular focus was given to 

13C-methacetin and ICG for their ability to be measured non-invasively via breath 

testing and percutaneous spectrophotometry respectively. This chapter aims to 

determine which of the selected compounds has the most potential for PSS 

detection and quantification.  

 

4.1.1 LiMON ® Spectrophotometry 

The ICG retention and elimination has been well established as a liver function test 

and there are many different techniques to detect ICG in the blood. One ICG 

detection technique is the use of pulse spectrophotometry [256-259], which was 

first developed in 1967 [260]. Currently, the LiMON® system (Pulsion®, Germany) is 
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the only spectrophotometry device, used for the detection of ICG available in 

Australia (Figure 4.1) [261]. The LiMON® system detects approximately 25 to 30 

data points per second and determines the ICG plasma disappearance rate (PDR) 

and the retention rate at 15 minutes (R15). The R15 score can be integrated with a 

risk score or used on its own as a measure of liver function [261-263]. More 

recently, the LiMON® system has been used with 13C-methacetin [264], for the 

prediction of post-hepatectomy liver failure [235]. The LiMON® system was chosen 

for this study due to it being non-invasive, inexpensive and for possessing a fast 

sampling rate (see Chapter 3: 3.4.5 Indocyanine green and the LiMON® system). 

 

It was hypothesised that an early peak or double peak may occur in the presence of 

a shunt. The mean residence time (MRT) lag time; the time taken for the ICG 

concentration to reach a threshold, are reduced in the presence of a shunt. 
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Figure 4.1: LiMON machine by Pulsion® Medical Systems (Germany) that uses 
spectrophotometry to detect Indocyanine Green dilution and retention in the 
systemic system (Source:  http://www.pulsion.com/index.php?id=2189 Accessed: 
11-02-2013) 
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4.1.2 Breath Testing 

Breath testing with 13-carbon labelled [13C] compounds has been used for a range 

of tests including the detection of Helicobacter pylori using 13C-urea [265-267],  lung 

cancer detection [268-270], gastric emptying  using 13C-acetic acid and 13C-lactose 

ureide [271] and liver function using 13C-phenylaline, 13C-lucine or 13C-methacetin 

[232, 272]. In particular 13C-methacetin has been used to predict liver failure post-

hepatectomy [264] and post-liver transplantation [273]. However, despite the 

advantages of non-invasive breath testing, 13C labelled compounds are not widely 

used in a clinical setting mostly due to a lack of understanding of the 13C-

methacetin and 13CO2 metabolic process [274]. For this study 13C-methacetin was 

used as it is exclusively taken up and metabolised by the liver, and its metabolite 

13CO2 can be non-invasively collected in vials and assayed by isotope-mass 

spectrometer (IRMS) (see Chapter 3: 3.4.4 13C-methacetin). 

 

4.1.3 Plasma Sampling 

Lignocaine, also known as lidocaine or xylocaine, is a local anaesthetic used in many 

surgical procedures or for post-operative analgesia [275]. Typically, lignocaine is 

injected subcutaneously as local anaesthesia, but can also be intravenously injected 

to treat ventricular arrhythmia [276]. The rate of Lignocaine metabolisation is 

dependent on hepatic blood flow [241]. Therefore, a PSS would change the hepatic 

haemodynamics and therefore rate of lignocaine metabolisation and MEGX 

production is inversely proportional to the size of the PSS (see Chapter 3: 3.4.1 
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Lignocaine and Monoethylglycinxylidide (MEGX)). Lignocaine was used in this study 

due to its rapid uptake into the liver and short half-life, and was deemed safe for 

intravenous injection at a low dose.  

 

Sorbitol is found in fruit [277] and is commonly used as an artificial sweetener 

[242].  It is not typically used in a clinical setting, however sorbitol has ben used 

previously used as an agent to measure liver function [243]. Sorbitol is normally 

used as an artificial sweetener.Sorbitol was used in this study due to its high uptake 

into the liver, despite a slow metabolism rate [243] (see Chapter 3: 3.4.2 Sorbitol, 

Fructose and Ethanol).  
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4.2 Methods 

4.2.1 Procedure Overview 

Chapter 2 provides full details of the PSS surgical procedure. Briefly, under general 

anaesthesia administered by a trained veterinary technician, a midline laparotomy 

was undertaken. Visceral rotation was then performed to allow exposure of the 

infrahepatic vena cava. Following from this, the vena cava was mobilised in a 

cephalad fashion to a level at the confluence of the liver substance and the 

adventitia of the infrahepatic vena cava. The portal vein was identified and 

mobilised with separation of lymphatics and nodes surrounding the portal vein. The 

swine were systemically heparinised with a weight appropriate dose of IV Heparin 

(80 units/kg).  Thereafter partial clamping using a side biting/Satinsky clamp was 

performed on the cava. A longitudinal venotomy was then performed with local 

heparinised saline irrigation. An end-to-side anastomosis of the portosystemic 

shunt was performed using continuous 6/0 polypropylene suture. The shunt was 

then flushed with heparinised saline and clamped and the portal anastomosis is 

similarly completed under partial occlusion clamping, with end to side anastomosis 

using 6/0 suture material.  The shunt and portal system were flushed with 

heparinised saline, with the suture line completed and haemostasis achieved. 

Antegrade portal circulation was achieved prior to releasing the clamp on the 

shunt. Cannulae were introduced with surrounding 6/0 purse string sutures into the 

portal circulation and infrahepatic vena cava. Flow direction is confirmed with 

pressure differences between the portal vein and infrahepatic vena cava.  
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A LiMON® disposable sensor was attached to the bottom lip of the pig and 

reinforced with surgical tape. The LiMON® machine was left to stabilise for several 

minutes until ‘ready’ was shown on the display. The machine was then connected 

to a computer so the raw data files could be recorded. The marker injection was 

connected to the large lumen (16G) catheter which was previously inserted into the 

portal vein. The LiMON® machine was started with a 10 second count down and the 

bolus of markers were injected at the end of the countdown, followed by 5 mL of 

saline to flush the catheter.  

 

Bolus injections were prepared containing ICG, 13C-methacetin, lignocaine and 

sorbitol (Table 4.1).  A second bolus was prepared containing Evans Blue and 14C-

sucrose (Table 4.1). All injections were stored in a dark and warm environment until 

time of administration (See 4.2.2 Marker Preparation). 

 

The first bolus was injected (Table 4.1) in the following scenarios. 1) Portal vein with 

shunt open. 2) Portal vein with shunt closed (control). 3) Jugular vein (peripheral 

site) with shunt closed. 4) Jugular vein with shunt open. Each bolus was injected in 

less than 2 seconds with sampling collected for the following 40 minutes (see 4.2.3 

Sample Collection).  The animal was allowed to stabilise for 5 minutes before the 

next injection. The following two injections using bolus 2 (Table 4.1) were both 

made into the portal vein with the shunt open and then again closed. 
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Sampling for Evans blue dye and 14C-sucrose in the latter two injections were 

collected for three minutes each. All blood samples were immediately centrifuged 

for 10 minutes and the plasma was separated and stored at -80°C until ready for 

analysis. Breath samples were stored away from UV light at room temperature until 

time for analysis (see 4.2.3 Sample Collection).  

 

4.2.2 Marker Preparation 

Indocyanine green (25 mg vial, PULSION®), 13C-methacetin (Cambridge Isotope 

Laboratories Inc., MA), D-Sorbitol (Optigen Scientific, Australia) and Lignocaine (2%, 

100 mg in 5 mL, Pfizer Australia) were combined as a bolus injection in a single 20 

mL syringe with the doses listed in Table 4.1.  Prior to injection, each compound 

had to be made into a stock solution. The two ICG bottles were prepared by filling 

the bottle with 5 mL double distilled H20 and kept away from light. 13C-methacetin 

was prepared by dissolving 500 mg in 10 mL of 100% ethanol and agitated for 10 

minutes or until dissolved in a 35°C water bath to speed up the process. The 

solution was then kept in a 30°C water bath to prevent precipitation. Sorbitol was 

prepared by dissolving 6g in 10mL of double distilled H2O.  

 

A second injection set was prepared by dissolving 100 mg of Evans blue (Sigma-

Aldrich) in 2 mL double distilled H2O and agitating until dissolved. A small amount of 

14C-sucrose (10 µL, 3 x 106 dpm) was added to the Evans blue solution.  The tube 

was then wrapped in cling-film and stored in another larger tube to reduce 
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radiation exposure. This sample was prepared by a licenced laboratory technician 

with radioactive substance training. Neither Evans blue dye or 14C-sucrose is 

metabolised by the liver, and is therefore administered as control compounds to 

show the limits of the shunt and hepatic system.  
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Table 4.1: Dose and stock solution of each compound used as marker for 
portosystemic shunts.  

Drug Dose (mg/kg) Stock Solution Concentration (mg/mL) 

Bolus 1 
  Lignocaine 1 20 

13
C-methacetin 2 50 

Sorbitol 30 600 

ICG 0.25 5 

Bolus 2 
  14

C-sucrose 3 x 10
6
 dpm - 

Evans Blue 1 50 

ICG – iIndocyanine green 
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4.2.3 Sample Collection 

Blood samples were collected from the large lumen catheter (16G) inserted into the 

IVC. Samples were rapidly collected at a rate of 1 mL every ten seconds for two 

minutes using 2 mL syringes, then every two minutes until 20 minutes elapsed, and 

then every five minutes until 40 minutes elapsed.  Blood samples were then 

transferred into 1.5 mL microtubes with approximately 20 µL heparin. All samples 

were agitated for five seconds then centrifuged for ten minutes at 15,000 rpm 

(~25,000 x g). The supernatant was separated and placed in new 1.5 mL microtubes 

for storage at -80⁰C.  Simultaneously, the LIMON® collected the density of ICG via a 

spectrometer placed on the bottom lip. At the same time the blood samples were 

taken, breath samples were also collected in duplicate every two minutes until 40 

minutes had elapsed.  Breath samples were collected in vacuum sealed 12 mL 

Exetainer® vials with a rubber septa (138W, Labco®) using a modified blood transfer 

device (Terumo® Venoject holder with Venoject male luer adapter) (Figure 4.2). 

Two BD Conneta™ three way taps with Leur-Lock were joined and connected 

between the sample line for the anaesthetics machine and respirator. Blood 

transfer devices were then connected to the free end of the three way tap. The 

Exetainers® were then manually pressed down in the transfer device (Figure 4.2), 

piercing the septa in time with the respirator. 

 

After all four sample sets were collected a bolus injection of Evans blue and 14C-

sucrose was injected into the portal vein with the anastomosis open and closed 
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(control). Blood samples were taken every 10 seconds for two minutes and every 20 

seconds until three minutes had elapsed. No breath samples were taken.  
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Figure 4.2: (A) Breath sample collecting apparatus consisting of two blood 
transfusers and two three way taps that (B) connect to the sample line of the 
anaesthesia machine. 
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4.2.4 Analytical  Methods 

4.2.4.1 High Performance Liquid Chromatography (HPLC) Equipment 

Two HPLC systems were used. The HPLC system consisted of a Waters 616 

quaternary pumping system (Waters, Milford, MA) with a Waters pump controller 

module II, a Waters 717-plus auto injector, a Waters symmetry C18 5 μm 3.9 x 150 

mm steel cartridge column with a Securityguard™ (Phenomenex®) column guard 

and a waters 996 photo diode array detector. This was used for the analysis of 

methacetin, lignocaine and sorbitol. The second HPLC system consisted of a 

Shimadzu SCL-10A VP system controller, SPD-10A UV-VIS spectrophotometric 

detector, LC-10AT pump controller and Gastorr GT-102 pump. This system was used 

to analyse ICG. The same Waters symmetry C18 and guard column was used.  

 

4.2.4.2  Sample Preparation for HPLC 

The compounds ICG, methacetin, lignocaine and sorbitol were assayed via high-

performance liquid chromatography HPLC. Samples were prepared by adding 900 

μL of 99% HPLC grade methanol (Scientific Optigen, Australia) to 300 μL plasma 

sample in a micro centrifugation tube. These samples were agitated for 20 seconds 

to ensure complete coagulation of the proteins. The prepared sample was then 

centrifuged for 10 minutes at 15,000 rpm (25,000 x g). The 200 μL supernatant was 

then transferred to the auto-sampler vials for HPLC assay.  
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Sample preparation for sorbitol required several steps so it was detectable via the 

HPLC machine [278]. This required combining 70 μL plasma sample, 20 μL of 1 M 

phosphate buffer and 15 μL of 8M sodium hydroxide followed by agitating for five 

minutes. To stop the reaction 15 μL of 1M phosphoric acid was added and then 

agitated for a further 60 seconds. To coagulate the proteins 100μL of the prepared 

samples was combined with 300μL of methanol, agitated for 30 seconds and then 

centrifuged for 10 minutes at 15,000 rpm (25,000 x g).  

 

A standard curve for each compound was made using the same sample preparation 

for each of the compounds with known concentrations of 0, 5, 10, 20, 50, 100 

μg/mL. 

 

4.2.4.3 Methacetin HPLC Method 

The methacetin assay was based on a phenacetin assay [279] and performed on the 

Waters HPLC machine. The mobile phase for methacetin was made up of 30% 

methanol and 70% 2 mM phosphate buffer, pH3.8. The methanol and phosphate 

buffer were pre-mixed and sonicated for five minutes to remove any gas. The 

wavelength was initially set to a range of 200-300 nm to find the optimal 

wavelength.  The optimal wavelength was found to be 247 nm with an expected 

retention time of five minutes when the flow rate of mobile phase is set to 1 

mL/min.  
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4.2.4.4 Indocyanine Green HPLC Method 

The HPLC method for ICG was based and modified from Soons et al. [280]. The 

optimised method used 45% acetonitrile and 55% 2 mM phosphate buffer, pH6 as 

the mobile phase. The UV detector wavelength was set at 790 nm and the retention 

time of ICG was four minutes. 

 

4.2.4.5 Lignocaine and MEGX HPLC Method 

The HPLC method for lignocaine and MEGX was based on Chen et al. [281] 

,Abraham et al. [282] and Wusbucju et al. [283], and adapted to the HPLC 

equipment available. The mobile phase contained 5% methanol and 95% 0.05M 

phosphate buffer at pH 4.5 at a rate of 1.6mL/min. The wavelength for the detector 

was set at 210nm and the expected retention time was 22 minutes for MEGX and 

35 minutes for Lignocaine. 

 

4.2.4.6 Sorbitol HPLC Method 

The HPLC method for sorbitol was based from Richmond et al. [284] and Kwang-

Hyok et al. [278], and adapted to the HPLC equipment available. The mobile phase 

contained 70% acetonitrile. The wavelength for the detector was set at 228 nm and 

the expected retention time was 23 minutes. 
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No data could be extracted from the sorbitol assay. No peak could be seen between 

the positive control and background. This, however was thought to be an issue with 

the sample preparation as the sorbitol compound itself doesn’t have an active 

component that can be detected and therefore requires a benzoic ring to be 

attached. Due to time restrictions together with the unreliable and lengthy 

preparation assaying technique it was decided that sorbitol would no longer be 

assayed.  

 

4.2.4.7  14C-sucrose and Evans Blue Analytical Methods 

14C-sucrose was assayed via scintillation. A plasma sample of 100μL was combined 

with 2 mL of scintillation buffer and agitated for 15 seconds in scintillation tubes. A 

MINIMAX beta TRICARB 4000 series liquid scintillation counter (Packard 

Instruments, Meriden, CT) was used and recorded for three minutes in each vial.  

 

To assay Evans blue, 100μL of plasma was inserted into each of the wells of a 

Cellstar® F-bottom 96 well plate (Greiner Bio-one). The colour density was 

determined by absorbance on a Fluostar OPTIMA (BMG Labtech) at a wavelength 

625nm.  
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4.2.4.8   13CO2 Breath Analysis Method 

Breath samples were sent to the Gastroenterology department at the Women’s and 

Children’s Hospital (North Adelaide, South Australia) for analysis. Breath samples 

were analysed using an isotope ratio mass spectrometer (IRMS). The machine used 

was an Automated Breath 13Carbon Analyser (ABCA, SerCon®), an ABCA auto-

sampler and SC8400 carbosieve G 60/80 mesh packed column. The IRMS was first 

calibrated with 5 ± 0.5% CO2 in nitrogen. The breath samples in the exetainers were 

then loaded into the auto-sampler with a 5 ± 0.5% reference gas placed in every 

10th position. The data was then analysed using the provided software (SerCon, 

ABCA 13Carbon Isotope Ratio Analyser: Version 500.7.4 2004).   

 

Breath samples were analysed from a trial animal showing a reduced concentration 

of 13CO2 in the breath in the shunted model as would be expected (Figure 4.3). 

However as further breath samples that were assayed, increased inconsistency and 

inaccuracy were shown by a quality control standard (see 6.2.2 Breath Sampling). 

Therefore further breath samples not be analysed as the data would not be 

accurate. Briefly, it was thought that the isoflurane used to anaesthetise the 

animals was present in the breath samples combined with components within the 

gas chromatography column. Isoflurane slowly blocked the column causing the 

retention time of 13CO2 to decrease and missing the analysis window. No previous 

literature has reported this issue. Several potential solutions were researched 

including use of a silica zeolite filter, however one downfall of this procedure is that 

it also removes CO2 from the breath [285]. A further procedure was also attempted 



 
 
 
 

110 
 

without success: heating the column to 100°C to ‘unblock’ the column. To prevent 

this from happening again, all animals from this point forward were anaesthetised 

via intravenous administration only. 
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Figure 4.3: Pilot results of 13CO2 ratio in the breath of a shunted and non-shunted 
pig.  
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4.2.5 Intravenous Anaesthesia 

In a follow on study (see Chapter 5: Portosystemic simulation), three additional 

animals had a similar portosystemic shunt inserted. These animals were 

anaesthetised via intravenous administration only using compounds that are 

excreted by the renal system. Anaesthesia used was alfaxalone (Alfaxan®, Jurox Pty 

Ltd, Australia), diazepam (Pamlin injection®, Parnell Laboratories, Australia) and 

ketamine (Ketamil®, Ilium, Australia). Alfaxalone is a common intravenous and 

intramuscular anaesthetic for cats and dogs. 

 

Each animal was initially sedated with 7 mL of ketamine injected intramuscularly. 

This was followed two minutes later by a secondary intramuscular injection of 100 

mg (10 mL) alfaxalone (Alfaxan®, Jurox Pty Ltd, Australia). The animal was placed on 

the surgical table and an additional dose of 10 mL alfaxalone was administered 

intravenously via an ear vein. The animals were then placed on a respirator and a 

16G x 133 mm intravenous catheter (Angiocath™, BD Australia) was inserted into 

the external jugular vein. A saline drip line was attached and set at 500 mL/hr. To 

the same intravenous line, alfaxalone was administered at a rate of 50 mL/hr using 

a syringe pump (P3000 syringe pump, IVAC Medical Systems). It was noted that 

alfaxalone alone caused the heart rate to rise dangerously above 200 bpm, 

therefore 30 mg (3 mL) of ketamine and diazepam were administered alternately 

every 30 minutes to maintain the heart rate around 150 bpm.   
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4.3 Results 

Results from some animals used could not be included in this analysis. Computer 

technical errors occurred with the LiMON® system for pigs 1, 2 and 3. The LiMON® 

machine was unstable and therefore did not record for portal vein injections in pig 

1 and for the systemic injections in pigs 2 and 3. The LiMON was particularly 

unstable for pig 1, however results were still recorded. Results from pig 1 were 

used with caution. There was suspected internal bleeding in pig 4 when the shunt 

was open as some results were abnormally low, believed to be due to internal 

bleeding while the shunt is open. This data is still shown, but not included in all the 

statistical analysis. To clearly identify differences between the control and shunted 

models and avoiding large variations between each animal, results are shown for 

each animal instead of their combined mean.  

 

4.3.1 Evans Blue and 14C-Sucrose Clearance 

Evans blue in pigs 3 and 5 best show the presence of a shunt with peaks shown 

early, between 10 to 30 seconds, however opposing results are seen in pigs 4 and 6. 

As there is large variability, no trends between the animals were seen (Figure 4.4). 

However, the mean transit time (MTT) can still be determined.  The mean area 

under the curve (AUC) was identical in the shunted pig and the control, being 

4707.9 and 4410.3 (p=0.7), hence the MTT was also the same in the shunted model 

(p=0.6) (Table 4.2). This data was required to create a model.  
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Similarly to Evans blue, 14C-sucrose in pigs 3 and 5 best show the presence of a 

shunt with peaks appearing early between 10 to 30 seconds, with opposing results 

seen in pigs 2 and 4. Once again, as there is large variability no trends between 

animals were seen (Figure 4.5) There was a decrease in the mean MTT being 86.7 ± 

11.1 seconds in the shunted model and 93.0 ± 15.3 seconds in the control (p=0.6) 

(Table 4.3).  
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Figure 4.4: Concentration of Evans blue (EB) in each shunted pig and the mean 
when injected into the portal system. There is an error in pig 4 with regards to 
concentration as it is thought that there was internal bleeding while the shunt was 
open, however it is still shown to determine transit time. 
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Table 4.2: Mean transit time (MTT) with corresponding area under the curve (AUC) 
from Evans blue dye in the shunted and control models. 

  Pig 2 3 4 5 6 Mean ± SD p value 

   MTT (s) 
        

 

Shunt 92.6 71.5 94.4 78.3 96.6 86.7 ± 11.1 
0.599 

 
Control 89.3 119.9 88.1 84.2 83.2 93.0 ± 15.3 

AUC 
 

       

 

Shunt 3209 6190.9 4702.8 5387.1 4034.9 4704.9 ± 1157.6 
0.681 

  Control 4282.7 4367 3097.4 4459.9 5730 4410.3 ± 933.2 

 

 

  



 
 
 
 

117 
 

Figure 4.5:  Concentration of 14C-Sucrose in each pig when injected into the portal 
system. There is an error in pig 4 in regards to concentration as it is thought that 
there was internal bleeding while the shunt was open, however it is still shown to 
determine transit time. 
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 Table 4.3: Mean transit time (MTT) with corresponding area under the curve (AUC) 
from 14C-Sucrose in the shunted and control models.  

  Pig 2 3 4 5 6 Mean ± SD p value 

   MTT (s) 
        

 

Shunt 83.7 48.4 92.5 72.2 86.1 76.6 ± 17.4 
0.635 

 
Control 76 117.4 76.6 73.4 79.2 84.5 ± 18.0 

AUC 
 

       

 

Shunt 317.6 1202.9 707.5 681.6 413 664.5 ± 344.8 
0.759 

  Control 546.6 726.3 863 595.7 389.4 624.2 ± 179.9 
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4.3.3 Lignocaine and MEGX 

No peaks for lignocaine were viewed in any sample therefore it can be concluded 

that all samples contained an undetectable amount of lignocaine. The standard 

curve demonstrated that the HPLC method could not detect lignocaine at 

concentrations lower than 5 µg/mL.  

A standard curve for MEGX was prepared in phosphate buffer instead of plasma to 

determine the recovery of the extraction process [286]. Differences between the 

buffer and plasma prepared standard curves showed the recovery was 96.3 ± 

10.1%. No differences were detected in the AUC between the shunted and control 

animals (p=0.09). Also, no significant differences were identified between the 

MEGX control and shunted models in AUC or time (Figure 4.6), p>0.05. 
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Figure 4.6: Concentration of monoethylglycinexylidide (MEGX) in each pig post injection of 
Lignocaine into the portal system. There is an error in pig 4 in regards to concentration as it 
was thought that there was internal bleeding while the shunt was open. 
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4.3.4 Indocyanine Green and LiMON® 

4.3.4.1  ICG Clearance – Portal System Injection Site 

There is little noticeable difference in the ICG concentration of the blood samples 

collected (Figure 4.7). The double peak and lag time cannot be visualised in the 

plasma samples due to the slow sampling rate causing poor resolution. However, 

this data was used to determine the relative blood concentration of ICG in the 

LiMON® data.  A conversion factor was created by aligning the peaks and three 

corresponding time points of the plasma data and LiMON® data to find the ratio 

(Table 4.4). The ratio was then applied to the LiMON® data to obtain a relative 

plasma concentration.  

 

There is a notable visual difference in the data from the LiMON® system between 

the shunt and control, being a bulge, shoulder or even a ‘double peak’, (Figure 4.8). 

