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Abstract 

Background: Multiple organ dysfunction syndrome (MODS) is the result of persistent end-organ 

dysfunction, which can result from a range of acute diseases. The gut-lymph concept describes the 

pathophysiological events precipitating MODS as a result of hypotension with subsequent profound 

splanchnic vasoconstriction, which causes gut injury and a change in the composition of gut lymph. 

This toxic lymph then returns to the systemic circulation via the thoracic duct (TD) to mediate further 

end-organ dysfunction. The gut-lymph concept requires clinical translation from largely animal-based 

studies to improve outcomes for patients with MODS. 

Aims and methodologies: The aims and methodologies of this thesis were (1) through three 

systematic reviews on the anatomy of the terminal TD, previous TD interventions and radiological 

interventions for chylothorax, to improve the knowledge base to conduct further clinical translational 

studies; (2) to gain surgical access to the TD to assess the compositional change of TD lymph with the 

introduction of enteral feeding; (3) to optimise a method of enriching extracellular vesicles in TD 

lymph; and (4) to develop a method of minimally invasive TD cannulation. 

Results: (1) The terminal TD is highly anatomically variable, with only 72% of patients having a single 

terminal duct. Previous TD interventions were generally underpowered, observational and non-

comparative in design. The overall clinical success rate for radiological interventions for chylothorax is 

51.6%. (2) With the introduction of enteral feeding, inflammatory cytokines and D-lactate, increased 

Limulus amoebocyte lysate endotoxin and intestinal fatty-acid binding protein in TD lymph were 

among other compositional changes consistent with the gut-lymph concept. (3) Density gradient 

centrifugation followed by ultracentrifugation enabled the identification of extracellular vesicles in TD 

lymph. (4) A method of antegrade opacification and guidewire access step followed by retrograde 

percutaneous TD cannulation was identified. 

Conclusions: The foundations for the translation of the gut-lymph concept into clinical practice have 

been laid down in this thesis. A trial of the efficacy of external TD lymph drainage in MODS is now 

possible with a minimally invasive method of TD cannulation. 
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Chapter 1. Multiple organ dysfunction syndrome and the gut-lymph 
concept 

This introductory chapter defines the multiple organ dysfunction syndrome (MODS) and outlines the 

evolution in the pathophysiological concepts in recent decades that has led to the development of the 

gut-lymph concept. The anatomy and physiology of the gut is briefly reviewed to provide context for 

the pathophysiological basis of the gut-lymph concept. Several challenges to translating the gut-lymph 

concept to clinical practice are identified that form the basis for the hypothesis and aims of this thesis. 

1.1 Multiple organ dysfunction syndrome 

Organ dysfunction occurs with a range of acute and critical diseases when the normal homeostatic 

function of vital end organs becomes compromised. The ultimate pathological consequence of this in 

the intensive care environment is escalation of the systematic inflammatory response syndrome 

(SIRS) to MODS and ultimately death. MODS was initially defined as the presence of altered organ 

function in an acutely unwell patient such that homeostasis cannot be maintained without 

intervention1. The concept of MODS is useful in understanding the complexity of the pathophysiology 

of acute and critical disease. This pathophysiology includes pre-existing physiological impairment 

(reduction in the physiological reserve of organ systems), the inciting disease process that can include 

infection, the host inflammatory response, tissue ischaemia and oedema, and the patient’s response 

to treatment. These factors and their interactions are mediated through many and varied complex 

biological processes. Thus, the resultant clinical syndrome (i.e. MODS) reflects a dynamic interaction 

between the patient, the pathophysiological factors, their biochemical mediators and the response to 

treatment2. MODS can occur with or without an identifiable precipitating cause (e.g. infection) and is 

related to the clinical phenomena of sepsis, usually preceded by the SIRS, and may affect individual 

or combinations of organ systems, including respiratory (e.g. acute respiratory distress syndrome 

[ARDS]), renal (e.g. acute kidney injury) and cardiovascular (e.g. cardiac failure). 

1.1.1 Historical evolution of the multiple organ dysfunction syndrome concept 

The conceptual origins of MODS date back to 1973 when Tilney observed that patients with ruptured 

aortic aneurysms who had been subjected to significant haemorrhagic shock developed post-

operative acute renal failure that then progressed to dysfunction in respiratory, cardiovascular and 

hepatic systems3. Baue formalised this concept in a 1975 editorial in which he described these 

observations as “multiple, progressive or sequential systems failure”4. Prior to the 1970s, single organ 
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failure was the predominant cause of death from shocked patients. In the early part of World War II, 

the major organ system that limited survival was cardiovascular due to uncontrolled and/or under-

resuscitated haemorrhagic shock. Once an understanding of blood product resuscitation had 

developed, and cardiovascular failure was better managed, renal failure emerged, during the Korean 

War, as the life-limiting organ system that failed. With the advent of dialysis and better strategies for 

managing renal perfusion, post-traumatic pulmonary insufficiency or ‘shock lung’ emerged in the 

1960s as the predominant single organ issue, until ventilatory management improved4,5. This later 

became known as ARDS6. 

The term multiple organ failure (MOF) emerged in 1977 when Eiseman published a 42-patient case 

series with organ failure in at least two systems in patients following trauma, massive haemorrhage 

and sepsis7. A predictable sequence of events of organ failure has been described as beginning with 

pulmonary dysfunction and followed by hepatic, intestinal and renal failure8. The MODS definition was 

introduced in the 1992 American College of Chest Physicians statement on sepsis1 to replace the 

more binary term MOF. 

1.1.2 Epidemiology of multiple organ dysfunction syndrome 

MODS is the commonest cause of death in intensive care units (ICUs) around the world9. Globally, 20 

million people are admitted with severe acute disease to ICUs each year9 (which equates to 20,000 in 

New Zealand), and of these 30% (6 million) die. In addition, there has been a 30% increase in 

mortality related to acute disease in the past decade10. In the United States it has been estimated that 

MODS develops in 15%11 of the ICU population and is responsible for 80% of ICU deaths8. Among 

patients admitted to ICUs in Australasia with organ dysfunction there is a 10.3% mortality rate12. 

1.1.3 Diagnosis of systematic inflammatory response syndrome and multiple organ 
dysfunction syndrome  

The formalised diagnostic criteria for MODS established in 19921 introduced the concept of SIRS to 

describe the systemic inflammatory process in a patient that could be due to a variety of clinical 

precipitants. It identified that SIRS could be manifest in not only sepsis but also acute pancreatitis 

(AP), haemorrhagic shock, trauma, ischaemia and immune mediated organ injury. SIRS was defined 

as the presence of two or more of the following: (1) temperature > 38 ⁰C or < 36 ⁰C; (2) heart rate > 90 

beats per minute; (3) respiratory rate > 20 breaths per minute or PaCO2 < 32 mmHg; and(4) white 

blood cell count > 12,000/cu mm, < 4000/cu mm or > 10% immature (band) forms. The term syndrome 

was used to highlight that the physiological changes in SIRS and MODS represent a spectrum of 
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organ dysfunction as opposed to a dichotomous event. MODS was defined at this time as the 

presence of altered organ function in an acutely unwell patient such that homeostasis cannot be 

maintained without specific diagnostic criteria1. 

1.1.4 Scoring systems for multiple organ dysfunction syndrome 

The lack of quantifiable diagnostic criteria in the definition of MODS has led to the development of 

scoring systems. Scoring systems in critically ill patients can be divided into those that assess the 

severity of disease on admission to ICU for the purposes of predicting outcome and those that assess 

the presence and severity of organ dysfunction13. The Acute Physiology and Chronic Health 

Evaluation (APACHE) score was introduced in 1981 with 34 variables used to derive a physiology 

score to assess the degree of acute illness and a preadmission evaluation of chronic health status. 

The score has subsequently been revised four times. APACHE III and IV have been validated with 

length of stay prediction models from a database of over 100,000 North American patients. Two other 

prediction scoring systems are commonly used. The Simplified Acute Physiology Score (SAPS) was 

introduced in 1984 to predict risk of death in ICU patients14. While initially calculated from 13 weighted 

variables in the first 24 hours of admission, the third iteration of this scoring system is based on 20 

weighted variables determined from a large database of European patients and subcategorised into 

patient characteristics prior to admission, circumstance of admission and degree of physiological 

derangement within one hour of admission to ICU13. The Mortality Prediction Model developed in 1985 

used binary unweighted variables at admission and 24 hours in conjunction with a logistic regression 

model to predict hospital mortality15. These prediction scores are limited by regional variation, quality 

of data input and bias from the ICU patient populations from which the prediction equations were 

derived13. These scores, while proportional to the risk of mortality, do not assess or quantify organ 

dysfunction. 

Several organ failure scoring systems have been proposed to quantify and validate the severity of 

organ dysfunction in a reproducible and responsive manner. These scoring systems comprise 

measurable variables of organ function for the respiratory, cardiovascular, renal, haematological, 

hepatic and neurological systems (Table 1). The scoring systems include the Brussels score16, 

Multiple Organ Dysfunction Score17 (MODS score, also known as the Marshall score), Logistic Organ 

Dysfunction18 Score (LODS) and Sequential Organ Failure Assessment19 (SOFA) score. These 

scoring systems are based on the extent of organ dysfunction to grade MODS. They can be 
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recalculated at regular intervals to measure the resolution or deterioration in an individual’s organ 

failure. 

LODS has features of a mortality prediction score as its logistic regression equation that can be used 

for mortality prediction in addition to quantifying organ dysfunction. LODS utilises 12 variables to 

represent organ dysfunction across six systems and then quantifies the degree of dysfunction from 1 

to 513,18. The MODS score was the first to be proposed but was criticised because of the use of a 

composite measure of pressure adjusted heart rate for cardiovascular dysfunction13. In the Brussels 

score, this was replaced by serum lactate and pH; however, these variables are generally only 

elevated in circulatory shock and hypercapnia20. The SOFA score (Table 2) was then developed by 

the Society of Intensive Care Medicine, and used hypotension and the use of vasopressors to define 

cardiovascular dysfunction19. This has subsequently been validated against the MODS score as being 

a better predictor of cardiovascular dysfunction21. There is a clear correlation between SOFA and 

mortality rate22. The SOFA score is also a good indicator of prognosis, except when the score is 

greater than 11 because of a mortality rate of over 90%23. It can discriminate between transient and 

persistent organ failure because scores that decrease within the first 48 hours are associated with a 

6% mortality rate whereas patients with an increasing score have a rate of 37%, providing that the 

initial score is between 2 and 7. This increases to 60% if the initial score is 8 to 11. 

Table 1. Comparison of scoring systems evaluating multiple organ dysfunction syndrome. 

System Brussels Score16 MODS Score17 LOD Score18 SOFA Score19 
Year published 1995 1995 1996 1996 
Respiratory PaO2/FIO2 ratio PaO2/FIO2 ratio PaO2/FIO2 ratio PaO2/FIO2 ratio 
Cardiovascular Arterial pressure 

Response to fluids 
Acidosis 

Pressure adjusted 
heart rate 

Arterial pressure 
Heart rate 

Arterial pressure 
Vasoactive drugs 

Renal Creatinine Creatinine Creatinine, urea, 
urine output 

Creatine, urine 
output 

Haematologic Platelets Platelets Platelets, leukocytes Platelets 
Hepatic Bilirubin Bilirubin Bilirubin, 

prothrombin ratio 
Bilirubin 

Neurologic GCS GCS GCS GCS 
GCS, Glasgow Coma Scale.  
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Table 2. The Sequential Organ Failure Assessment (SOFA) score. 

Organ system Indicator of 
dysfunction 

SOFA score 
0 1 2 3 4 

Respiratory  PaO2/FIO2 ratio ≥400 <400 <300 <200 with 
respiratory 

support 

<100 with 
respiratory 

support 
Renal  Creatine (µmol/L) 

Urine output 
(ml/day) 

<110 110–170 171–299 300–440 
<500 

>440 
<200 

Coagulation  Platelet count × 
103/mm3 

≥150 <150 <100 <50 <20 

Hepatic  Bilirubin (µmol/l) <20 20–32 33–101 102–204 >204 
Cardiovascular Hypotension 

(µg/kg/min) 
MAP ≥ 70 

mmHg 
MAP < 70 

mmHg 
Dopa ≤ 5 
or dobu 

Dopa > 5 
Epi ≤ 0.1 

Norepi ≤ 0.1 

Dopa > 15 
Epi > 0.1 
Norepi > 

0.1 
Neurologic Glasgow coma 

scale 
15 13–14 10–12 6–9 <6 

MAP, mean arterial pressure; dopa, dopamine; dobu, dobutamine; epi, epinephrine; norepi, norepinephrine. 

It is noted that there is no gastrointestinal dysfunction component to any of these scoring systems 

(Table 1). Later in this chapter, the role of gastrointestinal dysfunction in the pathophysiology of SIRS 

and MODS is discussed with reference to the gut-lymph concept, which is central to this thesis. The 

absence of gastrointestinal dysfunction from organ scoring systems highlights a challenge in 

translating the gut-lymph concept into clinical practice in that the response of gut dysfunction to 

therapies cannot be easily measured. 

1.2 Pathophysiology of multiple organ dysfunction syndrome: Evolution in 
understanding of the gut’s role 

Because MODS is a clinical syndrome, several theories have been advanced to explain the 

pathophysiological events that contribute to and sustain its development. Gut dysfunction is a core 

tenet of many of these theories. Many of these theories have overlapping and competing aspects, with 

a range of initiating disease states, including sepsis, AP, burns, trauma, haemorrhagic shock effect 

and several homeostatic systems that interact to produce a severe systemic inflammatory response 

that can progress to MODS. One of the first hypotheses advanced, which arose in the 1970s, was that 

MODS was the fatal expression of uncontrolled infection. Specifically, the septic focus was thought to 

be occult. This hypothesis was called into question when it became increasingly evident that bacterial 

sepsis was only present in 65% of patients with intra-abdominal sepsis and in 33% of trauma 

patients24. Five clinical paradoxes have been articulated to challenge the overwhelming sepsis 

concept: (1) the organs that fail frequently are not directly injured by the initial insult; (2) there is a lag 
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between the initial insult and the development of organ failure; (3) not all patients with clinical signs of 

‘sepsis’ with MODS have microbiological evidence of infection; (4) no septic focus can be identified at 

autopsy in 30% of patients dying from MODS; and (5) identification and treatment of suppurative 

infections in patients with MODS may not alter survival8. The flaws in this theory led to a search for 

alternative explanations for the gut’s driving role in MODS. 

1.2.1 Multiple organ dysfunction syndrome as a sign of occult intra-abdominal 
infection 

Early published theories on MODS used the binary term MOF. In 1977, Polk and Shield proposed that 

MOF was a sign of occult intra-abdominal infection25. In the absence of an identifiable source of 

sepsis, an exploratory laparotomy was mandated. Many patients with MOF subsequently underwent 

an empiric and negative laparotomy, without clinical or radiological evidence of intra-abdominal 

pathology. This theory was challenged when it became clear that a significant proportion of these 

patients did not have intra-abdominal infection driving their organ dysfunction26. During the 1980s, the 

incidence of intra-abdominal infection as a precipitant for MODS following penetrating trauma also fell, 

in part because of improved antibiotic use, the emergence of trauma surgeons, early enteral nutrition, 

developments in computed tomography that aided with early diagnosis and increased use of 

interventional radiology27. Despite these treatment improvements, MODS persisted in patients without 

penetrating injury. Thus, there was a growing acceptance that MODS was not synonymous with intra-

abdominal infection. A satisfactory explanation of this ‘sepsis state’ without a septic focus was not 

available in the 1970s and 1980s. 

1.2.2 Bacterial translocation hypothesis of multiple organ failure 

An important observation in helping to explain the role of the gut in the development of MODS/MOF 

came with the finding of endotoxin in the peripheral circulation in patients with organ failure, with and 

without defined sources of infection. The bacterial translocation hypothesis emerged in 1972 to explain 

the observation that endotoxin from gram-negative bacteria could be demonstrated in the systemic 

circulation of patients with infective and non-infective organ failure28. Hyper-permeability of the gut 

barrier due to injury from the initiating disease process was thought to allow whole bacteria to cross 

the intestinal barrier and travel through the portal vein to the systemic circulation to create a ‘septic-

like state’29. This theory was discredited when it was not possible to prospectively demonstrate 

bacteria or endotoxin in the portal vein or systemic circulation in patients with major trauma30. The 

other paradox undermining this theory is that barrier failure is required to allow translocation. For 
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translocation to occur, another precipitant must have caused the disease state to progress to a point 

at which gut barrier failure occurred. 

1.2.3 Macrophage hypothesis of multiple organ dysfunction syndrome 

The macrophage hypothesis, first introduced by Border in 198831, helps to explain the seemingly 

uncontrolled inflammatory response that precedes and is associated with MODS. The key initiating 

event was proposed to be due to excessive or prolonged macrophage stimulation leading to cytokine 

production. Macrophage activation upregulates the cytokine, coagulation and complement cascade 

systems involving both humoral and cellular pathways to exert harmful local and systemic effects. 

Excessive pro-inflammatory cytokines are associated with local tissue destruction, capillary leak, 

cachexia and shock8. Dysregulation of cytokine homeostasis in both excess and insufficiency is 

associated with pathological effects (Table 3). 

Table 3. Dysregulation of cytokine homeostasis has pathophysiological consequences. 

Cytokine excess Cytokine deficiency 
Local tissue destruction Impaired wound healing 

Capillary leak Increased susceptibility to infection 

Excessive hypermetabolism (cachexia) Impaired metabolic response to injury 

Shock secondary to haemodynamic insufficiency   

A critical observation supporting this theory is that injection of the pro-inflammatory cytokine tissue 

necrosis factor alpha (TNF-α) into humans32,33 produces a systemic inflammatory response with the 

immunologic and metabolic features associated with sepsis. Cytokines released from activated 

monocytes and macrophages can be either pro- or anti-inflammatory in nature. The pro-inflammatory 

cytokines TNF-α and interleukin (IL) 1 are potent mediators of systemic inflammation, myocardial 

depression and tissue injury34,35. Plasma IL-6 is associated with the severity of organ dysfunction35. 

Consistent elevation and detection of cytokines in clinical studies has been a limiting factor in 

validating the macrophage hypothesis of MODS. There are several overlapping potential explanations 

for this, including that the half-life of TNF-α and other cytokines is short (minutes), TNF-α and other 

cytokines are raised early in the progression of the systemic inflammatory response, correlation 

between plasma cytokine levels and biological effect may not be proportional, and cytokines act 

synergistically rather than independently8. 

Subsequently, the theory was developed to incorporate the concept of the SIRS or compensatory anti-

inflammatory response syndrome (CARS) paradigm. This was based on the observation that MODS 
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had a bimodal incidence with an early and a late peak. The first peak was attributed to a severe SIRS 

response resulting in MODS. In a physiological attempt to prevent the tissue damage from the pro-

inflammatory SIRS response, the CARS pathway was activated to reduce adaptive immunity, thus 

creating the environment for nosocomial infections and a second peak of MODS27. 

1.2.4 Microcirculatory hypothesis of multiple organ dysfunction syndrome  

The microcirculatory hypothesis of MODS put forward in 199036,37 proposed that organ dysfunction is 

caused by the interaction of tissue hypoxia, ischaemia–reperfusion injury and endothelial–leukocyte 

interactions8. 

This is based on the observations that systemic inflammation can impair the microcirculation and that 

ischaemia activates neutrophils and macrophages, thus amplifying an individual’s inflammatory 

response. 

1.2.4.1 Inflammation and endothelial damage 

An individual patient’s response to disease is determined by host factors such as age, comorbidities 

and physiological reserve; the disease or pathogen instigating the illness; and interaction between the 

patient and the disease. For example, during infection Toll-like receptors on patient cells recognise 

pathogens or pathogen-associated molecules, activating several cytoplasmic enzymatic processes 

that upregulate the production of pro-inflammatory cytokines38. Excessive inflammation results in 

tissue damage and necrotic cell death, which results in the release of damage-associated molecular 

patterns, further driving the inflammatory process39. 

During pro-inflammatory states, endothelium becomes permeable and prothrombotic, and loses 

tone40. A permeable endothelium allows fluid extravasation into interstitial tissues and the 

development of oedema. Microthrombosis occurs as endothelial cells lose their glycocalyx, allowing 

adhesion molecules to be exposed and thus transmigration of leukocytes and the establishment of 

platelet aggregation to propagate thrombosis. The extrinsic coagulation pathway is activated by 

endothelial cells that express tissue factor and can subsequently bind factor VII. Activated endothelial 

cells release procoagulant chemokines, further promoting microthrombi. Nitric oxide released from 

endothelial cells further enhances neutrophil adhesion, in addition to promoting vasodilation, which 

contributes to hypotension. 
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1.2.4.2 Microcirculatory dysfunction 

The damage to the endothelium in the setting of an acute inflammatory response leads to rapid and 

progressive failure of the microcirculation in a range of end organs. The establishment of microthrombi 

and capillary leak from endothelial damage results in functional shunting of large areas of affected end 

organ, rendering it hypoxic41. At a cellular level, hypoxia causes mitochondrial dysfunction, thus 

impeding normal cellular function and resulting in cellular injury and death. 

1.2.4.3 Impairment of mitochondrial function 

Impaired mitochondrial function in systemic inflammation underpins the cytopathic hypoxia theory of 

MODS42. Hypotension, myocardial depression and microcirculatory failure all produce tissue hypoxia 

and consequently compromise oxygen delivery to the mitochondria. During hypoxic states, 

mitochondrial dysfunction in the form of reduced adenosine triphosphate triggers necrotic cell death. 

This provides a further stimulus for amplifying inflammation. The oxidative burst that occurs during 

systemic inflammation is characterised by the production of reactive oxygen species (ROS). ROS in 

addition to nitric oxide produced from activated endothelial cells can damage the mitochondrial 

membrane, further impeding mitochondrial respiration. It is unclear whether these mitochondrial 

changes are a mechanism for the development of MODS or rather a consequence of the inflammatory 

process. 

1.2.4.4 Ischaemia reperfusion injury 

Following a period of ischaemia, reperfusion of the ischaemic tissue can result in further tissue injury. 

The treatment of clinical hypotensive episodes can result in global ischaemia–reperfusion syndrome. 

Xanthine oxidase is produced in both vascular endothelium and gut epithelium during hypoxia, and 

mediates the production of ROS leading to tissue injury. Reflex sympathetic vasoconstriction of 

splanchnic post-capillary veins and venules in response to hypotension is necessary to maintain 

perfusion of vital end organs43. The consequence of this in the intestine is mucosal ischaemia. With 

ischaemia, the epithelial cells separate at the tip and then down the sides of the villous44. Nasogastric 

tonometry has demonstrated that a low pHi (derived gastric intra-mucosal pH) correlates with severity 

and outcome in MODS45,46. 

Fluid resuscitation exposes tissue to a re-oxygenation injury as the splanchnic bed is reperfused47, but 

since it is the last organ to be reperfused, the intestine is subjected to ongoing ischaemic injury, 

compounding the subsequent reperfusion injury. Reperfusion exacerbates microvascular dysfunction 
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by impairing arteriolar dilation and leucocyte-endothelial adherence, and enhancing fluid leak and 

leukocyte plugging of capillaries48. There is also a surge in the production of oxygen radicals and a 

reduction in nitric oxide, leading to increased inflammatory mediators (platelet-activating factor, TNF-

α). Together these events characteristic of ischaemia–reperfusion injury lead to mucosal cell 

apoptosis49 and disruption of the intestinal mucosal barrier50. 

1.2.4.5 Enhanced apoptosis 

Programmed cell death, known as apoptosis, is a prominent feature in systemic inflammation and 

MODS, and is thought to be an adaptive mechanism to limit tissue damage. It is a prominent feature of 

intestinal and pulmonary cells in MODS; however, its dysregulation is pathological. The Fas death 

receptor that triggers apoptosis is implicated in the pathogenesis of ARDS51. 

1.2.5 Two-hit hypothesis of multiple organ dysfunction syndrome 

The two-hit model was proposed by Deitch in 1992 to explain the paradox of the bimodal distribution 

of MODS8. While severe tissue injury from whatever initiating event can lead to severe SIRS and early 

MODS, this does not explain the phenomena of late MODS. This theory is an alternative explanation 

to the SIRS/CADS understanding of the bimodal peak of MODS. Conceptually, an initial insult primes 

the host’s immune system, allowing subsequent insults to produce an amplified response. The priming 

of neutrophils and macrophages in the ischaemic mesenteric circulation is postulated as the initial 

insult47,52,53, with distant lung injury a key consequence. A key event in the priming of neutrophils and 

macrophages is the production of superoxide to generate other ROS. As an example, following 

ischaemia/reperfusion of the superior mesenteric artery, phospholipase A2 activity is increased, 

neutrophils become primed and the primed neutrophils are then sequestered in the lung with an 

increase in pulmonary microvascular permeability. 