A double peak is most clearly demonstrated in Pig 3 and 8 while all others 

presented with a shoulder. This shoulder caused a significant decrease in lag time 

(threshold of >0.01 µg/mL) with a mean of 33 ± 4.3 seconds in the shunted model 

and 43.8 ± 5.6 seconds in the control (p=0.007)(Table 4.5). The MRT was also 

shorter in the shunted model, but was not shown to be significant (p=0.053) (Table 

4.6). A significance may be apparent with a larger sample size 

 

  



 
 
 
 

122 
 

Figure 4.7: Concentration of Indocyanine green dye (ICG) in each pig in the plasma 
when injected into the portal system. There is an error in pig 4 in regards to 
concentration as it is thought that there was internal bleeding while the shunt was 
open, however it is still shown to reference with the LiMON® data. 
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Table 4.4: LiMON conversion factor to calibrate the LiMON® data into relative 
concentrations and its correlation coefficient (R2) when indocyanine green is 
injected into the portal system. 

Pig Conversion Factor R2 

2 3.15 0.84 
3 4.20 0.89 
4 4.30 0.85 
5 4.77 0.98 
6 5.85 0.98 
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Figure 4.8: Concentration of indocyanine green dye (ICG) in each shunted pig and 
the mean from the LiMON® system when injected into the portal system. There is a 
error in pig 4 in regards to concentration, however it is still shown to determine 
transit times.  
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Table 4.5: Lag times (threshold > 0.01 µg/L) and time of the first peak from the 
portal injection using the LiMON® data.   

  Pig 2 3 4 5 6 Mean  ± SD p value 

Lag time (s) 

        

 

Shunt 20 24 19 25 17 21 ± 3.4 
0.034 

 
Control 43 31 23 34 26 31.4 ± 7.8 

1st Peak time 
(s)  

       

 

Shunt 33 27 31 38 36 33 ± 4.3 
0.023 

  Control 48 47 34 45 45 43.8 ± 5.6 
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Table 4.6:  Mean transit time (MTT) with corresponding area under the curve (AUC) 
from indocyanine green in the shunted and control models. 

  Pig 2 3 4 5 6 Mean  ± SD p value 

MRT (s) 

        

 

Shunt 65.4 68 67.2 69.1 67.3 67.4 ± 1.3 
0.053 

 
Control 76.6 72.5 69.4 73.2 68.7 72.1 ± 3.0 

AUC 
 

       

 

Shunt 107.2 126.3 72.2 63 42.4 82.2 ± 34.0 
0.429 

  Control 109.0 109.2 164 75.2 38.4 99.2 ± 46.5 
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4.3.4.2 ICG Clearance - Systemic Injection Site 

Pigs 2 and 3 were excluded from this data set due to technical errors resulting in 

unrecoverable data.   

 

As previously stated, a conversion factor was created by aligning the peaks and 

three corresponding time points of the plasma data (Figure 4.9) and LiMON® data 

(Figure 7.10) to find the ratio (Table 4.7). The ratio was then applied to the LiMON® 

data to obtain a relative plasma concentration.  

 

The mean peak time in the shunt model was 23.5 ± 2.5 seconds, while the control 

mean peak time was 25.3 ± 5.6 seconds (p=0.5).  The lag time neither showed any 

significant difference with the mean lag time in the shunt model being 11.5 ± 5.7 

seconds and the control being 16.8 ± 5.7 seconds (p=0.4)(Table 4.8). Similarly, the 

MRT showed no significant difference in either shunt or control (Table 4.9).  
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 Figure 4.9: Indocyanine green concentration in the plasma as collected from the 
confluence of the hepatic veins in the inferior vena cava when injected into the 
systemic venous system (Jugular vein). There is an error in pig 4 in regards to 
concentration as it is thought that there was internal bleeding while the shunt was 
open, however it is still shown to reference against the LiMON® data. 
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Table 4.7: LiMON conversion factor to calibrate the LiMON® data into relative 
concentrations and its correlation coefficient (R2) when Indocyanine green is 
injected systemically. 

Pig Conversion Factor R2 

1 5.20 0.93 
4 5.69 0.95 
5 4.68 0.98 
6 5.24 0.95 
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Figure 4.10: Concentration of indocyanine green dye (ICG) in each shunted pig and 
the mean from the LiMON® system when injected into the systemic venous system 
(jugular vein). There is an error in pig 4 in regards to concentration as it is thought 
that there was internal bleeding while the shunt was open, however it is still shown 
determine transit times.  
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Table 4.8: Lag times (threshold > 0.01 µg/L) and time of the first peak from the 
systemic injection using the LiMON® data. 

  Pig 1 4 5 6 Mean  ± SD p value 

Lag time (s)   
      

 

Shunt 11 13 15 15 13.5 ± 1.9 
0.452 

 
Control 23 20 13 11 16.8 ± 5.7 

1st Peak time 
(s)  

      

 

Shunt 27 21 23 23 23.5 ± 2.5 
0.548 

  Control 31 29 20 21 25.3 ± 5.6 
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Table 4.9:  Liver mean residence time data for indocyanine green  dye injected into 
the systemic system. 

  Pig 1 4 5 6 Mean  ± SD p value 

MRT (s) 

       

 

Shunt 59.7 59 58.5 57.7 58.7 ± 0.8 
0.381 

 
Control 62.1 57.7 58.7 60.1 56.2 ± 8.0 

AUC 
 

      

 

Shunt 198.5 60.46 48.42 72.02 94.9 ± 69.8 
0.821 

  Control 147.7 107.8 39.1 64.9 101.4 ± 48.8 
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4.3.5 Methacetin  

4.3.5.1 Methacetin Clearance - Portal System Injection Site 

There is variance between each pig of the residual methacetin in the plasma, 

particularly in the time of the peaks (Figures 4.11). The shunted model in pigs 3, 5 

and 6 peaked early, while pigs 1, 2 and 4 occurred between 30 - 50 seconds. All 

peaks from the control were also seen between 30 to 50 seconds.  The mean AUC, 

was similar between the shunt and control being 3308 ± 726 and 3727 ± 813 

respectively (p=0.10). The area between 0 to 20 seconds is larger in the shunted 

model than the control, but not significant (p=0.19), with 358 ± 478 in the shunted 

model and 59 ± 57 in the control. This difference may be due to the small sample 

size and large variance in peak time of each animal.  
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Figure 4.11: Methacetin concentration in the plasma from injecting into the portal 
system and collected from the confluence of the hepatic veins in the inferior vena 
cava. There is an error in pig 4 in regards to concentration as it is thought that there 
was internal bleeding while the shunt was open. 
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4.3.5.2 Methacetin Clearance - Systemic Injection Site 

Due to the rapid uptake of methacetin into the liver, there is very little difference 

between the shunt and the control (Figures 4.12). Unlike the portal injection, there 

is no early peak in the shunted model followed by a secondary peak. All peaks 

appear at similar times. There is also no significant differences between the AUC 

(p=0.9), nor the area between 0 to 20 seconds (p=0.5).  
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Figure 4.12: Methacetin concentration in the plasma from injecting into the jugular 
vein and collected from the confluence of the hepatic veins in the inferior vena 
cava. There is an error in pig 4 in regards to concentration as it is thought that there 
was internal bleeding while the shunt was open. 
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4.3.6 Breath Analysis 

No significant difference was observed between the shunted and controlled 

scenarios (p=0.4, Figure 4.13). The accuracy of the breath test is undetermined as 

each vial contained  less than 2% CO2. The IRMS was calibrated for samples 

containing between 2% to 10% CO2. However, the sampling window for 13CO2 did 

not shift throughout the sampling, therefore validating the influence of isoflurane 

in the previous samples on the results. 
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Figure 4.13: Ratio of 13CO2 to 12CO2 in the breath of a shunted and non-shunted pig. 
(p=0.4, n=3) 
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4.4 Discussion 

The shunt created in the animal is a two compartment model (Figure 4.14) with 

presumed different flow rates in each compartment, one being the liver (qQ) the 

other being the shunt ((1-q)Q). Due to the sheer size of the shunt, it was 

hypothesised that the transit times and AUC would be significantly different in the 

shunted model than the control. 

 

From the compounds and metabolites tested, only ICG was a potential PSS marker.  

This is mostly due to the direct blood extraction sampling rate. A sampling rate of 1 

mL every ten seconds does not provide enough spatial resolution to differentiate 

transit times between shunt and control. Additionally, catheter distortion aids in 

the increased variability and inconsistency. Catheter distortion occurs when 

remanent blood from the previous sample is trapped inside the catheter and can 

affect the following sample. Due to the sampling time, it was not possible to flush 

the catheter between sample times. With both a slower sampling rate and catheter 

distortion, some results may be inaccurate and inconsistent. It was expected that a 

large difference in transit times and AUC would be viewed from the sheer large size 

of the shunt. Serial blood sampling is not be a plausible to detect PSSs of different 

sizes and flow rates. It is unable to detect small differences and therefore not show 

significant differences. However, ICG with the LiMON® machine overcomes this 

issue through its non-invasive rapid serial sampling via spectrophotometry.  

 



 
 
 
 

140 
 

ICG binds to plasma proteins [287] and ICG extraction would therefore be 

proportional to the extraction of the facilitating protein [288]. Therefore, the 

presence of a PSS would reduce the hepatic extraction of ICG. However, a perfused 

cirrhotic liver model demonstrated that the intrahepatic PSSs only accounted for a 

small portion of the decreased ICG extraction [289], thus concluding that reduced 

ICG extraction was due to impaired hepatocytes.  PSSs, especially small PSSs were 

not clearly discernible using multiple indicator dilution technique, unless using large 

radio labelled microspheres are used [288, 290]. Despite a small difference of 

reduced ICG extraction from PSSs, transit times are able to discern differences in 

cirrhotic livers [291] and therefore can detect PSSs. 

 

The LiMON® data showed a minor shoulder or bulge in the peak which was seen in 

all pigs, but varied greatly in size. This can only be visualised when ICG is 

administered directly into the portal system. This shoulder in the rise to the peak 

causes different transit times particularly with ICG flowing through the shunt at a 

faster rate than the ICG flowing through the liver.  
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Figure 4.14: Two compartment showing the liver and shunt in parallel with the 
blood flow of the portal vein (Qpv) being split into the flow through the liver (qQpv) 
and the shunt ((1-q)Qpv).   
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As a comparator, the ICG was injected into the systemic system to determine if this 

technique could be used at the bedside while the patient is not anaesthetised.  

Although the ICG would reach the sensor before passing through the liver, the 

recirculation would show a difference in metabolisation and extraction rates in the 

shunt and control models. However, due to equipment and technical failures, little 

data could be recovered. No conclusions can be made due to the low sample size 

and high variability, but this deserves further attention.  

 

Breath testing may have had the advantage of being able to detect a PSS while the 

patient is not anesthetised as direct access to the portal system is not essential. 

However, it was demonstrated that the isoflurane in the breath sample reacted 

with the gas chromatography column and caused inaccurate results (see 6.2.2 

Breath Sampling During Anaesthesia for a detailed report). There is no evidence in 

the literature of this issue previously being reported. A study conducted by 

Kowalczyk et al. [292] used a molecular sieve called carbosieve G which was also 

used within the IRMS column. Carbosieve G was used to adsorb the greenhouse gas 

tetrafluromethane. No solution has yet been found to remove isoflurane from the 

samples, and therefore it is recommended that any future breath test studies use 

an intravenous general anaesthetic instead. The use of alfaxalone, diazepam and 

ketamine can be suitable for anaesthesia required for short or long periods, 

however this is an expensive option rather than using inhalational anaesthetics. 
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Additionally, other continuous intravenous anaesthetics that may be suitable either 

singularly or in a combination are propofol, midazolam and sufentanil [293-295].  

 

Of note, breath sampling must be timed precisely with the ventilator; however the 

precise timing is difficult as there are no cues. In pigs 7, 8 and 9 a, many samples 

only contained a small percentage of CO2 (<2%). This is most likely attributed to the 

breath sampling technique. As each breath is exhaled, there is only a small window 

to collect the breath sample and can be easily missed, with only a small portion of 

CO2 enters each vial. It is unknown what percentage of CO2 was collected until after 

it had been analysed.  

 

There are two probable reasons for poor lignocaine HPLC detection. Firstly there 

may be poor lignocaine recovery in plasma sample preparation method or long 

term storage at -80°C denatured the compound. A previous study showed that 

lignocaine was more sensitive when samples are stored in sulphuric acid for longer 

than six months [296]. However, as multiple drugs were being assayed from the 

same sample, the volume required to use sulphuric acid was also not viable. Solid 

phase extraction may have increased extraction and yield stronger concentrations. 

However this requires 1 mL of plasma per sample [281], however as  only 500 – 800 

µL was collected in each blood sample (equivalent to 1 – 1.2 mL whole blood) and 

there are other compounds that required analysis from the same sample, this was 

not sample to appropriately assay for lignocaine.  
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Although the assay for lignocaine’s metabolite MEGX yielded results, the reliability 

is still questionable as the stability of MEGX in plasma stored at -80°C is unknown. 

Although MEGX has been described as an accurate liver function test [239, 297-

299], no significant difference could be determined in the shunted and control 

models. This is most likely to be attributed to a slow flowing shunt, high variability 

between the pigs and low resolution in sampling frequency.  

 

It was not clearly understood why the assay for sorbitol was not successful. Sample 

preparation for sorbitol takes approximately 30 minutes per sample and a 30 

minute HPLC run time [278, 284]. In a clinical setting, with numerous samples this 

time length would not be appropriate. Samples were run for up to 60 minutes, the 

pH level was adjusted and mobile phase was changed to find the peak, but without 

success. As no peak for sorbitol could be seen in a positive standard set, this 

compound was deemed inappropriate for the detection of PSS.  

 

Evans blue dye and 14C-sucrose were the control compounds as they are not 

metabolised or excreted by the liver. Although no significant difference between 

the transit times, they can still be used to determine the transit times through the 

hepatic sinusoids and shunt, which are also the relative upper and lower limits of 

the transit times (see Chapter 5: Determining Portosystemic Shunt Fractions). Due 
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to high cost of 14C-sucrose per injection, only Evans blue dye was used in following 

animal PSS studies. 

 

4.5 Conclusion 

Given the large size of the created shunt, the small difference between the two 

groups is surprising.  Due to the rapid sampling rate of LiMON®, it is suggested that 

ICG should be considered for further studies in PSS detection. However, it is 

similarly questionable of how sensitive ICG will be as a PSS biomarker, but does 

demonstrate a reduced lag time in the shunted animal as a result of differentiated 

transit times.  
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CHAPTER 5  

Determining Portosystemic 

Shunt Fractions 
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5.1 Introduction 

From the studied compounds, the main element in PSS detection is rapid serial 

sampling. Although the other compounds studied may have had the potential to 

demonstrate the presence of a PSS, they are limited to blood sampling times and 

their corresponding assays. The LiMON® technique has a high appeal for clinical use 

due to its non-invasive rapid serial sampling.  

 

Noted in the previous chapter, a significant difference in the control and shunted 

animal was seen when comparing the lag times of ICG. This decreased lag time, also 

known as arrival time has been viewed in cirrhotic patients with a large degree of 

shunting when using Doppler ultrasound with a microbubble contrast [291] and 

radiolabelled red blood cells [300]. The lag time is similar to the definition of MTT 

and can be used to calculate the flow rate provided the volume of the vessel is 

known (see Chapter 5.2 Flow Rate Calculation). By knowing the respective flow 

rates in both the portal vein and shunt, the fraction of blood shunted can be 

determined.  

 

The rapid sampling is ideal for pharmacokinetic modelling as it provides a real-time 

accurate assessment of the PSS. Despite what initially appears to be either a slow 

flowing shunt or a low specificity analysis, the LiMON® technique can be used to 

distinguish each component (liver and PSS) by isolation. In this chapter, LiMON® 
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technique is explored further by isolating each component of the PSS and Llver to 

show a theoretical representation of each component.  

 

This chapter aims to review the different techniques for determining shunt fraction 

based on the data collected from Chapter 4: Analytical Methods and Results. 

 

5.2 Flow Rate Calculation 

Flow rate (Q) can be determined by volume (V) divided by MTT (Equation 5.1). The 

lag time can also be used interchangeably with MTT (Equation 5.2). Similarly, the 

MRT can be also used interchangeably with MTT, with in vivo models.   
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Q = V/MTT 

Equation 5.1: Pharmacokinetic question to measure flow (Q) by volume (V) and the 
mean transit time (MTT). 

 

Q = V/Lag Time  

Equation 5.2: Adapted pharmacokinetic question to measure flow (Q) by volume 
(V) and the lag time. 
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5.2.1 Flow Rate Calculation Methods 

To show the accuracy of Equation 5.2, a 15 cm length of 8 mm diameter PTFE 

material that was used to create the shunts in each pig. The PTFE was stretched to 

its maximum length of 17 cm and attached to a rotary pump (Brand model) using 

8mm diameter silicon tubing. The other end of the tube is attached to a fraction 

collector (BRAND), which is set to collect samples each second. Into the start of the 

shunt, 5 mg of Evans blue was injected over one second using an 18G safety needle 

while the pump was turned on and samples were collected until all the dye had 

visually passed through. Each sample was diluted ten times so it was detectable by 

the FluroStar Optima®. The dilution was performed by aliquoting 100 µL of each 

sample into a micro-centrifugation tube and adding 900 µL double distilled water 

and vortexing for ten seconds. The samples were then prepared and assayed (see 

Chapter 4.2.4.7:  14C-sucrose and Evans Blue Analytical Methods).  

 

Lag time was determined by the time taken for the samples to reach a tenth of the 

amount injected, 500 µg. This time was then applied to Equation 5.2 using a shunt 

volume of 8.54 mL.  

 

5.2.2 Flow Rate Calculation Results and Discussion 

The dispersion of Evans blue dye can be viewed in Figure 5.1, which also 

demonstrates the lag times (Table 5.1). The mean difference between the actual 

flow rate and calculated rate was 11.1 ± 6.2%. However, there is a high correlation 
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between the lag time and flow rate with R2
 being 0.81 and also a high correlation of 

0.99 between the calculated flow rates and the pump flow rate (Figure 5.2). The 

latter particularly demonstrates the accuracy of using lag time to determine flow 

rate when the volume is known. However, the limitation of using Equation 5.4 is the 

specificity of the lag time and the resolution of the sampling rate.  
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Figure 5.1: Dispersion of Evans blue dye injected through a 17 cm 
length 8 mm diameter PTFE tubing ex vivo with flow rates set at (A) 1 
mL/s,  (B) 5 mL/s, and (C) 10 mL/s.  
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Table 5.1: Calculated flow rate of Evans blue in an ex vivo model as determined by 
the lag time and compared to the set pump flow rate.   

Pump Q (mL/s) Lag Time (s) Calculated Q  (mL/s) Error (%) 

1 7.8 1.1 8.72 
5 1.4 6.1 18.08 

10 0.8 10.7 6.38 
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Figure 5.2: Correlation between the set pump flow rate and the (A) lag 
time, and (B) the calculated flow rate based on lag time.  
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5.3 Pharmacokinetic Modelling 

The LiMON®, Evans blue and sucrose data was sent to Professor Michael Weiss of 

Martin Luther University, Germany for modelling using the software ADAPT 5 

(Biomedical Simulations Resource, University of Southern California). ADAPT 5 is a 

freely available computer software programme specifically designed for the 

purpose of developing computational models within the fields of pharmacokinetics 

and pharmacodynamics (<http://bmsr.usc.edu/software/adapt/>, last accessed 22/04/2013). 

Coding to create the model within the ADAPT 5 software can be found in Appendix 

B. 

 

Model development was adapted as a single pass system from Weiss et al [301, 

302]. The shunted liver was modelled using an inverse Gaussian density function (fI 

(t)), based on the first pass transit times (TTD) of ICG (Equation 5.3). 

 

Based the experimental design shown in Figure 5.3, the data was truncated before 

there was a contribution by recirculation. First, the control data (no shunt) was 

fitted to a single TTD, (fL (t)). The MTTL, and relative dispersion (RDL
2) of the liver 

could then be calculated.   The fraction of blood flow from the shunt (1-q) can be 

determined by the TTD through the shunt (fS (t)). The total function (fLS(t)) and ratio 

of blood bypassing the liver can then be determined by the collaboration of the 

liver and shunted functions (Equation 5.4). 
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The parameters of fL(t) were fixed to those obtained in the control after correcting 

them for the change in flow, i.e., MTTL→ MTTL/q and MTTS→ MTTS/q.  The 

estimated fractions of shunt flow, 1-q (0 < q < 1), and R2 as a measure of goodness 

of fit are listed in Table 5.2, with an example of the fitted model shown in Figure 

5.4. The model, however was not able to be validated as exact flow rates could not 

to be taken at the time of the procedure. As a comparison the ratio of total volume 

between the portal vein and the total volume of the shunt are shown (Table 5.2).  
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Equation 5.3: Inverse Gaussian Distribution model using the mean transit time 
(MTT), the point of time (t) and the relative dispersion (RD).  
 

 

fLS(t) = q fL(t) + (1-q) fS(t) 

Equation 5.4: Combination of inverse Gaussian distribution models for a two 
compartment model, with the liver (qfL) and the shunt ((1-q)fS). 
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Figure 5.3: Single pass model of indocyanine green (ICG) clearance in the liver with the 
presence of a portosystemic shunt, when injected into the portal system. The liver and the 
shunt are in parallel with blood flows qQ and (1-q)Q respectively (Qpv is portal flow, and 
0<q<1). The liver and body are individually characterised by inverse Gaussian transit time 
density functions shown as fi(t). 
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Figure 5.4: Example of a typical fit of fLS(t) to data observed with an open shunt. R2 
= 0.99. 
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Table 5.2: Estimated fractions of shunt flow (1-q) as deemed from the model with 
its correlation to the fitted data (R2) the corresponding portal vein (PV) and shunt 
(PSS) volume ratio. 

Pig Estimated 1-q R2 PV:PSS  

2 0.33 0.99 0.39 ±  0.10 

3 0.37 0.99 0.42 ± 0.11 

4 0.46 0.99 0.42 ± 0.11 

5 0.53 0.99 0.43 ± 0.11 

6 0.62 0.99 0.55 ± 0.14 

Mean ± SD 0.46 ±  0.12 0.99 ±  0.01 0.17 ± 0.67 
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5.4 Portosystemic Shunt Fractional Calculations and Limits 

Additional animal ethic were approved from the University of Adelaide Ethics 

committee (Approval number: 14917) and SA Pathology Animal Ethics committee 

(Approval number 91/13) for follow on studies. 

 

5.4.1 Methods 

A shunt was inserted into three additional animals as outlined in Chapter 2 – 

Development of a portosystemic shunt in a swine model. The animal’s abdomen was 

cleaned and prepared with a povidone-iodine solution. A 20 cm incision was made 

through the abdominal wall to locate the liver, IVC and portal vein. A single dose of 

80 units/kg of heparin will be administered followed by a continuous flow of 

heparinised saline (5000 units per litre) at 10 mL/min.  

 

A Gore-tex (Polytetrafluorethylene) tube (8 mm diameter, 13 ± 2 cm length) will be 

connected between the IVC and portal vein. Flow direction were determined by 

measuring pressure differences between the portal vein and IVC. Two 5Fr catheters 

were inserted into the portal vein (later used for drug administration) and the IVC 

(later used for blood sampling). Both catheters were flushed with saline and 

connected to a pressure transducer, which was measured via the 

anaesthesia/respirator machine.  
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5.4.1.1 Injection sites and Scenarios 

In each pig, ICG (0.25 mg/kg) was injected as a bolus in four scenarios via the 5Fr 

catheter inserted into the portal vein and positioned depending on the scenario 

(Figure 5.3). This was later followed by an injection of Evans blue dye (1 mg/kg) for 

each of the scenarios.  

 

The first scenario (D1) was a control with ICG injected into portal vein with the 

shunt clamped. This was to show normal function of the pig. The second scenario 

(D2) is a secondary control where the shunt was opened and ICG was injected 

above the shunt. This isolated the liver to show function with a decreased portal 

flow rate. With the third scenario (D3), ICG was injected directly into the start of the 

shunt to show the dynamics of the shunt alone. The last scenario (D4), ICG was 

injected below the shunt to capture both the functions of the shunt and the liver at 

the same time. An additional dose of ICG was injected into the IVC to determine the 

transit time between the confluence of the hepatic veins to the IVC and the 

LiMON® sensor on the bottom lip.  
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Figure 5.5:  Schematic of injection plan. D1. Control 1: Into portal vein (PV) with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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5.4.2 Sampling 

 As previously mentioned in Chapter 4.2.3 Sample collection, ICG data was collected 

via the LiMON® spectrometer attached to the bottom lip. At the same time, blood 

samples were collected every 30 seconds for two minutes then every two minutes 

thereafter until 10 minutes reached for LiMON® calibration against ICG 

concentration in the plasma.  