These concepts all seek to explain aspects of the pathophysiology of MODS; however, none of them 

are individually able to fully explain the pathophysiology of MODS. Key pathophysiological events that 

need coalescing into a unifying framework include: 

• the priming effect that macrophages and neutrophils have on the evolution of SIRS and 

MODS 

• how pro-inflammatory mediators reach the systemic circulation from the gut 

• the contribution of ischaemia–reperfusion injury to SIRS and MODS 

• the role of pro- and anti-inflammatory cytokines in initiating and sustaining SIRS and MODS. 
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1.3 Gut-lymph concept to explain systematic inflammatory response 
syndrome and multiple organ dysfunction syndrome 

The gut-lymph concept was first articulated by Deitch and colleagues. It unifies the two-hit, 

microcirculatory and macrophage hypotheses of MODS54-56. Deitch et al. suggested that primed 

neutrophils and other intestine-derived toxic factors are the mediators of MODS, and that this occurs 

in association with increased gut permeability but independently of bacterial translocation56. Critically, 

Deitch went on to demonstrate that these intestine-derived mediators of MODS are transported by 

thoracic duct (TD) lymph, rather than portal venous blood, to reach the systemic circulation to promote 

systemic inflammation and organ dysfunction56,57 (Figure 1). 

 

Figure 1. The gut-lymph concept. 

In critical illness, systemic inflammation leads to hypotension. To preserve the perfusion of vital organs there is 
profound vasoconstriction*, which results in gut injury and altered gut lymph. This toxic lymph returns to the 
systemic circulation via the thoracic duct to further mediate systemic inflammation and distant end-organ 
dysfunction58. 

1.3.1 Compositional and toxicity changes in gut lymph in systematic inflammatory 
response syndrome and multiple organ dysfunction syndrome 

There is a significant body of experimental evidence that in SIRS and MODS across a range of 

disease, including haemorrhagic shock, sepsis, AP, trauma and burns, mesenteric lymph undergoes 

significant compositional changes that correlate with disease severity56,59-61. Published compositional 

changes in gut lymph during SIRS and MODS include proteome62-66 changes with an up to 40-fold 

increase in pancreatic proteases62,63, increases in pancreatic lipase62,63, lipase-generated lipotoxins67, 

pro-inflammatory cytokines TNF-α, metabolites of energy metabolism, vascular tone68, IL-668, and 

micro ribonucleic acid (miRNA)69. 
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A rodent model of AP revealed a profound change in the proteome of mesenteric lymph62. Of the eight 

proteins exhibiting a significant increase in mesenteric lymph, seven were pancreatic proteases, and 

the increase was up to 40-fold. Despite this, there was no commensurate increase in anti-proteases. 

Lipase generates free and unsaturated fatty acids in mesenteric lymph that are directly toxic to 

umbilical vein cells67; these exhibit systemic toxicity and are associated with MODS70. 

Neutrophils are activated by the lymph of haemorrhagic shock71,72, AP73 and sepsis74, and have been 

demonstrated to mediate acute lung injury. Haemorrhagic shock in gut lymph has been demonstrated 

to be toxic to endothelial cells, inducing apoptosis75 and increasing endothelial cell permeability76. 

The lymph profile of non-coding miRNA is altered in AP, in both experimental and clinical settings69. 

The clinical significance of these changes has yet to be determined, but these molecules can regulate 

gene expression and influence cell function in remote organs. Interestingly, seven miRNAs were 

increased in intestinal lymph during experimental AP and their log abundance correlated with AP 

severity69. The tryptophan metabolites kynurenine and 3-hydroxykynurenine are elevated in rodent 

mesenteric lymph and plasma during AP, and this elevation correlates with disease severity77. 

When these individual pieces of experimental research are considered together in the context of 

critical illness, they confirm that profound compositional changes occur to TD lymph during SIRS and 

MODS. These changes reflect the severity of disease, which provides a strong evidence base for the 

gut-lymph concept. 

1.3.2 Diversion of gut lymph ameliorates organ dysfunction in systematic 
inflammatory response syndrome and multiple organ dysfunction syndrome 

In addition to the compositional changes in gut lymph during critical illness, there is a mounting body 

of both clinical78-80 and experimental81-83 evidence that diverting gut lymph can ameliorate some of the 

pathological consequence of SIRS and MODS. Experimentally, diversion of gut lymph can be 

achieved by ligation or external drainage of either the TD or the mesenteric lymph duct. Diverting gut 

lymph by TD ligation81 or drainage84 can prevent acute lung injury in both rodents81,85 and larger 

animals84,86. This effect has been demonstrated in AP81, haemorrhagic shock53, burns87 and sepsis74. 

The protective effects of gut-lymph diversion on lung function include reduced pulmonary endothelial 

permeability81 and improvements in pulmonary gas exchange88. 

AP is associated with a reduction in cardiac output, contractility and impaired relaxation, which can be 

replicated by infusion of mesenteric lymph collected from an experimental model of AP and then 
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infused into an isolated and paced heart model. Significantly, this cardiac dysfunction can be 

prevented by TD ligation89. In haemorrhagic shock, mesenteric lymph duct ligation has prevented the 

pathological effects of reduced left ventricular pressure and coronary blood flow82. Similarly, in an 

experimental model of burns, mesenteric lymph duct ligation prevented reductions in mean arterial 

blood pressure, cardiac contractility and coronary blood flow90. 

Increased vascular permeability is a major pathological event in the development of SIRS, which can 

lead to hypotension, inflammatory cell accumulation and end-organ dysfunction. This too can be 

ameliorated experimentally by gut-lymph diversion91 resulting in increased responsiveness to 

vasopressors92. 

Gut-lymph diversion has also been reported in haemorrhagic shock to prevent the suppression of 

bone marrow haemopoiesis93 and reduce red cell deformity94. In AP, mesenteric duct ligation has also 

reduced bacterial translocation as measured by D-lactate and endotoxin83. 

AP can also be used as an exemplar of how the pathophysiological events that lead to the SIRS 

response can contribute to alteration of mesenteric lymph, further driving the pro-inflammatory state 

(Figure 2). The diagram in Figure 2 underscores the complex interactions between both the initiating 

organ (the pancreas) and the intestine in promoting inflammation and altering mesenteric lymph. 

 
Figure 2. Complex interactions between the pancreas and the intestine in the pathogenesis 
of severe acute pancreatitis.95 

1. Reflex vasoconstriction can be increased by non-selective inotropes. 2. Fluid resuscitation can promote 
reperfusion injury. 3. Experimental evidence suggests that altered mesenteric lymph can promote necrosis, but 
this requires confirmation. Reproduced with permission95. 
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1.4 Anatomical considerations relevant to the gut-lymph concept 

Several anatomical considerations are worth reviewing to appreciate the vulnerability of small intestine 

mucosa to ischaemia and barrier dysfunction. The close anatomical relationship of the central 

lymphatic lacteal in each intestinal villus with its subsequent passage back to the TD and the systemic 

circulation provides an anatomical pathway for altered gut lymph to reach the systemic circulation. 

1.4.1 Small intestine 

The small intestine can be divided into the jejunum and the ileum. The jejunum is wider bored and 

thicker walled than the ileum. Two-fifths of the length of the small bowel are jejunum, and three-fifths 

are ileum. There is less fat in the mesentery of the small bowel going to the jejunum and more 

lymphoid tissue is present in the ileum96. 

1.4.1.1 Microstructure of the small intestine 

The wall of the small intestine comprises a mucosa, submucosa, muscularis externa and serosa96. 

The mucosa is comparatively thick and more vascular in the proximal small intestine than it is in the 

large intestine. Protrusions of submucosa form circular folds known as plicae circulares that project 

into the lumen of the small intestine to increase the surface area. This is further increased by villi and 

microvilli to yield an average surface area of approximately 30 square metres96. Villi are vascular 

projections off the mucosal surface containing a central lacteal. They are numerous in the duodenum 

and jejunum, where they fold in at the lamina propria to form crypts of Lieberkühn. Villi are less 

prominent and fewer in the ileum. 

The single-cell-layered epithelium comprises enterocytes and goblet cells. Enterocytes are columnar 

absorptive cells that have up to 3000 microvilli on their luminal surface to facilitate absorption97. The 

apical surface of the epithelium is protected by glycocalyx, a glycoprotein-rich coat further covered by 

mucus produced by goblet cells98. Functionally, this protects the epithelium from pancreatic proteases, 

microorganisms and toxins. Nutrients are absorbed transcellularly from the apical surface of the 

enterocyte before being presented to either the blood vessels or the lacteals. Tight junctions at the 

apical aspect of the epithelium are key components in maintaining the barrier between the gut lumen 

and the basement membrane. Enterocytes migrate from the base to the tip of the villous before 

undergoing apoptosis. Cell turnover occurs every 5 days. 
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Paneth cells are the regulatory cells of the small intestine99. They protect the luminal surface by 

secreting lysozyme, an antibacterial enzyme, defensins and TNF-α99. They also secrete growth factors 

to modulate epithelial stem cells. Neuroendocrine cells are located in the intestinal crypts and secrete 

a range of hormones, including gastrin, cholecystokinin and secretin, into the lamina propria. 

The muscularis mucosa comprising inner circular and external longitudinal layers of smooth muscle 

forms the base of the mucosa. 

Submucosa consists of loose connective tissue, blood vessels and lymphatics and nervous fibres. 

Submucosal glands are present in the duodenum, where they produce an alkali mucoid secretion to 

neutralise the acidic chyme produced by the stomach. The muscularis externa has a thin outer 

longitudinal layer and an inner thick circular layer. Interstitial cells of Cajal are derived from 

mesenchymal cells and are located in the myenteric plexus between the circular and the longitudinal 

muscle layers. These cells, which communicate via gap junctions, are involved in the generation of 

pacemaker signals, propagation of electrical slow wave activity, neuromuscular transmission and 

mechanosensation100. 

1.4.1.2 Blood supply to the small intestine 

Blood supply to the small intestine is from branches of the superior mesenteric artery. These branches 

form anastomosing loops called arterial arcades, which have vasa recta (straight arteries) that supply 

a segment of the small intestine. In the jejunum, there are fewer arterial arcades and longer vasa 

recta, which supply a large segment of the small bowel. Ultimately, blood flow from these major 

vessels reaches the serosal, submucosal and mucosal plexi of the intestine. It is the mucosal plexi 

that ultimately supply the intestinal mucosa, including the villi101. In the villous, the artery and vein run 

parallel to form a rich capillary network at the tip. As blood flows in opposite directions, a 

countercurrent flow of oxygen results, lowering the pO2 at the tip and rendering it susceptible to 

ischaemia102. 

Intestinal blood flow is regulated by intrinsic and extrinsic mechanisms. Intrinsic mechanisms include 

local metabolic and myogenic control, reflexes and the paracrine influence of vasoactive substances. 

Extrinsic mechanisms are sympathetic innervation, humoral vasoactive substances and 

haemodynamic changes. Both septic103 and haemorrhagic104 models of shock have demonstrated an 

ability to maintain microcirculatory flow to jejunal mucosa, indicating the presence of an autoregulatory 

mechanism. Potentially, blood flow from the muscularis layer is directed by neurohumoral factors to 
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the mucosa, probably by increased vascular tone in tissues with low oxygen demand to supply tissues 

with higher demand104. Prolonged hypoperfusion mediated by splanchnic vasoconstriction leads to 

regional ischaemia (non-occlusive mesenteric ischaemia or NOMI)50 as the autoregulatory 

mechanisms that extract oxygen to perfuse tissues become saturated105. 

Venous drainage of the small intestine is by a vein accompanying the arterial supply. These veins feed 

into the superior mesenteric. The superior mesenteric vein passes anterior to the third part of the 

duodenum, and then between the neck and uncinate process of the pancreas to unite with the splenic 

vein to form the portal vein. 

1.4.2 Gut-lymph anatomy 

In this section, the anatomical pathway from intestinal lacteal to TD is reviewed. This knowledge is 

important for understanding the entry of altered gut lymph into the lymphatic system. Furthermore, the 

anatomical arrangements of the terminal components of the lymphatic system (cisterna chyli and TD) 

are key to considering strategies to ameliorate the toxicity of TD lymph. 

1.4.2.1 Lacteals, initial and intramural lymphatics 

Each villus in the small intestine contains between 1 and 10 central lacteals, which are a specialised 

form of initial lymphatic found in the intestine106. The lacteals unite at the base of each villus to form a 

single sinus. Adjacent sinuses coalesce to form a submucosal network of lymphatic vessels. 

Contraction of smooth muscle surrounding each lacteal propels lymph into the submucosal 

lymphatics. From this point, the lymph can take two routes, either directly into efferent lymphatic trunks 

in the mesentery or via a lymphatic network in the muscularis externa first. 

Conversely, in the large intestine, which is devoid of villi, lacteals are not present106. Initial lymphatics 

form below the basement membrane of the intestinal lumen and contribute to a lymphatic network 

associated with the glandular elements of the large bowel. Lymph from these networks drain into 

collecting lymphatics in the submucosa, before moving into further networks located between the inner 

and outer muscular layers of the large bowel wall. From the muscular layers, the lymph drains into 

lymphatics in the mesentery. 

1.4.2.2 Peyer’s patches 

Peyer’s patches are found along the anti-mesenteric border of the small intestine and function as the 

gut-associated lymphoid tissue (GALT) of the small intestine106. Peyer’s patches consist of three 
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functional regions: the large B-cell follicles, overlying follicle-associated epithelium (FAE) and 

subepithelial dome between the follicles and the FAE, and the small T-cell zones adjacent to the 

follicles107. The FAE separates the patches from the intestinal lumen from the follicular region of the 

patches. Specialised modified epithelial cells termed microfold or ‘M cells’ within the FAE bind 

antigens in the intestinal lumen and transcytose them to the subepithelial dome. This is the first step to 

facilitating an immune response by allowing lumen antigens to interact with the antigen-presenting 

cells and lymphocytes in the follicles107. The response is affected by a highly organised network of 

reticular fibres supporting the Peyer’s patches, which enables cellular migration to facilitate the 

antigen-to-antigen and cellular-to-cellular interactions. The immune reactions in the Peyer’s patches 

represent an important nexus between the host’s immune system and antigens present in the 

intestinal lumen. One of the most important immune reactions that occurs here is the maturation of B 

cells, which undergo antibody isotype, switching from IgM- to IgA-producing plasma cells107. 

An extensive network of fine lymphatic vessels extending from the mucosa overlying the Peyer’s 

patches, and through them drains into the submucosal lymphatic network. These fine lymphatic 

vessels also communicate with the lymphatics draining the lacteals of intestinal villi. 

1.4.2.3 Afferent lymphatics 

From the submucosal plexus, intestinal lymphatic fluid drains to lymphatic vessels located in the 

mesentery, which are in the vascular arcades adjacent to the arteries and veins. Ultimately, these 

lymphatics drain into mesenteric lymph nodes. 

1.4.2.4 Mesenteric lymph nodes 

Mesenteric lymph nodes drain the abdominal viscera in three main groups that are best understood 

embryologically and are associated with the major arterial supply to the gut96. The first group forms 

around derivatives of the foregut supplied by the coeliac artery, namely the splenic, posterior gastric 

and portal chain of nodes. Secondly, the superior mesenteric chain, which is the largest chain, drains 

derivatives of the midgut and is related to the superior mesenteric artery. This leaves the inferior 

mesenteric chain associated with the inferior mesenteric artery to drain the hindgut. All three chains 

drain into the cisterna chyli. 
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1.4.2.5 Cisterna chyli 

Efferent mesenteric lymph after exiting mesenteric lymph nodes drains into the intestinal lymph trunk. 

In rodents, this is called either the mesenteric lymph duct or the mesenteric duct. The intestinal lymph 

trunk contains lymph from all the abdominal viscera, specifically the stomach, small and large 

intestine, pancreas, spleen and visceral surface of the liver. The most common anatomical 

arrangement is for the left lumbar lymphatic trunk to join the intestinal lymph trunk to form the cisterna 

chyli108. Lymph from periaortic nodes and intercostal lymphatics also joins the cisterna chyli. Other 

anatomical variations include the cisterna chyli being formed from the right lumbar trunk joining the 

intestinal lymph or the cisterna chyli being absent. When present the cisterna chyli is the widest part of 

the lymphatic system in the outside the left neck with dimensions up to 3 cm long and 1 cm wide. The 

cisterna chyli is deep within the abdomen, posterior to the right crus of the diaphragm, anterior to the 

anterior longitudinal ligament of the first and second lumbar vertebrae and to the right of the aorta. 

1.4.2.6 Thoracic duct 

The TD originates from the cisterna chyli below the diaphragm and is the largest lymphatic vessel in 

the body, draining approximately 75% of its lymph108. When the cisterna chyli is absent, the TD is 

formed by the coalescence of several less well-defined lymphatic channels. The TD enters the thorax 

by passing behind the median arcuate ligament. It then ascends through the posterior mediastinum on 

the anterior aspect of the aorta and azygous vein. At approximately the level of the fifth and sixth 

thoracic vertebrae, the TD crosses the oesophagus to ascend posterior to the aortic arch and anterior 

to the subclavian artery before terminating in the region of the left internal jugular or subclavian veins 

in the left neck109. 

1.5 Physiological considerations relevant to the gut-lymph concept 

In addition to the anatomical susceptibility of the intestine to ischaemia and the role of the lymphatic 

system as a highway for altered gut lymph to return to the systemic circulation, several physiological 

factors influence the gut-lymph concept. In the intestine, the important physiological function is the 

multifaceted barrier function that is disrupted in SIRS and MODS. The three primary physiological 

functions of gut lymph – fluid homeostasis, absorption and immune regulation – need to be considered 

when planning strategies to ameliorate toxic TD lymph. 
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1.5.1 Intestinal physiology 

The intestine forms an anatomical, functional and immunological barrier between the external 

environment (including intestinal lumen) and the internal milieu60,110. The intestinal epithelium has 

several important roles, including nutrient homeostasis, as a source of hormones, cytokines and 

antimicrobial peptides, and as a physical barrier against pathogens60. The integrity of this epithelial 

layer is maintained by apical tight junctions and junctional adherens molecules regulated by myosin 

phosphorylation and the contraction of actomyosin complexes111. Disruption of these junctions 

increases intestinal permeability, exposing the intestinal wall and the immune system to luminal 

content111. 

The mucus layer, comprising mucin glycoproteins, oligosaccharides, antimicrobial products and 

secretory IgA, provides a hydrophobic barrier preventing microflora from adhering to the gut wall and 

digestive enzymes from disrupting the epithelial barrier60. Intestinal ischaemia–reperfusion injury 

causes an acute loss in the mucus layer, which increases gut permeability112. Experimentally, 

pancreatic proteases in the intestinal lumen have been shown to compound mucus injury113,114. In 

haemorrhagic shock, ligation of the pancreatic duct has reduced the effect of mucosal villous injury 

and mucus loss, suggesting that luminal pancreatic proteases are involved in these events115. 

1.5.2 Gut-lymph physiology 

The gut-lymph system has three important physiological functions: fluid homeostasis, which is 

influenced by variables originally described by Starling; lipid and nutrient absorption from the gut 

lumen; and immune surveillance. Multiple intrinsic and extrinsic factors have been reported to control 

the flow of gut lymph, which will need to be considered in any potential interventions to treat toxic TD 

lymph. 

1.5.2.1 Gut-lymph formation 

The lymphatic system plays a critical role in maintaining fluid homeostasis by returning fluid from the 

interstitum back to the systemic circulation. Starling described six variables that govern the movement 

of fluid flux in and out of capillaries to the interstitium: capillary hydrostatic pressure, interstitial 

hydrostatic pressure, capillary oncotic pressure, interstitial oncotic pressure and two coefficients that 

vary with the properties of the capillary wall. There is a net flux of fluid from capillaries to the 

interstitium. 
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To maintain homeostasis, the lymphatic system must transport this fluid back to the systemic 

circulation. As interstitial pressure is generally between 6 and 8 mmHg, the formation of lymph occurs 

across a low-pressure gradient likely between 0.1 and 0.8 mmHg. Movement, muscular compression 

and pressure transmission from blood vessel pulsations are also thought to assist with fluid movement 

into the lymphatic system. Vesicles are present in the initial lymphatics. These are membrane-bound 

organelles that have roles in the transport of proteins throughout the body. They may have a function 

in the formation of lymph by moving proteins and other macromolecules from the interstitium to the 

initial lymphatics. In addition to fluid, gut lymphatics transport lipids, proteins, hormones and other 

macromolecules back to the systemic circulation59. 

1.5.2.2 Lymph flow 

The total volume of lymph formed per day varies between 1 and 4 litres, of which 50% is formed in the 

gastrointestinal tract. Table 4 outlines the average rate of lymph flow in the gastrointestinal system. 

Lymph from initial lymphatics is pumped by ‘lymphangions’– the contractile unit of the lymphatic 

system – towards the draining afferent lymphatic vessel. A lymphangion consists of a lymphatic 

segment bound by two unidirectional valves associated with specialised smooth muscle that drives 

contraction. The primary extrinsic stimulus to mesenteric lymphangion contraction is enteral feeding, 

which was first observed by Gasparo Aselli in 1622 in both dogs and executed convicts116. Several 

extrinsic and intrinsic factors have been identified that affect mesenteric lymph flow (Table 5). 

Table 4. Estimation of lymph flow in the gastrointestinal system.116 

Portion of the GI tract Rate of lymph flow (ml/min/100 g) Percentage of lymph flow in the GI tract 
Stomach 0.06 23% 
Small bowel 0.045 17% 
Large bowel 0.015 6% 
Pancreas 0.09 35% 
Liver 0.05 19% 

Table 5. Extrinsic and intrinsic factors that modify mesenteric lymph flow.59 

Factor Decrease mesenteric lymph flow Increase mesenteric lymph flow 
Diet Low fat diet Lipids 
Nutrition Fasting Feeding 
Absorption Net fluid secretion Net fluid absorption 
Fluids Intra-arterial hypertonic glucose 

Continuous plasma dilution 
Normal saline 
Ringer’s lactate 
Plasma dilution 
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Factor Decrease mesenteric lymph flow Increase mesenteric lymph flow 
Pressure Arterial hypotension 

Primary intra-abdominal hypertension 
Increased central venous pressure 

Venous hypertension 
Secondary intra-abdominal hypertension 
Intra-enteric distension 

Temperature Hypothermia Rewarming 
Oxygen FiO2 = 1.0 Hypoxia 
Hormones Vasopressin 

Glucagon-like peptide 
Serotonin (high concentration) 
Vasointestinal peptide 
Octreotide 
Prostacyclin 
Reactive oxygen metabolites 

Cholecystokinin 
Glucagon 
Serotonin (low concentration) 
Secretin 
Histamine 
Prostaglandin E1 
Bradykinin 
Adenosine triphosphate 

Drugs Acetylcholine 
Theophylline 
Sodium pentobarbital 

Ether 
Diuretics (mannitol, furosemide) 
Physostigmine 
Adrenaline (decrease then increase) 
Noradrenaline (increase then decrease) 
Dopamine 
Hydralazine 

Alcohol Chronic alcohol intake Acute alcohol intake 
Bacterial products  Lipopolysaccharide 

1.5.2.3 Lymph function 

The physiological functions of gut lymph can be broadly categorised as fluid homeostasis, absorptive 

and immunological. Once lymph fluid is generated in the initial lymphatics (Section 1.5.2.1), it must 

flow to the TD to rejoin the systemic circulation. Fluid is maintained in the lymphatic circulation through 

several mechanisms. The first is a theoretical complex oncotic mechanism117, in which the primary 

valves between the lymphatic endothelium and interstitium close because of external pressure; 

oncotic pressure then increases as fluid moves out of the initial lymphatic. The primary valves then 

reopen to allow fluid to enter the initial lymphatic from the interstitium and the oncotic pressure in the 

collecting lymphatics absorbs water into gut lymph. Secondly, valves along the lymphatic tree prevent 

the retrograde flow of lymph118. Changes in pressure gradients across a lymphangion then drive lymph 

flow. When the outlet pressure is higher than the inlet pressure, intrinsic propulsion of lymph flow 

dominates, and when the inlet pressure is greater, extrinsic propulsion dominates. This pressure is 

generated by an intrinsic propulsion mechanism from cyclical contraction in the smooth muscle of the 

lymphangion wall119. External compression is generated from respiration, intestinal peristalsis, external 

compression and blood vessel pulsation. The cyclical changes in thoracic and abdominal pressure 

with respiration are thought to be the primary extrinsic factor determining lymphatic flow120. 
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The absorptive functions of gut lymph are mediated by the central lacteal (1.2.4.1) in each intestinal 

villus. During digestion, lipids are broken down into monoglycerides and free fatty acids to aid 

absorption across the intestinal wall. Triglycerides are then reassembled in the endoplasmic 

reticulum121 and incorporated into chylomicrons mediated by interactions with apolipoprotein B-48 

before being secreted into the central lacteal122. Non-triglyceride lipids such as cholesterol, 

phospholipid and apolipoproteins are further processed in the Golgi apparatus121 before being 

secreted by exocytosis into the central lacteal. During this process, fat-soluble vitamins are also 

absorbed. The transport of proteins, hormones and other macromolecules into the lymph compartment 

back to the systemic circulation can occur either via the central lacteal or the submucosal lymphatic 

plexus. 