 

Blood samples for Evans blue dye were collected from the IVC every five seconds 

for two minutes, then every 30 seconds until 10 minutes had elapsed. Due to the 

rapid serial sampling, manual syringe drawing was not plausible. Instead, a blood 

transfer device was connected to the IVC central line to allow blood withdrawal into 

8 mL Vacuette® evacuated blood specimen tubes (Greiner Bio-one, Australia). Each 

tube was held down for two seconds, which collected approximately 1 mL of whole 

blood. These samples were then centrifuged at 1900 x g for 15 minutes. The 

supernatant was then placed in 1.5 mL micro-centrifugation tubes and stored at -

80°C.  

 

5.5 Results 

Three animals (pigs 7, 8 and 9) had a shunt inserted with a medium length of 5.3 ± 

2.0cm and a shunt volume of 2.68 ± 1.02 mL (Figure 5.6, Table 5.3). The injection 
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sites D1 and D4 are the same as the control and shunted scenarios in pigs 1 to 6, 

which have been included in the tables for comparison.  
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Figure 5.6: Portosystemic shunt created in (A) pig 7, (B) pig 8, and (C) pig 9 using 8 
mm diameter PTFE. 
 



 
 
 
 

167 
 

 

 

 

 

 

 

 

Table 5.3: Length of each anastomosis that was inserted into each pig with portal 
vein (PV) volume and the shunt (PSS) volume ratio. A range is given as the portal 
vein length was assumed of 6.5 ± 2.1 cm 

Pig Length (cm) Volume (mL) PV:PSS   

7 3.5 1.76 0.19 ± 0.06 

8 7.5 3.77 0.40 ± 0.13 
9 

Mean ± SD 
5 

5.33 ± 2.02 
2.51 

2.68 ± 1.02 
0.28 ± 0.09 
0.29 ± 0.11 
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5.5.1 LiMON® Analysis 

Only two of the scenarios D3 and D4 demonstrated an early peak (Figure 5.7) at 26 

± 1.5 seconds and 36 ± 8.7 seconds. D4 has a smaller peak due to a portion of the 

ICG flowing through the liver. These peak times are comparatively shorter than 

those observed in scenarios D1 and D2, being 41 ± 4.0 and 44 ± 6.1 seconds 

respectively, although not significantly due to small sample size. Additionally, the 

rise to the peaks in scenarios D3 and D4 are steeper than D1 and D2. 

 

The transit time of ICG between the confluences of the hepatic veins to the LiMON® 

sensor on the bottom lip was 16.7 ± 2.1 seconds. This time was deducted from the 

other lag times (Table 5.4) to find the transit time of the different scenarios (Figure 

5.5) to the confluence of the hepatic veins. There is a mean difference of 1.3 ± 9.5 

seconds between both controls D1 and D2, indicating a slightly decreased flow rate 

of the portal vein into the liver in the presence of a shunt. There is also a mean 

decrease of 10.1 ± 11.7 seconds between the liver only control (D2) and the 

combination of shunt and liver (D4). Despite a clear difference between the lag 

times, there is no significant difference (p>0.05) due to large variability and small 

sample size. However, a significant difference was depicted between the lag times 

of the shunted model (D4) and the normal control (D1) with a mean difference of 

8.8 ± 2.2 seconds (n=8, p=0.01. An emulated mean maximum lag time difference of 

14.4 ± 11.8 seconds was observed between the shunt (D3) and the corresponding 

control (D2). 
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As the system is in vivo and only a portion of blood is collected, blood flow 

descripted in Table 5.5 is not true blood flow rate, but a relative flow rate of the 

portal vein and shunt. No significant differences were found between each 

scenario, however this is mostly due to a small sample size. These flow rates are 

then used to determine the actual shunted fraction (D4/D2) 0.46 ± 0.28, the 

relative shunted fraction compared to a normal liver (D4/D1) 1.62 ± 2.28, the 

maximum possible shunted fraction (D2/D3) 1.35 ± 1.11, and the difference 

between portal vein flow rates in a normal liver and one with a PSS (D2/D1) 0.86 ± 

0.30 (Table 5.6).  

 

The MRT (Table 5.7) is comparatively similar to lag time, and both can be used to 

calculate flow rates (Table 5.8), however the lag time and MRT cannot be compared 

side by side. The shunted fractions based on the MRT (Table 5.9), equally show a 

similar shunt fraction of 0.32 ± 0.28 to that of fraction based on lag time (p>0.05). 

This is similar with the relative shunted fraction and maximum shunted fraction 

being 0.48 ± 0.27 and 8.56 ± 3.2 (p>0.05).  

 

 

 

 

 



 
 
 
 

170 
 

 

 

 

 

 

 

 

Figure 5.7:  Mean concentration of indocyanine green dye of pigs 7, 8 and 9 in each 
scenario as depicted from the LiMON® system. D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver. 
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Table 5.4: Lag times (threshold > 0.01 µg/L) for different injected scenarios using 
the LiMON® data for all pigs. 

 Injection Scenario  

Pig D1 D2 D3 D4 Lag Correction  

2 18 - - 5 -15 

3 13 - - 10 -14 

4 18 - - 6 -13 

5 24 - - 11 -14 

6 21 - - 2 -15 

7 20 35 6 8 -16 

8 10 12 3 13 -15 

9 7 6 1 6 -19 

Mean ± SD 16.4* ± 5.8 17.7 ± 15.3 3.3 ± 2.5 7.6* ± 3.6 -16.7 ± 1.8 

*p=0.01. Injected Scenarios - D1. Control 1: Into portal vein with shunt clamped. D2. 
Control 2: Into portal vein, above shunt (open) to capture liver function only. D3. 
Directly into the shunt.  D4. Into portal vein below shunt, to capture both shunt and 
liver.  
 

  



 
 
 
 

172 
 

 

 

 

 

 

 

 

 

 

Table 5.5: Relative flow rate Q (mL/s) derived from lag time for different injected 
scenarios using the LiMON® data in all pigs. 

 Injection Scenario 

Pig D1 D2 D3 D4 

2 0.56 - - 0.85 
3 0.77 - - 0.43 
4 0.56 - - 0.84 

5 0.42 - - 0.50 

6 0.48 - - 3.39 
7 0.50 0.29 0.29 0.22 
8 1.00 0.83 1.26 0.29 
9 1.43 1.67 2.51 0.42 

Mean ± SD 0.71 ± 0.35 0.93 ± 0.69 1.35 ± 1.11 0.87 ± 1.05 

p>0.05 for all comparisons.  Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
 

  



 
 
 
 

173 
 

 

 

 

 

 

 

 

 

 

 

Table 5.6: Shunted ratios, 1-q derived from lag time for different injected scenarios 
using the LiMON® data in all pigs. 

  Actual 1-q Relative 1-q Max 1-q Difference in q 

Pig (D4/D2) (D4/D1) (D2/D3) (D2/D1) 

2 - 1.54 - - 
3 - 0.56 - - 
4 - 1.51 - - 
5 - 1.21 - - 
6 - 7.12 - - 

7 0.77 0.44 1.03 0.57 
8 0.35 0.29 1.51 0.83 
9 0.25 0.29 1.51 1.17 

Mean ± SD 0.46 ± 0.28 1.62 ± 2.28 1.35 ± 0.28 0.86 ± 0.30 

p>0.05 for all comparisons.  Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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Table 5.7: Mean residence time (seconds) for each different injected scenarios 
using the LiMON® data in all pigs. 

 Injection Scenario 

Pig D1 D2 D3 D4 

2 76.6 - - 65.4 
3 72.5 - - 68.0 
4 69.4 - - 67.2 
5 73.2 - - 69.1 
6 68.7 - - 67.3 
7 179.9 299.2 25.3 32.1 

8 158.2 137.0 25.3 87.8 

9 67.0 215.2 25.4 47.7 
Mean ± SD 135.0 ± 59.9 217.1 ± 81.1 25.6 ± 0.05 55.9 ± 28.8 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein  with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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Table 5.8: Relative flow rates, Q (mL/s) derived from mean residence time for each 
different injected scenarios using the LiMON® data in all pigs. 

 Injected Scenario 

Pig D1 D2 D3 D4 

2 0.131 - - 0.065 

3 0.138 - - 0.063 

4 0.144 - - 0.075 

5 0.137 - - 0.080 
6 0.146 - - 0.101 

7 0.056 0.033 0.069 0.055 
8 0.063 0.073 0.149 0.043 

9 0.149 0.046 0.099 0.053 

Mean  ± SD 0.09 ± 0.05 0.05 ± 0.02 0.11 ± 0.04 0.05 ± 0.01 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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Table 5.9: Actual, relative and maximum shunted fractions 1-q derived from mean 
residence time for each different injected scenarios using the LiMON® data in all 
pigs. 

  Actual 1-q Relative 1-q Max 1-q 

Pig (D4/D2) (D4/D1) (D2/D3) 

2 - 0.85 - 

3 - 0.94 - 

4 - 0.97 - 

5 - 0.94 - 

6 - 0.98 - 

7 0.11 0.18 11.81 
8 0.64 0.56 5.41 

9 0.22 0.71 8.47 

Mean  ± SD 0.32 ± 0.28 0.48 ± 0.27 8.56 ± 3.2 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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5.5.2 Evans Blue 

Serial sampling and an erratic heart rate produced large catheter distortion. For this 

reason, a moving average twice was applied twice to the data to remove the 

distortion (Figure 5.11).   Differentiation between lag times is difficult with a 

sampling rate of less than once every second, therefore the MTT is used. Similarly, 

due to the catheter distortion, peak times are indistinguishable from each other.  

 

There was no significant difference with the MTT in any of the scenarios (Table 

5.10). However, there were significant differences in the corresponding calculated 

flow rates between D1 and D4, D2 and D4, and D2 and D3, p<0.01, p=0.04 and 

p=0.02 respectively (Table 5.11).  As previously mentioned, the blood flow 

descripted in Table 5.11 is not a true blood flow rate, but a relative flow of the 

portal vein and shunt. These rates can be used to determine the actual shunted 

fraction (D4/D2), the relative shunted fraction compared to a normal liver (D4/D1), 

the maximum possible shunted fraction (D2/D3) and the difference between portal 

vein flow rates in a normal liver and one with a PSS (D2/D1) (Table 5.12).  The actual 

flow rate and the relative shunted fractions are very similar being 0.34 ± 0.17 and 

0.32 ± 0.16 respectively (p=0.1). The maximum theoretical shunted fraction cannot 

be above 1.00 and therefore, as is seen in D2/D3, any values above 1.00 can be 

viewed as being 100%.  

   

 



 
 
 
 

178 
 

 

 

 

 

 

 

Figure 5.8:  Relative concentration of Evans Blue in Pig 7, 8 and 9 of each of the 
scenarios. D1. Control 1: Into portal vein with shunt clamped. D2. Control 2: Into 
portal vein, above shunt (open) to capture liver function only. D3. Directly into the 
shunt.  D4. Into portal vein below shunt, to capture both shunt and liver. 
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Table 5.10: Mean transit time (seconds) of Evans blue for each injected scenario in 
all pigs. 

 Injected Scenario 

Pig D1 D2 D3 D4 

2 89.3 - - 92.6 

3 119 - - 71.5 

4 88.1 - - 94.4 

5 84.2 - - 78.3 

6 83.2 - - 96.6 

7 103.6 111.7 93.3 84.3 

8 87.8 92.8 93.6 64.7 

9 74.7 75.4 78.3 78.2 

Mean ± SD 91.2* ± 14.6 93.3**^ ± 18.2 88.4** ± 8.7 82.6*^ ± 10.0 

*p=0.01, **p=0.02, ^p=0.04. Injected Scenarios - D1. Control 1: Into portal vein  
with shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture 
liver function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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Table 5.11: Relative flow rates (mL/s) derived from Evans blue mean transit time  
for each injected scenario in all pigs. 

 Injection Scenario 

Pig  D1 D2 D3 D4 

2 0.113 - - 0.046 

3 0.084 - - 0.060 

4 0.114 - - 0.053 

5 0.119 - - 0.071 

6 0.121 - - 0.070 

7 0.097 0.090 0.019 0.021 

8 0.114 0.108 0.040 0.058 

9 0.135 0.133 0.032 0.032 

Mean ± SD 0.112 ± 0.02 0.110 ± 0.02 0.030 ± 0.01 0.051 ± 0.02 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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Table 5.12: Actual, relative and maximum shunted fractions (1-q) derived from 
Evans blue mean transit time  for each injected scenario in all pigs. 

  Actual 1-q Relative 1-q Max 1-q 
Pig (D4/D2) (D4/D1) (D2/D3) 
2 - 0.41 - 

3 - 0.71 - 

4 - 0.47 - 

5 - 0.59 - 

6 - 0.58 - 

7 0.23 0.22 4.77 

8 0.54 0.51 2.69 

9 0.24 0.24 4.16 

Mean ± SD 0.34 ± 0.17 0.32 ± 0.16 3.87 ± 1.07 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D2. Control 2: Into portal vein, above shunt (open) to capture liver 
function only. D3. Directly into the shunt.  D4. Into portal vein below shunt, to 
capture both shunt and liver.  
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5.6 Discussion 

The transit times of markers are a key feature that can distinguish hepatic 

hemodynamic changes in patients with and without shunting. As shown in patients 

with cirrhosis, there is a significantly shorter transit time compared to patients with 

healthy livers [291, 300]. However, these studies do not go on to determine the 

shunted fraction of blood bypassing the liver sinusoids using the transit times. The 

flow rates calculated from the transit times are not absolute flow rates, but instead 

a relative flow rate of the portal vein and shunt. This is because only a portion of 

blood was collected and sampled. In order to calculate actual flow rates, all of the 

blood must be collected at serial time points and therefore not feasible.  

 

This study demonstrated shunted fractions by means of using lag time, MRT, MTT 

and a transit time model, with a portal vein and shunt volume ratio as a comparison 

(Table 5.13). Unfortunately, the shunted fractions as determined by the model 

were not available for pigs 8 and 9 due to technical difficulties. The shunted 

fractions were similar for each method, demonstrating consistency using transit 

times (p=0.13). Although the shunted fraction for the lag time had a large 

variability, the other methods of shunt fraction determination are similar showing 

consistent reliability in this method. However, further accuracy measures are 

required. 
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Table 5.13: D4/D1 Shunted fractions (1-q) based on indocyanine green dye lag time 
and mean residence time (MRT), mean transit time (MTT) of Evans blue, and the 
pharmacokinetic model.  Included is the portal vein (PV) and Shunt (PSS) ratio as a 
comparison. Model data for pigs 8 and 9 could not be included due to technical 
difficulties.  

Pig  PSS:PV Lag time MRT MTT Model 

2 0.39  1.54 0.85 0.41 0.33 

3 0.42  0.56 0.94 0.71 0.37 

4 0.42  1.51 0.97 0.47 0.46 

5 0.43  1.21 0.94 0.59 0.53 

6 0.55  7.12 0.98 0.58 0.62 

7 0.19  0.44 0.18 0.22 0.52 
8 0.40  0.29 0.56 0.51 - 
9 0.28  0.29 0.71 0.24 - 

Mean ± SD 0.39 ± 0.11 1.62 ± 2.28 0.48 ± 0.27 0.32 ± 0.16 0.46 ±  0.12 

p>0.05 for all comparisons. Injected Scenarios - D1. Control 1: Into portal vein with 
shunt clamped. D4. Into portal vein below shunt, to capture both shunt and liver.  
 

  



 
 
 
 

184 
 

The pharmacokinetic model was developed by Professor Michael Weiss of Martin 

Luther University, Germany. This model was based on his previous work [303] and 

can determine the fraction of shunted blood using the Adapt 5 software. The 

fraction shunted as predicted from the model lies near what is estimated. The 

model depicts the ratio of blood bypassing the liver at any given moment. However, 

as the exact flow rate could not be determined within the shunt itself, therefore the 

fraction shunted could not be calculated, further validation is required. The 

similarities compared to the other methods do demonstrate a consistent level of 

accuracy. 

 

This pharmacokinetic model was based on previous work [301, 302] using the 

inverse Gaussian distribution as TTD for ICG, showing the estimated fraction of 

shunted blood bypassing the liver. This density function particularly shows first pass 

time distribution [301] and has been used previously in tracer kinetics [304-306], 

modelling sorbitol disposition [307] and  ICG [301, 302]. The model is simplified to 

the parameters of two compartments being the liver and shunt, which demonstrate 

the distribution kinetics of blood flow without recirculation. However, the model 

was not able to be validated as exact flow rates were not able to be taken at the 

time of the procedure. Instead, the estimated shunted fraction was compared to 

the ratio of total volume between the portal vein and the total volume of the shunt 

[118] along with the other shunted fractions based on the lag time, MRT and MTT.  
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Calculation of the transit times and consequently shunted fraction maybe limited to 

patients without liver metastases. Previous studies using ultrasound to determine 

transit times reported a shortening in the transit time in the control patients who 

had liver metastases [291, 308]. This shift is similar to patients with known PSS 

caused from cirrhosis.   

 

5.7 Conclusion 

The model and transit times depict a reliable way of determining shunted fractions. 

By isolating the components of the liver and shunt, the maximum and minimum 

transit times can be demonstrated relating to the injected compound. Further 

studies are required to show accuracy, specificity and limitations of detectable 

limits.  
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CHAPTER 6  

General Discussion 
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6.1 Portosystemic Shunt Detection Technique 

A conclusive technique for PSS detection still requires further investivation. This 

study creates the foundation and a starting point for future studies in PSS 

detection. From all compounds reviewed, ICG was the only compound able to 

provide a basis for the PSS prognostic and quantifying model due to the ability for 

real time rapid sampling via the LiMON® system. It has been demonstrated  that a 

combination of liquid chromatography and mass spectrometer provides a far more 

sensitive ICG detection assay than spectrophotometric methods [309], such as the 

LiMON®. Unlike the LiMON® this method is not able to be performed at the 

bedside, not suited for rapid sampling and therefore not practical for clinical use.  

 

The LiMON® system is ideal for PSS detection as it is minimally invasive, time 

efficient (<15 minutes) and cost effective (AU$80 per injection). Due to the LiMON® 

rapid sampling rate, accurate transit times can be calculated. The PSS provides a 

lower resistance, and therefore faster passageway than the liver, therefore 

reducing transit times. However, a limiting factor in determining transit times is 

that ICG must be administered directly into the portal system. If, ICG is 

administered into the systemic system, the dye may reach the LiMON® sensor 

before passing through the liver and no transit time differentiation can be defined. 
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The two compartmental pharmacokinetic modelling approach is a necessary step in 

not only understanding the properties of a PSS, but also in developing methods for 

detection. Upon further validation, the model will provide ways to determine the 

sensitivity and accuracy of different PSS detection techniques without the need for 

animals. Similarly, it provides clear characterisation of a PSS. In its current state, the 

model was able to provide predictive shunted fractions due to transit times for a 

large PSS.  

 

The other transit times including lag time, MRT and MTT, were also able to provide 

a relative shunted fraction. However, to be able to determine the relative flow rate, 

the volume of the shunt is required. In a clinical setting, shunt volume would not be 

known without initial diagnostics of ultrasound, CT or MRI. Therefore, this current 

method would only be able to suggest the presence of a PSS from the reduced 

transit time, and no characterisation of the PSS could occur until it has been 

imaged. With further development of the model, and  combined with the current 

test, characterisation of the PSS may be able to be provided without the need for 

radiological imaging.  

 

6.2 Limitations and Complications 

A limitation with using pigs in this model is that they are known to be susceptible to 

anaesthetics and possibly be accidently euthanised. Although no animals 

prematurely died, it is possible that independent breathing may occur against the 
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respirator. This can cause possible suffocation if the pig is breathing in reverse 

phase to the ventilator, and also affect the venous blood flow by increasing the 

pressure and heart rate. Abnormal venous return can consequently cause erratic 

flow rates through the shunt.  

 

Another limitation with the use of the LiMON® machine was it became unstable at 

heart rates above 180 bpm and also rapid changes in heart rate, therefore unable 

to record data. The heart rate had to be maintained less than 180 bpm, preferably 

around 120-150 bpm in order to able to record data and avoid distortion.  

 

6.2.1 Measuring Shunt Flow  

As a consequence of being unable to measure flow via Doppler Ultrasound, 

pressures of the portal vein and IVC were measured and using Bernoulli’s principle, 

it can be concluded that flow is from portal vein to IVC.  The swine venous system is 

very fragile and obtaining pressures at direct opposing ends of the shunt is not 

practical without due care. The risk of tearing is reduced when the portal and IVC 

pressures are measured away from the shunt. Measuring pressure difference will 

only show flow direction. Without other equipment available to measure vascular 

flow or shunt flow, the total volume ratio between the portal vein and the shunt is 

an alternative method to estimate the fraction of blood shunted.  
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 Doppler ultrasound was unable to determine flow velocity through the PTFE or 

surrounding blood vessels. The transducer available had a lower special resolution 

and was subsequently not designed to be positioned directly above blood vessels or 

grafts. There were several reason why flow velocity could not be obtained. The 

PTFE compound is hydrophobic and through a process of heating, stretching and 

extruding, a microporous structure can be formed (Figure 6.1). This forms ‘air 

pockets’, where ultrasound is poorly transmitted between two mediums of 

different density. The impedance mismatch causes high scattering and any 

ultrasound echo is lost [310]. A smaller transducer with a focused sensor may yield 

high special resolution and may have been able to image flow within the shunt.  
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Figure 6.1: Scanning electron micrograph of the microporous PTFE structure (image 
from Zhang et al. [311]) 
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6.2.2 Breath Sampling During Anaesthesia 

Breath testing with stable isotopes is becoming more widely used to test metabolic 

processes. Particularly, [13C] labelled compounds are increasingly being used in a 

number of large animal experiment models for the use in breath testing [312-314]. 

Although, breath sampling has not yet been used while an animal or patient is 

under general anaesthesia due to sampling difficulty. Hence, this is not widely used 

in a clinical setting. Lack of clinical breath testing maybe due to limited 

understanding of the metabolic process, the efficacy of metabolism does not 

necessarily match to data readings and some machinery may not be sensitive 

enough to determine small changes [274]. However, future studies involving 

surgery may require use of breath testing while the animal or patient is under 

general anaesthesia.  

 

[13C] Breath testing has been used for a range of tests including detection of 

Helicobacter pylori [265-267],  lung cancer detection [268-270], gastric emptying  

[271] and liver function [232, 272]. In particular 13C-methacetin has been used to 

predict liver failure post hepatectomy [264] and graft failure [273]. For this study 

13C-methacetin is used as it is exclusively taken up and metabolised by the liver, and 

its metabolite 13CO2 can non-invasively be collected in 12 mL vials and assayed 

isotope-mass spectrometer (IRMS). 

 

13C-methacetin has been used as a liver function assessment by measuring the 
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ratio and decay of 13CO2 in the breath.  Methacetin is passively taken up into the 

hepatocyte and entirely metabolised by cytochrome 1A2 (CYP1A2) [245], which 

has been directly linked to assessing the function of the liver.  CYP1A2 metabolises 

methacetin into acetaminophen (paracetamol) and CO2
 [232]. The 13CO2 breathed 

out, measured in liver function tests, may not match the amount of 13C-methacetin 

injected, which could be due to either the diffusion process in the blood [246] or 

from the presence of a PSS, allowing methacetin to directly bypass the 

hepatocytes. As methacetin is exclusively metabolized in the liver and has a high 

extraction fraction, methacetin may be used to measure a PSS by finding the ratio 

of methacetin and its metabolite in blood samples. PSSs may also be identified by 

measuring the rate of 13CO2 decay in the breath.  