The gut lymphatic system regulates immune responses, both actively and innately, by transporting 

bacteria, foreign antigens, particulate matter, exosomes and immune cells to GALT and regional 

lymph nodes123,124. This includes antigen-presenting cells (dendritic cells, macrophages and B 

lymphocytes) along with T lymphocytes, which travel in lymph to regional lymph nodes to where 

antigen presentation can lead to an immune response125. Following these reactions, cytokines, cells 

and effector molecules of immune reactions are constituents of gut and ultimately TD lymph59. 

Lymphatic endothelial cells can regulate immune cell entry and progression through the lymphatic 

system through nitric oxide, cytokines, chemokines and adhesion molecule expression123. Indirectly, 

the lymphatic system can regulate the rate at which antigens and immune cells are presented to 

regional lymph nodes (Section 1.5.2.2)123. 

1.6 Potential strategies to reduce the toxicity of thoracic duct lymph 

New therapeutic strategies are required to reduce the toxicity of TD lymph has in the 

pathophysiological development of SIRS and MODS. To increase the likelihood that new research 

efforts and treatment strategies will be effective, consideration needs to be given to recent 

advancements in intensive care therapies and the therapeutic window in which they are likely to be 

effective. 

The advances in intensive care management of MODS over recent decades has made much of its 

gains through optimisation of supportive therapies. Lung-protective ventilatory strategies126 have 

proved more effective in managing respiratory dysfunction and ARDS than specific pharmaceutical 

treatments such as steroids127, ketoconazole128, surfactant129 and immune-enhancing diets130. With 
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cardiovascular dysfunction, a number of specific treatments in both sepsis (steroid therapy131, 

activated protein C132 and immunoglobulin133) and AP (anti-proteases) have failed to alleviate the 

mortality from hypotension. Early recognition of SIRS and the implementation of key supportive 

measures such as adequate fluid resuscitation and vasopressor support have been more effective134. 

The evolution of continuous renal replacement therapy has improved outcomes for patients with acute 

renal failure. Standard indications for the commencement of acute continuous renal replacement 

therapy in MODS include anuria, acidosis, hyperkalaemia and fluid overload unlikely to respond to 

diuretic therapy135. The establishment of enteral nutrition as the preferred route of nutritional delivery in 

MODS has reduced ventilator-dependent days, infective complications and mortality136. All these 

therapies are supportive. None of them are directed at ameliorating an important driver of SIRS and 

MODS, namely the toxicity of gut lymph. 

Additionally, a number of therapies used before and after admission to intensive care can exacerbate 

gut dysfunction. Intravenous fluid resuscitation can compound ischaemia–reperfusion injury, 

particularly since the splanchnic circulation is the last to be perfused, leading to gut barrier 

dysfunction47. Ischaemia can be further compounded by the use of vasopressors to maintain mean 

arterial blood pressure. The ultimate clinical consequence of this is NOMI. NOMI occurs when 

intestinal ischaemia develops from hypoperfusion that is not attributable to vascular occlusion of 

mesenteric blood vessels and has been associated with vasopressor use137-139. The use of opioid-

based analgesia is known to contribute to paralytic ileus. Periods of fasting (nil by mouth), including 

while on parenteral nutrition, induces atrophy of the intestinal mucosa140 and increases enterocyte 

apoptosis141. In critical illness, the microbiome can sense host factors that lead to the development of 

increased virulence factors60. Lactobacilli are important in regulating the microbiome and are 

significantly reduced early in critical illness, coinciding with a subsequent increase in entero-bacterial 

overgrowth142,143. There is evidence from critically ill patients that standard enteral feeding (lacking in 

fibre), the use of broad spectrum antibiotics and proton-pump inhibitors for stress ulcer prophylaxis are 

associated with dysbiosis144. 

Potential strategies to combat the toxicity of TD lymph in SIRS and MODS can be broadly classified 

into strategies to prevent toxicity developing, preventing toxic lymph from reaching the systemic 

circulation and specific drug therapies to reduce the toxicity that has already developed in TD lymph. 

These potential strategies need to be considered within the context of how an individual patient 
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clinically presents for treatment and what pathophysiological processes are already underway. Such 

consideration is necessary to identify and target an appropriate therapeutic window to maximise the 

likelihood of therapeutic benefit (Figure 3). 

1.6.1 Strategies to prevent toxicity in gut lymph developing 

It can be hypothesised that the first hit in the progression to SIRS and MODS generally occurs before 

a patient presents to hospital. Hence, there is a limited therapeutic window for preventing toxicity 

developing in gut lymph when a patient presents to hospital for treatment. This leaves strategies for 

preventing toxicity developing in gut lymph in the realm of primary prevention. 

At a public health level, injury prevention measures such as reducing speed limits, introducing median 

barriers and legislation mandating seatbelts and air bag standards can prevent SIRS and MODS in 

trauma victims. Legislation to limit the sale of fireworks and to make smoke alarms compulsory in 

rental properties are measures to reduce the incidence of serious burns. The Surviving Sepsis 

Campaign has promoted early sepsis recognition and treatment along with hand hygiene as methods 

of reducing mortality from sepsis134. In AP, alcohol harm reduction campaigns and index 

cholecystectomy at time of initial presentation with gallstones are strategies to reduce the incidence of 

AP145 and hence the risk of developing MODS. In haemorrhagic shock, massive transfusion protocols, 

rapid control of bleeding, limiting crystalloid resuscitation and less aggressive goal-directed fluid 

resuscitation have aimed to reduce the development of MODS146. While these strategies have an 

important role at a societal level, they have no utility for patients who have already developed SIRS 

and MODS. 
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Figure 3. Theoretical representation of the progression of systematic inflammatory response syndrome and multiple organ failure syndrome 
relative to opportunities for implementation of specific therapies. 
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1.6.2 Modulating the gut barrier and mitigating the compositional changes in gut 
lymph through enteral feeding 

The recognition that enteral feeding when compared with parenteral nutrition is associated with a 

survival benefit in MODS147 across a range of initiating diseases, including AP136, sepsis, burns and 

trauma, has established it as a mainstay of support therapy in SIRS and MODS148. A similar reduction 

in morbidity and mortality has been demonstrated with the use of enteral feeding in the post-operative 

period149. The precise mechanisms that confer these benefits remain unclear. Conversely, enteral 

feeding has also been associated with gut dysfunction, which can manifest as a spectrum from feeling 

intolerance150-152 to NOMI. 

Current knowledge on the effect that enteral feeding has on TD lymph in the early post-operative 

period is limited to a recognition that flow rates are increased along with the lipid content. An 

understanding of how the composition of TD lymph changes with the introduction of enteral feeding 

(Chapter 7) may elucidate some of the mechanisms by which enteral feeding confers its therapeutic 

benefit. Specific knowledge that could be gained includes information to better time the introduction of 

enteral feeding, guide escalation of rate and potentially identify therapeutic targets to mitigate gut-

lymph toxicity in SIRS and MODS. 

1.6.3 Preventing toxic gut lymph from reaching the systemic circulation 

In AP, both the revised Atlanta classification153 and the ‘determinants-based classification’154 of 

severity make a distinction between transient organ failure that lasts less than 48 hours and persistent 

organ failure that continues past the 48-hour mark. This distinction is based on the observation that 

patients who have transient organ failure have lower mortality155,156. Critically, this suggests that there 

is a therapeutic window during this period in which the systemic inflammatory response can be 

downregulated. Patients that are admitted to a high dependency unit (HDU) or ICU are usually 

exhibiting signs of an activated SIRS response if not organ dysfunction22. Consequently, it is 

reasonable to hypothesise that these patients will have already developed pathological changes in the 

composition of their gut lymph that is being conveyed through the TD to mediate its distant end-organ 

effects. Because the TD is the common channel for returning gut lymph to the systemic circulation, it is 

the logical anatomical target for intervention. Treatment strategies that target the TD can be divided 

into those that disrupt and those that divert flow. Both strategies have a surgical and minimally 

invasive radiological approach. 
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1.6.3.1 Flow disruption strategies 

TD lymph flow can be disrupted by surgical ligation81 and by radiological embolisation of the TD157. 

Surgical ligation to the TD in experimental models of AP and NOMI has demonstrated an ability to 

decrease serum levels of the pro-inflammatory cytokines IL-1, IL-6 and TNFα158 as well as reduce lung 

injury81,159. However, TD ligation could potentially aggravate pancreatic and intestinal injury, possibly 

because the toxic factors are less able to be removed from these tissues by lymph81,160. The 

consequences of TD ligation are not well understood, although it is noted that this is done as part of 

oesophageal resection and mediastinal lymph node clearance, without any long-term consequences. 

However, this potential concern suggests that the preferred approach to TD intervention might be 

external drainage, rather than TD ligation, because there is no backpressure effect. Surgical TD 

ligation can be performed either in the neck via an open cut-down or via the chest through a 

thoracotomy161 or thoracoscopic ligation162. TD embolisation has previously been used to treat 

traumatic163 and non-traumatic164 chylothoraces but has not been used to disrupt TD lymph flow in 

MODS. 

1.6.3.2 Flow diversion strategies 

Underpowered, non-randomised clinical case series of external TD lymph drainage in AP to 

ameliorate organ dysfunction have reported an improvement in gas exchange in patients with ARDS88. 

Chapter 5 formally reviews the literature on previous clinical TD interventions. As outlined earlier in 

this chapter, much of the experimental evidence for the gut-lymph concept is derived from studies 

involving the external drainage of TD lymph. 

Surgical TD cannulation and external lymph drainage has been described through an open dissection 

technique in the neck. Cannulation can be achieved either by ligating the duct and cannulating the 

proximal end165 or by direct puncture of the side wall of the duct166. Theoretically, the TD can be 

cannulated in the thoracic cavity as it passes across the oesophagus. A surgical model piloting this 

technique is described in Chapter 6. To be an effective therapy for MODS, external TD lymph 

drainage must be logistically practical in critically ill patients, be reproducible and have an acceptable 

side effect profile. A minimally invasive radiological cannulation of the TD to establish external lymph 

drainage would remove the need for an open surgical procedure, potentially widening the ability to 

disseminate the technique and potentially lowering the side effect profile. Chapter 9 outlines the efforts 

undertaken to pilot such a technique. 
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1.6.4 Drug treatment to ameliorate gut-lymph toxicity 

The compositional changes in gut-lymph during critical illness (Section 1.3.1) provide potential 

pharmacological targets for ameliorating gut-lymph toxicity. Specific targets potentially include 

pancreatic proteases62, free unsaturated fatty acids that are toxic to umbilical vein cells67, the 

tryptophan metabolites kynurenine and 3-hydroxykynurenine77, which have been associated with 

MODS, and miRNA that have been associated with disease severity in AP69. Several generic 

properties of an ideal therapeutic target for pharmacological intervention, regardless of the disease 

process, have been proposed. A potential target should meet one or more of the following criteria:(1) 

the target is upstream of the event initiating the pathogenesis of the disease, (2) the target involves a 

key rate-limiting step in the disease process, (3) pharmaceutical agents acting on the target do not 

have major side effects on other physiological processes or make other diseases worse, (4) the target 

is specific and not uniformly expressed throughout the body, (5) potential side effects can be predicted 

based on the characteristics of individual patients, and (6) a target or disease-specific biomarker exists 

to monitor therapeutic efficacy167. 

AP is a good example of a disease in which, despite over 300 clinical trials of specific disease 

treatments, none have been licensed for clinical use. These trials have included octreotide168, 

intravenous anti-oxidants169, platelet-activating factor antagonists170 and activated protein C171. 

Because activation of the inflammatory process is an early pathophysiological event in the 

development of SIRS and MODS, it is likely that by the time these treatments have been administered, 

the inflammatory process has already been propagated. Consequently, these targets have been 

downstream of the key pathological events in the propagation of SIRS and MODS. Furthermore, these 

therapies have all been designed to be delivered systemically after the exposure of toxic TD lymph 

mediators to end organs and the establishment of dysfunction. 

Several potential mediators of the inflammatory response present in gut lymph have been identified. A 

model of NOMI demonstrated that somatostatin had a protective effect in reducing endotoxin, TNF-α 

and organ dysfunction172. The Toll-like receptor 4 pathway72 and P selectin upregulation173 are both 

mediators of acute lung injury present in gut lymph. In AP, there are higher levels of pancreatic 

enzymes in TD lymph compared with plasma80. Proteomic analysis of lymph in an animal model of AP 

suggested that seven out of eight proteins that were elevated were pancreatic catabolic enzymes62. 

This data in the context of intravenous protease therapy failure raises the question of whether delivery 

of anti-proteases to gut lymph may be more effective. Lipase generates free fatty acids in sham 
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mesenteric lymph that are toxic to human umbilical vein cells in a similar manner to that of lymph from 

animal models of haemorrhagic shock and NOMI67. Tryptophan metabolites kynurenine and 3-

hydroxykynurenine have been demonstrated in gut lymph and correlate with the severity of MODS77. 

Further compositional analysis of gut lymph using proteomic, metabolomic, lipidomic and 

transcriptomic platforms is likely to identify more potential drug targets. 

While they are outside the scope of this thesis, two potential strategies to preferentially deliver drug 

therapies to the TD lymph are currently being developed in collaboration with Monash University. The 

first is the enteral administration of glyceride pro-drugs to encourage preferential absorption through 

the gut lymphatic rather than the portal venous system174,175. An alternative strategy is the 

incorporation of pro-drugs in liposomes176 that can be delivered into the peritoneum for preferential 

absorption into the lymphatic system because they are too large to diffuse across the vascular 

endothelium124,177. The presence of lipase in TD lymph facilitates liberation of the active drug from the 

carrier molecule178. The theoretical strength of this strategy is that it delivers therapy to the 

inflammatory mediators present in lymph before they reach their end-organ targets and cease the 

continued propagation of the inflammatory response. 

1.7 Barriers to translating the gut-lymph concept from animal models to 
human patients 

Translational research has been broadly defined as the research process that takes knowledge ‘from 

the bench to the bedside and back again’. This concept has been subdivided into research that takes 

ideas from basic science laboratories through to early testing in humans, known as T1. T2 research 

focuses on establishing therapeutic effectiveness in humans, T3 is concerned with effectiveness in 

humans and dissemination of research, and T4 is focused on outcomes and effectiveness in 

populations179. 

Several impediments exist to translating the gut-lymph concept from animal models into human 

patients. First, the major barrier is the anatomical inaccessibility of the TD to access gut lymph during 

routine patient care. This inaccessibility means that there is currently no standardised, widely 

disseminated either surgical or minimally invasive method of access to TD lymph, which prevents both 

study and external lymph drainage. Several significant knowledge gaps need to be filled to inform this 

translational research, including the anatomical and physiological configuration of the terminal TD in 

delivering lymph back to the systemic circulation; the compositional nature of TD lymph; and the 
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indications, efficacy and complications of previous clinical TD interventions. The risk of complications 

from accessing the TD amplifies the challenge in establishing a method of TD cannulation. The nature 

of translational research in SIRS and MODS raises the need to consider the ethical implications of 

research in vulnerable patients. 

1.7.1 Anatomical barriers 

The primary barrier to establishing T1 translational research of the gut-lymph concept in humans has 

been the difficulty in accessing gut lymph. The most scientifically pure way of demonstrating the gut-

lymph concept in humans would be to cannulate the intestinal lymph duct in patients with MODS for 

either sampling to facilitate compositional analysis or therapeutic drainage. Because the mesenteric 

duct is located deep within the abdomen at the base of the mesentery of the intestine and is 

millimetres in diameter, it requires an open laparotomy to access it. No published radiological 

cannulations of the intestinal lymph duct have appeared in the literature. Factors contributing to this 

probably include the absence of an oral lymphatic contrast agent to visualise the duct and its small 

size in proximity to the aorta and inferior vena cava. 

On the balance of published evidence, accessing the TD appears more feasible because there is a 

body of literature describing open TD cannulation (Chapter 5) and another describing radiological 

embolisations of the TD for chylothorax (Chapter 6). Mesenteric lymph is estimated to constitute 

between 45% and 70% of the total lymph flow in the TD116,180-184. The intestinal lymph duct joins the 

cisterna chyli deep in the retroperitoneum at the commencement of the TD. While it is the largest 

lymphatic structure in the body, the anatomical relationships of the TD still make it a difficult structure 

to access. Where the TD commences from cisterna chyli in the retroperitoneum, the TD is deep to the 

right crus of the diaphragm adjacent to the aorta. In the thorax, it continues to be intimately associated 

with the oesophagus, aorta and azygous vein, and in the neck, it passes behind the structures of the 

carotid sheath to terminate in the root of the neck. 

1.7.2 Knowledge barriers 

To inform the translation of the gut-lymph concept, several knowledge deficits in the current literature 

need to be examined and synthesised. A key plank of the gut-lymph hypothesis is that lymph is 

returned via the TD to the systemic circulation. The terminal portion of the TD is known to be 

anatomically variable109. If access to the TD is to be established, an understanding of this variability 

and the associated physiological variability needs to be gained (Chapter 3). Understanding the current 
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knowledge of TD lymph composition in both animal models of disease and humans (Chapter 4) is 

necessary to inform the analysis of TD lymph in patients to validate the gut-lymph concept and identify 

new potential therapeutic targets to ameliorate the pathological effect of gut lymph in SIRS and 

MODS. Much of the published knowledge on TD lymph composition in humans comes from the pre-

cyclosporine era when open TD cannulation and external lymph drainage were used to induce 

immunosuppression for renal transplantation. Consequently, most of these historical analyses 

occurred before the widespread use of mass spectrometry, with the development of proteomics, 

metabolomics, lipidomics, the growth of RNA sequencing and the emergence of extracellular vesicles 

(EVs) as a standalone field of research. This therapy has disappeared from clinical practice. There are 

no published reviews synthesising this therapy. Understanding the variety of clinical indications, 

technical challenges, outcomes and complications associated with this treatment will inform the 

attempts to develop a contemporary method of access to TD lymph (Chapters 6 and 9). 

1.7.3 Absence of a contemporary method of thoracic duct lymph access 

Access to the TD is necessary to achieve progress in translating the gut-lymph concept. Access will 

allow the compositional study of TD lymph in patients to establish whether changes in TD lymph in 

experimental models of SIRS and MODS are replicated. The potential therapeutic treatment of 

external TD lymph drainage relies on the ability to cannulate the TD duct and establish drainage. If 

specific drug treatments targeted at the lymphatic compartment make it to clinical trials, it will be 

necessary to establish the pharmacokinetics and pharmacodynamics of these therapies in TD lymph. 

Currently, there is no widely disseminated technique of establishing TD cannulation in critically ill 

patients with SIRS and MODS in ICUs. To ultimately be established as a clinical therapy, the method 

of TD cannulation must be readily reproducible within and between institutions. Moving unwell patients 

in ICUs to other parts of the hospital for treatment requires logistical coordination. In developing a 

technique of TD lymph access, these logistical constraints need to be considered. 

1.7.4 Risk of complications from thoracic duct access and therapeutic interventions 

All interventional procedures, whether surgical or interventional, are associated with risk. Any attempt 

to cannulate the TD regardless of anatomical location will carry a risk of damaging the TD. 

Theoretically injury to the TD can occur at time of cannulation from attempts to puncture the duct; 

while the cannula is in situ from pressure, thrombotic or leak from around the cannula; or following 

catheter removal. 
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Chylothorax is the abnormal leakage of lymph into the pleural space. Chylothorax and cervical chylous 

fistula are well-described complications of thoracic surgery and left neck dissections. 

Oesophagectomy is the most common cause of chylothorax, with an incidence of between 2% and 

4%185. The overall risk from all forms of thoracic surgery has been estimated as 0.4%186. Another 

cause is central venous catheterisation by laceration of the TD during insertion attempts or secondary 

to extensive venous thrombosis187 obstructing TD outflow leading to increased TD pressure and 

subsequent rupture. 

The pathological effects of a chylothorax can be due to the local effects of chyle in the pleural space 

leading to respiratory compromise and the systemic effects of removing chyle from the systemic 

circulation188. Chylous fistula can lead to local chemical irritation and infection and mirror the systemic 

effects seen with chylothorax. Chyle contains the majority of dietary fat as well as essential proteins, 

vitamins, electrolytes, immunoglobulins and lymphocytes188, loss of which can result in hypovolaemia, 

malnutrition, immunodeficiency or sepsis and may culminate in a mortality rate of up to 50%185 when 

there is a delay to definitive surgical treatment188,189. 

The potential for chylothorax with attempts at TD cannulation will require strategies to manage this 

risk. About the same time as a reduction occurred in mortality from the active surgical treatment of 

chylothorax, the first description of a minimally invasive TD embolisation appeared, by Cope in 1998. 

The technique consisted of either a unipedal or a bipedal lymphangiogram to identify the cisterna 

chyli. Under fluoroscopic guidance with local anaesthetic and intravenous sedation, a guidewire was 

inserted into the peritoneal cavity over a stiffened cannula and coaxial dilator to puncture either the 

cisterna chyli or a large retroperitoneal lymphatic trunk. The larger guidewire was then exchanged for 

a micro guidewire to facilitate the placement of microcoils to achieve embolisation proximal to the point 

of chyle leak190,191. Understanding the evolution and efficacy of interventional radiological techniques 

to manage chylothorax (Chapter 6) will assist in managing the risks of TD cannulation (Chapter 7) and 

inform in the development of a minimally invasive method of TD cannulation (Chapter 10). 

Other potential complications of TD cannulation include infection and fluid depletion when external 

lymph drainage is instituted. 



33 

1.7.5 The need for deeper understanding of the role of gut lymph in systematic 
inflammatory response syndrome and multiple organ dysfunction syndrome  

A recent systematic literature review on the role of gut lymph in the management of SIRS and MODS59 

summarised the known composition of TD lymph, which outside the laboratory was largely in the 

setting of chylothorax and lymphatic leaks. Most of the original data summarised in this review was 

published before 1970. This was before the advent of mass spectrometry and fields of proteomics192, 

metabolomics and lipidomics193. The first published enzyme-linked immunosorbent assays194 did not 

appear until 1971. The paucity of data on the composition of human TD lymph in the context of 

modern analytical platforms represents a fundamental knowledge gap in translating the gut-lymph 

concept (Chapter 7). Proteomic evaluations of mesenteric lymph in rats with AP62, sepsis64 and 

haemorrhagic shock63 have all been described. Lipidomic analysis of mesenteric lymph in rats with 

haemorrhagic shock has identified several lipids that can prime neutrophils to initiate the SIRS 

response195. Tryptophan metabolites in a rat model of AP have been associated with MODS77. 

These findings need to be confirmed in human subjects to advance our understanding of the 

pathogenesis of MODS and potentially identify new biomarkers and treatment targets to better 

manage this disease. Fundamental to such an analysis is the need to compare time-matched samples 

from the TD lymph and the blood (plasma and serum) compartments (Chapter 7) to elucidate the 

different contributions these compartments make to the pathogenesis of SIRS and MODS. Because 

dietary lipid is absorbed primarily via the central lacteals into gut lymph, it is reasonable to hypothesise 

that the introduction of enteral feeding will alter the composition of TD lymph. Understanding these 

changes will be important to contextualise future treatment strategies for SIRS and MODS because 

enteral feeding is a cornerstone of supportive management in the intensive care environment. 

EVs are particles released by cells with a lipid bilayer that cannot replicate196. Functionally, EVs 

transport a range of molecules between cells, giving them a fundamental role in intercellular 

communication. Significant research interest has developed in EVs in the past decade as a potential 

source of biomarkers and mechanisms of disease pathogenesis. EVs have recently been 

characterised in the gut lymph of rats with haemorrhagic shock, where they were increased 2-fold 

compared with sham. Further analysis revealed that the isolated EV fraction, not the remaining lymph 

supernatant, caused an 8-fold increase in NF-κB activation, which is known to be a mechanism for 

inducing acute lung injury in SIRS and MODS. The EV depleted lymph supernatant also had no effect 

on TNF-α production197. In a subsequent experiment, intravenous injection of EVs post-haemorrhagic 
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shock induced acute lung injury in the rats, but the exosome-depleted lymph supernatant did not198. 

This evidence supports the hypothesis that EVs contained within TD lymph may drive the 

development of SIRS and MODS. At the time the experiments for this thesis were conceived, a 

method for isolating EVs in TD lymph had not been optimised. Developing a method to isolate EVs 

from TD lymph (Chapter 9) is a necessary first step to being able to identify in the future pathogenic 

EV contents in TD lymph from patients with SIRS and MODS. 