 

Volatile organic compounds (VOCs) are commonly used as a used for general 

anaesthesia in both human and animal surgical procedures. Current inhalational 

general anaesthetic compounds used include isoflurane, desflurane and 

sevoflurane which can also be combined with nitrous oxide (N2O). However, 

isoflurane is used more routinely for animal surgery. To date, the only known 

issues with 13C isotope breath analysis and volatile organic compound (VOCs) is 

with N2O.  N2O has a mass overlap with CO2 when using isotope ratio mass 

spectrometry (IRMS), thus causing large variability and drift of the analysis window 

[315, 316]. During an animal study of liver function analysis, 13C-methacetin was 

intravenously administered into six female pigs. During the breath sample analysis, 

it was noted that the 13CO2 peak time gradually decreased and escaped the 
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analysis window. As N2O was not being used in this study, it was unknown what 

was causing the peak shift in the IRMS.  

 

6.2.2.1 Breath Analysis 

Breath samples were analysed from a trial pig showing typical 13CO2/12CO2 ratios. 

Due to technical errors and machine failure, all further breath samples that were 

assayed showed inconsistencies and inaccuracies. The quality control (QC) 

reference gas of 5 ± 0.5% was tracked throughout which showed a decrease in 

13CO2/12CO2 ratio and thus a drift in the peak (Figure 6.2). Raw data from the 

samples was digitally re-run and the analysis window time lag was systematically 

decreased for each sample set until the QC was near linear and consistent within 

each set (Figure 6.3). The analysis window has a normal lag time of approximately 

80 seconds. Each sample set was rerun with the analysis window lag time 

shortened in five second increments, until all QC ratios were consistent.  
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Figure 6.2: Series of quality control references throughout sampling for 13CO2 in the 
presence of isoflurane. Each quality control should maintain similar ratio of 29.1 ± 
0.2 (dashed line), however a drift occurs (solid line) as more isoflurane 
contaminated samples are analysed. The black dash line shows the standard 
deviation of the drift.  
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Figure 6.3: Series of quality control references throughout sampling for 13CO2 in the 
presence of isoflurane. Digital raw sample data was rerun in sample sets with the 
analysis window being changed to correct for the drift, so each quality control 
should maintained similar within each set.  
 

  

0

5

10

15

20

25

30

35

1 6 11 16 21 26 31

1
3
C

O
2
:1

2
C

O
2
 r

at
io

 (
%

) 
 

 

Quality Control Reference 



 
 
 
 

197 
 

6.2.2.2 Isoflurane Contamination 

Breath testing while patients or animals are anaesthetised will become a necessity 

for future research. Breath collection for large animals is difficult as they are 

currently not sedated. For example, a pig must be restrained and breath samples 

taken using a modified mask [312]. This is not only dangerous for the technician 

taking the breath samples, but can also be harmful and stressful for the animal. 

However, here we describe a previously unreported issue with inhalational 

anaesthetics affecting the IRMS separating column. This issue using isoflurane in 

the presence of breath sampling is different to the previous known issue of N2O 

contaminating breath samples. In this case, the mass overlap of N2O and CO2 

caused non-linearity and consequently skewed results [315].  

 

It is thought that the isoflurane used to anaesthetise the pigs contaminated the 

breath samples. The IRMS column is used to separate gas compounds according to 

molecular size. The column contains a molecular sieve called Carbosieve G that 

allows small gas compounds such as CO2 to pass through with resistance. However, 

the presence of isoflurane gradually coats Carbosieve G and consequently reduces 

the resistance. This therefore, decreases the retention time of 13CO2. A previous 

study used Carbosieve G to adsorb the greenhouse gas tetrafluromethane (CF4) 

[292]. Here, Carbosieve G was shown to adsorb a large amount (1.7 mol/kg) of CF4 

before saturation. The smaller sized pores within the Carbosieve G increase the 

adsorption potential [292]. Isoflurane’s chemical structure contains a trifluroethane 
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group, similar to the active fluorine group in CF4 and causing it to adsorb to 

Carbosieve G.  

 

The QC is a known concentration of 5 ± 0.5% 13CO2 which is used to determine the 

linearity and accuracy of the results and were run repeatedly throughout the other 

breath samples. When the peak of 13CO2 drifts out of the analysis window, the 

concentration of 13CO2 reduces. The IRMS separating column was affected by 

gradual and continued presence of isoflurane, which caused the peak time to 

steadily reduce and consequently was not analysed within the elected time 

window. The analysis window can be shifted according to the drift of the peak; 

however this will increase the error margin. This correction is not ideal as the 

analysis window would be needed to be shifted after every five to ten samples and 

would be different for every machine. Several solutions were researched including 

using a silica zeolite filter, however this also removes CO2 from the breath [285], 

and also heating the column to desorb the isoflurane from the Carbosieve G was 

attempted. However, no attempts have been successful and hence, no solution has 

yet been found. Other analytical techniques may include non-dispersive infrared 

spectroscopy (NDIRS), which has been used to detect 13CO2 as an alternative to 

IRMS [317]. NDIRS does not use a filter or separating column, however, mechanical 

ventilation can cause a bias in 13CO2 and 12CO2 measurements due to additional O2 

[317].  
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As inhalational general anaesthesia compounds desflurane and sevoflurane also 

have an active tetrafluroethane group, they may cause similar issues for gas 

chromatography. It is advisable that if breath testing is required in research or in 

patients under general anaesthesia, any gas analytical techniques that require a gas 

chromatography column for separation should not be used. It is recommended that 

any future breath sampling studies that require sedation use intravenous general 

anaesthetics. 

 

During the breath sample analysis, it was noted that the 13CO2 peak time 

decreased and missed the analysis window. It is possible that the VOC used for 

general anaesthesia cross-contaminated the breath samples.  There are a wide 

range of VOCs used for general anaesthesia, while there are only four VOCs that 

are currently used being isoflurane, desflurane, nitrous oxide and sevoflurane. To 

date, there have been no known issues with 13C isotope breath analysis and VOCs 

cross contamination, except for nitrous oxide.  Nitrous oxide has a similar mass as 

13CO2 (molecular mass 44 g/mol), showing simultaneous peaks, thus causing large 

variability and drift of the analysis window [315]. 

 

Pigs 7, 8 and 9 were anaesthetised via intravenous administration of alfaxalone 

without the use of isoflurane. During the breath sample analysis, the quality QC 

reference gas was tracked throughout and did not show a decrease in the QC, 
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therefore peak did not drift out of the analysis window (Figure 6.4). This validates 

that isoflurane is a problematic constitute during breath sampling analysis.  
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Figure 6.4: Series of quality control references samples that were not used in the 
presence of isoflurane. Each quality control maintained similar ratio of 31.1 ± 0.6%. 
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Breath testing may have had the advantage of being able to detect a PSS while the 

patient is not anesthetised or if direct access to the portal system is not required. 

However, it was thought that the isoflurane in the breath sample reacted with the 

gas chromatography column and caused inaccurate results. There is no current 

literature that has reported of this issue. There is a known issue that nitrogen oxide 

can cause inaccurate results in breath tests as this has the same mass as 13CO2 

[315], although nitrogen oxide was not used to anesthetise the animals.   

 

The QC is a known concentration of 5 ± 0.5% 13CO2. When the peak of 13CO2 drifts 

out of the analysis window, the concentration of 13CO2 reduces. The analysis 

window can be shifted according to the drift of the peak; however this can increase 

the error margin. This correction is not ideal as the analysis window would need to 

be shifted after every five to ten samples and would be different for every machine. 

Several solutions were researched including using a silica zeolite filter, however this 

also removes CO2 from the breath [285], and also heating the column to ‘unblock’ 

the column was attempted. No solution has yet been found and it is recommended 

that any future breath test studies use an intravenous general anaesthetic instead. 

 

6.2.2.3 Sampling Accuracy 

Upon further analysis of pigs 7, 8 and 9, it was noted that the total volume of CO2 in 

each sample was less than 2% is the majority of the samples (Figure 6.5).  Each pig 

was ventilated with 100% oxygen, therefore the only CO2 must be from exhaled 
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breath. The IRMS machine that assays each sample is calibrated for samples 

containing between 2% to 10%, therefore the accuracy of the results is 

questionable. It is most likely that this is due to sample timing. Samples need to be 

collected in time with the respirator as the pig is exhaling. The sampling window is 

small, and can easily be missed; filling the container with mostly inhaled pure 

oxygen, rather than the exhaled CO2.  
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Figure 6.5: Ratio of total CO2 contained within the breath samples of pigs 7, 8 and 9.  
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6.4 Significance  

The incidence of PSSs occurring in patients without liver cirrhosis is still relatively 

unknown as few, if any, symptoms, such as encephalopathy are seen [157, 318]. 

However, the incidence of secondary lung metastases without liver metastases is 

estimated to be between 1.7% to 7.2% [94].  This distribution of metastases beyond 

the confines the liver in patients with colorectal cancer raises questions about 

mechanism. Theoretically, most CTC should be trapped by the liver. Although most 

patients do present with liver metastases first, if a patient has a PSS, it may allow 

these CTC to directly bypass the liver, whereby greatly increasing the risk of 

secondary cancer in the lung before (or at synchronous timing) liver metastases are 

present. This hypothesis was originally acclaimed by Lore et al. [106] and later re-

emphasised by Saitoh et al. [107], which still remains unanswered. This may be due 

to the lack of focus toward PSS detection. Currently, there is no literature, which 

directly correlates a natural PSS and metastatic distribution. However in support of 

Lore’s et al. [106] hypothesis, two patients with gastrointestinal cancer were later 

diagnosed with secondary pulmonary nodules,  which was attributed to a direct 

cause of an artificial PSS (TIPS) [108]. 

 

It should be noted that PSSs may not be the sole influence on secondary metastases 

in the lung. CTC may still pass through the liver provided they are not detected by 

the hepatic immune system, avoiding Kupffer cells [109]. However, only a small 

portion is able to move through the liver in this way. A PSS greatly increases the 
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concentration of CTC to the lung. Therefore, potentially increasing the risk of 

secondary metastases.  

 

6.5 Clinical Implications 

Even though radiological methods have incidentally demonstrated the presence of 

PSS successfully, the practical implications do not make it a viable option to be 

performed routinely. The LiMON® system is simple and quick procedure, which may 

provide a real time assessment. The LiMON® test would be aimed at colorectal 

cancer patients undergoing a colonic resection as veins confound to the portal 

system are accessible. 

 

Lore et al. [106] hypothesis of metastases distribution in the presence of a PSS may 

account for some of the 15 -20% of all colorectal cancer patients with healthy livers 

[93], or the 1.7 -7.2% with isolated lung metastases [94]. However, the lack of an 

effective clinical test for PSS detection may be the reason for the lack of evidence to 

support this hypothesis and also a lack of understanding in the implications of a PSS 

in a patient without cirrhosis.  

 

6.5.1 Cancer Catagorisation and Risk Factors 

Cancer therapy or management can change dramatically depending on the staging 

of the cancer. The current standard for cancer staging is the tumour, node and 



 
 
 
 

207 
 

metastases (TNM) staging system. ‘T(0-4)’ describes the depth and extent of the 

primary tumour, with N(0-2) describing the degree of lymph node involvement and 

‘M(0-1)’ describing the presence of secondary metastases [319, 320].  

 

Typical treatment for colorectal carcinomas categorised with T0-3, N0, M0 would 

be surgical resection without adjuvant chemotherapy [321]. Adjuvant 

chemotherapy treatment for patients staged with T3, N0 and M0 colorectal cancer 

may be seen as controversial without high-risk pathological features [322]. A PSS 

can be categorised as a pernicious high-risk pathological feature. Therefore 

adjuvant chemotherapy may be deemed necessary for colorectal cancer staged as 

T1-3, N0 and M0. A PSS may even be a reason to increase the cycles of 

chemotherapy for more aggressive treatment in patients categorised into a higher 

stage colorectal cancer.  

 

6.6 Future Considerations 

Several different directions can be taken to further develop a PSS detection 

technique. The first direction includes finding other administration sites for ICG that 

will provide similar results.  Administration into the portal system can be difficult as 

access to the portal vein or even mesenteric vein may require dissection. Another 

site may include the bowel wall where the ICG can be absorbed by the capillary 

bed. Additional injection sites would reduce the limitation of patients undergoing a 

laparotomy.  
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Further study is needed to envelop this method and pharmacokinetic model. This 

would include modelling different sized shunts and determining the accuracy and 

sensitivity of the model. Addionally, this model could be applied to liver cirrhotic 

patients to determine the severity of cirrhosis.  

 

Breath testing could provide an innotive method for PSS detection, however careful 

consideration needs to be focused on the sampling method. However, breath 

sampling may not be practical in a clinical setting due to the need for intravenous 

anasthesia.  

 

Once a technique has been fully developed and is ready for clinical application, 

patients with known secondary colon lung metastases can be checked for PSSs. 

Additionally, the clinical test could be applied to routine testing during the initial 

colonic resection to define the risk profile of the patient.  

 

6.7 Conclusions 

This study is the first stage toward PSS detection. Despite the assumed rarity of 

PSSs occurring in patients with healthy livers, there is still an incidence of 1.7 - 7.2% 

of colorectal cancer patients with lung metastases in the absence of any liver 

metastases with an unknown reason for distribution. It is believed that a PSS may 

be an influencing factor toward metastatic distribution; however PSS detection has 
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mostly been incidental (Chapter 1). This thesis aimed to create a technique to 

identify PSS in a healthy liver. The first step was to mimic a PSS within a pig. Arterial 

vascular anastomoses have been commonly used in patients; however venous 

anastomoses are not as common and have not been performed in pigs in the last 50 

years. Therefore, a protocol for a working shunt in a pig needed to be established 

before experimentation could occur (Chapter 2). Most previous PSS have been 

detected incidentally by radiological methods, which are not specific enough for 

high accurate PSS detection. Therefore, a range of dynamic biomarkers that are 

exclusively metabolised by the liver were chosen, which could have a higher 

accuracy and reliability than radiological methods (Chapter 3). Of the compounds 

chosen, ICG maintained the best PSS detection ability. The key feature was the 

ability to detect ICG non-invasively and rapidly (Chapter 4). Further exploring the 

unique abilities of ICG and its detection method using a LiMON® machine, accurate 

transit times can be identified and used to calculate the relative flow rates and 

therefore the fraction of blood bypassing the liver (Chapter 5). Although this study 

has not yet provided a concise method for PSS detection to be used immediately in 

a clinical setting, it does provide a large foundation for further exploration into a 

quantitative technique.  
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Appendix A – List of Drugs Searched as a PSS Marker (n= 110) 

A.1: Drugs with half-life >2hrs. n=72 

Acyclovir Diazepam Nicardipine Sumatriptan 

Aldosterone Digoxin Nicotine Tacrine 

Allopurinol Diltiazem Nifedipine Tacrolimus 

Alprenolol Disopyramide Nimodipine Terbutaline 

Aminodarone Ethinyl estradiol Nortriptyline Terfenadine 

Amiodarone Felodipine Paracetamol Theophylline 

Amitriptyline Fentanyl Penicillin Thiopental 

Atorvastatin Fluvastatin Phenytoin Tolbutamide 

Bromocriptine Gentamicin Pitavastatin Triazolam 

Buprenorphine Ibuprofen Pravastatin Venlafaxine 

Buspirone Imipramine Proafenone Verapamil 

Carbamazepine Isoproterenol Procainamide Warfarin 

Cerivastatin Labetalol Propanolol  

Chloropromazine Nefazodone Spironolactone 

 Chloroquine Losartan Quinacrine 
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Choline  Lovastatin Quinidine 

 Clomethiazole Metformin Ranitidine 

 Codeine Metoprolol Rosuvastatin 

 Cyclosporine Midazolam Saquinavir 

 Desipramine Morphine Simvastatin 

  

A.2: Drugs with low hepatic extraction fraction. n= 8 

  

Aminopyrine Oxaliplatin  

Cephalexin Para-aminobenzoic acid 

Cimetidine Pentoxifylline 

Indocyanine green Tetra-ethylammonium 
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A.3: Drugs excluded due to similar hepatic uptake pathway or naturally found in 

plasma. (n= 8) 

15N-noradrenaline   Glyceryl trinitrate 

Adrenaline Hyaluronate 

Ergotamine Phenacetin 

Galactose 

 
 

 Technetium-99m-diethylenetriamine-pentaacetic acid-galactosyl-human serum 

albumin 

 

 

A.4: Drugs excluded due to possible reaction with other common medications 

(n=16) 

6-Mercaptopurine Glycine 

 

P 

Amoxycillin Heparin 

 

Paracetamol 

Aspirin Mevastatin 

 

Propofol 

Captopril Naloxone 

 

Salicylamide 

Diclofenac Oleate 

  Erythromycin Omeprazole 
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Appendix B – Coding to Create the Pharmacokinetic Model for the 
ADAPT 5 

FORTRAN for ADAPT5 

        PSym(1) = 'MT1' 

        PSym(2) = 'RD1^2' 

        PSym(3) = 'MT2' 

        PSym(4) = 'RD2^2' 

        PSym(5) = 'q' 

        PSym(6) = 'A' 

        PSym(7) = 'del' 

Enter Output Equations Below   [e.g.  Y(1) = X(1)/P(2) ]         C 

C----c-----------------------------------------------------------------C 

        Integer DelayPar 

       Real*8  MAT, CVA2, F,MT, CV2,q 

       MAT=P(1) 

       CVA2=P(2) 

       F=P(6) 

       MT=P(3) 

       CV2=P(4) 

q=P(5) 

       if(t .eq. 0.0) then  

        Y(1) = 0.0 

       else 

       DelayPar = 7   ! Specify the parameter number for the delay 

        Call SHIFT(P(DelayPar),T) 

Y(1) = F*(q*dsqrt((MAT/q)/(2*3.14159*CVA2*t**3))* 

dexp(-(t-MAT/q)**2/(2.0D0*CVA2*(MAT/q)*t)) 

     +(1-q)*dsqrt((MT/(1-q))/(2*3.14159*CV2*t**3))* 

dexp(-(t-MT/(1-q))**2/(2.0D0*CV2*(MT/(1-q))*t))) 

        endif 
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Appendix C – Surgical Research Society 48th Annual Scientific Meeting 
2011 Abstract and Presentation 
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Appendix D – Surgical Research Society 48th Annual Scientific Meeting 
2011 Abstract 
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Appendix E – The Queen Elizabeth Hospital Research Day 2011 
Abstract and Presentation 
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Appendix F – The Queen Elizabeth Hospital Research Day 2012 
Abstract and Presentation 

 



 
 
 
 

 
260 

 

 



 
 
 
 

 
261 

 

Appendix G – Three Minute Thesis Competition Poster 
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Appendix H – Review of Incidentally Diagnosed Congenital and 
Acquired Portosystemic Shunts in Patients Without Cirrhotic Liver 
Disease: A Need for a Standardised Clinical Test 
 

 



 
 
 
 

 
263 

 

Review of Incidentally diagnosed congenital and acquired portosystemic shunts in 

patients without cirrhotic liver disease: a need for a standardised clinical test 

AUTHORS: 

 Matthews T, Trochsler M, Maddern GJ,  

 

DEPARTMENTS AND INSTITUTIONS 

Discipline of Surgery, The Queen Elizabeth Hospital, University of Adelaide, 

Woodville South, South Australia. 

CORRESPONDING AUTHOR: 
 
Prof. G.J Maddern 
University of Adelaide Discipline of Surgery 
The Queen Elizabeth Hospital 
28 Woodville Road 
Woodville South  
SA 5011 
Australia 
Ph: +61 8 8222 6756 
Fax: +61 8 8222 6028 
Email: guy.maddern@adelaide.edu.au 
 
 
AUTHOR EMAILS 
 
todd.matthews@adelaide.edu.au 
markus.trochsler@health.sa.gov.au 
 
 
MANUSCRIPT TYPE: 
 
Review 
 
 
 



 
 
 
 

 
264 

 

Abstract 

 

INTRODUCTION: Portosystemic shunts (PSSs) are rarely seen in healthy individuals 

or patients with non-cirrhotic liver disease. Portosystemic shunts may play a 

significant role in hepatic metabolism as well as in the spread of gastrointestinal 

metastatic tumors to specific organs. Small PSSs may be more common than 

generally thought. However, epidemiological data on PSSs is scarce and 

inconclusive. Commonly used radiological methods, used to detect PSSs are 

generally too invasive and costly to be used in these circumstances. Clinicians need 

a simple, accurate diagnostic tool to detect their presence. 

METHODOLOGY: Articles were critically reviewed for adult patients, with normal 

liver function and a congenital or acquired portosystemic shunt, and what was the 

most frequently used diagnostic procedure. We identified eligible studies by 

searching the relevant databases, including PUBMED, EMBASE, MEDLINE and 

Cochrane Library. The selection of eligible articles was carried out using a 

predefined question, inclusion criteria (adult, non-surgical PSS) and a set of search 

terms that were established before the articles were identified. 

RESULTS AND CONCLUSIONS: We reviewed 80 clinical studies describing 112 

patients with congenital or acquired PSS, of which the majority were incidentally 

diagnosed while undergoing imaging tests for various reasons. Doppler ultrasound 

scanning and computed tomography were the most commonly used, with 49 

extrahepatic PSS, 61 intrahepatic and two unspecified PSS diagnosed. This review 
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highlights the need for development of safe, cost-effective and easy to use 

technologies for detection, quantification and characterization of the naturally 

acquired PSS. 

 

Introduction 

A portosystemic shunt (PSS) is defined as a congenital or acquired abnormal blood 

vessel that diverts a portion or all of the hepatic portal blood into the systemic 

venous system. Consequently the diverted blood does not pass through the liver 

sinusoidal parenchyma. Portosystemic shunts developing after birth may develop 

de novo, as a consequence of disease or as a result of human intervention, but still 

little is known about them. Normal human vascular anatomy does not contain any 

venous connections between intrahepatic portal branches and hepatic veins, nor 

are there any connections between superior mesenteric veins, splenic veins, 

extrahepatic portal veins and other systemic veins 1, 2.  PSS are often seen in 

patients with cirrhosis of the liver, but have also surprisingly been viewed in 

patients with functionally healthy liver, including patients without cirrhosis, fibrosis 

or hepatitus. 

Classification 

Portosystemic shunts are anatomically divided into two groups – extrahepatic and 

intrahepatic (Figure 1). The English surgeon, John Abernethy FRS, first described 

extrahepatic vascular anomalies consistent with a PSS in the post mortem 

examination of a 10 month old infant in 1793 3. Consequently, these PSSs are now 
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described as being of an “Abernethy” Type. Bellah et al. 4 were the first to image 

extrahepatic PSS, with more recent work by Morgan and Superina 5 resulting in the 

description of Abernethy Types I and II (Figure 1). An Abernethy Type I PSS diverts 

all blood from the portal vein into the inferior vena cava and the intrahepatic portal 

vein is absent.  An Abernethy Type II PSS diverts a portion of the blood into the 

inferior vena cava with the portal vein being tortuous.  

Few Abernethy Type I cases have been reported in detail with pathological 

examination, and therefore it is possible that an underdeveloped hypoplastic portal 

vein may still be present 6. It is therefore suggested that the Abernethy 

classifications show variability, rather than definite clinical representation 2.  

Doehner et al.7 initially reported intrahepatic PSSs, however Mori et al. 8 was the 

first to image them and Park et al.9 later categorised them into four types (Figure 1) 

based on their location in Coinaud’s segments (Figure 3)10, 11. Park Type I is a single, 

constant diameter shunt from the intrahepatic portal vein to the inferior vena cava. 

In Park Type II, single or multiple shunts can be found between the intrahepatic 

portal branches and the hepatic veins within the same segment.  Park Type III is a 

shunt, which has formed via a portal system aneurysm connecting to a hepatic vein, 

and in Park Type IV, there are multiple shunts between the portal branches and the 

hepatic veins in multiple segments. 

There are several different classifications to describe PSSs. For the purpose of this 

thesis and to encourage standardisation of PSS classification, the Abernethy and 

Park descriptions will be used.  
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Figure 1: Extrahepatic Abernethy portosystemic shunts. Type I: All blood from the 
portal vein (PV) is diverted into the inferior vena cava (IVC). Type II: a portion of 
blood diverted into the IVC with the PV being patent, but tortuous. Park 
classification: Type I has a single, constant diameter shunt from the intrahepatic PV 
to the IVC. In Park Type II, single or multiple shunts and be found between the 
intrahepatic portal branches and the hepatic veins within the same segment.  Park 
Type III has a shunt, which has formed via a portal system aneurysm connecting to a 
hepatic vein, and in Park Type IV, there are multiple shunts between the portal 
branches and the hepatic veins in multiple segments. 

 

 

Type I 

Abernethy Type I 
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Figure 2:  Human liver divided into segments according to Couinaud’s 
nomenclature. The left lobe consists of segments I-IV, while the right lobe consists 
of segments V-VIII.  
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Portosystemic Shunt Variability Within The Classifications 

 

Five types of classifications have been proposed for PSSs 12. The Park and Abernethy 

classification is the most commonly used with some slight additions and variations. 

However, within the classification definitions, there is still some room for 

interpretation.  

Abernethy and Banks 3 reported an abnormal inferior vena cava (IVC), however in 

most cases, the IVC is normal. A PSS may typically drain into the IVCa anywhere 

between the level of the renal veins 13 to the confluence of the hepatic veins 14. 

There are reports of a portal vein formed from the splenic and superior mesenteric 

veins ascending retrohepatically and connecting to the IVC above the confluence of 

the hepatic veins 15, 16. There is also an additional report of a Type I PSS connecting 

directly the right atrium 5. Other Type I variation include cases reporting with either 

the splenic or superior mesenteric vein join to another systemic vein 2, or similarly 

the portal vein connects directly into a systemic vein other than the IVC. Other 

systemic veins may include left or right renal veins, or azygos vein 6, 17-19. Although 

rare, there are several reports of a shunt between the inferior mesenteric vein, or 

the superior rectal tributaries with the common left or right internal iliac vein 14, 20, 

21.   

In a typical Type II PSS, portal blood is partially shunted via the IVC posteriorly to 

the liver 22-24 and the intrahepatic portal vein is of normal appearance or 

hypoplastic 24-26. However, the shunt has been noted to be partly intrahepatic when 
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traversing the caudate lobe 27. Most cases note the hepatic artery and its’ 

intrahepatic branches are enlarged 14, 23, 28, while the portal venules are small or not 

present 14, 15, 20. However, some liver biopsies were reported as normal in 

appearance 29. 

 

 

Incidence 

 

Acquired PSSs are commonly recognised in patients with cirrhotic liver disease as a 

compensatory mechanism for the associated portal hypertension 30. In contrast, 

congenital and naturally acquired PSSs are thought to be rarely recognised in 

healthy individuals or in patients with non-cirrhotic liver disease. It is speculated 

that PSSs only occur in 1/30,000 people, however this is based purely on a 

nationwide screening for galactosemia 12, 31. Hypergalactosemia is a rare genetic 

disorder known to be associated with PSSs 32, 33. Such PSSs have usually been 

serendipitously detected and more may be detected if there was a standardised 

clinical prognostic test. Neither the true incidence, the cause, nor the clinical effect 

of a PSS in healthy individuals or in patients with non-cirrhotic liver disease is 

known.  The absence of a standard, simple, diagnostic procedure to detect and 

evaluate the entity contributes to this ignorance. 

Abernethy Type I PSSs are more common in females 14, 23.  Abernethy Type II are 

thought to be more prevalent in males 23, 25, but this is not universally accepted 6. 
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From 1971 to 2003, 61 cases of Abernethy extrahepatic PSS were found, with a 

majority of Type I more commonly occurring in females 4-6, 13, 14, 16, 18, 20, 23, 34-53. 

Although Type II extrahepatic PSSs were not as common in these cases, the 

prevalence in both males and females is equal. PSS have been reported at ages 

ranging from 31 weeks intrauterine life to 76 years (Type I) and 28 weeks 

intrauterine life to 69 years (Type II) 6.  

Park Types I and II are far more common than Types III and IV 2. A study by 

Glitzelmann et al. 54 in 145,000 infants demonstrated that congenital PSSs in infants 

are rare. A PSS was evident in only five infants through biochemical and ultrasound 

findings. Of these five infants, only one was documented in a case study. Although 

still rare, 34 Park Type PSS and 17 Abernethy Type PSSs were identified 55. However, 

more infants have been diagnosed with PSSs in Japan than anywhere else in the 

world and it thought that the prevalence of congenital PSSs is higher here as infants 

are routinely screened for hypergalactosemia 2, 25, 55.  

 

Associated Malformations  

 

 Several congenital malformations are described in children with Abernethy PSSs. 

Cardiovascular anomalies including ventriculoseptal defect, coarctation of the aorta 

and atrioseptal defect are most prevalent in Abernethy Type I 5, 6, 13, 23, 25. There are 

several further cases which report biliary atresia, some of which included splenic 

malformation syndrome (polysplenia, situs inversus and intestinal malrotation) 5, 23. 
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Other uncommon associated conditions include multicystic dysplastic kidney, 

oculoauriculovertebral dysplasia, choledochal cysts, skeletal anomalies and 

cutaneous haemangiomas 14-16, 56, 57.  

Congenital malformations associated with Park Type PSSs are rarely seen, but 

biliary atresia, cutaneous haemangioma and congenital cardiac disease have been 

reported 54, 55, 58-60. Congenital cardiac disease especially is thought to be linked to 

long durational PSS patency and aetiology 25, 61. There are some reports that 

suggest there may be a general angiogenesis abnormality causing PSSs. Two 

patients with PSSs were reported, in association with multiple coronary artery 

fistulae, 62 a left internal carotid-basilar anastomosis and absent vertebral arteries 

60. 

Fewer associated abnormalities and conditions have been reported in relation to 

Abernethy Type II, although they are similar to the associated conditions related to 

Type I 2. These include pulmonary valve atresia, patent ductus arteriosus, 

oculoauriculovertebral dysplasia, polysplenia with IVC anomalies and Cornelia de 

Lange syndrome 6, 23-25, 63.   

 

Symptoms and Complications 

 

Few symptoms have been associated with Park Type PSSs, many cases of which are 

asymptomatic 2. On occasion neonatal jaundice has been reported 2. Two main 

complications can occur as a result of PSS. Firstly, hepatic encephalopathy is often a 
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symptom of large PSS, and secondly PSSs may influence the development of 

intrahepatic tumours.  

Hepatic encephalopathy is caused from circulating toxins affecting the cerebrum. 

These toxins are typically removed by the liver in a single pass, however a PSS 

avoids the metabolisation of the toxins. There can also be an increased 

concentration of bile acids, postprandial glucose, galactose, ammonia and 

nitrogenous substances, which may have an affect on the brain 55, 64. Long standing 

PSSs can cause hypergalactosemia, which then may lead to cataract formation 64. 

Often encephalopathy is related to the size and duration  of the PSS 55, however, 

the vulnerability to hepatic encephalopathy increases with age 2.   

The lack of, or severe reduction in intrahepatic portal blood flow may cause over 

arterialisation of the liver. This therefore can increase levels of hepatic growth 

factors such as insulin, glucagon or hepatocyte growth factor 65. Any combination of 

these factors may encourage growth of benign hepatic tumours, such as focal 

nodular hyperplasia, nodular regenerative hyperplasia and adenoma 6, 14, 16, 20, 24, 41, 

or malignant hepatic tumours including hepatocellular carcinoma or 

hepatoblastoma 13, 56. It is possible that these tumours may regress if PSSs are 

occluded, especially in patients with Abernethy Type II PSSs 2.  

Experimental models and human patients have shown that reduced portal venous 

flow may cause some liver atrophy 66-68. Animal models have also demonstrated 

that congenital PSSs in rats have developed hyperplastic nodules and hepatic 

atrophy 69, 70. Portal venous blood supplies hepatotrophic factors from the digestive 
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system including insulin and glucagon, which may cause decreased liver size due to 

a congenital PSS. However, other factors may be at play including an imbalance 

between liver regeneration and apoptosis 65, 67.  

Other less common complications have been noted such as hyperandrogenism and 

hyperinsulinism due to an Abernethy Type I PSSs 71. Hepatopulmonary syndrome 

was also seen in patients with Abernethy Type II 26, 72. Some reports suggest that 

PSSs may cause fatty liver features, as these features disappeared after the PSS was 

occluded 73, 74.  

 

Pathogenesis 

 

Three different hypotheses have been proposed as a cause of extrahepatic shunts 

and two potentially for intrahepatic shunts. The congenital theory proposes that 

during the initial stages of foetal development, there are connecting venous 

networks between the subcardinal and vitelline venous systems, as well as between 

the portal branches and the caval tributaries, which may later form a PSS 75, similar 

to the intra-uterine circulation through the ductus venous. Most congenital PSSs 

will spontaneously self-occlude during the first 12 - 24 months of life, however it is 

unknown how often this occurs 54, 58, 61, 64, 76, 77. If the PSS does not occlude further 

complications can occur in adolescence and adulthood. 
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PSSs often occur in neonatal infants with a patent ductus venosus connecting the 

left portal vein to left hepatic vein via the umbilical recess of the liver 2. Typically, 

this would start to occlude directly after birth with the liver being fully functional 

after 17 days 78-80. It is thought that delayed closure may be the result of higher 

venous pressure and congenital heart disease 2. The ductus venosus later forms the 

ligamentum venosum within the fissure between the caudate lobe and segment 3. 

Persistent patency of the ductus venous has only been diagnosed in 15 cases and 

was seen more in males than females 81. Persistent patency is thought to be caused 

from or associated with either a genetic disorder 73, 82, or hypoplasia of the 

intrahepatic portal vein 81-83.  

Development of Abernethy Type I has been associated with excessive involution of 

the periduodenal vitelline veins 15. However, it is unknown if a PSS is the cause of 

lack in development of the portal vein or if the lack of a portal vein causes the 

development of a PSS 2.  

Moncure et al. 84 proposed the adhesion theory after a PSS was found at the site of 

intra-abdominal adhesion in a patient with mesenteric varices. A third theory 

proposed by Akahoshi et al. 29 argues that PSSs are the natural result of idiopathic 

portal hypertension. 
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Detection and Assessment 

 

Computed tomography (CT) and Doppler ultrasound scanning are the most 

frequently used imaging modalities for assessing the liver in adults, and therefore 

may account for the detection of most PSSs. These methods are commonly used to 

obtain images of vascular structures and there is considerable expertise required in 

their interpretation. However, there are several significant problems relating to the 

use of these techniques for the purpose of PSS detection. Both CT and Doppler 

ultrasound scanning can be time consuming when searching for a PSS. 

Furthermore, a simple CT scan of the abdomen has a similar amount of radiation 

(10mSv) to nine abdominal x-rays or 200 chest x-rays, 85, 86and therefore carries a 

coincidental radiation burden. Although Doppler ultrasound scanning does not 

involve any radiation, it can have a low sensitivity for some PSSs, especially if they 

are small. The efficacy of Doppler ultrasound scanning is dependent on the 

transducer used to identify the location and size of the PSSs and the skill of the 

operator 87. Lisovsky et al. 88 reported that Doppler ultrasound scanning was 

unreliable in detecting PSSs, and suggested that PSSs are commonly undiagnosed. 

 It is possible that the lack of a portal vein is unseen via ultrasound due to 

decreased intrahepatic vascular visibility and decreased liver size 64. Indications of 

an Abernethy Type I PSS include an enlarged hepatic artery and common bile duct 

at the hepatic hilum 64. Similarly, a liver biopsy may indicate the presence of an 

Abernethy Type I or possibly Type II PSS, with demonstration of absent portal 

venules, bile duct proliferation, arterialisation, and periportal fibrosis 82, 88. 
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However, these histological factors are not conclusive alone for a PSS 88. With 

several indications, a CT would then be required to locate the Type I PSS.  

 

Treatment 

 

Surgical ligation or radiological occlusion can be used to treat PSS if it is surgically 

accessible 2. Treatment is especially required if the PSS is the cause of hepatic 

encephalopathy or if there is a high risk of a benign hepatic tumour developing. 

Occlusion of PSS may not be safe in all cases especially if the portal vein is 

hypoplastic. Occlusion of the PSS may cause portal hypertension or hepatofugal 

flow. In some cases it may be deemed appropriate to surgically narrow the PSS and 

allow acclimatisation before occlusion 25. For patients with an Abernethy Type I PSS, 

a liver transplant is currently the only viable treatment 5, 23, 89. However, it is advised 

that treatment should be assessed separately for each patient.  

Patients who are asymptomatic may not need treatment. In these cases, patients 

can be treated with a protein-free diet and regular administration of branched-

chain amino acids and lactulose if any metabolic abnormalities occur 90. 
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Gastrointestinal Cancers 

 

Colorectal cancer and associated secondary cancers are the third most common 

gastrointestinal cancer worldwide and the fourth most common cause of death. 

Before the primary tumour has been discovered, between 15 - 20% of patients will 

have secondary metastases 91. The most common sites for secondary cancer are the 

liver and lung 92, 93. Over a four year period, 754 patients were diagnosed with 

gastrointestinal cancer, including 12% being diagnosed colorectal cancer. 

Interestingly, 6% of the colorectal cancer patients were also diagnosed with isolated 

secondary lung metastases94. It is estimated that between 1.7% to 7.2% of patients 

have isolated secondary lung metastases originating from either colon or rectal 

cancer 94. Veins from the gastrointestinal organ drain into the portal system 95 and 

is therefore clearly understood as to how cancer may spread beyond the liver, 

without the liver obtaining metastases itself.  Theoretically, cancers spreading via 

the bloodstream should be trapped by the liver, rather than progress further and 

generate distant metastases. One possible theory to this obscure metastatic 

distribution phenomenon is that PSSs play a role in facilitating the distribution of 

cancer, however this remains to be investigated. 

 

 

 



 
 
 
 

 
279 

 

Circulating Tumour Cells 

 

Circulating tumour cells (CTC) are cancer cells that have originated from a primary 

tumour and circulating through the vascular system or lymphatic system 96.  

Metastases resulting from CTC are the most common reason for cancer related 

death with colorectal cancer being the second most common form of primary 

cancer 92, 93. CTC have been shown to initiate secondary metastases, however it is 

thought that only 0.01% of these cells will actually form metastases 97. The quantity 

of CTC that are released into the blood stream from a primary cancer is unknown 98 

as their detection is difficult given there are only 1 - 10 CTC per millilitre of whole 

blood as compared to the millions of white blood cells and red blood corpuscles. 

However a number of established techniques, including PCR, have been developed 

to allow for the detection of CTC 99, 100.  

For a CTC to form a metastasis, malignant cells must detach from the primary 

tumour and be able to migrate, invade and move through the extracellular matrix 

of the surrounding tissue towards the lymphatic or vascular system 101. The cascade 

of events includes transmission through the epithelium and mesenchyme, invasion 

of surrounding tissue, entrance into the microvascular lymph and/or blood systems, 

survival through the circulation to the microvessels of another organ, crossing the 

mesenchyme and epithelial barrier, to attachment and proliferation within new 

tissue-specific area 98, 102.  Two alternative, time-dependant models of metastatic 

distribution, conflicting on whether CTC display haematogenous spread or 

lymphogenous spread, are still under scrutiny 101. Haemotangeous spread is directly 
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into the vascular system of the primary tumour and lymphogenous spread is the 

spread of CTC into the lymphatic system, where they lie dormant in the lymph node 

before metastasising further 98, 101.  

It is speculated that metastatic distribution mostly occurs from hematogenous 

dissemination 103, 104. Dissemination into surrounding lymphatics of the primary 

tumour is often a dead end rather than the route of CTC metastasising and further 

spreading CTC 105.     

 

Metastases Distribution 

 

A hypothesis, first proposed in 1958 by Lore et al. 106 and later studied by Saitoh et 

al. 107, suggested that PSSs could be one of the routes responsible for the 

distribution of gastrointestinal metastases to distant organs, for example colorectal 

metastases into the lung rather than the liver. Theoretically, CTC from colorectal 

carcinomas should be ‘trapped’ by the liver, without further dissemination. 

However, according to this hypothesis, a PSS may act as a direct or indirect route 

for metastatic cancer cells to reach the pulmonary vascular system. If this 

hypothesis is correct, it is possible that detection and elimination of a naturally 

occurring PSS in cancer patients could prevent some forms of metastatic disease, or 

provide a prognostic indicator.  

Wallace et al. 108 noted secondary metastases in two of their patients who had been 

implanted with artificial PSSs. Implantation of a transjugular intrahepatic 
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portosystemic shunt (TIPS) was successfully performed in 37 patients. TIPS is an 

artificial shunt that has been more widely used within the last decade to treat 

portal hypertension and other complications 108. Two of these patients who were 

previously diagnosed with pancreatic neuroendocrine tumours had been identified 

with thoracic metastases and <5 mm nodules in the lung ten months after the TIPS 

procedure without hepatic metastases. The TIPS is most similar to Park Types I or II 

PSSs, depending on the site of the stent. Although, PSS diameters may be different 

to that of TIPS, the effects remain similar. The report by Wallace et al. 108 is an 

example of cancer patients that are later diagnosed with pulmonary nodules 

(secondary tumours) which may be due to TIPS. Therefore, it is possible that 

metastases beyond the liver may occur via a PSS. 

CTC may still pass through the liver without a PSS provided they are not detected by 

the hepatic immune system. CTC must pass via the vascular bed within the sinusoid 

wall, which contains phagocytes, called Kupffer cells and liver-resident 

macrophages. These Kupffer cells and the macrophages are the first line of defence 

in removing unwanted cells and particles, including CTC 109-111. For a CTC to be 

undetected and disseminate further ligands on the CTC membrane need to be 

modified through a multi-step process to give the ‘appearance’ of a normal cell.  

The biophysics of endothelial cell and CTC interaction is still not entirely understood 

112. CTC undergo several stresses including shear hemodynamic stress, immune-

surveillance and anchorage-dependent survival signalling 113 during movement 

through the extracellular matrix and vascular system. With these stresses, CTC roll 

and adhere along the epithelium via selectins and their specific binding selectin-
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ligand. There are three types of selectins, L-, E- and P-selectin which are a type of 

glycoprotein found in the transmembrane that bind to corresponding glyconjugates 

or ligands on other cell membranes 112-115. As the CTC move through the 

extracellular matrix and vascular system, they interact with different 

haemeopotoeic and endothelial cells, which consequently modifies their selectin 

ligands. This allows the CTC to acquire the potential to create site specific 

metastases 113.  Notably, colorectal carcinomas CTC injected into the portal system 

of E- and P-selectin knockout mice caused 84% fewer lung metastases as compared 

with normal mice 116. This suggests that some CTC dispatched from colorectal 

carcinomas particularly acquire E- and P-selectin ligands, which are specific for the 

lung and still bypass the hepatic immune system  

Notwithstanding the strategies that CTC's may employ to circumvent hepatic 

surveillance, the presence of a PSS may increase the concentration of colorectal 

carcinoma CTC reaching the lungs. 

 

Summary  

 

Naturally occurring and congenital PSSs are not a widely understood area especially 

when found in patients without cirrhosis. Although, believed to be rare, it is 

possible that microscopic Park Type PSSs maybe still present in some patients. 

Gastrointestinal cancers are far more common in adults, and it is debatable as to 

how these cancer patients have metastatic dissemination beyond the liver, without 
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metastases in the liver itself. It is possible that PSSs may be one factor that increase 

the risk of secondary metastases, and microscopic PSS maybe more prevalent than 

currently understood. However, there are no standardised clinical tests to detect 

PSS, which therefore limit the number of PSS studies.  

A literature search was performed regarding: (a) congenital or naturally acquired 

PSSs in adult patients with functionally healthy livers (without cirrhosis, hepatitis or 

fibrosis.); and (b) the allied methods used to diagnose and characterize these PSSs. 

Reports regarding surgical PSSs and children under the age of 18 years old were 

excluded from this review. 

 

Objectives 

4. To review the occurrence of congenital or acquired PSSs in adult patients, with 

normal liver function. 

5. Explore similarities between patients including age at diagnosis and symptoms.  

6. What methods have been able to incidentally detect these PSSs and which are the 

most prevalently used methods. 

 

Question 

In adults, with normal liver function and congenital or naturally acquired PSSs and 

no plausible associated cause, what is the most frequently used diagnostic 

procedure? 
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Methodology 

Search Strategy  

Inclusion and exclusion criteria were defined. Articles were included if the patient 

was human, patient(s) had a natural PSS, functionally healthy liver, were equal to or 

older than 18 years and the article was in English. Articles were excluded if the 

patient(s) had a surgical PSS, diseased liver including cirrhosis, fibrosis or hepatitis, 

were younger than 18 years, animals, or the article was not written in English.  

PUBMED, EMBASE, MEDLINE and Cochrane Library searches were performed using 

the terms “portosystemic shunt, portocaval shunt, portasystemic shunt, portacaval 

shunt, mesocaval shunt and splenorenal shunt”. The search was then limited to 

English language articles, and human subjects of 18+ years of age. Due to the 

numerous articles containing a surgical PSS, PSSs caused by liver disease, PSSs 

found in children and animals, a ‘NOT’ section was included in the search term, 

“surgical portosystemic shunt, transjugular intrahepatic shunt, cirrhosis and 

fibrosis”. If the patient could not be determined as an adult or the state of the 

patient's liver could not he clearly defined, the article was not included for review.  
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Results 

Search Results 

A total of 429 articles were identified from PubMed and Medline, from which 114 

articles were included after reviewing the abstracts. An Embase search of the same 

keywords found a total of 266 articles. Following a review of the abstracts, 53 

articles were included. A search for the term ‘aneurysmal spontaneous 

portosystemic shunts’ yielded 14 additional articles, of which eight were included. 

No articles were identified in the Cochrane Library. A total of 175 articles were 

selected for full text review. After reading through full texts, 80 of the 175 were 

deemed appropriate for inclusion in this review. Articles that were still found to 

contain patients with cirrhotic liver disease, patients who had a surgical PSSs or 

where data could not be clearly identified such as age were excluded from this 

review (Figure 4).  

All but ten articles, which were retrospective cohort studies, were case studies. 

Data extracted from these 80 articles included age, sex, symptoms, medical history, 

PSS detection method, treatment, blood test results including ammonia levels and 

indocyanine green dye retention at 15 minutes (ICG R15) and  Abernethy or Park 

type of shunt. If the article did not explicitly specify the type of PSS, it was 

categorised into one of the Abernethy or Park Types according to its description. 

Splenorenal and gastro-renal shunts were categorised under Abernethy Type II. 
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Figure 4. Flow chart of the systematic search strategy.  
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Demographics 

In 80 clinical research articles, our analysis revealed that 112 patients were 

diagnosed with either an extrahepatic (Abernethy) or intrahepatic (Park) PSS.  With 

regards to PSS sub-type, of these 112 PSS cases a total of 49 patients (43.8%) 

presented with extrahepatic Abernethy PSS and 61 patients (54.5%) were found to 

have intrahepatic Park PSS. In two patients the shunt type could not be specified 

(Table 1). Overall, PSSs were more prevalent in women than men (69 and 41 

respectively). The exception to this finding was in the Abernethy Type I subset, 

where there were six males and two females.  

Patients were commonly diagnosed with a PSS at a median age of 51 years, ranging 

18 to 87 years for males and 55 years, ranging 18 to 90 years for females (Table 2). 

The median age of patients with an Abernethy PSS was 50 years ranging 18 to 84 

years, while the median age in patients with a Park PSS was 57 years, ranging 18 to 

90 years.  

 

Frequency of Diagnostic Procedures 

 

PSSs were detected and confirmed in 81 of the 112 patients (72.3%) using a single 

imaging method (Table 3). Doppler ultrasound scanning, computed tomography 

and computed tomography angiography (CT/A) were the most common with 26 

and 24 patients respectively. 
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 In 31 patients (27.6%) two or more imaging methods were required to confirm the 

presence of a PSS (Table 3). Of these combined methods, Doppler ultrasound and 

CT were the most commonly used conjointly in 15 patients of the 26 patients that 

required a combination of two methods.  

 

Symptomatology and Associated Conditions 

Only 72 cases report on symptoms and associated conditions. The majority of the 

symptoms reported were neurological symptoms including encephalopathy, 

disorientation/ataxia, dysarthria and nausea (Table 4). Encephalopathy was the 

most common and reported in 27 cases. The next most common symptom and 

complaint were hyperammonemia in 18 patients and abdominal pain in 16 patients, 

while five patients did not report any symptoms.  