1.7.6 Ethical considerations 

The translation of the gut-lymph concept to clinical therapies will require the involvement of patients in 

HDU and ICU enviroments199. These patients are frequently unable to provide prospective consent to 

involvement in clinical research because they are intubated, ventilated and sedated. Patients that do 

not require this level of respiratory support are often compromised from hypotension, hypoxia and 

confusion. This research environment creates an ongoing conflict between the need to discover new 

knowledge that may or may not have any benefit to the individual patients involved and the need to 

protect vulnerable study participants200. In this environment, surrogate assent is sought, and the 

surrogate is ideally supposed to make a decision on participation consistent with what the patient 

would have decided if they were competent201. A potent barrier to the translation of the gut-lymph 

concept is a reluctance of surrogates for vulnerable patients to provide assent to novel research 

interventions that may not have any direct benefit for them. Strategies to minimise potential harm to 

vulnerable patients in translating the gut-lymph concept to protect individual patient safety and 

maximise recruitment include developing cannulation methods outside the ICU environment in 

patients that are capable of providing prospective informed consent and evaluating efficacy early in 

the development of new therapies to demonstrate individual patient benefit. 

1.8 Hypotheses and thesis outline 

The underlying hypothesis to the work presented in this thesis is that diverting TD lymph or reducing 

its pathological affects through specific drug therapies will mitigate the severity of SIRS and MODS 

and result in improved patient outcomes. Given the barriers outlined above to translating the gut-

lymph concept to clinical practice in patients with MODS, this thesis outlines research that directly 

addresses them. 
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Chapters 3 to 5 of this thesis present three systematic reviews. The purpose of these reviews is to 

provide an up-to-date knowledge base and to inform the subsequent clinical translational studies. Four 

domains of knowledge are reviewed: 

i) the anatomy and physiology of the terminal TD (Chapter 3) 

ii) previous clinical TD interventions to treat diseases (Chapter 4) 

iii) radiological interventions to manage chylothorax (Chapter 5). 

Chapters 6 to 8 of this thesis contain a set of clinical (Chapter 6) and laboratory (Chapters 7 and 8) 

experiments designed to gain surgical access to the TD and identify how the composition of lymph 

changes with the introduction of enteral feeding. The specific hypotheses explored are: 

i) Intraoperative thoracic cannulation of the TD is feasible during oesophagectomy to facilitate 

longitudinal lymph sampling. 

ii) Delayed TD ligation using a radiological embolisation technique is feasible. 

iii) Various inflammatory mediators and markers of intestinal injury in human TD lymph are 

different from human plasma. 

iv) Human TD lymph undergoes changes in flow and composition with the introduction of enteral 

feeding in the post-operative state. 

v) EVs can be isolated from the acellular fraction of human TD lymph. 

Chapter 9 details a series of clinical experiments designed to develop a minimally invasive method of 

TD cannulation informed by the literature and that address the issues that arose in Chapters 6 to 8. 

The specific hypotheses explored in Chapter 9 are: 

i) to optimise the technique of TD lymphangiography 

ii) to develop and evaluate a safe, percutaneous, peripheral and transvenous technique of TD 

cannulation. 

Chapter 10 summaries the key findings of this thesis, discusses the implications and limitations of the 

results and provides direction for future research.  
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Chapter 2. Methods: Systematic reviews, specimen collection, 
laboratory experiments 

2.1 Introduction 

This chapter describes the methods common to a series of studies presented in this thesis. Three 

systematic reviews (Chapters 3, 4 and 5) review the literature and highlight the knowledge deficits that 

inform the clinical studies that follow (Chapters 6 and 9). The laboratory-based studies optimise 

methods to analyse the composition of thoracic duct (TD) lymph in comparison with serum and plasma 

(Chapter 7). They characterise how the composition of TD lymph changes during the transition from a 

fasted to a fed state during the post-operative period. Details of the laboratory experiments used to 

optimise a method for isolating extracellular vesicles (EVs) in TD lymph (Chapter 8) are described in 

this chapter. Aspects of study design specific to each study, particularly the optimisation of clinical 

methods to develop access to TD lymph (Chapters 6 and 9), are detailed in the relevant chapter. 

2.2 Systematic reviews 

The three systematic reviews (Chapters 3, 4 and 5) had the same methodological approaches with 

regard to the literature search, data extraction and statistical analysis. 

2.2.1 Literature search 

For each review, a search of the MEDLINE, Embase, Embase Classic, PubMed and Scopus 

databases were performed to identify the relevant literature. For each relevant search term, a series of 

synonyms were used in combination to identify the relevant studies. MeSH searches were used where 

applicable. All non-English studies were excluded. In addition to electronic databases, the reference 

lists of all eligible studies were screened to identify additional studies. 

2.2.2 Data extraction 

The data for each review was extracted independently by two investigators on a predetermined data 

template developed by the authors. Any differences between the two authors were resolved by 

consensus or by a third investigator. 

2.2.3 Statistical analysis 

The primary statistic used to report data was the incidence of the variable in percentage. The 

heterogeneous nature of the data in each of the reviews precluded a meta-analysis from being 

performed. 
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2.3 Human blood and thoracic duct lymph samples 

This section describes the sampling and processing procedures for time-matched blood and lymph 

samples taken during the studies presented in Chapter 6 and analysed in Chapters 7 and 8. Ethical 

approval for these clinical and laboratory studies was obtained from the New Zealand Health and 

Disability Ethics Committee (12/NTB/67). 

2.3.1 Blood sampling 

The timing of blood sampling was matched to lymph sampling, both intraoperatively and at 0700 and 

2000 hours during the post-operative period. Intraoperatively, each patient had a radial arterial line 

placed. This was used to sample blood for both plasma and serum collection during the intraoperative 

and the high dependency unit phase of the study. When the patient was stepped down to the ward, 

the quad-lumen right internal jugular central venous catheter (Arrow, Reading, PA, USA) provided 

access for blood sampling. Before sampling, 5 mL was discarded from both the arterial and central 

lines. For plasma, 5 mL went into a K2 ethylenediaminetetraacetic acid (EDTA) vacutainer (10.8 mg); 

for serum, 5 mL into a silica-coated serum vacutainer (Becton, Dickson and Company, NJ, USA). Both 

tubes were placed on ice. 

2.3.2 Thoracic duct lymph sampling 

The TD cannulation procedure and apparatus for lymph sampling is described in Chapter 6. 

TD lymph was collected directly into 15 mL tubes (Greiner Bio-one, Rainbach, Austria) directly on ice. 

TD lymph was collected for 1 hour intraoperatively and then the following morning for 2 hours (0700–

0900) and the evening for 1 hour (1900–2000). The TD lymph collection period was subdivided into 

15-minute intervals to alternate the collection of lymph into ‘neat’ 15 mL tubes and 15 mL tubes 

containing 370 µL of EDTA (40 ng/mL) (Life Technologies) for compositional analysis. At the end of 

each 15-minute collection period, the volume produced was recorded. These volumes were then 

summed to calculate the volume of lymph collected during each hour of collection. Following each 

collection period, the pressure tubing was disconnected from the TD catheter at the ureteric catheter 

connector and was occluded by a SmartSite. This intentionally occluded the TD lymph flow between 

collecting periods for 10 (after the morning collection) or 11 (after the evening collection) hours 

respectively. 
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2.3.3 Blood and lymph processing 

The TD lymph, plasma and serum were all centrifuged at 1500 × g for 10 minutes at 4 ⁰C before the 

supernatant was removed. The supernatant was placed into a sterile 15 mL Falcon tube, then at 

3000 × g at 4 ⁰C for a further 10 minutes before being stored in 1.5 mL microcentrifuge tubes (Axygen, 

Union City, CA, USA) at −80 °C. Serum and plasma were divided into 0.5 mL aliquots, and the lymph 

was stored in 1 mL aliquots. 

2.4 Methodology for the compositional analysis of thoracic duct lymph 

The methods in this section were used for the compositional analysis of TD lymph reported in Chapter 

7. The western blot methodology was used in Chapter 9 for the optimisation of a method to isolate 

EVs in TD lymph. 

2.4.1 Protein concentration assay 

Protein concentration was measured using the EZQ Protein Quantitation Kit (R33200) (Invitrogen, 

Paisley, UK). Samples (plasma, TD lymph and EV-enriched TD lymph) were removed from the −80 ⁰C 

freezer and thawed on ice. The supplied ovalbumin protein standard containing 2.0 mg of protein was 

used to make a 10 mg/mL stock solution by adding 0.2 mL of ultrapure water. A serial dilution was 

then prepared fresh for each protein concentration assay from the 10 mg/mL stock. An initial 1:5 

dilution of 4 µL of ovalbumin stock was diluted with 16 µL of ultrapure water. Two-fold serial dilutions 

were performed by adding 10 µL of water. Ultrapure water was substituted for phosphate buffered 

solution (PBS) for the EV experiments in Chapter 8 when samples had been diluted in PBS. 

Dilution of samples was required to ensure that the protein concentration measured would fall into the 

standard curve (0.031 mg/mL to 2 mg/mL). Neat TD lymph samples were diluted by 1:50 (2μL lymph; 

198 μL water) 1:400 (2μL lymph; 798 μL water); 1:800 (1μL lymph; 798 μL water). Plasma samples 

were diluted 1:200 dilution – 2μL lymph; 398 μL water. 

The supplied assay paper was inserted into a 96-well microplate cassette. One microlitre of each 

protein standard and sample was applied in triplicate. One microlitre of buffer alone was added to 

serve as a non-protein control. The paper was dried at 37 ⁰C for 10 minutes before being removed 

from the cassette and washed with 40 mL of methanol for 5 minutes on an orbital shaker. The paper 

was dried again at 37⁰C for 10 minutes before being stained with 40 mL of the supplied EZQ Protein 

Quantitation reagent, protected from light and agitated on the orbital shaker for 30 minutes. Rinse 
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buffer (10% methanol, 7%) was used to wash the assay paper 3 times for 2 minutes. The assay paper 

was completely dried for 25 minutes at 37 ⁰C. 

The dried paper was reinserted to the microplate and fluorescence was measured on an Envision 

2104 plate reader (Perkin Elmer, Waltham, MA, USA) using the ‘ex280 em595’ protocol. Values for 

the samples were calculated using the ‘33 curve fitting’ with 4PL applied and exported. A standard 

curve and R2 value were calculated for each assay. 

2.4.2 Protein gel electrophoresis 

Protein separation by sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) was 

performed using the Bolt Bis-Tris Plus gel system (Life Technologies, Carlsbad, CA, USA) in 

accordance with the manufacturer’s instructions. Samples for each well were prepared by lane by 

normalising for the amount of protein in each sample (1–10 µg), then adding 4X Bolt LDS Sample 

Buffer, 10X Bolt Reducing Agent. Deionised water was used to make samples up to 30 µL. Samples 

were then vortexed, and heated for 10 minutes at 70 ⁰C in a dry bath before purse centrifugation. Bolt 

4%–12% Bis-Tris Plus 15 well gels were removed from their packaging, washed and assembled in the 

XCell SureLock apparatus (Life Technologies, Carlsbad, CA, USA) filled with MOPS SDS Running 

Buffer and Bolt antioxidant (0.1 mL per litre) added to the cathode chamber. The wells were rinsed 

with the MOPS running buffer before 1 µL of the Precision Plus Protein standard (Bio Rad, Berkley, 

CA, USA) and 30 µL of the samples were added to the wells. The gel was then run for 42 minutes at 

200 volts using a Pharmacia Biotech EPS 600 power supply (Amersham Pharmacia Biotech, Uppsala, 

Sweden). 

The gel was removed from the case and then placed in Coomassie stain (0.25% Coomassie R-250, 

40% methanol, 10% acetic acid) for 1 hour on orbital shaker before being rinsed with water. It was 

then destained using 50% methanol, 10% acetic acid wash on orbital shaker. The gel was then 

transferred to deionised water. The gel was read on Odyssey CLx Imaging System (LI-COR 

Biosciences, Lincoln, NE, USA) using the Image Studio software and the 700 channel. 

2.4.3 Western blot 

SDS-PAGE protein separation was performed as per Section 2.4.2 except for the Coomassie staining. 

Instead, the Bolt Bis-Tris Plus 4%–12% gel was removed from the cassette and transferred to a 

nitrocellulose membrane 0.2 µm using the iBlot Gel Transfer Device and the iBlot Gel Transfer Stack 

(Life Technologies, Carlsbad, CA, USA). The bottom stack (anode) was placed directly onto the 
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transfer device. Pre-run gel was then placed onto the bottom stack; a piece of filter paper presoaked in 

deionised water was then placed directly on top of the gel before the top stack (cathode) was placed 

on the filter paper. Bubbles were removed with a roller before a sponge was placed to ensure 

electrode contact and the transfer device was closed. Transfer was performed by selecting the P0 

programme to run for a total of 7 minutes with 1 minute at 20 V, 23 V for 4 minutes and the remainder 

at 25 V. The transfer stack was then disassembled and the gel discarded while the transfer membrane 

was hydrated in PBS for 2 minutes. The membrane was then images on an Odyssey CLx Imaging 

System. 

The membrane was then prepared for western blot by blocking in an Odyssey Blocking Buffer (LI-COR 

Biosciences, Lincoln, NE, USA) (0.4 ml/cm²) for 1 hour at room temperature on the orbital shaker. 

Because of the limited quantities for EV isolate samples, membranes were cut vertically between wells 

to assess various EV and lipoprotein markers when the samples were replicated in the same gel and 

horizontally at set points according to the protein ladder between expected protein bands when 

different samples were compared in each well. 

The primary antibodies used are listed in Table 6 and were either markers of EV or lipoprotein, with 

the exception of albumin. Primary antibodies were diluted to their recommended dilution in Odyssey 

Blocking Buffer with 0.1% Tween 20. Protein gels were cut either between lanes vertically or at set 

protein markers horizontally to enable multiple antibodies to be tested per gel because of the limited 

amount of EV isolate sample. Primary antibodies were incubated overnight at 4 ⁰C with gentle 

shaking. Membranes were then washed 4 times for 5 minutes in PBS + 0.1% Tween 20 with gentle 

shaking. 
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Table 6. List of primary antibodies used in western blot experiments to identify extracellular 
vesicle protein markers and apolipoproteins. 

Primary antibody Marker Expected band Dilution Supplier Catalogue no 
Apo B – polyclonal 
rabbit IgG  

Lipoprotein – 
VLDL and LDL 

Apo B-100 550 
kDA; Apo B-48 
210 kDa 

1:1000 Thermo PA1-27284 

Apo AI – 
monoclonal rabbit 
IgG 

Lipoprotein – 
HDL 

28 kDa 1:1000 Thermo 701239 

Apo E – monoclonal 
rabbit IgG 

Lipoprotein – 
chylomicrons 
and VLDL 

36 kDa 1:1000 Thermo 701241 

Albumin – 
polyclonal rabbit 
IgG 

Albumin 67 kDa 1:1000 Thermo 4929S 

TSG 101 – 
monoclonal mouse 
IgG1 

EV marker 46 kDa 1:500 Thermo MA1-23296 

ALIX – monoclonal 
mouse IgG1 

EV marker 100 kDa 1:1000 Thermo MA1-83977 

CD81 – monoclonal 
mouse IgG1 

EV marker 26 kDa 1:1000 Thermo MA5-13548 

CD63 – monoclonal 
mouse IgG 

EV marker Smear from 30 
to 60 kDa 

1:500 Abcam ab59479 

HSP 70 – 
monoclonal mouse 
IgM 

EV marker 72 kDa 1:1000 Abcam ab2787 

Flotillin-1 – 
polyclonal rabbit 
IgG  

EV marker 49 kDa 1:500 Abcam ab41927 

ALIX, apoptosis-linked gene-2 interacting protein X; Apo, apolipoprotein; CD, cluster of differentiation, EV, 
extracellular vesicle; HDL, high density lipoprotein; HSP, heat shock protein, kDA, kilodalton; Ig immunoglobulin;  
LDL, low density lipoprotein; TSG, tumour susceptibility gene, VLDL, very low density lipoprotein. 

The secondary antibodies used are listed in Table 7. The secondary antibodies were diluted in 

Odyssey Blocking Buffer with 0.1% Tween 20 to their recommended dilution factor. These were then 

incubated with the membrane for 60 minutes with gentle shaking, while being covered in foil to prevent 

exposure to light. Membranes were then washed 4 times for 5 minutes in PBS + 0.1% Tween 20 with 

gentle shaking. Final rinse with PBS was done to remove residual Tween 20. Membranes continued to 

be protected from light and were then read on the Odyssey CLx Imaging System (LI-COR 

Biosciences, Lincoln, NE, USA) using the Image Studio software and the 800 channel. 
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Table 7. List of secondary antibodies used in western blot experiments to identify 
extracellular vesicle protein markers. 

ALIX, apoptosis-linked gene-2 interacting protein X; Apo, apolipoprotein; CD, cluster of differentiation, HSP, heat 
shock protein; Ig immunoglobulin; TSG, tumour susceptibility gene. 

2.4.4 Biochemistry 

Concentrations of standard biochemical analytes were measured in plasma and neat TD lymph 

samples for Patients 3 and 4 on a Hitachi 902 Autoanalyzer (Hitachi High Technologies Corp., Tokyo, 

Japan) using various methods: enzymatic colorimetric (glucose, triglyceride, cholesterol, lipase); 

immunoturbidimetric (apolipoprotein A-I [Apo A-1], apolipoprotein B [Apo B]); enzyme-linked kinetic 

ultraviolet (alanine transaminase [ALT], aspartate aminotransferase [AST], lactate dehydrogenase 

[LDH]); kinetic UV (urea); homogenous enzymatic colorimetric (gamma-glutamyltransferase [GGT], 

high-density lipoprotein [HDL], low-density lipoprotein [LDL]); kinetic colorimetric (creatinine); 

colorimetric (total protein, albumin); Diazo colorimetric (bilirubin); UV-Test (creatine kinase [CK]); direct 

potentiometric using Ion Selective Electrodes (electrolytes). All the reagents were purchased from 

Roche (Roche, Mannheim, Germany). 

2.4.5 Cytokines 

Concentrations of pro-inflammatory cytokines interleukin 6 (IL-6) and tissue necrosis factor alpha 

(TNF-α) were measured in plasma and neat TD lymph for Patients 3 and 4 using the MILLIPLEX MAP 

Human Cytokine/Chemokine Magnetic Bead Panel kit (Cat# HCYTMAG-60K-PX29, EMD Millipore 

Corporation, MA, USA) on a MAGPIX instrument using xPONENT software (Luminex Corporation, 

Austin, TX, USA). 

2.4.6 Markers of gut injury 

The plasma and neat lymph levels of biomarkers of gut injury were determined for Patients 3 and 4 

using commercial kits in accordance with the manufacturer’s instructions: D-lactate assay 

(Cat#ab83429, Abcam, Cambridge, UK); Limulus amebocyte lysate (LAL) chromogenic endpoint 

Secondary antibody Primary antibody target Dilution Supplier Catalogue no 
Goat anti-Rabbit IgG Apo B – polyclonal rabbit IgG 

Albumin – polyclonal rabbit IgG 
Apo A-I – monoclonal rabbit IgG 
Apo E A-I – monoclonal rabbit IgG 
Flotillin-1 – polyclonal rabbit IgG 

1:15,000 LI-COR LCR-926-32211 
 

Goat anti-Mouse IgG TSG 101 – monoclonal mouse 
IgG1 
ALIX – monoclonal mouse IgG1 
CD81 – monoclonal mouse IgG1 
CD63 – monoclonal mouse IgG 
HSP 70 – monoclonal mouse IgM 

1:15,000 LI-COR LCR-926-32210 
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assay (Cat #HIT302, Hycult Biotech, Uden, The Netherlands); thiobarbituric acid reactive substances 

(TBARS) assay (Cat#1009055, Cayman Chemical, Ann Arbor, Michigan, USA); enzyme-linked 

immunosorbent assay for intestinal fatty-acid binding protein (iFABP) (Cat#406-02, Hycult Biotech, 

Uden, The Netherlands) and α-smooth muscle actin (Cat#CSB-E09343h, Cusabio, Wuhan, People’s 

Republic of China). Results were then analysed by calculating the mean and standard deviation for 

the sample periods before (n = 4) the introduction of enteral feeding and after (Patient 3 n = 7, Patient 

4 n = 4). 

2.4.7 Metabolic hormones 

Concentrations of metabolic hormones amylin, C-peptide, gastric inhibitory polypeptide, glucagon, 

insulin, leptin, monocyte chemoattractant protein-1 (MCP-1) and pancreatic polypeptide (PP) were 

measured in plasma and neat TD lymph for Patients 3 and 4 using the MILLIPLEX MAP Human 

Metabolic Hormone Panel kit (Cat# MPHMHEMAG34K11, EMD Millipore Corporation, MA, USA) on a 

MAGPIX instrument using xPONENT software (Luminex Corporation, Austin, TX, USA). 

2.4.8 Small ribonucleic acid sequencing 

Ribonucleic acid (RNA) extraction was optimised prior to sequencing by the Auckland University 

Genomics Facility, comparing the results from two commercial kits: Macherey Nagel NucleoSpin 

miRNA Plasma (Cat # 740981.5, Duren, Germany) and Qiagen miRNeasy Serum/Plasma Kit (50) (Cat 

# 217184, Qiagen Sciences, Dusseldorf, Germany). RNA extraction was attempted on 200 µL, 300 µL, 

400 µL, 600 µL and 800 µL of both fasted and fed lymph samples (36 and 96 hours respectively) using 

the Qiagen miRNeasy Serum/Plasma Kit (50) according to the manufacturer’s instructions to 

determine whether RNA was detectable using Qubit RNA HS Assay (Cat # Q32855, Life 

Technologies, Carlsbad, CA, USA). The effect of heparinase treatment on the quantitation of HS RNA 

was assessed by adding 1 µL of either heparinase 0.2 U per µL (Cat # H2519, Sigma-Aldrich, Saint 

Louis, MO, USA) or control to 2.5 µL of RNA extraction sample prepared by the commercial kits. RNA 

was then quantified by TapeStation assay (Cat #5190-6507, Agilent, Santa Clara, CA, USA) and 

TaqMan quantitative real-time polymerase chain reaction assay (Cat # 4428206, Life Technologies, 

Carlsbad, CA, USA) using miR-16 as a control. 

Following identification of the Qiagen miRNeasy as the optimal kit, four key samples from each patient 

underwent RNA extraction. Samples were then supplied to the Auckland University Genomics Facility 

to sequence the small RNA. Libraries were prepared from the eight samples using a TruSeq Small 
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RNA Library Preparation Kit (Cat #RS-930-1012 Illumina, San Diego, CA, USA). Multiplexed libraries 

were run on 1 × 100 bp SE on a HiSeq 2500 (Illumina, San Diego, CA, USA) over two lanes. HiSeq 

data was then analysed using Genboree Small RNA-seq pipeline software Version 4.6.3 (Baylor 

College of Medicine, Houston, TX, USA)202. 

2.4.9 Proteomics 

Proteomic analysis was performed on four different matched biofluids: plasma, lymph, immune-

depleted (ID) plasma and ID lymph using an integrated data independent acquisition (DIA) and 

quantitative analysis protocol known as SWATH. The samples were run and subsequently data 

analysis was performed by the Australian Proteome Analysis Facility (APAF) using a Triple TOF 6600 

mass spectrometer (AB Sciex, Framingham, MA, USA). 

2.4.9.1 Immunodepletion 

The ID plasma and lymph samples were prepared using Seppro IgY14 Spin Columns (Cat # SEP010, 

Sigma-Aldrich, St Louis, MO, USA) to selectively remove the following highly abundant proteins: 

albumin, α1-antitrypsin, immunoglobulin G, immunoglobulin A, immunoglobulin M, transferrin, 

haptoglobin, α2-macroglobulin, fibrinogen, complement C3, α1 acid glycoprotein, Apo A-I and A-II and 

Apo B. One milligram of total protein was loaded for each sample and was prepared for the 

immunodepletion process according to the manufacturer’s instructions with the supplied neutralisation, 

dilution and stripping buffers. 

Protein concentration of the plasma, lymph, ID plasma and ID lymph samples were then measured 

using the EZQ Protein Quantitation assay. Two hundred microlitres of the plasma and lymph samples 

and 60 µL of the ID plasma and ID lymph were supplied to APAF along with the known protein 

concentration data. 

2.4.9.2 Australian Proteome Analysis Facility sample preparation 

For plasma and lymph, 25 µL of sample was diluted in 475 µL of 50 mM ammonium bicarbonate 

solution before reducing with dithiothreitol (5 mM DTT) and alkylating with iodoacetamide (10 mM 

IAA). Then, 121 microlitres of sample was digested with 20 µg of trypsin for 16 hours at 37 ⁰C. The 

digested sample was diluted in 0.1% formic acid to the final volume of 1375.5 µL and subjected to LC-

MS/MS and LC-SWATH-MS characterisation. 
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With the ID plasma and ID lymph samples, 100 µg of each sample was taken for digestion. Samples 

were diluted in 100 mM TEAB to a final volume of 100 µL. The samples were then reduced with 

dithiothreitol (10 nM DTT), alkylated with iodoacetamide (20 mM IAA) and then digested with 4 µg 

trypsin for 16 hours at 37 ⁰C. The digested sample was dried and resuspended in 100 μL of loading 

buffer (2% acetonitrile 0.1% formic acid). 