Idiopathic portal hypertension and Osler-Weber-Rendu syndrome, also known as 

hereditary haemorrhagic telangiectasia, are both believed to be associated with 

PSSs, and were seen in eight and five patients respectively. However, in 34% of 

cases PSSs were an incidental finding while testing for indirect or non-associated 

diseases. Some of these diseases included ovarian, oesophageal, mammary, gastric, 

colon, urinary tract and rectal carcinomas.  
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Other Investigations: 

Other clinical investigations reviewed included, blood ammonia levels, ICG R15 and 

reported PSS flow rates. Analysis of included studies revealed 26 patients (23.2%) 

with reported ammonia levels, ranging from 41.9 to 424 µg/dL. Of these 26 cases, 

18 patients had above normal levels, 30 to 85 μg/dL with a median of 130 µg/dL, 

ranging from 89 to 424 µg/dL 117.   

One study reported on ICG R15 in 14 patients, which is commonly used as a liver 

function test. A normal ICG R15 after 15 minutes is <10% 118. In 11 cases, the ICG 

R15 was remarkably high, even though their liver was classified as ‘healthy’. Normal 

ICG R15 is described in three patients, while the remaining 11 patients showed an 

elevated IGC R15 ranging from 13 to 47.5%, with a median of 39%. Of the three 

patients with normal ICG R15 levels, two were found to have a Park Type II PSS with 

a low shunting ratio of <9%. The third patient had a Park Type III PSS with a large 11 

cm aneurysm with turbulent flow. The slow flow in the shunt may account for the 

normal ICG R15 results.  

Seven cases reported the shunt ratio and/or flow rate as measured by Doppler 

ultrasound (Table 5). The shunted ratio ranged from 15.7 to 39.5%, with a median 

of 25.5% and the shunt flow rate ranged from 0.17 to 1.2 L/min with a median of 

0.33 L/min. Three cases with Park Type III PSSs demonstrated 6 mmHg, 8 mmHg 

and 17 mmHg pressure gradients between the portal branches and hepatic veins 

119-121.  
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Table 1: Prevalence of the type of shunt in male and female patients.  

 
Shunt 
Type Abernethy   Park             

   Type I Type II   Type I Type II Type III Type IV   Unknown Total 

 Males 6 17  1 6 9 2  - 41 
 Females 3 23  5 17 14 7  - 69 
 Total 9 40   6 23 23 9   2 112 
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Table 2: Median age at diagnosis of shunts n=104 (no data reported in eight 
patients) 

Shunt Type Median (years) Range (years) 

Abernethy Type I 
  Male 51.5 24 - 63 

Female 33 28 - 42 
Both 42 24 - 63 

Abernethy Type  II 
  Male  48 20 - 67 

Female 51 18 - 84 
Both 50.5 18 – 8 4 

Park Type I 
  Male  68 68 

Female 58 43 - 69  
Both 62.5 43 - 69 

Park Type II 
  Male  53.5 24 - 67  

Female 59 22 - 90 

Both 56 22 - 90 
Park Type III 

  Male  53 18 - 87  
Female 59 27 - 89  

Both 57 18 - 89 

Park Type IV 
  Male  54.5 43 - 66 

Female 47 34 - 68 
Both 47 34 - 68 
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Table 3: Different methods used for detection of naturally occurring portosystemic shunts in patients without hepatic 
cirrhosis. CT/A – Computed tomography/angiography. MRI/A-Magnetic resonance imaging/angiography. n=number of 
patients. 

PSS Type Abernethy   Park             
Method Type I Type II Type I Type II Type III Type IV Unknown Total Reference 

Doppler Ultrasound 1 4 2 7 10 2  26 118, 119, 122-136 

CT/A 1 10 1 5 2 3 2 24 19, 75, 86, 137-153 

Angiography/X-ray  13  2 1 3  19 8, 51, 117, 154-169 

Scintigraphy  6  1  1  8 170-174 

MRI/A 1 2  1    4 175-178 

          

Combination of 2 methods 3 5 3 6 8   25 118, 121, 126, 134, 143, 167, 179-187 

Combination of 3 methods 2 1   1   4 120, 143, 188, 189 

Combination of 4 methods    1 1   2 25, 190 

          

Total single method 3 35 3 16 13 9 2 81  
Total combinations 5 6 3 7 10   31  

Total 8 41 6 23 23 9 2 112   

 

2
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Table 5: Symptoms and pre-existing conditions  

Shunt Type Abernethy   Park           
Symptom Type I Type II   Type I Type II Type III Type IV   Total 

Neurological symptoms 
         Encephalopathy 1 18 

 
1 3 3 1 

 
27 

Disorientation/Ataxia 
 

4 
 

2 1 2 2 
 

11 

Dysarthria 
 

3 
 

1 
 

1 
  

5 

          Non-neurological symptoms 
         Hyperammonemia 1 10 

 
2 2 2 1 

 
18 

Abdominal pain 2 5 
 

1 3 4 1 
 

16 
Fatigue 

 
1 

  
1 3 

  
5 

Jaundice 1 1 
   

1 
  

3 
Other pain 1 2 

      
3 

Dyspnoea 
 

1 
      

1 
Flapping tremor  

     
1 

  
1 

Nausea 
 

1 
      

1 

          No symptoms 
 

1 
 

1 1 2 
  

5 
Not reported 

 
2 

  
4 2 

  
8 

          Associated Conditions 
         Osler-Weber-Rendu  

    
1 

 
4 

 
5 

Hypertension 
 

6 
 

1 
 

2 
  

9 

          Non-associated conditions 
         Neoplastic diseases 1 1 

  
5 4 

  
11 

Other 2 14     3 3 1   23 
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Table 6:  Shunt flow rate and shunted ratio. 

Patien
t Shunt Type 

Shunt flow rate 
(L/min) 

Shunted ratio 
(%) 

Referenc
e 

1 Park Type III 0.17 14.7 118 
2 Park Type III 0.08 9 118 
3 Park Type III 0.33 22 118 
4 Park Type III 0.36 29 118 
5 Park Type III 1.2 - 119 
6 Park Type IV - 68.1 171 

7 
Abernethy Type 

II - 39.5 129 
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Discussion 

Over a 29 year period (1982-2011), 112 adult patients were incidentally 

diagnosed with PSS, emphasizing the rarity of this vascular malformation. This 

rarity in PSS diagnosis may be due to the lack of a standardised, cost-effective, 

and safe clinical test given that  most cases of PSSs in patients with functionally 

healthy livers remain unnoticed. Therefore, the frequency of PSSs could be 

higher than currently thought, either due to patients not being tested for PSS or 

the limitations of the available diagnostic techniques. The clinical implications of 

PSSs, including the effect on reduced rate of drug metabolism and questionable 

tumour metastases distribution, highlight a need for the development of a 

diagnostic technique. 

 

There are several limitations with this review mainly due to the inconsistency of 

PSS terminology and how they are categorised 12. It is also questionable as to 

what constitutes a congenital PSS and a spontaneous PSS. Congenital implies 

that the PSS is present from birth, however there are some articles which use it 

with a definition that is actually ‘acquired PSS’ or ‘natural PSS’.  Most PSSs are 

‘naturally acquired’ unless there is a congenital vascular malformation from 

birth. Similarly with ‘spontaneous PSSs’, which implies that a PSS suddenly 

appears without cause, most articles reference ‘spontaneous’ as secondary to 

another problem, for example, an aneurysm. We have categorised the PSSs into 

Abernethy and Park Types as a means to encourage a standardised PSS 

categorisation system.  
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Eighty articles were reviewed describing 112 patients with PSSs, of which the 

majority were incidental findings while undergoing imaging tests. The 

pathogenesis of the PSSs in these adult patients remains still largely unknown, 

except in those with Park Type III PSS, and some patients with Park Type IV who 

have Osler-Weber-Rendu Syndrome.  The hypothesis originally posed by Lore et 

al. 106 that PSSs could be one of the routes responsible for the distribution of 

gastrointestinal metastases to distant organs, deserves additional attention. 

Therefore the question can be asked “What is the frequency of PSSs in patients 

with pulmonary metastases from colorectal origin without liver metastasis?” 

Although there are still yet to be any studies which directly link metastatic 

distribution with PSSs, it has been reported that two pancreatic neuroendocrine 

cancer patients, who had a TIPS inserted, were diagnosed with pulmonary 

metastases several weeks after the intervention 108. A plausible explanation is 

that the artificial shunt acted as a route for circulating tumour cells to bypass the 

liver. Therefore, PSSs may be a plausible explanation for patients present with 

pulmonary metastases from pulmonary origin and no secondary liver metastases 

191
. 

 

The 112 patients included in this review, Doppler ultrasound scanning and CT 

scans were singularly the most frequently used methods to detect PSSs (23% and 

21% respectively; Table 3). However, 31 patients required two or more different 
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methods to confirm a PSS. Of these, 15 were diagnosed using a combination of 

both CT and Doppler ultrasound. This indicates that PSSs may be difficult to 

detect with just one method, or need confirmation with an additional imaging 

modality, thus supporting the need for new detection techniques. Other 

methods, such as MRI, MRA, CTA, venography and angiography procedures can 

be used for validation, however these methods can be costly and sometimes 

more time consuming than using Doppler ultrasound or CT alone.  

 

CT scanning is a commonly used procedure in many medical fields, but is 

associated with a significant radiation burden, particularly, abdominal scans 

where patients are susceptible to a large exposure of radiation 85, 86. It is 

therefore advisable that the amount of received radiation a patient can have at 

any one time should be kept at a minimum. 

 

Doppler ultrasound scanning, MRI and MRA do not have the same radiation 

hazard as CT, angiography or venography, but could be time consuming and 

expensive.  Although Doppler ultrasound scanning is more commonly used, PSSs 

are extremely difficult to find unless they are large. Small PSSs could quite easily 

be missed with the wrong transducer 87, or if they are intrahepatic and without 

the use of a contrast 192.  MRI or MRA is a better choice for determining the 

presence of PSSs as there is no radiation. Although standard MRI cannot visualise 
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blood flow in veins or arteries, the addition of a contrast dye makes it easier for 

the MRI to demonstrate the vein 193.  

 

An additional concern with radiological PSS detection techniques is their 

sensitivity and specificity, which may be insufficient to detect small or 

microscopic PSSs.  Angiography, CTA, and similarly scintigraphy may be better in 

detecting the smaller intrahepatic shunts as they can be visualised with a 

contrast dye or radioactive dye respectively 194. Even if the PSS cannot be clearly 

identified by the dye, the connecting veins may still be visible, indicating the 

presence of a PSS. This may be especially useful for the detection of Park Type IV 

shunts.  

 

Not all PSSs will have a similar size even across the different types. Many cases 

have reported the PSS to be ‘large’ or to have a diameter between 0.2 – 5 cm 8, 

19, 51, 117, 129, 132, 134, 138, 144, 149, 154, 163, 169, 177, 178, 180, 181, 187. There were ten Abernethy 

cases where the PSS was reported to be between 1 – 5 cm in diameter or as 

large/giant 19, 51, 117, 129, 144, 154, 163, 177, 180, 181, whereas there were eight Park cases 

that reported the PSS diameter to range between 2 – 7 mm in diameter and 

large or enormous in size8, 132, 134, 138, 149, 169, 178, 187. The larger diameter will 

increase the volume of flow to the heart, however this is not necessarily related 

to the severity of any associated symptoms.  
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Several reports using Doppler ultrasound scanning and scintigraphy went further 

to measure an associated shunt rate (Table 5).  It has been suggested that 

encephalopathy is not associated with PSS, even in patients with cirrhotic livers if 

the shunted fraction is less than 24 – 30%. 118, 129 Although, children are less 

likely to have hepatic encephalopathy even with shunt ratio of 60%. Elderly 

patients with a shunting ratio larger than 60% have the greatest risk of hepatic 

encephalopathy. 15, 29, 73 

 

Few risk factors are actually distinguishable between age, sex, symptoms and 

pre-existing disease.  Since the discovery of PSSs is often serendipitous, no clear 

conclusions can be made about the age it is acquired.  Large PSS can be 

associated with a few symptoms, such as encephalopathy, disorientation or 

other neural and psychiatric disorders, 195 idiopathic portal hypertension and 

Osler-Weber-Rendu disease. 124, 138 Pain itself has not been directly associated 

with PSSs. Disregarding patients with a pre-existing disease, what is interesting is 

the lack of symptoms in several cases. If a person is asymptomatic, then the 

chance of a PSS being discovered would be low. However, it is also possible that 

some symptoms may be attributed to the pre-existing condition and therefore it 

is still unlikely that a PSS will be discovered. Consequently, it is impossible to 

provide an incidence of PSSs in patients without cirrhosis.   
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Twenty patients reported to have high serum levels of ammonia. This is 

comparable to the findings in patients with cirrhotic liver disease and one of the 

known associations of PSS is high serum ammonia. 30 Ammonia plasma levels 

alone are not conclusive enough to determine the presence of a PSS, but it can 

be used as an indication of a PSS to indirectly determine the severity of the 

shunt. 30, 195 Fourteen patients were also tested for ICG R15. Eleven had 

retention up to four times higher than normal (<10%) ICG. These levels are 

similar to those seen in a cirrhotic patient. Typically, high ICG R15 levels indicate 

severe liver dysfunction, but if other tests, such as liver biochemistry blood test 

and biopsies, show no sign of liver failure, ICG R15 may well be a strong indicator 

of a PSS. Issues with both ammonia and ICG R15 tests are that, alone, they are 

neither conclusive nor quantitative. However, if the ammonia serum test is used 

in conjunction with ICG R15 test, integration of these two biomarkers could 

serve as a more conclusive test for a PSS, and would be indicative of the need for 

further imaging tests.  

 

Depending on the severity and/or Type of PSS, treatment options may be 

limited. If the patient shows no symptoms and is in good health, then there may 

not be any need for treatment. In most cases, patients were treated for their 

symptoms of encephalopathy and pain, and not for the actual PSS. In some 

extreme cases, where a PSS was having a serious effect on the patient, the 

patient underwent surgical treatment for either an occlusion, ligation or 

embolization procedure. 117, 142, 153, 160, 163, 164, 166, 177, 180 
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Conclusion 

Over 29 years, there were 112 cases of PSSs in adult patients with functionally 

healthy livers, which were critically reviewed. Most PSSs were serendipitously 

found with a high prevalence in middle aged patients and especially in women. 

Doppler ultrasound and CT were more commonly used in the detection of PSSs. 

However these methods are not guaranteed to find a PSS and they could be 

easily missed. It is suggested that a combination of methods is used, which may 

decrease the chance of a PSS being missed, although more attention to this 

research area is required. Microscopic PSSs could easily be missed using any of 

the current techniques available, and therefore answering the question if PSS 

has a role in metastatic distribution is currently not possible.  A novel technique 

is needed that can quantify PSSs and is less susceptible to the downfalls and 

limitations of radiological techniques is needed future study, in order to provide 

evidence in answering what role PSSs may play in metastatic distribution.  
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Appendix I – Creation of a Portocaval Shunt in Pigs With a Method for 

Estimating Shunt Fractions 
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Abstract 

Introduction 

Grafts are used for a wide range of surgical procedures. Validation of blood 

flow through the graft would typically be measured using Doppler ultrasound. 

However, there can be large difficulties in measuring the portion of blood 

diverted in the graft. If equipment is not available, another method may be 

required. There are several methods that can measure blood flow including 

Doppler ultrasound, contrast CT, and angiography. However, these were not 

available and a simple expedient method was employed to measure the 

volume ratio in relation to a portosystemic shunt. 

Methods 

An 8mm diameter shunt was created between the portal vein and the inferior 

vena cava in five female pigs. Flow rate through the shunt was attempted to 

be measured Doppler ultrasound, and flow direction was determined using 

pressure difference between the portal vein and inferior vena cava. Evans 

blue was administered into the portal vein with the shunt open and closed to 

determine the mean transit time and therefore shunted fraction. The ratio of 

the portal vein to the shunt was compared to shunted fraction. 

Results and Conclusions 

Flow rates were not obtainable using the Doppler ultrasound transducer 

available. The shunt is large enough to allow adequate flow into the inferior 

vena cava, but still allow hepatopetal flow in the portal vein as confirmed by 
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pressure gradient. The total volume ratio between the portal vein and shunt 

can show a sound estimate in fraction of blood shunted that is comparable to 

pharmacokinetic methodology.  

 

KEY TERMS: 

Portosystemic shunt, portocaval shunt, portal vein, graft, inferior vena cava, 

shunt fraction  
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Introduction 
 

Artificial grafts were first used experimentally in 1947, in an animal model, to 

replace the aorta [2]. Today, grafts are used for a wide range of surgical 

procedures for example aneurysm repair, vascular trauma, hypertension or 

chronic ischemia [1]. Validation of blood flow through the graft would 

typically be measured using Doppler ultrasound. In an artificial graft or even a 

naturally acquired shunt, a physician’s primary concern is the flow of 

oxygenated blood. However, there can be large difficulties in measuring this, 

and therefore another method may be used if not all equipment is available. 

There are several other methods that can measure blood flow including 

Doppler ultrasound, contrast CT, and angiography. If these techniques are not 

available contrast MRI, thermodilution, blood pressure or even Doppler cuffs 

can be used.  

Typical graft material is made from Polyethylene terephthalate (Dacron) or 

Polytetrafluoroethylene (PTFE) as they are durable and perform well provided 

the diameter of the graft is >6 mm [3]. When the graft is attached to tissue, 

many serum proteins including, albumin, fibrinogen and immunoglobulin, are 

absorbed into the graft immediately after it is exposed to blood flow and line 

the graft. The interaction between blood and the graft surface is dependent 

on surface charge, surface energy and friction. Positive surface charge will 

allow platelet adhesion, while negative charge will reduced the platelet 

affinity for adhesion. PTFE shunts are commonly used for vascular procedures 
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in human medicine as they allow better tissue adhesion than other synthetic 

materials, and as the surface is negatively charged, it reduces the chance of 

thrombosis [3]. The patency of PTFE has been demonstrated to last long-term 

[4-6] and has also been used to create an artificial PSSs for portal 

hypertension relief [7, 8].  

Natural shunts are known to occur commonly in patients with cirrhotic livers, 

but have also been known to occur in patients with healthy livers. The size 

and length of these natural portosystemic shunts can range dramatically 

between patients and also shunt type.  In many cases of natural PSSs, blood 

flow has been hepatopetal, normal flow direction with the pressure 

difference between the portal vein and inferior vena cava being greatly 

different [9-26]. There are some cases with Park Type III PSSs that have shown 

a pressure gradient of 6 to 17 mmHg between the portal branches and 

hepatic veins [27-29].  It is known that fluid direction is always from high 

pressure to low pressure, however the rate of flow within the portal vein can 

change dramatically depending on heart rate, breathing rate, food 

consumption or even body position. There have been some case studies in 

both Park and Abernethy PSS that also show the fraction of blood flowing 

through the PSS. The mean fraction between these cases is 30.4%, ranging 

from 9% to 68.1% and the shunt flow rate mean was 0.428L/min with a range 

of 0.08 L/min to 1.2 L/min [24, 27, 30, 31]. Several studies have also shown 

the size of PSSs found in patients to be <7mm diameter [9-26]. 
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Earlier portocaval shunt animal models have been used to treat 

hypercholesterolemia [32] or measure cholesterol metabolism [33]. However, 

appropriate equipment required is not always available to determine flow 

through the shunt. This study reports an alternative method for determining 

blood flow through a portocaval shunt when typical blood flow measuring 

equipment is not available. A swine model was chosen as they have similar 

sized blood vessels and liver function to humans. A pig’s portal vein and 

inferior vena cava have a similar diameter between 14-16mm and similar flow 

rates to that of humans with the liver size (~1500cm3).  

 

Materials & Methods 

 

This study was approved by the University of Adelaide Animal Ethics 

Committee and the Institute of Medical and Veterinary Science Animal Ethics 

Committee.  Five pathogen free domestic female pigs were used in this study 

and an extrahepatic portosystemic shunt was created between the portal 

vein, to the inferior vena cava (IVC), startng approximately 5 – 10 cm below 

the liver. Each shunt had a diameter of 8 mm and was made of PTFE. 

The median weight of the animals was 45 kg, ranging 35 to 55 kg. Each pig 

was anesthetised by a trained veterinary technician with 0.5 mg/kg ketamine 

followed by a continuous dose of 1.5% isoflurane in oxygen via an 

endotracheal tube for the duration of the surgery. After the surgery was 
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completed and all samples collected the animal was euthanized with a lethal 

dose 100 mg/kg of sodium pentobarbitone. 

Surgical Procedure 

 

A 10 cm incision was made on the lower right side of the neck and the jugular 

vein was dissected and mobilised. A 16G x 1.25” Braun Introcan Safety® 

intravenous catheter was inserted into the jugular vein to allow for a 0.9% 

sodium chloride drip line. The catheter and drip line were secured to nearby 

epithelium.  A midline laparotomy was performed with an incision of 

approximately 40 cm. The infrahepatic vena cava was exposed via visceral 

rotation and then mobilised in a cephalad fashion to a level at the confluence 

of the liver substance and the adventitia of the cava (Figure 1A). The portal 

vein was then identified and mobilised with separation of lymphatics and 

lymphatic nodes that surround the portal vein (Figure 1B). Each pig was 

initially heparinised with a weight appropriate dose of 80 units/kg of 

intravenous heparin, immediately followed by 5000 units added to each 1 L 

0.9% saline bag.  

The inferior vena cava (IVC) was partially clamped using a side biting Satinsky 

clamp and a longitudinal venotomy was performed with local heparin/saline 

irrigation. An end-to-side anastomosis of the portosystemic shunt was 

performed using continuous 6/0 polypropylene suture (Ethicon™) and 8 mm 

diameter by 10-15 cm PTFE (Figure 1C). The portal vein and IVC were 
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prepared with a 16 mm elliptical excision and the shunt material, PTFE was 

bevelled at each end for an acute angled connection to reduce turbulence. 

The anastomosis is first started at the ‘heel’ end with a suture running along 

each side to the middle. The ‘toe’ end is then started with sutures running 

along each side, meeting the other suture from the heel in the middle with 

any excess trimmed before the join is complete (Figure 1E) [1]. The shunt was 

flushed with heparinised saline and clamped. The portal vein anastomosis was 

similarly completed with partial occlusion clamping and end to side 

anastomosis using 6/0 suture material in continuous fashion (Figure 1D).  

The portal system and shunt were flushed with heparinised saline and the 

suture line was completed and haemostasis achieved. Antegrade portal 

circulation was achieved prior to release of the clamp on the shunt. A dual 

lumen Turbo-Flo® 4 French catheter (Cook Medical) was flushed with saline 

and inserted into the portal vein inferior to the liver, approximately 10 cm 

below the shunt. Another tri-lumen 5 French catheter was inserted into the 

IVC and guided up to the confluence of the hepatic veins. Each catheter has 

surrounding 6/0 purse string sutures to secure and avoid tearing of the veins. 

The shunt was then left to stabilise for five minutes.  
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Figure  1: A) The inferior vena cava (arrow) 
is located B) The portal vein (solid arrow) 
was identified and mobilised with 
separation of lymphatics (hollow arrow).  C) 
A longitudinal venotomy was performed to 
the inferior vena cava. An end to side 
anastomosis of the portosystemic shunt is 
performed using PTFE tubing. D) The portal 
vein anastomosis was similarly completed 
with partial occlusion clamping and end-to-
side anastomosis. E) Schematic of an end- 

to-side anastomosis. (a and b)The graft material is trimmed. (c) A 16 mm elliptical excision is 
made into the portal vein or inferior vena cava with the suture starting at the ‘heel’. (d) The 
‘heel’ is sutured until half way, along both sides and then suturing is started from the toe. 
(e) Suture from the toe is joined in the middle with any excess edges removed. (From 
Rutherford RB. [1]). 
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Figure 2: The complete end-to-side portocaval shunt. 
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Shunt Flow Direction  

 

Typically flow direction and velocity can be determined using Doppler 

ultrasound scanning with the appropriate transducer. A thermodilution 

technique could also be used to measure flow, however, there is a 19 cm 

distance between the sensor and injection port on the catheters. Therefore, 

each shunt would need to be >19 cm for thermodilution to be accurate. 

Thermodilution was not deemed a viable option for this study.  

Doppler ultrasound was conducted with a SonoSite® Micromaxx and a HEFL38 

13-6 Mhz transducer. This type of transducer is typically used in vascular 

surgery and for vascular imaging. After the anastomosis described in the 

previous section had stabilised, the transducer was placed directly on top of 

the shunt, portal vein and inferior vena cava. Due to the type, size and weight 

of the transducer and the microporous structure of PTFE, there was a 

tendency for the veins to collapse, hence imaging the vein and calculating 

velocity of flow was difficult. Further PSSs were soaked in 0.9% saline 

solution, in a modified vacuum container. However, the blood flow could still 

not be determined with a soaked PTFE anastomosis. This was believed to be 

due to a low flow rate and the type of transducer. It is generally understood 

that fluids will always flow from high to low pressure, provided there are no 

obstructions. With this knowledge of fluid dynamics, we can be certain the 

flow direction in the anastomosis if the portal vein pressure is higher than the 

IVC pressure. In humans, a typical portal vein pressure is 23 - 25 mmHg and 
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the IVC pressure is 0 - 3 mmHg. Due to the animal  being in supine position 

with an open abdominal cavity for the shunt procedure, there are no external 

forces on the portal vein and IVC, the pressure will be much less and will be 

mostly due to the force of the blood within the vessel.  An ARGON® DTXPlusTM 

central venous pressure transducer was connected to the catheters 

previously inserted in the portal vein and in the IVC. The pressure transducer 

was fixed at the same height as the midline of the animal and connected to a 

1 L bag of 0.9% saline solution in a pressure bag set to 300 mmHg. The lines 

were flushed of any air and the pressure is zeroed to atmospheric pressure 

via a three way tap. The line was then connected to the catheter in the portal 

vein or IVC and allowed to stabilise for one minute. Pressure measurements 

were taken for portal vein with shunt open and shunt closed, IVC with shunt 

open and closed, and in the portal vein with a clamp above the shunt for 

100% shunting.  

 

Shunted Blood 

 

Since neither suitable Doppler ultrasound transducer nor thermodilution 

equipment was available, an exact calculation of blood flow through the 

shunt could not be obtained. Theoretically, flow rate can be calculated using a 

rearranged Hagan Poiseuille equation (Equation 1). Also, a new simplified 



 
 
 
 

 
326 

 

equation developed in dogs was used to calculate PSS fraction (Equation 

2)[34]. 

Kudo et al. [30] measures shunt ratio by dividing the blood flow volume of the 

shunt by that of the portal vein using Doper ultrasound. However, as Doppler 

ultrasound was not available, the PSS fraction was calculated using the ratio 

of total volume between the portal vein and the total volume of the 

anastomoses (Equation 3).The volume of each vessel can be calculated by  x 

radius2 x length. Photographs were used to measure the length of the shunt 

and the diameter of the portal vein. Due to the difficulty of measuring the 

length of the portal vein, average length of 6.5 ± 1.5 cm was used.  

As a comparator for shunt flow and shunted fraction, Evans blue dye was 

injected into the shunt and control models to determine the flow rates by its 

pharmacokinetic properties. Blood samples were taken every 10 seconds for 

two minutes, then every 20 seconds till three minutes had elapsed. The mean 

transit time (MTT) of Evans blue was calculated and then applied to Equation 

4 to determine the relative flow rate through the portal vein and shunt. The 

shunted fraction can then be calculated by dividing the shunt flow rate by the 

portal vein flow rate.  
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Equation 1: Hagan Poiseuille equation rearranged to find the flow rate of the 
portosystemic shunt.   

  

             ( )      
           (     )

    (       )
 

Equation 2: A simplified equation to calculate the portosystemic shunt (PSS) 
fraction using the Portal vein Pressure (PVP) when the shunt is open and 
closed. Adapted from Washizu et al. [34]. 

 

             ( )       
          

                  
 

Equation 3:  Ratio of blood volume between the portosystemic shunt (PSS) 

volume and the portal vein volume. 

          
      

   


Equation 4: Pharmacokinetic equation to calculate flow rate using the volume 
of the vessel and the mean transit time (MTT) of the injected compound.  
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Results 

 

Photographs of each pig shunt were taken to record the length. The PTFE 

shunt lengths ranged from 9 to 13.5 cm, with a mean of 10.1 cm (Table 1). 

The shortest length possible was used, but was dependant on the visual 

location of the portal vein and IVC.  The diameter of the portal vein was also 

recorded, with a mean of 14 mm, to calculate its volume. The ratio of the 

anastomosis volume to the portal vein volume estimates the expected 

amount of blood bypassing the liver, with a mean of  47.9 ± 11.96% (assuming 

portal vein length 6.5 ± 1.5 cm)(Table 1).  This is not significantly different to 

the shunted fraction as calculated from Evans blue of 55.2 ±  11.96% (p=0.4). 
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Table 1: Length of each anastomosis that was inserted into each pig with the 
ratio between the portal vein (PV) and shunt (PSS) volumes. A range is given 
as the portal vein length was assumed of 6.5 ± 1.5cm. The shunted fraction as 
determined by Evans blue is shown as a comparator.  

Pig Shunt Length (cm) PV:PSS Ratio (%) Shunt Fraction (%) 

1 8.5  42.15 ±  10.6 41 
2 8.5     42.2 ±  10.5 71 
3 10 43.2 ±  10.7 47 
4 11 54.5 ±  13.6 59 
5 13.5 66.9 ±  16.7 58 

Mean ±  SD 10.1 ±  1.9 47.9 ±  11.96 55.2 ±  11.96 
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Pressure Gradients 

 

There was a significant pressure difference between the IVC from the portal 

vein when the shunt is closed of 7 ±  2.1 mmHg (p<0.001) and also when the 

shunt is open of 6 ±  1.1 mmHg (p<0.001). It therefore can be assumed that 

flow direction is from the portal vein to the IVC. Due to the hemodynamic 

properties of blood, that is the different viscosity of each component of 

blood, actual flow rate is difficult to be calculated using the Hagan-Poiseuille 

equation (Equation 1). Another simple equation was used to estimate the 

fraction of blood shunted, based on the difference on portal venous pressure 

when the shunt is open and closed (Equation 2)[34]. However, this equation 

requires a minimum of 1 mmHg pressure difference and fails to take into 

account the portal vein can expand, thus reducing pressure. 

 The portal vein was clamped above the anastomosis to allow 100% shunting. 

Pressure difference was recorded in the portal vein with 100% shunting and 

was compared against portal vein pressure with the shunt open. The mean 

pressure of 100% shunting was 4.5 mmHg, ranging from 1 to 7 mmHg and is 

significantly higher than normal flow with shunt open, mean of 1.83 mmHg, 

ranging 1 to 3 mmHg (p=0.02). This is to be expected as more blood is now 

forced through the shunt.  
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Discussion 

 

An extrahepatic Abernethy Type II PSS was successfully recreated in a swine 

model. Due to the sheer size of the PSS, it can be classified as ‘enormous’ as it 

is 8 mm in diameter and slightly larger than what’s been previously reported 

in patients with PSSs and without cirrhosis [9-16]. The surgical PSS procedure 

used is similar to what would be used for a liver transplant or any other type 

of shunt surgery and the end-to-side anastomosis is commonly used for vein 

and artery reconstructive vascular surgery [1].   

PTFE was originally marketed in 1937 by DuPont as Teflon® [3]. The 

compound itself is hydrophobic, however through a process of heating, 

stretching and extruding, a microporous structure can be formed. Due to this 

microporous structure of PTFE, containing ‘air pockets’ ultrasound is poorly 

transmitted from air to water due to impedance mismatching and the 

ultrasound wave is virtually reflected. Ideally, a more appropriate transducer 

may be a smaller ‘hockey stick’ shaped probe, for example the SonoSite® SLA 

13-6MHz. This probe is lighter, smaller and therefore unlikely to collapse the 

vein, the transducer would have better spatial resolution due to a smaller 

scanning area. Due to the high costs of Doppler ultrasound transducers, the 

‘hockey stick’ probe could not be obtained for animal use.  
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A limitation with using pigs in this model is that they are known to be 

susceptible to anaesthetics and may prematurely die. Although no animals 

prematurely died, it is possible that independent breathing may occur against 

the respirator can affect the venous blood flow, by increasing the pressure 

and heart rate, and also cause possible suffocation. This can have some 

erratic flow rates through the shunt.  

Measuring the pressure difference between the portal vein and inferior vena 

cava would ideally been more appropriate if the measurement was taken 

within either end of the anastomosis. However, for this to occur, two more 

catheters would need to be inserted into the portal vein and IVC. Although 

theoretically possible, due to the fragile nature of the vascular system, there 

is a high risk of tearing and bleeding and therefore was not practical. As a 

consequence, pressures of the portal vein and IVC were measured and using 

Bernoulli’s principle, it can be concluded that flow is from portal vein to IVC.   

At any given point in time, the ratio of blood shunted is the same irrespective 

of actual flow rate, which can change. The total volume of the portal vein and 

the total volume of the shunt is a similar ratio as the percentage shunted. 

Although this technique is not completely accurate, it is similar to the known 

shunted fractions as determined by the pharmacokinetics of Evans blue. 

Therefore, measuring volume ratio can show a good estimate of shunting rate 

and somewhat severity and can be used when other equipment is not 

available.  



 
 
 
 

 
333 

 

 

Conclusion 

Using techniques based from human surgery, it was possible to create and 

mimic a PSS in a swine model. The anastomosis is large enough to allow 

adequate flow into the IVC, but still allow hepatopetal flow in the portal vein. 

When no equipment is available to measure vascular flow or shunt flow, the 

total volume ratio between the primary vessel and shunt will show a sound 

estimate in fraction of blood shunted.  
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Appendix J – Detrimental effect of isoflurane in gas chromatography 
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Abstract 

There are numerous experimental and surgical scenarios where breath 

sampling studies using stable isotopes would be useful. Currently breath test 

samples are not routinely collected while patients or animals are under general 

anaesthesia as there may be an impact of the inhaled anaesthetic agents on the 

sample analysis. Only nitrous oxide  (N2O) has known issues with contamination of 

CO2 breath analysis in isotope ratio mass spectrometry (IRMS). In an animal liver 

function study, it was noted that the 13CO2, analysed by IRMS, showed a peak time 

decrease.  

Six pathogen female pigs were used in a study regarding liver function tests 

(weight of 45.2 ±6 .7 kg). Each pig was anesthetised with 0.5 mg/kg ketamine 

followed by a continuous dose of 1.5% isoflurane in oxygen. A further three pigs 

were used in a follow on study and anaesthetised via continuous intravenous 

administration of alfaxalone, diazepam and ketamine. Two intravenous injections of 

13C-methacetin (2 mg/kg) and breath samples were collected every two minutes for 

40 minutes after each dose. Breath samples were analysed using an IRMS. 

 The 13CO2 peak gradually drifted outside of the analysis window as more 

samples were analysed from the first six pigs. It was hypothesised that the general 

anaesthetic isoflurane contaminated the samples and was adsorbed by the gas 

chromatography column consequently causing the retention time of 13CO2 to 

decrease. The three pigs in the follow on study without isoflurane showed no drift 

in the analysis window, suggesting that isoflurane has an effect on the 

chromatography process during analysis.  It is recommended that any future stable 
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isotope breath testing studies, that require sedation, the use of intravenous general 

anaesthetics minimises the risk of perturbations in sample chromatography.  

 

Introduction 

 Non-invasive breath testing with stable isotopes is becoming a more widely used to 

test metabolic processes especially in pre-clinical studies. Also, [13C] labelled 

compounds are being used in a number of large animal experiment models [1-3]. 

Breath sampling has not yet been widely used while the animal or patient is under 

general anaesthesia due to sampling difficulty. The hesitation to use breath testing 

in a clinical setting and animal research also maybe due to limited understanding of 

the metabolic process, and some machinery may not be sensitive enough to 

determine small changes [4]. However, future studies involving surgery may require 

the use of breath testing while the animal or patient is under general anaesthesia.  

[13C] Breath testing has been used for a range of tests including detection of 

Helicobacter pylori using 13C-urea [5-7],  lung cancer detection [8-10], gastric 

emptying  using 13C-acetic acid and 13C-lactose ureide [11] and liver function using 

13C-phenylaline, 13C-leucine or 13C-methacetin [12, 13]. In particular 13C-methacetin 

has been used to predict liver failure posthepatectomy [14] and graft failure post-

transplant [15]. For this study 13C-methacetin is used as it is exclusively taken up 

and metabolised by the liver, and its metabolite 13CO2 can be collected from 

exhaled breath samples and assayed with an isotope-mass spectrometer (IRMS). 

13C-methacetin has been used as a liver function assessment method by measuring 
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the ratio and decay of 13CO2 in the breath.  Methacetin is passively taken up into 

hepatocytes and entirely metabolised by cytochrome 1A2 (CYP1A2) [16]. CYP1A2 

metabolises methacetin into acetaminophen (paracetamol) and CO2
 [13]. The 

13CO2 breathed out, as measured in liver function tests, may not correlate with the 

amount of 13C-methacetin injected, and this  could be due to either the diffusion 

process in the blood [17] or from the presence of a portosystemic shunt (PSS), 

allowing methacetin to directly bypass the hepatocytes.  

Volatile organic compounds (VOCs) are commonly used for general anaesthesia in 

both patient and animal surgical procedures. Current inhalational general 

anaesthetic compounds used include isoflurane, desflurane and sevoflurane, which 

can also be combined with nitrous oxide (N2O). However, isoflurane is used more 

routinely for animal surgery. To date, the only known issues with 13C isotope 

breath analysis and volatile organic compound (VOCs) is with N2O.  N2O has a mass 

overlap with 13CO2 when using IRMS, such that variable amounts of N2O in the 

sample will cause large variability in peak composition for the 13CO2 analysis 

window [18, 19].  This study describes an observed impact of the anaesthetic 

during an animal study of liver function analysis, where 13C-methacetin was 

intravenously administered into six female pigs anesthetised with isoflurane. 

During the breath sample analysis, it was noted that the expected 13CO2 peak time 

gradually drifted and escaped the analysis window. As N2O was not being used in 

this study, it was unknown what was causing the peak shift in the IRMS.  
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Materials & Methods 

This study was approved by the University of Adelaide Animal Ethics Committee 

and the Institute of Medical and Veterinary Science Animal Ethics Committee. Six 

pathogen free domestic female pigs were used with a mean weight of 45.2 ± 6.7 kg. 

Each pig was anesthetised with 0.5 mg/kg ketamine followed by a continuous dose 

of 1.5% isoflurane in oxygen via an endotracheal tube for the duration of the 

surgery. The animals were continuously monitored for change in heart rate and 

oxygen saturation for the duration of the procedure. After the surgery was 

completed and all breath samples collected the pig was euthanized with a lethal 

dose 100 mg/kg of sodium pentobarbitone.  

Four intravenous doses of 13C-methacetin (dose 2 mg/kg) were rapidly made into 

either the portal vein or jugular vein.  Breath samples were collected for 40 minutes 

following 13C-methacetin dose. Which each pig was under general anaesthesia, 

breath samples were collected in duplicate every two minutes until 40 minutes had 

elapsed. Samples were collected in 12 mL Exetainer® vials with a rubber septa 

(Labco®, Ceredigion, United Kingdom), through a blood transfer device connected 

to a three-way tap via the sample line. The three-way tap allowed the sample line 

to also be used for monitoring the end tidal CO2. Samples were collected using the 

blood transfer device, piercing the septa at the same time as the pig exhaled. 
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Analysis 

Breath samples were sent to the Gastroenterology Department at the Women’s 

and Children’s Hospital (North Adelaide, South Australia) for analysis. Breath 

samples were analysed using an isotope ratio mass spectrometer (IRMS). The 

machine used was an Automated Breath 13Carbon Analyser (ABCA, SerCon®, Crewe, 

England), an ABCA auto-sampler and Carbosieve G 60/80 mesh packed gas 

chromatography column. The IRMS was first calibrated with 5 ± 0.5% CO2 in 

nitrogen. The breath samples in the exetainers were then loaded into the auto-

sampler with a 5 ± 0.5% quality control reference gas placed in every 10th position. 

The data was then analysed using the provided software, with the integration 

analysis window set at 75 – 85 seconds with a five second buffer (SerCon®, ABCA 

13Carbon Isotope Ratio Analyser: Version 500.7.4 2004).   

 

Results 

Breath samples were analysed from a trial pig showing typical 13CO2/12CO2 ratios. 

The quality control (QC) reference gas of 5 ± 0.5% was tracked throughout which 

showed a decrease in 13CO2/12CO2 ratio and thus a drift in the expected transit time 

of the mass peak. As this sample is from an independent QC stock, not exhaled air, 

the drift  in peak transit time was further investigated. (Figure 1). Raw data from 

the samples was digitally re-analysed and the analysis window time lag was 

systematically decreased for each sample set until the QC was near linear and 
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consistent within each set (Figure 2). The analysis window has a normal lag time of 

approximately 80 second. Each sample set was rerun with the analysis window lag 

time shortened in five seconds increments, until all QC ratios were consistent.  

In a follow on study, three pigs were anaesthetised via continuous administration of 

Alfaxalone. No isoflurane was used during the testing. Breath samples were taken 

at similar time points as the first group of pigs. The QC ratio was tracked 

throughout the analysis and was consistent, with no observable drifting of the 

analysis window (Figure 3).  
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Figure 1: Series of quality control references throughout sampling for 13CO2 in the 
presence of isoflurane. Each quality control should maintain similar ratio of 29.1 ± 
0.2 (dashed line), however a drift occurs (solid line) as more isoflurane 
contaminated samples are analysed. The black dash line shows the standard 
deviation of the drift.  
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Figure 2: Groups of corrected quality control (QC) references throughout sampling 
for 13CO2 in the presence of isoflurane. Digital raw sample data were rerun in 
sample sets of 20 and 4 QC samples. The analysis window was changed in each 
group to correct for the drift.  

 

 

  

0

5

10

15

20

25

30

35

1 6 11 16 21 26 31

1
3
C

O
2
:1

2
C

O
2
 r

at
io

 

Quality Control Reference 



 
 
 
 

 
347 

 

 

  

R² = 0.7789 

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8

1
3
C

O
2
:1

2
C

O
2
 r

at
io

 (
%

) 
 

Quality Control Reference  

Figure 3: Series of quality control references samples that were collected in the 
absence of isoflurane. Each quality control maintained similar ratio of 31.1 
±0.6%. 
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Discussion 

Breath collection for large animals is difficult as they are currently not sedated. For 

example, a pig must be restrained and breath samples taken using a modified mask 

[1]. This is not only dangerous for the technician taking the breath samples, but can 

also be harmful and stressful for the animal.  For this reason, breath testing while 

patients or animals are anaesthetised may be beneficial for future research. 

However, here we describe a previously unknown issue with inhalational 

anaesthetics affecting the IRMS separating column. This issue using breath sampling 

in the presence of isoflurane is different to the previous known issue of N2O 

contaminating breath samples. In this case, the mass overlap of N2O and CO2 

caused non-linearity and consequently skewed results [18].  

The absence of isoflurane in the follow on study, where there was no effect of the 

IRMS column suggests that isoflurane may contaminate the breath samples during 

analysis as. The IRMS column is used to separate gas compounds according to their 

molecular size. The column contains a molecular sieve called Carbosieve G that 

allows low molecular weight gas compounds such as CO2 to pass through the sieve 

with a longer transit time, compared with large molecular weight gases. However, 

this study proposes that isoflurane gradually binds to the Carbosieve G and 

consequently reduces the porosity, such that the CO2 now transits the column more 

rapidly. This therefore, decreases the retention time of 13CO2. A previous study used 

Carbosieve G to adsorb the greenhouse gas tetrafluromethane (CF4) [20]. Here, 

Carbosieve G was shown to adsorb a large amount (1.7 mol/kg) of CF4 before 

saturation. The smaller sized pours within the Carbosieve G increase the adsorption 
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potential [20]. Isoflurane’s chemical structure contains a trifluroethane group, 

similar to the active fluorine group in CF4 which suggests it can also adsorb to 

Carbosieve G.  

The QC gas sample is a fixed concentration of 5 ± 0.5% 13CO2 which is used to 

determine the linearity and accuracy of the results and we routinely run QC tubes 

repeatedly throughout the experimental breath samples. When the peak of 13CO2 

drifts out of the analysis window, the apparent concentration of 13CO2 reduces. The 

IRMS Carbosieve G. separating column was affected by continued presence of 

isoflurane, which caused the peak time to steadily reduce and consequently the 

mass spectroscopy peak appeared early and was not analysed within the 

programmed time window. Although the analysis window can be manually shifted 

according to the drift of the peak, this may increase the error margin. This 

correction is not ideal as the analysis window would be needed to be shifted after 

every five to ten samples and would be different for every machine. Alternative 

solutions include using a silica zeolite filter, however this also removes CO2 from the 

breath [21], and heating the Carbosieve G. column to desorb the isoflurane from 

the Carbosieve G. However, no attempts have been successful and hence, no 

solution has yet been found when samples contains isoflurane. Other analytical 

techniques may include non-dispersive infrared spectroscopy (NDIRS), which has 

been used to detect 13CO2 as an alternative to IRMS [22]. NDIRS does not use a filter 

or separating column, however, mechanical ventilation can cause a bias in 13CO2 

and 12CO2 measurements due to additional O2 [22, 23].  
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As inhalational general anaesthesia compounds desflurane and sevoflurane also 

have an active tetrafluroethane group, they may cause similar issues for gas 

chromatography. It is advisable that if breath testing is required in research or in 

patients under general anaesthesia, any gas analytical techniques that require a gas 

chromatography column for separation should not be used. It is recommended that 

in breath sampling studies that require sedation, intravenous general anaesthetics 

should be used. 
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Appendix K – Safe and Inexpensive Method for Breath Sampling and a 
Technique for Continuous Intravenous Anaesthesia in Pigs  
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Abstract 

 

Breath testing with stable isotopes is becoming more common in large animal 

studies to test metabolic processes using [13C] labelled compounds. However, this 

causes concern for the safety of the technician and also stress for large animals, 

unless the animal is sedated. This led to the designing of a device using common 

hospital equipment to sample breath from the respirator during a surgical 

procedure to then be analysed by an isotope-radio mass spectrometer (IRMS). 

However, some IRMS machines are susceptible to certain inhalational 

anaesthetising agents such as nitrogen oxide and isoflurane. So, a technique for 

continuous intravenous anaesthesia is also described.    

Key words: Breath test method, intravenous anaesthesia method, pigs, breath 

sampling 
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Introduction 

 

Breath testing in large animals will become an increasing need for future medical 

research. Safety for the technician becomes a concern especially for breath 

collection from large animals unless they are sedated. Currently, a pig must be 

restrained and breath samples taken using a modified mask [1]. It not only 

dangerous for the technician taking the breath samples, but can also be harmful 

and stressful for the animal.  

Breath testing with stable isotopes are becoming a more widely method used to 

test metabolic processes using [13C] labelled compounds in large animal experiment 

models [1-3]. Breath sampling while the animal is under general anaesthesia has 

not yet been used due to physical interference with the ventilator. Hence, why this 

is not a widely used method in a clinical setting it is a non-invasive breath test 

method. Therefore, for breath testing studies to occur in the future in a large 

animal model, general anaesthesia would be required to minimise safety risk for 

the technician and animal. 

Typically, stable isotope [13C] breath samples are analysed via isotope-ratio mass 

spectrometer (IRMS). [13C] Breath testing has been used for a range of tests 

including detection of Helicobacter pylori [4-6],  lung cancer detection [7-9], gastric 

emptying [10] and liver function [11, 12]. In particular 13C-methacetin has been 

used to predict liver failure posthepatectomy [13] and graft failure [14]. However, 

some inhalational anaesthesia agents such as nitrous oxide (N2O) [15, 16] and 
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isoflurane that are also present in the breath sample have been known to cause 

interference with the IRMS whereby producing inaccurate results. It is suggested 

that intravenous anaesthesia is used when breath sampling in large animals is 

required. To date, only propofol has been used for intravenous anaesthesia in pigs 

[17]. This study demonstrates the use of other intravenous anaesthetic agents 

including alfaxalone, ketamine and diazepam, all of which are safe for use in pigs 

and do not interfere with breath sampling and the IRMS results.  

 

Methods 

This study was approved by the University of Adelaide Animal Ethics committee and 

the Institute of Medical and Veterinary Science Animal Ethics Committee.  