The sample preparation was tested by using 5 µL of sample diluted with 5 µL of loading buffer for 1D 

information dependent acquisition (IDA) nanoLC MS/MS analysis. 

For two-dimensional independent data acquisition (2D-IDA), a sample pool was prepared for each 

biofluid with approximately 200 µg of sample to enable high pH reverse phase fractionation (Agilent 

1260 quaternary HPLC system with ZORBAX 300 Extend-C18 column, 2.1 mm × 150 mm, 3.5 µm, 

300Å column). For each biofluid, 12 fractions were pooled, dried and resuspended in 20 µL of loading 

buffer. Ten microlitres of each fraction was used for 2D-IDA analysis. 

2.4.9.3 Data acquisition 

Ten microlitres of each sample was injected onto a peptide trap (Optimize Technologies peptide 

CapTrap) for pre-concentration and desalted with 0.1% formic acid, 2% acetonitrile at 4 µL/min for 5 

minutes before being switched to the analytical column. For both 1D- and 2D-IDA and SWATH, 

peptides were eluted using linear solvent gradients A (0.1% formic acid) and B (99% acetonitrile/0.1% 

formic acid) at 600 nL/min over 90 minutes. For 1D- and 2D-IDA, the reverse phase nanoLC eluent 

was subjected to a positive ion nanoflow electrospray analysis in an information dependent mode and 

switched to a DIA mode for SWATH. 

In the 1D- and 2D-IDA acquisition, a TOF-MS scan from 350 to 1500 m/z was performed with the 20 

most intense multiply charged ions in the survey scan sequentially subjected to MS/MS analysis. 

For SWATH MS, m/z window sizes were determined by precursor m/z frequencies between 400 and 

1250 m/z from the IDA data. In SWATH mode, the initial TOF-MS scan was performed 350–1500 m/z 

and then 60 predefined m/z ranges were sequentially subjected to MS/MS analysis. SWATH data was 

acquired in a random order and each sample was injected once. 



46 

2.4.9.4 Data processing 

The LC-MS/MS data of the IDA runs were searched using ProteinPilot software (Version 5.0, ABSCIE, 

Canada). The Swiss-Prot database (2016) in human taxonomy mode was used primarily with a 

subsequent focused search using the bacterial taxonomy mode. 

For the SWATH quantification, a merged library was constructed from the multiple IDA libraries for 

each biofluid. Data was then extracted using PeakView software (Version 2.1) with the top six most 

intense fragments of each peptide extracted from the SWATH data sets (10-minute retention time). 

Shared and modified proteins were excluded. Peptides with a confidence of > 99% and a false 

discovery rate of ≤ 1% based on chromatographic features were used for quantification. SWATH 

protein peak areas were analysed by the APAF in-house software. Protein peaks were normalised to 

the total peak area for each run and subjected to t-test comparisons to compare quantification 

between sample groups. Protein t-tests with an exploratory p value smaller than 0.1 and a fold change 

larger than 1.5 were identified. Protein class, cellular location, molecular function and biological 

process were determined by the PANTHER Gene Ontology database (www.pantherdb.org). This was 

supplemented by the UniProt database (www.uniprot.org The UniProt Consortium, 2019) if no 

classification was available in the PANTHER Gene Ontology database. Analysis of variance was 

conducted on the average values for each time point to create a heat map of relative abundance. 

Proteins were included if there was a fold change greater than 1.5 between any value. Each row in the 

heat map was scaled to a mean of zero and unit standard deviation with blue values representing 

lower abundance and red values, higher relative abundance. 

2.4.9.5 Determination of protein connection pathways 

The STRING database, Version 11.0, was used to determine connections between proteins 

(https://string-db.org) that had a p value ≤ 0.1 and a fold change ≥ 1.5. 

2.4.10 Polar and non-polar metabolites 

The isolation and quantification of polar and non-polar metabolites (lipids) was performed by The 

Metabolomics Innovation Centre (TMIC) at the University of Alberta. TD lymph and serum samples 

from Patients 3 and 4 were shipped on dry ice from Auckland to Alberta. Samples from Patient 3 were 

used as a pilot to assess the efficacy of extracting polar and non-polar metabolites. The polar 

metabolite analyses included nuclear magnetic resonance (NMR) spectroscopy analysis, quantitative 

gas chromatography–mass spectrometry (GC-MS) analysis and direct infusion–mass spectrometry 
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(DI-MS). The TMIC Quantitative NMR spectroscopy analysis is targeted for the following polar 

metabolites: amino acids, sugars, alcohols, organic acids, amines, citric acid cycle intermediates and 

short chain fatty acids. Quantitative GC-MS analysis at TMIC targets primarily non-polar metabolites 

as well as some lipids and organic acids, and the DI-MS protocol is optimised for biogenic amines, 

amino acids, acylcarnitines, phospholipids and sphingolipids. Two methods of quantitative lipidomics 

for the non-polar metabolites, GC-MS-fatty acid methyl esters (FAME) and the AbsoluteIDQ p400. 

Quantitative lipidomics using GC-MS-FAME classify lipids into four neutral and nine phospholipid 

classes. The AbsoluteIDQ p400 kit (Biocrates Life Sciences, Innsbruck, Austria) quantifies small 

molecule polar metabolites (amino acids, biogenic amines, hexoses), polar and neutral lipids. Results 

from both methods were also specifically integrated to identify lysophosphatidylcholine (LPC) 18:2 and 

20:4 along with lysophosphatidylethanolamine (LPE) 18:2 and 20:4, which had all been previously 

implicated in the pathogenesis of acute lung injury in a rodent model of multiple organ dysfunction 

syndrome195. 

Each method was used in Patient 3 to assess the scope of the metabolome and changes in metabolite 

abundance during the transition from a fasted to a fed state and between the serum and TD lymph 

compartments. Based on these results. the optimal methods for polar and non-polar metabolite 

isolation were used to isolate the metabolites from the serum and TD lymph of Patient 4. 
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Chapter 3. Anatomy and physiology of the terminal thoracic duct 
and ostial valve in health and disease 

3.1 Introduction 

The terminal portion of the thoracic duct (TD) terminates at the TD ostial valve at the junction with the 

central veins. This lymphovenous junction is important in regulating antegrade lymph flow and 

preventing retrograde blood flow109. The return of gut lymph from the TD to the systemic circulation is 

a key event in the pathophysiology of the gut-lymph concept. Historically, access to the TD has 

required open surgery203,204, but there are now reports of minimally invasive access using a retrograde 

transvenous approach for therapeutic embolisation for chylothorax205. Given the marked anatomical 

variation of the terminal TD109, it is not known whether such an approach for TD access will be 

routinely possible in the clinical setting. 

Thus, an understanding of the anatomy and physiology of the terminal portion of the TD and the 

function of the ostial valve is important for the clinical translation of the gut-lymph concept109,206,207. 

The aim of this systematic review was to review the human and animal literature on the embryology, 

anatomy, histology and physiology of the terminal TD, with particular reference to the ostial valve. 

3.2 Methods 

3.2.1 Literature search 

The search terms used were the combined results of “thoracic duct” OR “lymphovenous” OR “ductal 

genu” AND the combined results of “terminal” OR “end” OR “junction” OR “confluence” OR “neck” OR 

“cervical” OR “drainage” OR “outlet” AND the combined results of “anatomy” OR “histology” OR “valve” 

OR “physiology” OR “function”. There was no date or age restriction, and a manual search of all the 

eligible studies was screened to identify additional studies. 

3.2.2 Inclusion and exclusion criteria 

All studies that described either the anatomy or the physiology of the terminal portion of the TD 

through cadaveric examination, intraoperative examination, lymphangiography, contrast computed 

tomography (CT), magnetic resonance imaging (MRI) or ultrasound were included in the study. This 

included non-human studies. Studies were excluded if they solely investigated TD pathology, the right 

lymphatic trunk, TD intervention, thoracic or abdominal portions of the TD and the composition of the 

TD lymph without describing aspects of TD anatomy or physiology. 
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3.2.3 Data extraction 

The data extracted included details of the study population, study design, anatomy and physiology of 

the terminal segment of the TD, lymphovenous junction and ostial valve. Specific anatomical data 

extracted included embryology, course and morphology of the terminal TD, the number of insertions 

into the venous system, sites of TD termination, valves present in the terminal TD and histological 

structure. The following data regarding physiology was also extracted: flow from the TD into the 

venous system, pressure in the terminal TD, pressure in the receiving central venous system, function 

of the ostial valve and reflux of blood into the terminal TD. A preliminary search indicated that there 

was a paucity of human data. Therefore, human and animal anatomical data was gathered and 

correlated to allow for the translation of animal physiology to humans. Data was selected following an 

evaluation of study method, strength of evidence, significance of results and applicability to a clinical 

setting. 

3.2.4 Definitions 

Definitions regarding the TD were required to classify the data. The terminal TD is defined as the 

segment that originates in the root of the neck, at the level of the thoracic outlet, and terminates 

variably into venous circulation in the left neck at the lymphovenous junction109,207,208. A single terminal 

TD is one that remains singular in its supraclavicular course from the level of the thoracic inlet to the 

lymphovenous junction. Conversely, if the terminal course consisted of two or more ducts converging 

or diverging at any point, this was defined as multiple terminal TDs. Those that had multiple ducts that 

later converged to form a common TD trunk emptying into the venous system at a single 

lymphovenous junction were classified as such. Ducts that diverged permanently or consisted of a 

complex plexiform organisation were considered to have multiple TD trunks. Those with multiple 

terminal TD ducts that had no description of the branching pattern were considered unspecified. A 

right-sided TD terminates into the venous system to the right of the midline, which is distinct from the 

right lymphatic trunk, which commonly drains lymph from the right arm and side of the head and neck. 

A dual TD variant occurs when the TD terminates on both the right and the left side. An ampullary TD 

dilation was described as a continuous expanded segment of terminal TD with a convex border on 

imaging. 
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3.3 Results 

A total of 1739 studies were identified from the primary database search. Duplicates were removed, 

leaving 1061 studies. Following abstract screening, 208 remaining papers were fully reviewed, of 

which 62 studies met the inclusion and exclusion criteria. A manual reference search of these 62 

eligible papers was conducted and 31 additional papers were identified. A total of 63 papers were 

included in this study; 47 human and 16 animal studies (Figure 4). 

 
Figure 4. PRISMA flow chart of literature search strategy. 

3.3.1 Embryology of the terminal thoracic duct 

The terminal TD forms from the fusion and growth of two primordial lymph sacs: the jugular and the 

axillary209. In 6-week-old embryos, these primordial lymph sacs bound by endothelial cells are 

observed to sprout from the venous wall at the jugulo-subclavian junction and subsequently fuse209-211. 

At this point, the newly formed jugulo-axillary lymph sac lumen and venous lumen are continuous at 

two points corresponding to the origin of the jugular and axillary sacs209. 
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By 7–8 weeks, the jugulo-axillary lymph sacs show multiple peripheral extensions along adjacent 

veins and towards the posterior triangle of the neck209,211. This growth contributes to the formation of 

the bronchomediastinal, jugular and axillary lymph trunks209. The origin of these trunks may explain 

the intimate association of the adult subsidiary lymph trunks with the terminal TD209,212. 

From 8 to 16 weeks, there are two TDs in the abdomen. The right TD is observed to extend superiorly 

towards the dorso-caudal extension of the left jugulo-axillary sac209,210. This sac is a multilocular 

chamber with a valvular structure at the TD–lymph sac junction210. The presence of a valve at the 

lymphovenous confluence is not consistently reported210. The left TD commonly ends in a short, blind-

ended tube209. Van der Putte observed two variants of the right TD: one that opened into both the left 

and the right jugulo-axillary lymph sac associated with a rudimentary right aortic arch and one that 

solely empties into the right jugulo-axillary lymph sac associated with a persistent right aortic arch209. 

The growth, persistence and obliteration of various structures during embryogenesis contributes to the 

marked variability in TD morphology211,213. 

3.3.2 Anatomy of the terminal thoracic duct 

3.3.2.1 Course 

Variation in the terminal course of the TD is well recognised214,215. The common description of the TD 

in the neck indicates that it enters the root of the neck bound anteriorly by the left clavicle, common 

carotid artery, vagus nerve and internal jugular vein (IJV). Posterior boundaries include the left 

subclavian artery, anterior scalene muscle, phrenic nerve and pre-vertebral fascia. The oesophagus 

and omohyoid are the medial and lateral borders respectively208,216. From this initial posteromedial 

position, the duct arches anterolaterally, running posterior to the left brachiocephalic vein, common 

carotid artery and subsequently the IJV in 65% of cases214,217,218. During this course, the duct also lies 

anterior to the vertebral vein and resembles an inverted ‘J’ shape217,219,220. In 34% of observed left-

sided TDs, the path lies anterior to the IJV and in 1%, posterior to the vertebral vein218,221. The TD then 

curves inferiorly to descend anterior to the subclavian artery to approach the lymphovenous junction 

from the posterior aspect216,217,219. 

3.3.2.2 Branching, dilatation and subsidiary trunks 

The terminal TD may exist as a single duct or multiple ducts. A single duct is present in 72% of human 

subjects (Table 8) and in 73%–88% of cats222,223, 67% of pigs224 and in all rats225 (Table 9). Multiple 

TD tributaries flowing into a single common trunk prior to the termination is observed in 20% of human 
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subjects (Table 8) and 33% of pigs (Table 9). Multiple tributaries flowing into two or more (multiple) 

trunks is observed in 6% of human subjects (Table 10). Therefore, there is a single termination of TD 

in approximately 88% of human subjects (Table 10), 100% of pigs223,224 and 47% of cows226, and only 

9% of human subjects have two terminal ducts (Table 10), which are present in 50% of cows226 and 

25% of cats223. 

The terminal TD has a segmentally dilated appearance in 20%–100% of human subjects212,227. This 

dilation is observed along the length of the TD between semilunar valves207,212,227. When this occurs 

immediately proximal to the lymphovenous junction and distal to the last semilunar valve, it is referred 

to as ampullary dilation and is greater than the rest of the TD, although there is no agreed 

definition212,215,221,228. Tributaries from surrounding subsidiary lymph ducts and lymph nodes may drain 

into the ampulla. An ampullary dilation can be present with each of the multiple TD terminations213,215. 

The frequency of ampullary dilation varies from 5% to 40% in human subjects213,215,228,229, but is also 

reported in all cat, pig and dog studies222-224,230. An increase in ampullary diameter was noted with 

prolonged obstruction of the inferior vena cava in a dog study231. 

There are also three recognised left-sided lymphatic trunks that consistently drain into the terminal 

segment of the TD. These are the left subclavian, left jugular and bronchomediastinal trunks109,212. The 

left subclavian trunk terminates into the terminal TD segment prior to the lymphovenous junction in 

80%–100% of cases. It is closely associated with a lymph node lying on the anterior scalene 

muscle212,219,232. The left jugular trunk follows a similar termination to within 2 cm of the lymphovenous 

junction, but is considered unique because of the lack of valves within its terminal course215,219,229,232. 

The drainage of the bronchomediastinal trunk is variable. Separate studies have observed the trunk 

terminating in the TD prior to the lymphovenous junction, at the junction or separately212,219,232. In the 

terminal 4 cm of the bronchomediastinal trunk, there are multiple bicuspid semilunar valves212. In 

addition to these previously mentioned trunks, the TD may receive one or two efferents from the left 

cranial cervical lymph nodes222,223. 
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Table 8. Variation in the number of terminal thoracic ducts (single or multiple), whether they terminate as a common trunk, as multiple trunks or 
not stated, and the technique employed. 

Table 9. Morphology of the terminal segment of the thoracic duct in animals determined by cadaveric studies. 

Author (references) Technique Animal 
Single terminal duct Multiple terminal ducts 

Total 
Non-Specific Common trunk Multiple trunks Non-specific 

Duras Gormecic et al., 2010  Cadaveric Pig 10 5   15 
Eken et al., 2002  Cadaveric Cat 7 1   8 
Lindsay, 1974  Cadaveric Cat 44   16 60 
Job, 1914 Cadaveric Rat 50    50 

 

Author (references) Technique Single terminal duct 
Multiple terminal ducts 

Total 
Common trunk Multiple trunks Non-specific 

Kammerer et al., 2016  CT 142   18 160 
Seeger et al., 2009 Ultrasound 409 134 21  564 
Srinivasarao et al., 2013  Cadaveric 41   4 45 
Langford, 2002  Cadaveric 9  1  10 
Zorzetto, 1977  Cadaveric 35 8 8  51 
Davis, 1914  Cadaveric 14 3 5  22 
Kinnaert, 1973  Intraoperative 6 31 10  47 
Parsons and Sargent, 1909  Intraoperative & Cadaveric 22 9 9  40 
Total  - 678 (72%) 185 (19.7%) 54 (5.8%) 22 (2.3%) 939 
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Table 10. Number of terminations of the thoracic duct in human subjects and technique employed. 

Author (reference) Technique 
Number of TD terminations 

Total 
1 2 3 ≥ 4 

Kochilas et al., 2014  Ultrasound 10 1 1  12 
Seeger et al., 2009  Ultrasound 543 21   564 
Louzada et al., 2015  Cadaveric 25    25 
Kaur et al., 2012  Cadaveric  1   1 
Chen et al., 2006 Cadaveric  1   1 
Langford, 2002  Cadaveric 9 1   10 
Langford et al., 1999  Cadaveric 21 2 1  24 
Zorzetto, 1977  Cadaveric 43 8   51 
Pomerantz et al., 1963 Cadaveric 45 30 10 18 103 
Greenfield and Gottlieb, 1956 Cadaveric 67 5 3  75 
Celis and Porter, 1952 Cadaveric 24 2   26 
Davis, 1914  Cadaveric 17 2 2 1 22 
Epstein and Debord, 2002  Intraoperative 1    1 
Kinnaert 1973 Intraoperative 7 1   8 
Parsons and Sargent, 1909  Intraoperative & Cadaveric  31 7  2 40 
Total   843 (87.5%) 82 (8.5%) 17 (1.8%) 21 (2.2%) 963 
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3.3.2.3 Location and diameter of thoracic duct termination 

The lymphovenous junction commonly occurs at the IJV or the jugulo-subclavian angle (venous angle) 

in humans109,207. Ninety per cent of TDs reported in the literature have at least one termination into the 

IJV, subclavian vein or venous angle (Table 11). Additionally, there can be further terminations in 

multiple locations. Table 11 outlines all the possible combinations of TD terminations (single or 

multiple) based on the major site of termination. These various TD terminations characteristically occur 

within 1–2 cm of the junction of the left subclavian vein and IJV (venous angle)219,220,229 (Figure 5). In 

10% of human subjects, the TDs terminate in the suprascapular, brachiocephalic, vertebral or 

transverse cervical veins, or in the cervical lymph chain213,215,218,219,229,233. 

Right-sided TD terminations occur in 1%–6% of humans109,221,234. Among these, a reciprocal left-sided 

duct is identified in 76% of cases (Table 12)214,221. Although uncommon, a right-sided course can be 

associated with vascular malformations, including a persistent left superior vena cava, aberrant right 

subclavian arteries, truncus bicaroticus, vertebral artery of aortic origin and duplicated left-sided 

TDs235-239. Similarly, 5% and 7% of cats and Japanese monkeys, respectively, show a bilateral TD 

termination223,240. However, in the monkey, approximately 40% of unilateral ducts occur on the right 

side and are more common variants240. 

In human subjects, the calibre of the terminal TD segment ranges from 2 to 5 jugulo-subclavian , 

irrespective of whether there is a left- or right-sided termination214,219,221,229,241-244. When there are 

multiple ducts in the terminal TD segment, the diameter ranges from 0.5 to 3 mm per duct229. This 

diameter increases with age at the rate of approximately 0.02 mm per year of life214,228,242,245, although 

the relationship between age and diameter has been disputed207,221. The TD penetrates the venous 

wall obliquely229,232 and is narrowed as it opens into the lumen of its receiving vein246. 
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Table 11. Site of thoracic duct termination(s) in 453 human subjects. 

Author (reference) Technique 
Internal jugular vein Subclavian vein Venous 

angle EJV 
Other Total 

Only + EJV 
+ Subcl 

vn 
+ Angle Only + EJV + Angle Only Only 

Srinivasarao et al., 
2013  

Cadaveric 19    4   18   41 

Akcali et al., 2006  Cadaveric     9      9 
Langford, 2002  Cadaveric 3    2   5   10 
Langford et al., 1999  Cadaveric 3       17 2 2 24 
Shimada and Sato 
1997 

Cadaveric 16 16  11  12 10 28  7 100 

Zorzetto, 1977  Cadaveric 15  1  2  4 18  11 51 
Greenfield and 
Gottlieb, 1956 

Cadaveric 20  3  18   19 7 8 75 

Celis and Porter, 1952 Cadaveric 1  1  24      26 
Davis, 1914  Cadaveric 2   1 12   5  2 22 
Kinnaert, 1973b  Intraoperative 1    3   4   8 
Kinnaert, 1973a  Intraoperative 17   1 8  4 16  1 47 
Parsons and Sargent, 
1909  

Intraoperative & 
Cadaveric 

34  3     3   40 

Total   131 (28.9%) 16 (3.5%)  8 (1.8%) 13 (2.9%) 82 (18.1%) 12 (2.6%) 18 (4.0%) 133 (29.4%) 9 (2.0%) 31 (6.8%) 453 
Various combinations of multiple TD terminations are reported below determined by a range of study techniques. There are no subtotals in this table because of the multiple 
combinations available. EJV, external jugular vein; subcl, subclavian; vn, vein. 
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Table 12. Frequency of right-sided thoracic duct lymphovenous junctions in 1435 human subjects and study technique. 

Author (references) Imaging technique 
TD lymphovenous junction 

Total 
Left Right Dual 

Kim et al., 2016  MRI 8 2  10 
Kato et al., 2011  MRI & CT 59 1  60 
Okuda et al., 2009  MRI 70 1 2 73 
Hayashi and Miyazaki, 1999  MRI 4   4 
Takanami et al., 2012 CT 32 3  35 
Liu et al., 2006 CT 277  11 288 
Schnyder et al., 1983 CT 18  2 20 
Seeger et al., 2009  Ultrasound 513 7 44 564 
Cha and Sirijintakarn, 1976  Lymphangiography 241 2  243 
Ammar, 2003  Cadaveric 15   15 
Greenfield and Gottlieb, 1956  Cadaveric 74 1  75 
Celis and Porter, 1952  Cadaveric 25  1 26 
Davis, 1914  Cadaveric 21 1  22 
Total  1357 (94.6%) 18 (1.3%) 60 (4.2%) 1435 

CT, computed tomography; MRI, magnetic resonace imaging. 
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Figure 5. Variation in the location of thoracic duct termination. 

Internal jugular vein (1), venous angle (2), subclavian vein (3) and external jugular vein (4). ‘Other’ 
variations are not included. Reproduced with permission109. 

3.3.2.4 Histology of the terminal thoracic duct and lymphovenous junction 

The TD wall is composed of three well-developed layers: the intima, media and adventitia207,227. In the 

terminal region, the TD has a thin intima formed from endothelial cells and a thin subendothelial layer 

(Figure 6)227. The subendothelial layer is composed of a complex of longitudinally and obliquely 

arranged smooth muscle and connective tissue227,246. Laminin, fibronectin and types I and III collagen 

are all present246. In contrast to the rest of the TD, the terminal TD lacks an internal elastic227. The 

media layer contains a few compact circular smooth muscle fibres, elastic fibres and type I and III 

collagen fibres227,246. The adventitia is the greatest contributor to TD wall thickness and comprises a 

connective tissue complex of laminin and type I and III collagen227. Wall thickness in young adults is 

approximately 0.45 mm, decreasing by approximately 20% in the elderly with a loss of predominantly 

smooth muscle242. 
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Figure 6. Schematic representation of the venous, lymphovenous junction, terminal thoracic 
duct and ostial valve wall. 

(1) Venous, (2) lymphovenous junction, (3) terminal thoracic duct and (4) ostial valve wall. TD, thoracic 
duct; IJV, internal jugular vein; LVV, left vertebral vein. The ultrasound image was taken with 
permission from Seeger et al.221. The components of the wall and their relative thicknesses have been 
adapted from multiple sources246-248. 
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The lymphovenous junction has a very thin intima comprising a thin endothelium and a thicker 

subendothelial layer (Figure 5). The endothelium strongly stains for type I and III collagen, and the 

subendothelial layer is characterised by the presence of smooth muscle, elastic fibres and other 

collagenous fibres246. The lymphovenous junction contains an internal elastic lamina in contrast to the 

terminal TD wall, forming a thin network-like structure. Additionally, two to three layers of longitudinally 

arranged smooth muscle cells surround the lamina. In the media, thin muscle fibres are found forming 

bundles organised longitudinally with some orientated in various other directions. Sparse connective 

tissue (including types I and III collagen) and elastic fibres have been found in this layer246. The 

smooth muscle fibre layer of the TD wall extends into the bases of the ostial valve cusps, but not into 

the cusps themselves227. 