 

Intravenous Anaesthesia  

Three pathogen free domestic female pigs were used with a mean (standard 

deviation) weight of 45.2 (6.7) kg. Each animal was initially sedated with 15 mg/kg 

of ketamine (Ketamil®, Ilium, Australia) administered intramuscularly. This was 

followed two minutes later by a secondary intramuscular injection of 2.5 mg/kg 

alfaxalone (Alfaxan®, Jurox Pty Ltd, Australia). Once the animal was sedated, it 

placed on the surgical table and another dose of 2.5 mg/kg alfaxalone was 

administered intravenously via an ear vein. An endotracheal tube was inserted and 

connected to the ventilator. A 16G x 13 cm intravenous catheter (Angiocath™, BD 
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Australia) was inserted into the external jugular vein and saline drip line attached 

and set at 500 mL/hr. To the same intravenous line, alfaxalone was administered at 

a rate of 500 mg per hour using a syringe pump (P3000 syringe pump, IVAC Medical 

Systems). It was noted that alfaxalone alone caused the heart rate to rise 

dangerously above 200 bpm, therefore 30 mg (3 mL) of Ketamine and Diazepam 

(Pamlin injection®, Parnell Laboratories, Australia) were administered 

intravenously,  alternately every 30 minutes to maintain the heart rate at around 

150 bpm. If the heart rate was less than 150 bpm at the 30 minute interval, no 

ketamine or diazepam was administered until the heart rate was above 150 bpm. 

 

Breath Sampling Apparatus 

Breath samples were collected in two vacuum sealed 12 mL Exetainer® vials with a 

rubber septa (Labco®, Labco®, Ceredigion, United Kingdom). As Exetainer® are the 

same diameter as standard blood collecting tubes, breath samples can be collected 

using a blood transfer device (BD® Vacutainer®). The blood transfer device is fitted 

to a three-way tap (BD Conneta™) using a double male leur lock adapter (Argon 

Medical Devices) (Figure 1).  This can then be fitted between the filter and sampling 

line using the free ends of the three way tap (Figure 2). The Exetainers® were then 

manually pressed down in the transfer device, piercing the septa in time with the 

exhalation of the animal. 
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Liver Function Test 

Each animal had an 8 mm diameter anastomoses was created between the portal 

vein and inferior vena cava to impair liver function. Liver function was measured by 

the production of [13C] labelled carbon dioxide [13CO2] in the breath. Intravenous 

doses of 13C-methacetin (dose 2 mg/kg) were rapidly made into the portal vein with 

the anastomoses open and then closed.  Breath samples were collected in duplicate 

every two minutes until 40 minutes elapsed.  
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Figure 1: (A) Breath sample collecting apparatus consisting of two standard blood 
transfusers, a male to male luer lock adapter and two three way taps that (B) 
connect to the monitoring line of the anaesthesia machine. This allows 
uninterrupted air flow and non-invasive breath sampling.  
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Results 

The breath sampling apparatus is a quick, inexpensive and efficient method for 

breath sampling while the animal is sedated. Each breath sample contained more 

than 2% CO2 when the sample was timed with the ventilator. The 13CO2 showed 

normal liver function in the control and a 43% reduction in liver function was 

observed when the liver function was impaired with the portocaval anastomoses. 

This demonstrates that the breath sampling apparatus designed is a sufficient tool 

for breath sampling when determining liver function.  

 

Discussion 

The materials for this particular setup are inexpensive and can be readily found in 

most clinics, hospitals or veterinary hospitals. The advantage of using this setup is 

that no stress is caused to the animal and it is safe for the technician to collect 

reliable breath samples at specific time points. Conscious animals may resist and 

therefore sampling at specific time points may not be physically possible. This is 

particularly important when using, large animals that weigh more than 30 kg as 

there are increased safety risks for the technician and animal if the animal is not 

properly restrained. General anaesthesia removes these risks, but the anaesthesia 

should only be performed by a veterinarian or trained technician. Previous studies 

[1] have used young pigs that weigh less than 10 kg and can be easily restrained and 

held.  
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Regardless of the weight of the animal, this breath sampling method is most useful 

for real time or continuous breath sampling analysis during a surgical procedure 

without having to interfere with the endotracheal tube and the air supply to the 

animal. However, sampling must be precisely timed with the respirator otherwise 

only pure oxygen inhaled will captured in the sampling tube. This apparatus and vial 

can only hold 12 mL vials, which is also suited for the IRMS. Other methods such as 

non-dispersive isotope-selective infrared spectrometry for breath analysis require 

larger or continuous samples, but are not suitable for breath sampling while the 

animal is under anaesthesia as oxygen can affect the results [18].  

The main limitations with this breath sampling method is that inhalational 

anaesthetics cannot be used. In particular, N2O has mass overlap at 44 g/mol with 

CO2 and cannot be differentiated by the IRMS [15, 16]. Additionally, another 

inhalational anaesthetics were showen to rapidly degrade the gas chromatography 

column within the IRMS (unpublished data).  

The anaesthesia agent alfaxalone is a common intravenous and intramuscular 

anaesthetic for cats and dogs, but does produce stable sedation in pigs when used 

in conjunction with ketamine and diazepam. Alfaxalone caused the heart rate to 

rise >200 bpm, hence the addition of ketamine and diazepam in alternating 

intervals to reduce the heart rate to approximately 150 bpm. The use of alfaxalone, 

diazepam and ketamine can be suitable anaesthesia agents for pigs when 

anaesthesia is required for either short or long periods. However this is a more 

expensive option than inhalational anaesthetics. Additionally, other continuous 
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intravenous anaesthetics that may be suitable either singularly or a combination 

are propofol, midazolam and sufentanil [17, 19, 20].  

 

Conclusion 

Breaths testing with stable isotopes is becoming more common in large animal 

studies. This causes concern for the safety of the technician and also stress for the 

animal, unless they are sedated. The breath sampling device was designed using 

common hospital equipment so the samples could be analysed by an IRMS. 

However, the gas chromatography column in the IRMS is susceptible to certain 

inhalational anaesthetic agents, therefore intravenous anaesthesia is required.  
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Appendix L – Portosystemic shunt fraction determination by 
pharmacokinetic modelling  

 

Intended for publication. 
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ABSTRACT: 

INTRODUCTION 

A portosystemic shunt is defined as a congenital or acquired abnormal blood vessel 

that diverts a portion or all of the hepatic portal blood into the systemic system. 

Portosystemic shunts are commonly recognised in patients with cirrhotic liver 

disease as a compensatory mechanism for the associated portal hypertension. In 

contrast, some congenital and naturally acquired portosystemic shunts have been 

recognised in healthy individuals or in patients with non-cirrhotic liver disease. Such 

portosystemic shunts have mostly been serendipitously detected by computed 

tomography and Doppler ultrasound, however small and microscopic portosystemic 

shunts can easily be undetected. Therefore a diagnostic technique is needed to 

capture all portosystemic shunts. The LiMON® system is typically used to test liver 

function, but could be used as a plausible technique for the detection of 

portosystemic shunts. Therefore, this study aimed to develop a technique and 

model for detection and quantification of portosystemic shunts using the LIMON® 

system.  

METHODOLOGY 

An 8 mm diameter portocaval shunt was created in six pigs. Indocyanine green was 

injected into the portal vein with blood samples and LiMON® readings collected 

simultaneously. The process was repeated with the PSS clamped as the control. The 

data was then modelled using ADAPT 5® software (Biomedical Simulations 

Resource). 
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RESULTS AND CONCLUSIONS 

Results depict significantly shorter transit times in the shunted model. This data 

was modelled further to create a formula that estimates the percentage of blood 

bypassing the liver.  This pilot study presents a novel technique for the detection 

and quatification of PSS, however further validation is required.  
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Introduction 

A portosystemic shunt (PSS) is defined as a congenital or acquired abnormal blood 

vessel that diverts a portion or all of the hepatic portal blood into the systemic 

system [1, 2]. Consequently the diverted blood does not pass through the liver 

sinusoidal parenchyma. Portosystemic shunts developing after birth may develop 

de novo, as a consequence of disease or as a result of human intervention, but still 

little is known about them.  

Portosystemic shunts are anatomically divided into two groups – extrahepatic and 

intrahepatic. Additionally, extrahepatic PSS are known of Abernethy types I and II 

[3-5] and intrahepatic are known as Park types I to IV[6-8] depending on their 

location and number in the liver.  

PSSs are commonly recognised in patients with cirrhotic liver disease as a 

compensatory mechanism for the associated portal hypertension [9]. In contrast, 

congenital and naturally acquired PSSs have been diagnosed in healthy individuals 

or in patients with non-cirrhotic liver disease [1, 2]. Such PSSs have usually been 

incidentally detected. As such, the true incidence, cause and pathological value of 

PSSs in both healthy patients. 

It is also thought that PSS may have an impact on gastrointestinal cancer 

distribution, in particular colorectal cancer. Over a four year period, 754 patients 

were diagnosed with gastrointestinal cancer, including 12% being diagnosed 

colorectal cancer. Interestingly, 6% of the colorectal cancer patients were also 

diagnosed with isolated secondary lung metastases [10]. Tan et al. [10] estimated 
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that between 1.7 - 7.2% of colorectal cancer patients have isolated secondary lung 

metastases. Theoretically, cancers spreading via the bloodstream should be 

trapped by the liver, rather than progress further and generate distant metastases. 

One possible theory to this obscure metastatic distribution phenomenon is that 

PSSs play a role in facilitating the distribution of circulating tumour cells, however 

this remains to be investigated as there are no standardised clinical tests for PSS 

detection. 

 

Current methods for PSS detection are radiological based with computed 

tomography (CT) and Doppler ultrasound, [1]. Current detection methods available 

can only detect large PSSs and can easily miss small PSSs, with microscopic PSS 

being not detectable at all. Therefore a PSS detection method that can also capture 

microscopic PSS would be greatly beneficial. 

This study aimed to determine if PSSs can be detected using the transit times of 

Indocyanine green (ICG). ICG retention and elimination has been well established as 

a liver function test with the use of pulse spectrophotometry [11-14]. Currently, the 

LiMON® system (Pulsion®, Germany) is the only spectrophotometry device, for the 

use of detection ICG available in Australia [15]. Typically the LiMON® system is used 

to measure liver function [15-17], but more recently, it has been used for prediction 

of post-hepatectomy liver failure [18].  

If viewed as a two compartment model, with different flow rates through each 

compartment (shunt and liver), a difference in lag time may demonstrate a PSS. 
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This decreased lag time, also known as arrival time has been viewed in cirrhotic 

patients with a large degree of shunting when using Doppler ultrasound with a 

microbubble contrast [19] and radiolabelled red blood cells [20].  

 

Materials and Methods 

Animal Study 

This study was approved by the University of Adelaide Animal Ethics Committee 

and the Institute of Medical and Veterinary Science Animal Ethics Committee. 

Ethical guidelines were followed according the National Health and Medical 

Research Council (NHMRC, Australia) [21]. Six pathogen free domestic female pigs 

were used in this pilot study with median weight 45 kg (33 – 55 kg) to create an 

Abernethy Type II PSSs and assess the pharmacokinetics of ICG in the presences of a 

PSS. After the surgery was completed and all samples collected the pig was 

euthanized with a lethal dose of >100 mg/kg of sodium pentobarbitone.  

 

Portosystemic Shunt Surgical Procedure 

To represent all types of PSS, an Abernethy Type II PSS connecting the portal vein to 

the inferior vena cava (IVC) was performed. Briefly, under general anaesthesia, a 

midline laparotomy was performed. Intravenous access was gained by a central 

venous catheter. The pig was heparinised with a weight appropriate dose of 

heparin (80 units/kg).  End-to-side anastomosis of the portosystemic shunt was 
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performed using 8 mm diameter polytetrafluoroethylene (PTFE) between the portal 

vein and infrahepatic vena cava.  Cannulae are introduced into the portal 

circulation and infrahepatic vena cava. Flow direction was confirmed using pressure 

differences between the portal vein, mean of 1.8  (0.5) mmHg) and infrahepatic 

vena cava, mean of -4  (1.2) mmHg (p=0.001).  

 

Indocyanine Green Detection 

A LiMON® disposable sensor was attached to the bottom lip of the pig and 

reinforced with surgical tape. The LiMON® machine was left to stabilise for several 

minutes. The machine was then connected to a computer so the raw data files 

could be recorded using the supplied software (LIMONWin, version 1.x; Pulsion 

Medical Systems AG, Germany). ICG was administered through the large lumen 

(16G) catheter which was previously inserted into the portal vein. The LiMON® 

machine was then started with a 10 second count down and ICG was injected at the 

end of the countdown, followed by 5 mL of saline to flush the catheter.  

Two ICG injections (dose 25mg/kg) were administered, in less than 2 seconds, in the 

portal system (portal vein) with he shunt open and then into the portal system with 

the shunt closed (control). An additional dose was administered into the IVC to 

determine the time between the confluence of the hepatic veins and the LiMON® 

sensor. After each dose, lines were immediately flushed with 3 mL saline solution. 
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To demonstrate the minimum and approximate transit times of the shunt and the 

control respectively, two doses of ICG was administered directly into the shunt and 

then into the portal vein above the shunt In three pigs.  

The LiMON® machine rapidly takes sample points at a rate of 25 – 30 points per 

second. For consistency, only the first sample from each second was used.  The 

LiMON® data was collaborated against the blood samples at the corresponding 

times. The average ratio between the LiMON® data and the blood samples is 

calculate, then applied to the LiMON® data to provide a relative blood 

concentration.  

 

Plasma Sample Collection 

Blood samples were collected from the large lumen catheter (16G) inserted into the 

IVC. Samples were rapidly collected at a rate of 1vmL every 10 seconds for two 

minutes, then every two minutes until 20 minutes elapsed, and then every five 

minutes until 40 minutes had elapsed.  Blood samples were then transferred into 

1.5 mL microtubes with 20 µL heparin. All samples were agitated for five seconds 

then centrifuged for ten minutes at 25000 x g. The supernatant was separated and 

placed in new 1.5 mL microtubes for storage at minus 80 degrees Celsius.   
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High Performance Liquid Chromatography (HPLC)  

Indocyanine green was assayed via high-performance liquid chromatography 

(HPLC). The HPLC system consisted of a Shimadzu SCL-10A VP system controller, 

SPD-10A UV-VIS spectrophotometric detector, LC-10AT pump controller and 

Gastorr GT-102 pump and a Waters Symmetry C18 5 μm 3.9 x 150 mm steel 

cartridge column with a Securityguard™ (Phenomenex®) column guard. 

Samples were prepared by adding 900 μL of methanol to 300 μL plasma sample in a 

micro centrifugation tube. The samples were agitated for 20 seconds to ensure 

complete coagulation of the proteins. The prepared sample was then centrifuged 

for 10 minutes at 15,000 rpm (25,000 x g). The 200 μL supernatant was then 

transferred to auto sampler vials for HPLC assay. A standard curve was similarly 

prepared using the same sample preparation for each of the compounds with 

known concentrations of 0, 5, 10, 20, 50, 100 μg/mL. 

The HPLC method for ICG was based and modified from Soons et al. [22]. The 

optimised method used 45% acetonitrile and 55% phosphate buffer, pH6 as the 

mobile phase. The UV detector wavelength was set at 790 nm and the retention 

time of ICG was four minutes.  

 

Control Marker 

Evans blue dye (1 mg/kg) was administered post ICG administration as a control as 

it is not metabolised by the liver. This will enable accurate determination of shunt 

fraction. Samples were collected every 10 seconds for two minutes, then every 20 
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seconds till three minutes. Samples were assayed by absorption at 625 nm using a 

Flurostar Optima® (BMG Labtech).  

 

 

Shunted fraction was calculated based on the ratio of shunted flow (Qs) and the 

portal vein flow (Qpv), where shunted fraction equals Qs /Qpv. Relative flow rates 

were calculated by the volume (V) divided by the mean transit time (MTT) (Eq 1).  

MTT

V
Q  ....................................................................................(Eq. 1) 

 

Results 

A student’s T-test was used to compare the lag time (threshold of >0.01 µg/mL). 

There was a significant decrease in the corrected lag time with a mean (standard 

deviation) of seven (3.3) seconds in the shunted model and 19 (3.7) seconds in the 

control (p=0.002, n=6) (Table 1). The minimum possible lag time was 3.3 (2.5) 

seconds for the shunt with an expected control lag time of 17.7 (15.3) (n=3). 

The mean transit time (MTT) for ICG was also shorter, but not significant, in the 

shunted model 61.5 (14.5) seconds as compared to the control of 910.1 (44.1) 

seconds (p=0.286, n=6).  

There was high variability for the MTT in Evans blue. The shunted model MTT was 

86.7 (11.1) seconds and 93.0 (15.3) seconds in the control model, p=0.599.  
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Figure 1: Indocyanine green dye (ICG) concentration the LiMON® (n=6) 
demonstrating an early peak and consequently a shorter transit time due to the 
shunt. 
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Table 1: Corrected Lag times (threshold > 0.01µg/L) and the mean transit times for 
indocyanine green.  

  Lag time (s)   Mean Transit Time (s) 

Pig   Shunt Control Difference  Shunt Control Difference 

1  8 20 12  32.1 179.9 147.8 

2  5 18 13  65.4 76.6 11.2 

3  10 13 3  68.0 72.5 4.5 

4  6 18 12  67.2 69.4 2.2 

5  11 24 13  69.1 73.2 4.1 

6  2 21 19  67.3 68.7 1.4 

Mean (SD)  7 (3.3)* 19 (3.7)* 12 (5.1)  61.5 (14.5) 90.1 (44.1) 28.5 (58.5) 

*p=0.002 
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Pharmacokinetic Modelling  

Model development was adapted as a single pass system from Weiss et al [23, 24] 

using the software ADAPT 5 (Biomedical Simulations Resource, University of 

Southern California). The shunted liver was modelled using an inverse Gaussian 

density function (fI (t)), based on the first pass transit times (TTD) of ICG (Eq. 2). 

 

f2IG(t) = q f1(t) + (1-q) f2(t) ................................................................ (Eq. 2) 

 

Based  on the experimental design shown in Figure 3, the data was truncated 

before there was a contribution by recirculation. First, the control data (no shunt) 

was fitted to a single TTD, (fL (t)). The mean transit time, MTTL, and relative 

dispersion (RDL
2) of the liver could then be calculated.   The fraction of blood flow of 

and the shunt (1-q) can be determined by the TTD through the shunt (fS (t)). The 

total function (fLS(t)) and ratio of blood bypassing the liver can then be determined 

by the collaboration of the liver and shunted functions (Eq. 3) (Figure 4). 
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The parameters of fL(t) were fixed to those obtained in the control after correcting 

them for the change in flow, i.e., MTTL→ MTTL/q and MTTS→ MTTS/q.  The 

estimated fractions of shunt flow, 1-q (0 < q < 1), and R2 as measure of goodness of 

fit are 0.99. However, the model was not able to be validated as exact flow rates 

were not able to be taken at the time of the procedure. As a comparison the shunt 

fraction can be calculated from Evans blue (Table 3).  
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Figure 3: Single pass model of the liver in the presence of a portosystemic shunt. 
The liver and the shunt are in parallel with blood flows qQ and (1-q)Q respectively 
(Qpv is portal flow, and 0<q<1). The liver and body are individually characterised by 
inverse Gaussian transit time density functions shown as fi(t). 
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Table 3: Shunt fraction blood using the LiMON® data and its model compared to the 
ratio as depicted by the mean transit time of Evans blue. 

Pig  MTT Model R2 

1 0.22 0.52 0.99 

2 0.41 0.33 0.99 

3 0.71 0.37 0.99 

4 0.47 0.46 0.99 

5 0.59 0.53 0.99 

6 0.58 0.62 0.99 

Mean (SD) 0.5 (0.17) 0.46 (0.12) 0.99 (0.01) 
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Figure 3: Example of shunt data being fitted to the model f2IG(t) with a 99% 
correlation coefficient.  
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Discussion 

The two compartmental pharmacokinetic modelling is a necessary step in not only 

understanding the properties of PSSs, but also developing methods for detection. 

Upon further validation, the model will provide ways to determine the sensitivity 

and accuracy of different PSSs without the need for animals. Similarly, it will 

provide a clear characterisation of a PSS. In its current state, the model was able to 

provide predictive shunted fractions due to transit times for a large PSS.  

 

ICG binds to plasma proteins [25] and ICG extraction would therefore be 

proportional to the extraction of the facilitating protein [26]. Therefore, the 

presence of a PSS would reduce the hepatic extraction of ICG. However, a perfused 

cirrhotic liver model demonstrated that the intrahepatic PSSs only accounted for a 

small portion of the decreased ICG extraction [27], thus concluding that reduced 

ICG extraction was due to impaired hepatocytes.  PSSs, especially small PSSs were 

not clearly discernible using multiple indicator dilution technique, unless using large 

radio labelled microspheres are used [26, 28]. Despite a small difference of reduced 

ICG extraction from PSSs, transit times are able to discern differences in cirrhotic 

livers [19] and can detect PSSs. 

  

Transit times of markers are a key feature that can distinguish hepatic 

hemodynamic changes in patients with and without shunting. As shown in patients 

with cirrhosis, there is a significantly shorter transit time compared to patients with 
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healthy livers using ultrasound [19, 20, 29]. This shift in transit time is similar to 

patients with known PSSs caused from cirrhosis.  However, these studies did not go 

on to determine the shunted fraction of blood bypassing the liver sinusoids by 

means of determination by transit time.  

 

The LiMON® system would be ideal for PSS detection as it is minimally invasive, 

time efficient (<15 minutes) and cost effective (AUD$80 per injection). Due to the 

LiMON® rapid sampling rate, accurate transit times can be calculated. The transit 

times of markers are a key feature that can distinguish hepatic hemodynamic 

changes in patients with and without shunting. As shown in patients with cirrhosis, 

there is a significantly shorter transit time compared to patients with healthy livers 

[19, 20]. Previous studies using ultrasound to determine transit times described a 

shortening in the transit time in the control patients who had liver metastases [19, 

29]. This shift is similar to patients with known PSS caused from cirrhosis.  The PSS 

provides a lower resistance, and therefore faster passageway than the liver and 

therefore reduces the transit times. However, this produces its own limiting factor 

in determining transit times. To know the transit time through the shunt and liver, 

ICG must be administered directly into the portal system. If, ICG is administered 

into the systemic system, the dye may reach the LiMON® sensor before passing 

through the liver and no transit time differentiation can be defined. 
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The model used in this study was based on previous work [23, 24, 30] and adapted 

to determine the fraction of shunted blood using the Adapt 5 software. It is based 

on inverse Gaussian distributions as TTD for ICG, showing estimated the fraction of 

shunted blood bypassing the liver. This density function particularly shows first pass 

time distribution [23] and has been used previously in tracer kinetics [31-33], 

modelling sorbitol disposition [34] and  ICG [23, 24]. The model is simplified to the 

parameters of two compartments being the liver and the shunt, demonstrating the 

distribution kinetics of blood flow without recirculation. However, the model was 

not able to be validated as exact flow rates were not able to be taken at the time of 

the procedure (due to equipment not readily being available). Instead, the 

estimated shunted fraction was compared to the shunted fractions based on the 

MTT of Evans blue dye. 

 

Conclusion 

The model and transit times depict a reliable way of determining shunted fractions. 

By isolating the components of the liver and shunt, the maximum and minimum 

transit times can be demonstrated relating to the injected compound. Currently, 

this technique would be limited to colorectal cancer patients undergoing an initial 

resection, as there is easy access to the portal system for ICG administration. 

Further studies are required to show accuracy, specificity and limitations of 

detectable limits.  
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Appendix M – Figure 3.1 Grant of Permission 

November 05, 2013 
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Dear Dr. Matthews, 
  

Thank you for your interest in our copyrighted material, and for requesting permission for its 

use. 

Permission is granted for the following subject to the conditions outlined below:  

Figure 2, Li P, Wang GJ, Robertson TA, Roberts MS. Liver transporters in hepatic drug 
disposition: An update. Current Drug Metabolism. 2009;10(5):482-98 
  

To be used in the following manner: 

1. Bentham Science Publishers grants you the right to reproduce the material indicated 
above on a one-time, non-exclusive basis, solely for the purpose described. 
Permission must be requested separately for any future or additional use. 

  

2. For an article, the copyright notice must be printed on the first page of article or 
book chapter. For figures, photographs, covers, or tables, the notice  may appear 
with the material, in a footnote, or in the reference list. 

  

Thank you for your patience while your request was being processed. If you wish to contact 

us further, please use the address below.  

Sincerely, 

  

 AMBREEN IRSHAD 

  
Permissions & Rights Manager 
Bentham Science Publishers 
Email: ambreenirshad@benthamscience.org 
URL: www.benthamscience.com  
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