3.3.2.5 Valves of the terminal thoracic duct and the ostial valve 

Two types of valves exist in the terminal TD. A single long bicuspid ‘flap-like’ ostial valve is found at 

the opening of the lymphovenous junction and multiple shorter bicuspid semilunar valves are located 

proximally in the terminal TD prior to the lymphovenous junction212,227,246,249-251. The ostial valve 

consists of two flap-like cusps227,246. These cusps are said to be set obliquely relative to the terminal 

TD lumen owing to the oblique insertion of the TD into the wall of the vein227,251. An upper and lower 

cusp is found at the lymphovenous junction227. The two cusps extend over the lymphovenous junction 

opening and meet in the middle to arrest flow227. 

In humans, the first bicuspid semilunar valve often lies within 10 mm of the ostial valve in the terminal 

TD212,220,227. Proximal to this, several other bicuspid semilunar valves are observed at variable intervals 

(2.5–12 mm)207,212,227. The leaflets of the bicuspid semilunar valves extend into the lumen of the TD 

preventing retrograde flow227. 

Histologically, the ostial and bicuspid semilunar valves are similar251. Both types of valves are simple 

folds of intima with a core of sparse, irregularly arranged smooth muscle cells surrounded by elastic 

and collagenous fibres227,246. 

3.3.3 Physiology of the terminal thoracic duct 

3.3.3.1 Determinants of terminal thoracic duct pressure 

Multiple factors determine the pressure in the terminal TD. Lymph production and the volume of lymph 

within the TD is an important determinant of terminal TD pressure. When lymph production was raised 

and the TD volume increased, a rise in terminal TD pressure was observed in canines230. This has 
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also been observed in other canine studies using positive end expiratory pressure (PEEP) and with 

fluid loading252,253. In these studies, an increased terminal TD pressure resulting from raised lymph 

production and TD volume loading was thought to be the driver of TD lymph flow252,253. 

Terminal TD pressure is also influenced by transmitted aortic pulsations. During pressure 

measurements of the terminal TD in humans and canines, small oscillations of 2 mmHg have been 

observed and these correlated with the heart rate251,254,255. Repeated compression of the TD by the 

adjacent aorta promote antegrade lymph flow with the presence of competent bicuspid valves254. 

Observations in human and animal subjects have revealed cyclical variations in terminal TD pressure 

that correlate with the respiratory cycle. During periods of apnoea, the cyclical changes in terminal TD 

pressure witnessed with respiration are lost251. Studies in canines have revealed that the terminal TD 

maintains a pressure gradient whereby the terminal TD pressure is higher than the receiving vein at all 

times during normal tidal breathing251,255,256. The magnitude of this gradient has been observed to fall 

during inspiration and peak during expiration (Figure 7). The gradient ranges between 2 mmHg and 

8mmHg throughout the respiratory cycle251,255,256. The terminal TD pressure also declines to its lowest 

value during inspiration and reaches its highest value during expiration254,256,257. Inspiratory terminal 

TD pressure may vary from 0 to 17 mmHg in humans254. A sudden 2–5 mmHg rise in TD pressure 

during the onset of expiration has been observed in canines (Figure 7)251,256,257. This rise has also 

been supported in human studies, in which expiratory terminal TD pressures ranged between 2 and 

22 mmHg (Figure 7)254. 
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Figure 7.Schematic representation of the normal variation in intrathoracic pressure, thoracic 
duct pressure, central venous pressure and thoracic duct flow across the lymphovenous 
junction during inspiration and expiration. 

Variation in ostial valve status and the distention of the venous wall is shown. Images of the ostial valve are used 
with permission109. The pressures and flow have been adapted from multiple sources248,251,254,256,257 
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3.3.3.2 Determinants of terminal thoracic duct flow 

The lymph flow through the lymphovenous junction is approximately 1.3 mL/kg of body weight per 

hour, comprising about three-quarters of the total body lymph flow207,243 This flow can increase by up 

to 300% following oral food intake and is proportional to the amount of dietary fat ingested. In fasted 

states, the average flow decreases by up to 80%212. 

Both animal and human studies suggest that flow of lymph into the systemic venous circulation is also 

altered by the anatomy and the physiology of the lymphovenous junction itself231,257. Studies in 

humans, sheep and dogs have revealed a marked increase in flow when the lymphovenous junction is 

bypassed, even when variations in central venous pressure (CVP) are accounted for86,252,258. This 

indicates that there is an impediment to lymph flow at the lymphovenous junction. A relative TD 

narrowing observed at the lymphovenous junction may be responsible for this observation246. The 

basis for such a narrowing has not been defined or reported elsewhere. 

As with terminal TD pressure, the respiratory cycle has a significant influence on terminal TD lymph 

flow. Terminal TD filling and emptying has been observed during the respiratory cycle in humans 

undergoing lymphangiography231,259. This emptying was augmented during high tidal volumes259. In 

anaesthetised and conscious canines, inspiration was associated with a 4–6 cm/sec antegrade 

lymphatic flow velocity, whereas lymph flow stopped during expiration120. This relationship is further 

supported by lymphangiographic studies that show that lymphatic flow is intermittent rather than 

continuous250,260. 

There are conflicting reports regarding the effect of prolonged elevation of the mean CVP (in addition 

to the effect of the respiratory cycle) on terminal TD lymph flow. An early study in anaesthetised dogs 

revealed no change in TD lymph flow per minute across the lymphovenous junction during prolonged 

mean CVP elevation with PEEP ventilation253. However, when lymph production was increased in this 

study, there was no compensatory rise in lymph flow across the lymphovenous junction. This was 

attributed to a limitation in TD flow when CVP is raised because of the closure of the ostial valve in this 

setting (see below)253. This study simulated the effect of increased venous pressure on the TD lymph 

flow in heart failure or liver dysfunction241,258,261. Conversely, Sakai et al. observed that continuous fluid 

loading to achieve a prolonged elevation in mean CVP resulted in an increase in terminal TD lymph 

flow. This study hypothesised that the rise in lymph production promoted flow across the 



64 

lymphovenous junction by increasing terminal TD pressure to overcome the predicted flow limitation 

expected from a rise in CVP252. 

This pressure–flow relationship in the terminal TD is important in certain disease states, including 

cases of right heart failure and liver cirrhosis where marked changes to lymphatic flow are 

observed241,258,261. When venous pressure is chronically elevated, there is a corresponding increase in 

lymph production and filling of the terminal TD. However, because of the lack of a compensatory 

increase in lymph flow through the lymphovenous junction owing to an elevation in CVP, there is an 

observed distension of the terminal TD257. In patients with congestive heart failure, a dilated TD 

(200%–400% increase in diameter) with an increased TD pressure (300% increase) has been 

observed261. Similar findings have been observed in patients with portal hypertension241,258. 

Limb movement, hormones, drugs, metabolic factors and other disease states have also been 

implicated as factors that affect terminal TD lymph flow59,212,262,263. 

3.3.3.3 Ostial valve function 

Venous wall tension has been found to be the primary determinant of the opening and closing of the 

ostial valve in cadaveric specimens227,251. It appears that the ostial valve is unique in that the valve’s 

patency depends on venous wall tension. When the vein wall is under tension, the ostial valve cusps 

become taut and the two cusps meet in the middle. This closes the opening of the lymphovenous 

junction and prevents lymph flow through it227,251. In this tensed state, the ostial valve lies in continuity 

with the intima of the vein wall (Figure 6)227,251. Although there has been no direct visualisation of the 

ostial valve under normal physiology in living patients, the closure of the ostial valve is thought to 

occur at the onset of expiration (Figure 6)251,256,257. This corresponds to the sudden rise in terminal TD 

pressure and CVP with the subsequent cessation of antegrade terminal TD lymph flow mentioned 

earlier251,256,257. The ostial valves open when vein wall tension is decreased and the ostial valve cusps 

recede to the edges of the opening of the lymphovenous junction, to allow antegrade flow227,251,256. 

This is thought to occur during inspiration when CVP, venous wall tension and the magnitude of the 

pressure gradient between the terminal TD and venous wall decrease (Figure 6)230,251,254. The 

semilunar valves found in the terminal TD close when retrograde lymph flow occurs, but filling and 

apposing the cusps. Therefore, unlike the ostial valve, these semilunar valves open during antegrade 

flow and close to prevent retrograde flow, independently of the TD wall tension212,227,251. 
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The ostial valve also functions to prevent reflux during a Valsalva manoeuvre as well as during 

changes in posture such as assuming an erect position from sitting or lying250,251,259. During Valsalva, 

when the ostial valve is closed, an increase in TD diameter can be observed due to continued filling of 

the terminal TD221,259. 

3.3.3.4 Venous reflux into terminal thoracic duct 

It is not clear from the literature whether venous blood refluxes into the terminal TD are a physiological 

or pathological event. Anatomically, the ostial valve, with the oblique insertion of the TD into the 

venous wall and the TD luminal narrowing at the lymphovenous junction, limits retrograde flow through 

the lymphovenous junction229,232,246,260. Physiologically, the limitation of retrograde flow is observed 

even when outflow venous pressure (CVP) exceeds that of inflow TD pressure216,227,254,256. Imaging 

studies have revealed venous contrast reflux in 9%–20% of patients on CT scans and 10% with high-

resolution ultrasound214,221,228. The latter also demonstrated that refluxed venous blood was limited by 

the bicuspid semilunar valves in the proximal TD221. In normal patients, this was attributed to some 

degree of valvular insufficiency, suggesting it is pathological221. Among the terminal TDs observed by 

Seeger et al., 0.3% contained no ostial or semilunar valves in the terminal TD. In these two patients, 

the diameter of the terminal TD was observed to increase by 200%–400% during Valsalva221. In 49 

patients with chronic renal failure, prior to TD cannulation for external lymph drainage to induce 

immunosuppression, blood was observed within the terminal TD in 50% but not related to any 

observable morphological variation of TD or ostial valve229. These mechanisms preventing venous 

reflux likely protect the thin-walled terminal TD from overdistension in normal physiological states. 

3.3.3.5 Clinical imaging of the terminal thoracic duct 

Recent improvements in ultrasound techniques have enabled functional imaging of the terminal TD. 

Visualisation of the terminal TD is possible in 96% of cases using high-resolution ultrasonography 

compared with 76% using standard ultrasonography221,245. In 99% of human subjects, the intensity of 

the ultrasound signal decreases by 20% after a 24-hour fast compared with 6 hours after a lipid-rich 

meal221. The ostial valve can be seen in 40% of cases and visualisation of valve movement has also 

been reported221. It is possible to detect intermittent hyperechoic signals in the outflow vein, indicative 

of antegrade lymph flow through the lymphovenous junction221,264. High-resolution ultrasound can also 

detect retrograde reflux of venous blood into the terminal TD. 
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3.4 Discussion 

This systematic review included 63 studies evaluating the anatomy and physiology of the terminal TD 

and ostial valve. The aggregation of information on the many combinations and the complexity of TD 

termination (Table 11) represent the important contribution of this review to the field. Almost a third of 

TDs have multiple terminations (Table 10), the pattern of which was previously largely ignored109. The 

various patterns of branching in the terminal TD were presented (Table 8), revealing that the TD 

remains as a single duct in its terminal course in approximately 72% of cases. Previous studies have 

described a similar prevalence for double (8.5%) and triple (1.8%) termination variants, as shown in 

this review (Table 10), but have not included TDs that terminate in four or more locations207,216. In 

contrast to Phang et al., this review also explored the combination of termination sites (Table 4) and 

provided a summary of the literature regarding a right-sided (1.3%) and dual (4.2%) terminal TD 

variant (Table 12). Understanding the complex anatomical variation that exists in this area is important 

as a factor in the development of a minimally invasive cannulation of the terminal TD across the 

lymphovenous junction. 

3.4.1 Discussion of physiological findings 

One of the key findings of this review was the relationship between the changes in venous pressure 

during the respiratory cycle and the function of the ostial valve (Figure 6). The ostial valve opens at the 

onset of inspiration when the venous pressure declines and the vein wall relaxes, thus promoting 

antegrade lymph flow across the lymphovenous junction at the ostial valve. At the onset of expiration, 

venous pressure suddenly rises and the venous wall distends, closing the ostial valve and preventing 

further antegrade lymph flow120,254,256,257. This relationship is derived from physiological observations of 

the ostial valve in cadaveric specimens and TD pressure measurements in anaesthetised humans and 

dogs. No direct observations of the valve function during the respiratory cycle have been reported, and 

these findings await confirmation, possibly with improvements in high-resolution ultrasonography. 

Another notable finding was the effect that a raised mean CVP had on lymph flow over and above the 

effect of the respiratory cycle. During chronic disease states in which there is an elevation in mean 

CVP (e.g. in heart failure or cirrhosis), there is a limitation of flow across the lymphovenous junction. 

The raised CVP the TD drains against and the TD luminal narrowing observed at the lymphovenous 

junction may contribute to this finding. Lymph production is increased in both heart failure and 

cirrhosis, and flow across the lymphovenous junction is unable to accommodate this. During these 
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states, the terminal TD pressure does not follow the rise in mean CVP until the distensible terminal TD 

is at capacity. This is consistent with observations made in patients with heart failure and liver disease 

in which dilated TD with raised terminal TD pressures are found241,258,261. This relationship was 

formulated on the assumption that PEEP and volume loading in canines simulates a patient in heart 

failure or liver dysfunction. Unfortunately, no detailed anatomical descriptions of the terminal TD in 

canines were available to assess their anatomical homology with humans and the validity of drawing 

conclusions on human physiology from canine studies. Therefore, conclusions regarding the effect of 

a raised mean CVP on TD lymph flow across the lymphovenous junction in humans require further 

investigation. 

An ampulla is a dynamic structure that acts as a volume reservoir in normal physiology. Observations 

indicated that this structure is governed by multiple physiological factors, including morphology, 

pressure and rate of lymphatic flow221,229,231,259. The marked variation in prevalence of ampullary 

dilations (5%–40%)213,215,229 and observations of variation in the diameter during the respiratory 

cycle254,259 highlight the dynamic function of this anatomical feature but also raise questions about the 

relative importance of these factors. It might also reflect the method of study and the state of the tissue 

(e.g. cadaveric). The distended terminal TD segment observed during heart failure261 and liver 

failure241,258 has been attributed some to the ampulla described under normal physiological conditions. 

Whether the ampullary dilation has any functional significance has yet to be demonstrated. 

3.5 Limitations of this review 

Most of the anatomical observations were made in cadavers, and it is noted that formaldehyde 

preservation can damage soft tissue and alter dimensions265. Among imaging reports, there was 

variation in the ability to visualise the terminal TD: 57%–96% of ultrasound221,245,264, 40%–100% of 

contrast CT214,228,241,244,266-268 and 56%–100% of MRI243,267,269,270. Anatomical variability such as 

multiple narrow calibre ducts or previously undefined variants may contribute to the lack of consistent 

visualisation, thus leading to an underreporting of anatomical variants. Thus, the accuracy of the 

relative prevalence of anatomical observations may be limited by a lack of sensitivity of some imaging 

modalities229. 

Physiological observations have rarely been made in humans and a significant proportion of the 

current understanding of terminal TD physiology is derived from animal, and in particular, canine 

studies254,256,257. Although animal anatomical observations were evaluated, there was a scarcity of 
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canine anatomical data regarding the terminal TD. Therefore, this review was unable to correlate dog 

anatomy with human anatomy and physiology. In the human studies, for example, Kinnaert’s 

measurement of terminal TD pressures were conducted in patients under anaesthesia with a 

background of renal failure254. During anaesthesia, lymph flow decreases as a result of reduced limb 

movement and a change in lymph production at a capillary level262. Therefore, translation of these 

findings to a conscious patient is limited. 

Thus, there are several limitations to this systematic review. The search strategy excluded 58 

potentially relevant non-English papers (Figure 4). However, the search was broad and included all 

relevant English studies in the literature regarding the terminal TD. Published data was generally 

historical and there was a paucity of human physiological data. Animal data was of some value, but 

the range of species and anatomical observations of the terminal TD was also limited, and 

comparisons between human and animal terminal TD anatomy and physiology were rarely made. The 

resulting data set was also heterogeneous in nature. Because of these limitations and the anatomical 

variations in the terminal TD and the related physiology must be interpreted with caution, and further 

studies are clearly required. 

3.5.1 Key implications for translating the gut-lymph concept 

There are a number key clinical implications from this review with regard to establishing access to the 

TD to translate the gut-lymph concept to clinical therapies. The terminal TD shows marked anatomical 

variability and complex physiological mechanisms governing the TD lymph flow across the 

lymphovenous junction. A number of these variations have implications for achieving TD cannulation, 

particularly from a retrograde approach. That the terminal TD is only a single duct 72% of the time 

implies that the external lymphatic drainage needs to be established at a point proximal to the 

divergence of the TD into multiple ducts. Multiple terminations are associated with a narrow duct 

lumen (0.5 to 3 mm per duct) than a single TD (2 to 5 mm), which may be more difficult to cannulate in 

a retrograde fashion. When retrograde TD cannulation is established, the three left-sided lymphatic 

trunks that terminate in the TD, the left subclavian, jugular and bronchomediastinal, all present 

potential pathways for inadvertent cannulation. Sites of TD termination other than the root of the left 

neck will also impede retrograde TD cannulation if this anatomical variation is not recognised. The 

regulation of the ostial valve by venous wall tension, which can be influenced by respiration, provides 

a physiological mechanism to assist with TD cannulation, particularly in ventilated patients with MODS. 
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Chapter 4. Indications, techniques and clinical outcomes of thoracic 
duct interventions in patients 

4.1 Introduction 

Treatment by externally draining thoracic duct (TD) lymph is not a new idea since there is a body of 

older literature, now largely forgotten, that evaluated a number of interventions directed at TD lymph to 

improve the clinical outcome in a range of acute illnesses. The advent of the gut-lymph concept and 

the extensive animal data supporting it62,69,77,271-276 raise the question of whether these older studies 

provide evidence to support the use TD lymph drainage as a treatment of acute illness. Furthermore, 

there may be pertinent learnings from these studies concerning techniques and side effects that may 

inform the translation of the gut-lymph concept. The aim of this study was to review the literature 

regarding thoracic duct interventions (TDIs) in patients, with particular reference to the indications, 

techniques and clinical outcomes. 

4.2 Methods 

4.2.1 Literature search 

A database search (Chapter 2) was performed for all studies related to TDI published between 1 

January 1950 and 1 January 2015. The search terms used were the combined results of “Thoracic 

duct” OR “Thoracic lymph” OR “Cisterna Chyli” AND the combined results of “Cannulation/Cannulate” 

OR “Catheterization/catheterisation” OR “drainage/draining” OR “Ligation/ligate” OR 

“decompress/decompression surgery” OR “dialysis/dialysing” OR “collect/collection” OR “Intervention”. 

Not included were studies that investigated TD lymph for physiologic, compositional and diagnostic 

purposes254,276-284,. All non-human studies were excluded from the search. There was no age 

restriction. 

4.2.2 Inclusion and exclusion criteria 

A study was included if it described any technique that altered TD lymph flow or content with 

therapeutic intent in order to manage a disease or improve a clinical outcome. All study designs were 

included. If a given patient cohort was published in an overlapping study, the report with the most 

substantial results was included. Furthermore, any study that primarily described a technique for TDI 

and was subsequently referenced in another study in order to manage a disease or improve a clinical 

outcome was also included. Studies were excluded if the intention of the TDI was to manage a chyle 

leak (congenital, post-operative or traumatic). Studies were excluded if no mention was made of 
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clinical outcomes (with the exception of technique studies). Studies that only investigated the 

composition of TD lymph were excluded. 

4.2.3 Data extraction 

The data extracted included details of the study population, study design, disease being treated, 

intention of TDI, technique of TDI, clinical outcomes, complications and other relevant outcomes. 

4.3 Results 

A total of 1200 studies were identified from the primary data base search, and four studies were 

identified by secondary searching. After 154 abstracts and full text manuscripts were screened, 71 

studies were selected based on the inclusion criteria. The reasons for the exclusions are shown in 

Figure 8. The dates of publication ranged from 1950 to 2004 (Figure 9). Over half the studies were 

published between 1965 and 1975. The publications were from a range of countries, including 36 from 

the USA, seven from Japan, five from Sweden and two each from Finland, Germany, France and Italy. 

Single studies were published from New Zealand, Belgium, the Czech Republic, Egypt and Greece. 

There was a total of 1093 patients in 45 case series, 15 comparative studies (of which 12 were 

controlled) and 11 case reports. 

 
Figure 8. PRISMA flowchart of literature search strategy. 
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Figure 9. Distribution of the studies of thoracic duct intervention from 1950 to 2014. 

Studies classified into transplantation, organ failure, autoimmune diseases and others (including pancreatitis, 
neoplasm, infection, tuberculosis and obstructive jaundice) over 5-year periods. 

4.3.1 Indications for thoracic duct intervention 

Table 13 shows the different diseases treated by TDI. The studies were categorised as 

transplantation, autoimmune disease, organ failure, neoplasm, inflammatory or miscellaneous. The 

transplantation category comprised 24 studies related to the effect of TD drainage / lymphocyte 

depletion on the recipients of renal, liver or pancreas transplantation and skin grafting. Sixteen studies 

comprised the autoimmune disease category, including rheumatoid arthritis (n = 9), 

glomerulonephritis, systemic lupus erythematous, scleroderma and polymyositis. The neurological 

category comprised myasthenia gravis (n = 2) and multiple sclerosis (n = 1). There were 18 studies in 

the “organ failure” category, 12 of which addressed complications of liver failure, including ascites and 

acute oesophageal variceal bleeding. The category also included the treatment of renal failure (n = 5) 

and congestive heart failure (n = 2). There were six studies in the neoplasia category and four studies 

in the inflammatory disease category, which were all for the treatment of acute pancreatitis (AP). 

4.3.2 Techniques of thoracic duct intervention 

The TD was most often accessed through an incision made in the left neck, one fingerbreadth above 

and parallel to the medial clavicle203,204,285,286. In one study, the TD was accessed by a thoracotomy 

because of anatomical difficulties in the neck287. A dietary fat supplement (e.g. cream or oil) was given 
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to virtually all patients 2–24 hours before the TDI to make identification and cannulation of the TD 

easier. The access procedure was performed under local or general anaesthetic depending on the 

clinical situation. 

The techniques employed for TDI can be divided into techniques that directly cannulate the TD and 

those that create a lymphovenous anastomosis or fistula. Cannulation techniques were initially 

designed to facilitate lymph sampling and external drainage to induce immunosuppression. The 

formation of a lymphovenous anastomosis or fistula was to bypass an obstruction occurring at the 

lymphovenous junction in the neck, which was thought to have contributed to the formation of 

ascites288. 

Two different techniques to cannulate the TD have been described (Figure 10). The TD can be directly 

cannulated by puncturing the side wall of the duct203 (Figure 10A). This maintains the continuity of the 

TD and is designed to retain patency once the catheter is removed. 

Table 13. The diseases that were treated by thoracic duct intervention. 

  Study (n) Patients (n) References 
Transplantation Renal 23 762 204,285-287,289-305 
  Livera (1) 10 109 
  Skin graft 1 10 306 
Autoimmune Rheumatoid arthritis 9 49 307-315 
  Glomerulonephritis 2 23 316,317 
  SLE and vasculitisb, c  2 + (2) 5 318,319 
  Scleroderma and polymyositisd (1) 7 320 
  Myasthenia gravis 2 13 321,322 
  Multiple sclerosis 1 14 323 
Organ failure Liver 12 84 288,324-334 
  Renal  5 16 319,335-338 
  Heart e 1 + (1) 13 261,331 
Inflammatory Acute pancreatitis 4 43 78-80,88 
Neoplastic Metastatic disease f 3 13 203,339,340 
  Leukaemia 1 10 204 
  Neoplasm 1 22 341 
  Melanoma 1 1 342 
Miscellaneous Tuberculosis 1 2 343 
  Obstructive jaundice 1 13 344 
 Sepsis 1 50 345 

Data presented includes the number of studies and patients. Numbers in parentheses represent the number of 
studies with multiple indications. 
a Published in conjunction with renal study. 
b Published in conjunction with rheumatoid arthritis and scleroderma/polymyositis study. 
c Published in conjunction with rheumatoid arthritis study. 
d Published in conjunction with rheumatoid arthritis and SLE study. 
e Published in conjunction with liver failure study. 
f Metastatic lung cancer, oesophageal cancer and seminoma. 
SLE, systemic lupus erythematosus. 
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The other technique involves cannulating the TD through the open, distal end after dividing the duct 

and ligating the proximal or venous side204 (Figure 10B). This second technique may improve 

exposure and increase the likelihood of successful cannulation. Both techniques allow ligation of TD 

tributaries of the TD since the development of collaterals will decrease the success of long-term 

drainage307. The lymphovenous fistula technique has been described with several variations, including 

a side-to-side or end-to-side anastomosis286 (Figure 10C) between the TD and the internal jugular 

vein, as described by Puttini324. Another approach involved creating an anastomosis between the 

distal end of the external jugular vein and the side of the TD, as described by Aboul-Enein325. 

 
Figure 10. Techniques for thoracic duct interventions including cannulation: Linder technique 
(Panel A), Bierman technique (Panel B) and lymphovenous fistula (Panel C)58. 

The drainage techniques used different catheter materials, including polyethylene, Silastic and Teflon. 

The catheter design was almost exclusively single lumen, although a double lumen Swan-Ganz 

catheter was described to allow lymph drainage and heparinisation at the same time285. It was routine 

to use gravity for TD lymph drainage. The TD lymph was either processed in some way to alter its 

composition before reinfusion or it was discarded and the volume replaced by intravenous fluids. 

The direct removal of the catheter from the TD in the left neck appeared to be safe with pressure 

applied over the cannulation site261,346. Another removal method was to gradually elevate the drain 

above the level of the neck before clamping it for 24 hours to encourage the clotting of the TD prior to 

removal of the cannula88,285. 
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4.3.3 Clinical outcomes from thoracic duct intervention 

4.3.3.1 Morbidity and mortality 

The most common complication of TDI was wound infection. While the incidence of wound infection 

was not consistently reported, the most complete data indicated an incidence of 5%–10%286,308,346. 

This was the most common reason for unplanned early termination of TDI. For this reason, 

prophylactic antibiotics were frequently part of the study design. Other rare complications of TDI that 

were reported included accumulation of lymph in the neck (lymphocoele), transient oedema of left arm 

and face, temporary Horner’s syndrome, chylothorax and retained catheter285. One study reported that 

10 out of 47 patients experienced back pain when TD catheters were clamped, and these symptoms 

lasted 2 to 10 hours347. The main complication of the lymphovenous fistula technique was anastomotic 

stenosis preventing effective bypass of the obstructed lymphovenous junction324. There was no 

reported mortality related to the TDI. 

4.3.3.2 Outcomes from thoracic duct intervention in transplantation 

Table 14 presents the outcomes from TDI in transplantation. Lymphocyte depletion by TD lymph 

drainage was hypothesised to cause suppression of both cell-mediated and selected humoral 

immunity306. Therefore, TDI was used as an adjunct to corticosteroid and azathioprine therapy to 

reduce graft rejection in clinical transplantation. Contrary to earlier studies in which TD lymph drainage 

and transplantation were commenced contemporaneously289 or a few days prior to transplantation290, 

Starzl and colleagues established the optimal timing for TD lymph drainage at 30 days prior to 

transplantation287,291. Lymph was collected and the cellular component separated from the lymph so 

that the cell-free lymph was returned to the patient via intravenous infusion. This helped to maintain 

fluid balance and prevented excessive protein loss292. Levine et al.306 suggested that the effectiveness 

of TD lymph drainage on graft survival could be predicted by measuring the residual lymphocyte 

output (RLO). This is the percentage ratio of lymphocytes removed in the last week to the first week of 

TD lymph drainage. Their study demonstrated that the RLO was inversely proportional to the length of 

graft survival. Furthermore, greater skin graft survival was associated with a lower RLO regardless of 

the duration or volume of lymph drained. 

Improved graft survival and less frequent rejection episodes were noted following external TD lymph 

drainage and lymphocyte depletion in renal, liver and pancreas transplantation290,348. It was noted that 

this treatment almost eliminated the risk of early graft rejection in renal transplant recipients293 and had 
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the advantage of minimal side effects compared with the immunosuppressant therapy of the day 

(steroids and azathioprine)349. 

The main treatment limitation of TD lymph drainage and lymphocyte depletion was that the beneficial 

effects did not persist. The early impressive results of increased graft survival and reduced rejection 

were not sustained into the second year and there was no impact on overall patient survival293. On this 

basis, it was concluded that TD lymph drainage and lymphocyte depletion did not alter antibody-

mediated graft rejection292. Following the introduction and evaluation of cyclosporine, treatment by TD 

lymph drainage was abandoned because there was no additional benefit294. This experience with TD 

lymph drainage in the context of transplantation did, however, demonstrate the feasibility and safety of 

this technique in human subjects. 
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Table 14. The design and clinical outcomes of the studies of thoracic duct intervention in transplantation. 

  First author Year Reference (n) Patients (n) Study design Techniques Outcomes 
Renal Franksson 1964 295 1 Case report TDLD TD lymph drainage was well tolerated, 

transplant successful (1/1) 
  Sonada 1966 289 7 Case series TDLD 2/7 patients transplanted, both died of 

complications, no rejection on autopsy  
  Tilney  1967 290 20 Control/comparison TDLD Better graft and patient survival, less 

rejection with higher flow TD lymph 
drainage 

  Franksson  1967 296 21 Case series TDLD Fewer rejection episodes, unrelated to 
TD lymph drainage volume  

  Tilney 1968 297 14 Case series TDLD Lymphopenia in 3–5 days, lasting 5/12 
after TD lymph drainage stopped 

  Shehadeh  1969 347 47a Case series TDLD Back pain for 2–10 hours when TD 
clamped in 10/47 patients 

  Tilney  1970 298 58 Control/comparison TDLD Better outcomes for higher flow TD 
lymph drainage (genetically related 
donor) 

  Sarles 1970 299 26 Case series TDLD TD lymph drainage reduced the need 
for immunosuppressant dose 

  Fish  1970 286 20 Case series TDLD 16/20 successful drain, 9/16 had re-
cannulation, 7/16 with uneventful 
drainage 

  Franksson 1976 346 51 Control/comparison TDLD Effective immunosuppressant for 
cadaveric grafts 

  Traeger  1978 300 34 Control/comparison TDLD TD lymph drainage increased graft 
survival, less early rejection, no reduced 
mortality 

  Starzl 1979 348 20 Case series TDLD Survival of renal graft (16/20)  
  Starzl 1979 287 40 Control/comparison TDLD TD lymph drainage best as pre-

treatment irrespective of antibody status 
  Starzl  1979 291 27 Comparison TDLD Longer TD lymph drainage pre-

treatment is associated with superior 
outcomes 
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  First author Year Reference (n) Patients (n) Study design Techniques Outcomes 
  Richie  1980 301 74 Case series TDLD TD lymph drainage is effective despite 

strong cross-match  
  Koep  1980 285 90 b Case series TDLD TD lymph drainage successful rate 

86/90 
  Starzl 1981 293 87 c Control/comparison TDLD TD lymph drainage best as pre-

treatment, effect reduced after 1 year  
  Fish 1981 302 110 Control/comparison TDLD Better early, but similar longer term 

graft survival with TD lymph drainage 
  Fish  1983 292 93 Case series TDLD TD lymph drainage does not alter 

antibody-mediated rejection 
  Oshima 1987 303 39 Comparison/control TDLD Better early result with TD lymph 

drainage, but no advantage after 4 
years 

  Kinukawa 1989 304 39d Comparison/control TDLD TD lymph drainage group with acute 
rejection had better graft survival 

  Takeuchi 1992 305 74 Comparison/control TDLD TD lymph drainage with AZA had higher 
rate of acute rejection 

  Kinukawa 1997 294 33 Comparison/control TDLD Adding TD lymph drainage to 
immunosuppressant drug had no 
advantage 

Liver Starzl 1979 348 10 Case series TDLD Survival of liver graft (7/9); partial 
pancreas (1/2) 

Skin Levine 1975 306 10 Case series TDLD Length of graft survival correlated 
inversely with residual lymph output 

a Tilney patients from 91, 92. 
b Starzl patients from 35, 51. 
c Starzl patients from 35, 51. 
d Oshima patients from 97. 
TDLD, thoracic duct lymph drainage; AZA, azathioprine. 
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4.3.3.3 Outcomes from thoracic duct intervention for autoimmune diseases 

The outcomes from TDI for autoimmune disease are presented in Table 15. The same principle of 

immunomodulation via lymphocyte depletion by TD lymph drainage for transplantation was applied to 

the treatment of autoimmune diseases. Results from the case reports and series showed that TD 

lymph drainage led to marked clinical improvement in patients with severe refractory rheumatoid 

arthritis, systemic lupus erythematosus and scleroderma, and some improvement in patients with 

glomerulonephritis, polymyositis, myasthenia gravis and multiple sclerosis (Table 15). In contrast, 

unprocessed lymph with intact lymphocytes caused an exacerbation of symptoms in patients with 

rheumatoid arthritis when re-infused (Table 15)308. 

As with transplantation, the use of TD lymph drainage for treatment of autoimmune diseases was 

limited by the duration of its clinical effectiveness. Most of the patients experienced relapse of their 

symptoms soon after the termination of TD lymph drainage. Despite that, only a small number of 

patients remained in remission; most patients subjectively experienced less severe symptoms 

following TD lymph drainage307. 
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Table 15. The design and outcomes of the studies of thoracic duct intervention in autoimmune diseases. 

  First author Year Reference (n) Patients (n) Study design Techniques Outcomes 
Rheumatoid 
arthritis 

Wegelius 1970 309 6 Case series TDLD Stable in 4/6, improvement 1/6, remission 1/6 

  Paulus  1973 310 1 Case report TDLD Marked clinical/biochemical improvement for 4/52  
  Pearson  1976 311 16 Case series TDLD Partial/complete clinical response within 14 days of TD 

lymph drainage 
  Edgren  1976 312 2 Case series TDLD/LI  Good clinical response with TD lymph drainage and 

lymph irradiation  
  Paulus  1977 308 12 Control/comparison  TDLD Clinical/biochemical response in 7 days, lasting 12 

weeks  
  Machleder 1978 313 11 Case series TDLD Good clinical improvement  
  Ueo  1979 314 5 Case series TDLD Complete or partial response seen in most patients  
  Paulus 1979 307 12 Case series TDLD TD lymph drainage is effective in managing RA  
  Vaughan  1984 315 5 Case series TDLD Good response 4/5 patients, effect lasted 10 months  
Glomerulonephri
tis 

Bonomini 1970 316 15 Case series TDLD Remission or improvement in 11/15 patients  

  Ravnskov 1977 317 8 Case series TDLD Temporary improved renal function 
SLE and 
vasculitis 

Nyman 1977 320 1 Case report TDLD Good clinical response, and remission for 22 weeks  

  Machelder 1978 313 2 Case series TDLD Good clinical improvement 
  Paulus 1979 307 2 Case series TDLD TD lymph drainage is effective in managing SLE 
Polymyositis/ 
scleroderma 

Machelder 1978 313 7 Case series TDLD Improvement in scleroderma, no improvement in 
polymyositis 

Myasthenia 
Gravis 

Tindall 1973 321 1 Case report  TDLD Clinical improvement 

  Bergstrom  1975 322 12 Case series TDLD Clinical improvement 
Multiple 
sclerosis 

Ring  1974 323 14 Case series TDLD Moderate improvement with combination of ALG and TD 
lymph drainage  

TDLD, thoracic duct lymph drainage; LI, lymph irradiation; RA, rheumatoid arthritis; ALG, anti-lymphocyte globulin; SLE, systemic lupus erythematosus. 
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4.3.3.4 Outcomes from thoracic duct intervention for organ failure 

The outcomes from TDI for organ failure are presented in Table 16. Dumont et al.326 noted that 

patients with liver failure from cirrhosis had a dilated TD. These patients produced high lymph flow 

when TD lymph drainage was commenced, which reduced liver volume, ascites and portal venous 

pressure. Based on these findings, a number of studies (n = 12) were conducted to evaluate the effect 

of both TD lymph drainage and lymphovenous fistula as treatments for ascites and oesophagus 

variceal bleeding (due to expected portal venous pressure effects). Although some studies325,327,328 

suggested that this was effective treatment, neither of the techniques demonstrated consistent 

improvements in patient outcomes. In most cases, patients with variceal bleeding either continued to 

bleed or relapsed329,330. It was concluded that TDI had undesirable haemodynamic effects on shocked 

patients because it further prolonged and compounded hypovolaemia, despite lymph reinfusion, which 

was delayed because of processing. This emphasised the importance of prompt replacement fluid 

therapy (Table 16). 

Heart failure has also been treated by TD lymph drainage, with a prompt and marked reduction of 

ascites, oedema, dyspnoea and hepatomegaly261,331. Physiologic studies demonstrated decreased 

central venous pressure. There was also evidence of enhanced cardiac output with increased 

amplitude of peripheral pulses, arterial pressure and urinary output. The outcomes from a study of 12 

patients with intractable heart failure found that four were discharged home, three required an 

operation (repair of septal defect, annuloplasty of mitral and tricuspid valves, and right lower leg 

amputation) and five patients died. Three of these deaths were after TD lymph drainage had been 

discontinued and two died despite TD lymph drainage. No deaths that occurred were considered to be 

a direct result of any TDI261,331. 

Renal failure has been treated by TD lymph drainage to lower serum urea while waiting for the kidney 

function to improve with fluid therapy335. Using TD lymph drainage as a form of dialysis has been 

described319,336 and although both clinical and biochemical improvements were noted, the first patient 

died of severe magnesium depletion after 78 days. A further four patients were investigated using a 

modified protocol to minimise electrolyte disturbance, and these patients experienced profound 

lymphocytopenia within the first 40 days of lymph diversion and dialysis. In another report, TDI was 

used to control uraemia in patients awaiting renal transplantation. This failed even though there was a 
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reduction in fluid overload and improved electrolyte profiles because it proved difficult to reduce the 

uraemia such that all of the patients still required haemodialysis337. 

4.3.3.5 Outcomes from thoracic duct intervention for acute pancreatitis 

Four small studies investigated the effectiveness of TDI on the clinical outcome from AP (Table 17). 

This was based on the proposition that TD lymph drainage would prevent inflammatory factors 

reaching the systemic circulation79,88. In a study of 10 patients with AP, it was shown that TD lymph 

drainage led to a clinical improvement of abdominal pain, peritonism and shock. A dose–response 

relationship was noted since larger volumes of TD lymph drained correlated with the greater clinical 

improvement. In another study of 12 patients, TD lymph drainage improved gas exchange in patients 

with respiratory impairment or acute respiratory distress syndrome (ARDS) secondary to AP79,88. The 

researchers noted that arterial oxygenation began to improve as soon as TD lymph drainage was 

started. The patients with ARDS had a greater absolute improvement in their oxygenation compared 

with the patients at risk of ARDS, who had less severe respiratory dysfunction when the intervention 

commenced. Eight of the 12 patients also underwent peritoneal dialysis. In contrast with these two 

studies, a third study compared peritoneal dialysis (n = 6) with TD lymph drainage (n = 5) for treating 

AP. The study was terminated early because of “increased mortality” in the TD lymph drainage 

group78.  
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Table 16. The design, techniques and outcomes of the studies of thoracic duct intervention in organ failure. 

Techniques of TDI included thoracic duct lymph drainage (TDLD) with or without dialysis of lymphatic fluid and lymphovenous fistula (LVF). 

  First author Year Reference (n) Patients (n) Study design Techniques Outcomes 
Liver Dumont 1960 326 4 Case series TDLD Reduced ascites, portal venous pressure and variceal 

bleeding    Dumont  1966 288 4  Case series TDLD 
  Cueto 1967 332 5 Case series TDLD Reduced ascites, portal venous pressure and variceal 

bleeding 
  Fish 1968 333 4 Case series  TDLD Clinical effect only with negative fluid balance  
  Megevand 1969 327 2 Case report LVF Decreased variceal bleeding 
  Kessler 1969 329 7 Control/comparison TDLD No control of acute variceal bleeding  
  Clauss 1970 331 1 Case report TDLD Weight loss (25 kg), but worse renal function in 6/7  
  Ungeheuer 1971 330 9 Case series LVF No change in bleeding or mortality  
  Rigas 1971 328 10 Case series TDLD Controlled acute variceal bleeding in all patients  
  Datta 1971 334 6 Case series TDLD No control acute variceal bleeding and high mortality 
  Abould-Enein 1980 325 15 Case series LVF Effective treatment for ascites (schistosomal hepatic 

fibrosis) 
  Puttini 1984 324 21 Case series LVF Not effective treatment of portal hypertension and 

ascites 
Renal Cronemiller 1959 335 4 Case series TDLD Lowered plasma urea and clinical improvement 
  Sarles 1965 319 1 Case report TDLD/dialysis Biochemical/clinical improvement, but death (low Mg)  
  Sarles 1966 336 4 Case series TDLD/dialysis Marked biochemical/clinical improvement  
  Artz  1966 338 3 Case series TDLD/Dialysis A new technique for thoracic duct lymph dialysis was 

proved 
  Sonoda 1969 337 4 Case series TDLD/Dialysis Lymph dialysis reduced fluid/electrolytes, worse renal 

function  
Heart Witte 1969 261 12 Case series TDLD Improved symptoms, decreased CVP, ascites, oedema  
  Clauss 1970 331 1 Case report TDLD 
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Table 17. The design, techniques and outcomes of thoracic duct intervention for acute pancreatitis and miscellaous indications. 

Interventions classified into acute pancreatitis and miscellaneous indications (neoplasm, tuberculosis, sepsis and obstructive jaundice). Techniques included thoracic duct 
lymph drainage (TDLD), peritoneal dialysis (PD as a comparison) and lymph fluid depletion (LD) with return of the cellular component. 

  First author Year Reference (n) Patients (n) Study design Techniques Outcomes 
Acute pancreatitis Brzek  1969 79 20 Case series TDLD Improved clinical outcomes 
  Stone 1981 78 5 Control/comparison TDLD Higher mortality compared with peritoneal dialysis 
  Dugernier 1989 88 12 Case series TDLD/PD Improved renal, cardiac and respiratory function 
  Montravers 1995 80 6 Case series TDLD No clinical improvement 
Lung cancer Linder  1958 203 5 Case series TDLD Technique of cannulation and lymph sampling was 

effective 
  Takita 1976 339 1 Case report TDLD/LD  TD lymph drainage is able to “unblock” tumour 

specific blocking factor, patient well 
  Girardet  1975 340 9a Case series TDLD ‘Side fistula’ was effective resulting in continued 

drainage for 21 days  
Leukaemia Bierman 1953 204 10 Case series TDLD No beneficial or deleterious effect observed clinically  
Neoplasm  Shafiroff 1959 341 22 Case series TDLD Technique for lymph sampling was successful, 

patient well 
Melanoma Isbister 1975 342 1 Case report TDLD/LD  TD lymph drainage able to hamper blocking actively 

until 24 hours after cessation of drainage, patient 
died within a week because of metastatic disease 

Tuberculosis Witte 1963 343 1 Case report TDLD/ 
Culture 

TB cell identified with lymph sampling, patient well 
with treatment 

  Girardet  1972 350 1 Case report TDLD Side fistula was effective without the need for TD 
ligation 

Sepsis Cole 1969 345 50 Case series TDLD/ 
Culture 

Bacteria can spread via thoracic duct, lymph culture 
of occult sepsis 

Jaundice Witte 1968 344 13 Case series TDLD Lymph flow rate altered according to different cause 
of jaundice, patients well during drainage 

a Six lung cancer, one oesophageal cancer, one lymphoma and one seminoma patients. 
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Three patients in the TD lymph drainage group had no improvement in respiratory function resulted 

from TD lymph drainage and four of the six patients died, three within the first week. It was noted that 

there were elevated levels of cytokines and pancreatic enzymes in both plasma and TD lymph. The 

authors considered that it was not possible to draw any conclusions about the utility of TD lymph 

drainage with the limited number of patients with such established severe lung injury and multiple 

organ dysfunction syndrome (MODS) (Table 17). 

4.3.3.6 Outcomes from thoracic duct intervention for miscellaneous indications 

There have been a number of studies of TD lymph drainage in patients with terminal metastatic 

malignancy203,204,339,341,342,350, without any demonstrable clinical benefit (Table 17). Drainage of the TD 

lymph has also been used to aid diagnoses. In one study, there was an unsuccessful attempt to 

determine the cause of obstructive jaundice by TD lymph drainage344. The culture of TD lymph has 

been consistent with results from blood culture and lymph node biopsy in patients with sepsis and 

TB345 (Table 17). 

4.4 Discussion 

This study reviewed 71 studies that used some form of intervention to TD lymph and focused on the 

indications, techniques and clinical outcomes. The TDIs covered a wide range of indications in many 

different diseases in many countries. A notable trend was the surge of interest in this approach to 

treatment during a 20-year period (1965–1985) and the virtual cessation of publications over the past 

20 years (Figure 9). Overall, the efficacy of TDI appears equivocal, reflecting the poor quality of the 

published studies. This was not formally evaluated because the studies were generally underpowered, 

observational and non-comparative in design. Any conclusion regarding clinical efficacy of treatments 

using TDIs must be interpreted with caution, even though some results remain intriguing. One of the 

key findings of the review is that TDIs are generally safe. There were no reported procedure-related 

mortalities and serious complications were rare, although the possibility of publication bias exists. The 

most common frequent complication was wound infection, which resulted in premature termination of 

TD lymph drainage in about 5%–10% of cases286,308,346. Ideally, this review would have been 

strengthened by comparing the rates of wound infection and other complications between the different 

indications and surgical techniques for TDI. The type and quality of data in the published studies did 

not allow for this. 
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The reasons for the decline in interest regarding the potential therapeutic benefits of TDI are 

necessarily speculative but are likely to be a combination of the invasive nature of TDIs and their lack 

of clear efficacy across this wide range of indications. Without strong evidence of widespread clinical 

benefit, the logistical demands and resource implications of duct cannulation, lymph drainage and fluid 

replacement may have proven to be too resource intensive. 

Another likely reason for the decline in the therapeutic use of TD lymph drainage is the development 

of less invasive and more specific treatments. These include immunosuppressive drugs in 

transplantation, monoclonal antibodies for autoimmune conditions, interferon therapy in liver failure, 

percutaneous paracentesis for ascites, peritoneal and haemodialysis for renal failure and new 

diuretics for heart failure. These advances have reduced the impetus to further evaluate TD lymph 

drainage in acute and critical illness. However, despite all these advances, there remains a significant 

group of patients with a range of critical illnesses, such as those with AP that develop organ failure. 

This raises the possibility that external drainage of TD lymph might be of therapeutic benefit. 

4.4.1 Limitations 

There are several limitations to this review. Meta-analysis was not done because the primary studies 

did not allow it. Definitive conclusions are difficult because of varied study designs, as discussed 

above. Over 80 technical papers were excluded because they did not report clinical outcomes or were 

not published in English. The Russian literature, in particular, indicates that TD lymph drainage was 

used for the treatment of liver failure and AP patients; the literature search also identified other 

European countries where this was the case. 

4.4.2 Thoracic duct intervention for systematic inflammatory response syndrome 
and multiple organ dysfunction syndrome in acute pancreatitis 

The question remains whether a randomised controlled trial in a well-defined patient cohort for specific 

critical illness states (such as AP), at the optimal time in the disease course, might demonstrate a 

clinical benefit for TD lymph drainage. From the available data summarised in this review, it would 

appear that clinical equipoise persists regarding the role of TD lymph drainage in AP. In contrast to 

autoimmune conditions, transplantation, ascites and renal failure for which new specific therapies 

have been developed, this is not so for AP. The four studies identified in this review have design 

limitations and fail to report on patient baseline characteristics. Two non-randomised studies 

suggested a possible dose–response relationship between the volume of lymph drainage and clinical 

improvements such as blood pressure, oxygenation, abdominal pain and peritoneal signs79,88. These 
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findings are supportive of the gut-lymph hypothesis as a driver of systematic inflammatory response 

syndrome and MODS in AP. The effect of TD lymph drainage in the settings of trauma, sepsis and 

haemorrhagic shock should also be considered given our current understanding of the gut-lymph 

concept. 

4.4.3 Future directions 

If the clinical benefit of TDIs in the context of the gut-lymph concept were to be evaluated in the 

modern era, then a number of issues, highlighted by this review, would need to be addressed. Careful 

attention to study design would be required, including the selection of the study population, the 

severity of disease, the timing of the intervention, the nature of the control group, the power of the 

study based on clinically important endpoints and the need for randomisation to account for many 

potential confounders. Given the potential concerns about invasive cannulation of the TD, 

consideration should be given to the development of a minimally invasive technique to allow sampling 

and drainage of TD lymph (Chapter 9). Consideration would also need to be given to the most 

appropriate fluid replacement protocol to accompany TD lymph drainage. 
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Chapter 5. The percutaneous treatment of chylothorax in adult 
patients: A systematic review of techniques and efficacy 

5.1 Introduction 

In 1998, Cope described thoracic duct embolisation (TDE); the first interventional radiology procedure 

described to manage a chylothorax. The technique consisted of either a unipedal or a bipedal 

lymphangiogram to identify the cisterna chyli. Under fluoroscopic guidance with local anaesthetic and 

intravenous sedation, a guidewire was inserted into the peritoneal cavity through a stiffened cannula 

and coaxial dilator to puncture either the cisterna chyli or a large retroperitoneal lymphatic trunk. The 

larger guidewire was then exchanged for a micro guidewire to facilitate the placement of microcoils to 

achieve embolisation proximal to the point of chyle leak190,191. 

Since this initial description, there have been significant developments in the technology and 

techniques of lymphangiography, higher resolution TD imaging modalities, embolisation materials and 

other techniques to achieve resolution of chylothorax. Technically demanding pedal lymphangiography 

requiring cut-down, dissection and cannulation of thin pedal lymphatic vessels351 has been 

superseded by the simpler technique of inguinal lymphangiography. This uses ultrasound-guided uni- 

or bilateral contrast injection of groin lymph nodes, which has allowed advancement and dissemination 

of TD interventional techniques157,351,352. The materials available for embolisation have also expanded 

to include a number of liquid embolic agents163,353-355 that have been used alone or in conjunction with 

coils. 

The major technical challenge of TDE is the identification of the lymphatic target and its subsequent 

cannulation. This is in part due to anatomical variations, including no cisterna chyli and multiple 

TDs109. Published strategies to address these technical challenges have included using different 

imaging modalities such as computed tomography (CT) and subclavian venography to attempt 

retrograde TD cannulation. Furthermore, a range of other interventional techniques have arisen to 

manage chylothoraces when TD cannulation and embolisation fails. Thoracic duct disruption (TDD) 

employs repeated passes of a bevelled needle near the TD leak to induce a haematoma to occlude 

the TD353 by external compression. Previous reports have estimated that this technique is successful 

approximately 50% of the time355,356. Lymphangiography itself has also been reported as a treatment 

for chylothorax, because of its speculated thrombotic and occlusive effects on the point of chyle 

leak357-361. Another technique for treating a chylothorax is percutaneous CT-guided sclerotherapy361, 
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which involves identifying the point of leak by lymphangiography with non-contrast CT followed by the 

injection of 95% ethanol around the site of the lymphatic leak. 

Understanding the ongoing developments in the interventional radiological management of 

chylothorax has direct applicability to developing new minimally invasive methods of TD access. It is 

also important as a safety measure for any complications that may arise from attempts at TD lymph 

diversion. The aim of this systematic review was to determine the efficacy of interventional radiological 

techniques, including TDE, TDD and lymphangiography to treat chylothorax. 

5.2 Methods 

5.2.1 Literature search 

The search terms used were the combination results of “Thoracic duct” OR “Chyle” OR “Chylothorax” 

AND the combined result of “Embolization” OR “Embolisation”. All non-human studies were excluded 

from the search. 

5.2.2 Inclusion and exclusion criteria 

A study was included if it described any attempt to treat chylothorax, using any interventional 

radiological technique, including TDE, TDD, sclerotherapy and lymphangiography. If duplicate 

publication of a given patient cohort from one institution was published in multiple studies, the study 

with the largest number of cases was included. Patients under the age of 18 years were excluded. 

Review articles were excluded. 

5.2.3 Data extraction 

The data included details of the study design, aetiology of chylothorax and patient age, sex, 

lymphangiogram technique, percutaneous interventional performed (TDE, TDD, sclerotherapy, TD 

stent graft and TD balloon plasty), technical and clinical success of each procedure, and the materials 

used to achieve TDE. Technical success was defined as completion of the intended procedure, and 

clinical success was defined as resolution of the chylothorax. 

5.3 Results 

A total of 173 studies were identified through the primary data base search and a further 10 by 

secondary searching. Following abstract screening, 110 full text manuscripts were assessed based on 

the inclusion criteria, and of these, 40 studies were selected (Figure 11). The dates of publication 

ranged from 2000 to 2018. All of these studies represented case series from single institutions, and 
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they included 535 patients who underwent 582 lymphangiograms and 452 attempts at an 

interventional radiology procedure (Figure 12). Not reported was the age (n = 215, 40.2%) and gender 

(n = 123, 23.0%) of a significant proportion of patients. 

5.3.1 Aetiology of chylothorax 

Of the 535 cases, the most common aetiology was traumatic (n = 461, 86.2%); the majority were 

iatrogenic post-surgical cases (n = 449, 83.9%), and malignancy (n = 27, 5.0%) and miscellaneous 

(n = 47, 8.8%) aetiologies contributed the balance of cases (Table 18). Most post-surgical cases of 

chylothorax (n = 449) were following oesophageal surgery (n = 181, 33.8%), and of these, 178 were 

for malignancy. The remaining cases of chylothorax followed operations on lungs (17.3%), heart 

(7.1%), other thoracic structures (i.e. pleura, mediastinum, thymus) (7.3%), aorta (5.6%), neck (3.2%), 

abdominal organs (1.5%) and back (0.6%). 

5.3.2 Lymphangiography 

All the patients were assessed by lymphangiography with the aim of identifying the site of chyle leak. 

Lymphangiography was performed 582 times (47 were repeated), either by traditional pedal 

lymphangiography (n = 470, 87.8%), ultrasound-guided inguinal lymphangiography (n = 33, 6.2%) or 

by an unspecified method (n = 79, 14.7%). Of the pedal lymphangiograms, 237 (50.4%) were unipedal 

and 233 (49.6%) were bipedal. 
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Figure 11. PRIMSA flowchart of literature search strategy. 
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Figure 12. Procedures attempted and clinical outcomes for patients undergoing percutaneous procedures for a chylothorax. 
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Table 18. The aetiology of chylothorax in the patients undergoing lymphangiogram +/− 
percutaneous intervention. 

Aetiology Subcategory Subcategory no. cases Total no. cases 
Traumatic   461 
Iatrogenic     
 Oesophageal Surgery 181  
 Pulmonary Surgery 93  
 Cardiac Surgery 38  
 Aortic Surgery 30  
 Abdominal Surgery 8  
 Neck Surgery 17  
 Back surgery 3  
 Other thoracic surgery 39  
 Not specified 40  
Blunt  10  
Penetrating  2  
Malignant   27 
 Lymphoma 23  
 Kaposi's sarcoma 1  
 Laryngeal squamous cell 

carcinoma 
1  

 Mesothelioma 1  
 Multiple myeloma  1  
Miscellaneous   47 
 Liver cirrhosis 5  
 Lymphangiomyomatosis 4  
 Behcet's disease 4  
 Gorham’s disease 2  
 Subclavian vein occlusion 2  
 Neurofibroma 1  
 Radiation 1  
 Sarcoid 1  
 Schimmelpenning syndrome 1  
 Idiopathic 26  
Total   535 

In a majority of patients (n = 329, 61.4%) lymphangiography was also used to identify the cisterna 

chyli or a retroperitoneal lymphatic as a target for cannulation and subsequent TDE. Of the 130 

lymphangiograms that were not followed by a percutaneous procedure, 72 (55.4%) reported on 

whether the lymphangiogram itself had a therapeutic effect. Of these 42 (58.3%) successfully treated 

the chylothorax. There were 58 lymphangiograms that did not report on a therapeutic outcome. 

Reasons given as to why a therapeutic procedure was not performed include: no contrast 

extravasation (n = 13), unsuitable anatomy (n = 7), absent cisterna chyli (n = 4), body habitus (n = 1), 
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thymus extravasation (n = 1), oversedation (n = 1), injector malfunction (n = 1), cerebral embolisation 

(n = 1) and not specified (n = 30). 

5.3.3 Percutaneous interventions 

In total, 452 percutaneous treatments were attempted. TDE was attempted 356 times in 329 patients, 

222/356 (62.6%) of which were technically successful. TDE was technically not possible in 134/356 

(37.6%) patients. Failure of TDE with persistence of the chylothorax occurred in 42/222 patients after 

technical success. The clinical success rate was 81% (180/222) (81.1%) among those in whom TDE 

was technically successful. The overall clinical success rate of TDE was 50.6% (180/356) per 

procedure and 54.7% (180/329) per patient (Table 19). 

TDD was attempted 90 times in 84 patients, 72 of whom had previously failed TDE and 18 whom had 

a previous lymphangiogram. The overall clinical success rate was 52.7% (48/90) per procedure and 

56.5% (48/84) per patient (Table 19). 

Sclerotherapy was described in three cases that were all technically and clinically successful. There 

were two cases of TD stent grafting362, which involved inguinal lymphangiography and antegrade TD 

cannulation followed by the establishment of venous access in the superior vena cava to facilitate 

through-and-through access from the TD to the venous system using a snare. This then allowed 

retrograde deployment of a stent graft to occlude the defect in the TD. A similar through-and-through 

technique was used in one case to successfully place a balloon catheter and dilate a stenosed section 

of the TD to treat a chylothorax363. 

The overall clinical success of all published percutaneous interventions (TDE, TDD, sclerotherapy, TD 

stent graft, TD balloon plasty) was 51.7% (234/452) per patient. When the 42 cases of chylothorax 

that were successfully treated by lymphangiography were added, the overall clinical success rate 

(TDE, TDD, sclerotherapy, TD stent graft, TD balloon plasty and lymphangiography) was 51.6% 

(276/535). 

5.3.4 Clinical outcomes 

The incidence of procedure-related complications was 3.7% in 20/535 patients. One patient suffered a 

catastrophic cerebral lipiodol embolisation resulting in a persistent encephalopathic state and death 3 

months later from a pulmonary infection364. The most common complication was inadvertent 

embolisation of a non-target structure, including pulmonary artery (n = 3), lung (n = 2) or portal vein 
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(n = 1). Only one of the inadvertent pulmonary artery embolisations was symptomatic. Other 

complications included infection at the lymphangiogram site (n = 2), leg oedema (n = 2), bile leak 

(n = 2) and retained embolisation wire (n = 2). Other procedure-related complications, each on a 

single occasion, included chylous ascites, pleuritic chest pain, deterioration in chylothorax and 

injection of methylene blue into the skin. There were three sedation-related complications: altered 

mental state, apnoea and aspiration. 

The morbidity and mortality of failed treatment for chylothorax was only documented in one case 

series, in which eight deaths occurred in 42 patients. Of these, four were related to ongoing chyle leak 

and four were related to the underlying disease or complications of the surgery. 

5.3.5 Variation of thoracic duct embolisation technique 

The majority of TDE attempts were performed using the antegrade approach described by Cope. 

There were four (1.1%) retrograde approaches from the subclavian vein. These were all clinically 

successful. Additional imaging modalities were used in a further three cases to facilitate lymphatic 

cannulation under fluoroscopic guidance. These included CT365 (n = 1) endolymphatic ultrasound366 

(n = 1), optical coherence tomography367 (n = 1) and magnetic resonance lymphangiography368 

(n = 1). 

5.3.6 Methods for embolisation 

The materials used for TDE were described for 356 TDE procedures (Table 20). The predominant 

method of embolisation was a combination of platinum microcoils and a liquid embolic agent in 170 

procedures. These liquid embolic agents included Gelfoam ([Pfizer, New York, NY, USA] an 

absorbable gelatin sponge), a biological glue (N-Butyl cyanoacrylate [TruFill, DePuy Synthes, West 

Chester, PA, USA, or Histoacryl B Braun, Melsungen, Germany) and Onyx ([Medtronic, Irvine, CA, 

USA] an ethylene vinyl alcohol copolymer dissolved in dimethyl sulfoxide). Not all of the studies 

differentiated between the types of liquid embolic agent used in combination with microcoils. In 29 

procedures, glue only was used, and one used Onyx only. In 16 procedures, only platinum microcoils 

were used to achieve embolisation. Only one case series reported outcomes stratified by materials 

used for TDE163. They reported that the use of liquid embolic agents was associated with 91% (53/58) 

clinical success, whether used alone or in combination with coils. The success rate for coil 

embolisation alone was 84% (11/13) patients. 
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Table 19. Clinical success of thoracic duct embolisation, thoracic duct disruption and sclerotherapy by patient, attempted and completed 
procedure. 

Percutaneous 
intervention for chyle 
leak 

No. patients No. procedures 
attempted 

No. procedures 
technically completed 

No. clinically 
successful 

Clinical success 
rate per patient 

Clinical success 
rate per attempted 

procedure 

Clinical success 
per completed 

procedure 
TDE 329 356 222 180 54.7% 50.6% 81.1% 
TDD 84 90 90 48 56.5% 52.7% 52.7% 
Therapeutic 
lymphangiography only 

72 72 72 42 58.3% 58.3% 58.3% 

Sclerotherapy 3 3 3 3 100% 100% 100% 
TD stent graft 2 2 2 2 100% 100% 100% 
TD ballon plasty 1 1 1 1 100% 100% 100% 

TD, thoracic duct; TDD, thoracic duct disruption; TDE, thoracic duct embolisation. 

 

Table 20. Materials used in 356 cases of attempted thoracic duct embolisation. 

Material class Material type No. patients 
Microcoils and liquid embolic agent  170 
Microcoils only  16 
Liquid embolic agent only  30 
 Glue 29 

 Onyx 1 

Microvascular plug  1 
Not described  140 
TOTAL  356 
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5.4 Discussion 

This study systematically reviewed studies that describe the percutaneous management of 

chylothorax. The primary data sources in the literature consisted entirely of case reports or cases 

series. The review focused on the aetiology of the chylothorax, techniques of percutaneous 

intervention and outcomes of intervention. The primary reason for this review was to determine the 

best approach to managing this rare but important problem, particularly when TDE is not feasible or 

successful. The interventional techniques, imaging modalities and embolisation materials used in TDE 

and other interventional radiological techniques are continuing to develop, and many of these 

developments are communicated in case reports. 

5.4.1 Key findings 

In an intention-to-treat analysis, the overall clinical success rate was 51.6% for all interventions 

including TDE, TDD, sclerotherapy TD stent graft, TD balloon plasty or therapeutic lymphangiography. 

Kim et al., in a meta-analysis of nine of the larger case series included in this systematic review, 

reported an overall pooled clinical success rate of 60.1%369. A previous review in 2011 reported 

clinical success in 49 of 90 (54.4%) patients undergoing percutaneous attempts to manage a 

chylothorax370. This finding was unexpected. We had surmised that a higher clinical success rate 

would be reported in the smaller case series because there might be a bias towards publishing more 

successful cases. Ultimately, the clinical success of TDE for chylothorax depends on several technical 

steps being achieved. First, the patients must undergo a lymphangiogram to identify both a site for 

lymphatic cannulation, either at the cisterna chyli or another lymphatic vessel, as well as the point of 

chyle leakage. The absence of the cisterna chyli, an appropriate lymphatic target, or the presence of 

unfavourable anatomical structures can preclude the interventional radiologist proceeding with an 

attempt at TDE. Even if the cisterna chyli or a suitable lymphatic target for cannulation is identified, the 

ability to cannulate this structure is the primary determinant of whether TDE will be successful. Once 

successful cannulation is achieved, the TD can be embolised with coils, liquid embolic agents or a 

combination of both. ‘Cannulation success rates’ are different from ‘embolisation success rates’, but 

this distinction in not often made in the literature. In this study, the embolisation success rate was 

62.6% (n = 222) from 356 attempts at TDE. The clinical success rate of TDE was 81.1% when the 

denominator is the number of completed procedures, but there is a striking reduction in clinical 

success rate for TDE to 50.6% if the denominator is the number of attempted procedures (Table 19). 
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Compared with TDE (81.1%), the clinical success rate for TDD was much lower at 52.7% when the 

denominator is the number of completed procedures. It should be noted that patients who had a TDD 

were a distinct subgroup of patients in whom the TD could not be cannulated, and/or the anatomy was 

unfavourable. Thus, TDD provides an important alternative technique when TD cannulation and TDE 

are not possible. 

Lymphangiography alone can be successful in treating chylothorax357-361,371. It has been postulated 

that Lipidol contrast induces either a pro-inflammatory or embolic response when it is extravasated357. 

Interpreting the clinical success rate for these ‘therapeutic lymphangiograms’ requires caution. 

Therapeutic effect was reported for only 72 of the 130 lymphangiograms that did not proceed to 

another percutaneous intervention. Leaving that to one side, the 58.3% efficacy of lymphangiography 

alone was higher than TDD at 52.7%. This can be interpreted that lymphangiography is potentially the 

major therapeutic component of TDD369. Alternatively, the clinical success of TDD may be lower than 

lymphangiography alone because it is being used in cases that are not amenable to TDE. It has been 

previously observed that lymphangiography alone is more effective in low-volume chylothorax359. 

The low case volumes for sclerotherapy, TD stent grafting and TD balloon plasty prevent any 

meaningful conclusion about their efficacy. However, these cases highlight the ongoing development 

of therapeutic techniques. 

It has been suggested that inguinal lymphangiography has increased the availability of TDE351 since it 

is a less technically demanding method of visualising the TD. Surprisingly, only 33/582 (5.6%) 

lymphangiograms were performed using this technique, and these were all published after 2009. This 

low proportion of inguinal lymphangiograms may represent historical publication bias. 

5.4.2 Mortality and morbidity 

A key finding of this review was the safety of TDE, with only one delayed-procedure-related mortality 

due to cerebral embolisation of Lipidol during lymphangiography. It is worth noting there was a further 

death in one study in a patient who did not have a chylothorax but had a chyle leak following 

retroperitoneal lymphadenopathy embolised under CT guidance372. There were only 4/535 (0.7%) 

reported cases of mortality related to persisting chylothorax. This is in contrast to the relatively high 

mortality rate (16%) that is reported in post-operative patients with iatrogenic chylothorax despite 

active surgical management373. A further safety advantage of TDE is through the avoidance of 

rethoracotomy or thoracoscopy with its associated morbidity and mortality. 
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The reported morbidity of TDE was also low. The most commonly reported complication was six cases 

of inadvertent embolisation, although symptoms were reported in only one of these cases. As 

previously noted374, there have been no reported complications of peritonitis or significant 

haemorrhage following an attempted percutaneous procedure. Other reported potentially long-term 

complications included chronic lower limb oedema (5%) and diarrhoea (12%)375. 

5.4.3 Limitations 

There were a number of limitations to this review. First, the data from the primary studies did not 

permit a meta-analysis. One of the reasons for this was the difficulty in identifying the outcomes for the 

chylothorax cases independently. A previous systematic review and meta-analysis of the literature in 

this field pooled the results from nine studies involving 407 patients369. It is notable that this review 

excluded series with less than 10 cases to facilitate a meta-analysis. Based on these criteria, 30 

studies included in our review would have been excluded. It is conceivable that a degree of publication 

bias regarding mortality exists because 20 of the 40 studies reviewed were a single patient case 

report. This raises the possibility that only successful cases of TDE from these centres were reported. 

Studies reviewed were limited to those that were published in English; however, because of the limited 

number of studies excluded on these grounds, it is unlikely that this exclusion undermines the results 

presented. 

5.4.4 Future directions 

One of the key outstanding questions, which this review could not answer, relates to what materials 

are most effective in achieving successful TDE. Only one of the studies provided details about this163. 

It was observed that a higher TDE success rate occurred when liquid embolic agents were combined 

with coils. These authors have also suggested that N-Butyl cyanoacrylate is a superior liquid embolic 

agent to Onyx, which they believe is too porous376. These important questions about the most effective 

embolisation technique will require a randomised controlled trial. Such trials would need to be multi-

centred because the frequency of chylothorax is low in individual centres. 

The available evidence indicates that TDE is the most effective technique for the percutaneous 

treatment of chylothorax. Anatomical variations of the TD are an important reason for failure of 

percutaneous techniques. There is a lack of consensus guidelines or an algorithm based on the best 

available evidence for approaching TDE. This includes the management of chylothorax when the 

cisterna chyli or a target for TDE cannot be identified. 
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There are several important learning points relevant to translating the gut-lymph concept into clinical 

practice to come out of this review. Because anatomical variation is the primary reason for the low 

clinical success rate of TDE and other percutaneous interventions, future therapies need to minimise 

the risk of TD injury to prevent chylothorax complicating their efficacy. Elucidating anatomical 

variability prior to therapeutic intervention would enable both the variation to be identified and technical 

modifications in the strategy to achieve TD cannulation to be made. Inguinal lymphangiography would 

appear to be an appropriate technique to establish the anatomy of the TD prior to a cannulation 

attempt. Direct retrograde cannulation of the TD via the subclavian vein and antegrade TD cannulation 

through the ostial valve with subsequent through-and-through access from the venous system are 

both potential techniques that could be adapted to achieve external TD lymph drainage while leaving 

the terminal TD in anatomical continuity. 
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Chapter 6. Pilot surgical model of intraoperative thoracic duct 
cannulation, post-operative lymph drainage and delayed 
embolisation in patients undergoing Ivor Lewis 
oesophagogastrectomy: Establishing the technique and evaluating 
the effect of enteral feed escalation of lymph flow rate 

6.1 Purpose and aims of developing a surgical model 

Access to thoracic duct (TD) lymph is necessary to both analyse the composition of TD lymph and 

provide a mechanism to evaluate the two putative treatment modalities: external lymph drainage and 

pharmacological amelioration of toxicity. Because gut lymph has a key physiological role in the 

absorption of dietary lipid, it can be hypothesised that enteral feeding is likely to have an impact on the 

flow, technical analysis and composition of TD lymph. Understanding these changes is necessary to 

inform potential treatments. 

Ivor Lewis oesophagogastrectomy is most commonly performed for adenocarcinoma of the 

oesophagus. During the procedure, the TD is routinely encountered at the level of the fifth or sixth 

thoracic vertebra as the TD crosses the oesophagus. Many surgeons routinely ligate the TD during the 

dissection to reduce the risk of chylothorax (1%–3%)377. The early post-operative nutritional 

management of these patients is usually via a feeding jejunostomy placed at the time of surgery149. 

This set of circumstances provides an opportunity to (1) cannulate the TD intraoperatively instead of 

ligating it, (2) sample TD lymph over the early post-operative period when enteral feeding is introduced 

in a controlled manner via the feeding jejunostomy and (3) use the cannula to perform a delayed 

embolisation procedure to occlude the TD. 

The overall objectives of this study were to develop a surgical method of TD cannulation, lymph 

sampling and delayed embolisation in patients undergoing an Ivor Lewis oesophagogastrectomy. The 

compositional analysis of the TD lymph sampled in this study is presented in Chapter 7. The specific 

aims of this chapter are to demonstrate that (1) intraoperative cannulation of the TD is feasible during 

oesophagogastrectomy to facilitate longitudinal lymph sampling, (2) delayed TD ligation using a 

radiological embolisation technique can be performed safely and consistently and (3) TD pressure and 

lymph flow rates during lymph sampling can be measured. 
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6.2 Methods 

The patient recruitment, intraoperative TD cannulation, lymph sampling, TD pressure recordings, 

enteral feeding and vasopressor procedures are recorded in this section. The details of TD lymph 

processing relevant to the experiments contained in Chapter 7 can be found in Chapter 2. 

6.2.1 Patient recruitment and ethics 

Patients undergoing an Ivor Lewis oesophagogastrectomy at our institution were eligible for inclusion. 

The only exclusion criteria were if the patient previously had either a neck dissection or TD 

intervention. Four patients undergoing an Ivor Lewis oesophagogastrectomy for adenocarcinoma of 

the distal oesophagus at Auckland City Hospital by two surgeons were recruited for this pilot study and 

gave written informed consent. Ethical approval for the study was obtained from the national Health 

and Disability Ethics Committee (12/NTB/67). 

6.2.2 Intraoperative thoracic duct cannulation 

To increase intraoperative lymph flow and thereby facilitate TD identification prior to cannulation, 

patients were administered either 50 mL of olive oil (Patients 1 and 2) or 200 mL of dairy cream 

(Patients 3 and 4) by infusion through the jejunostomy feeding tube (12 Fr Silastic Foley catheter, C.R. 

Baird Inc, Covington, GA, USA) after the completion of the laparotomy and immediately prior to 

repositioning the patient for the right thoracotomy portion of the operation. 

The TD was identified as it ran on the aorta, 3–4 cm caudal to the azygous vein, and proximal to 

where it crossed over to the left side of the patient. It was isolated, looped and ligated. Caudal to the 

ligation, a small transverse ductotomy was performed with fine scissors, assisted by loupe 

magnification. A Tuohy needle was used to insert a 5 Fr cholangiography catheter (Endoscopic 

Cholangiography Set, ESC 500 Tuohy, Cook Medical, Bloomington, IN, USA) with a fixed core 

guidewire (G00650, Cook Medical, Bloomington, IN, USA) through the skin and chest wall tissues of 

the lateral intercostal space one level above the thoracotomy incision. This allowed the catheter and 

guidewire to approach the TD ‘in-line’. The caudal end of the TD was cannulated through the 

ductotomy using a Seldinger technique with the guidewire inserted into the TD, over which the 

catheter was passed (Figure 13). The catheter was secured with two ligatures around the TD (one 

ligature used in Patient 1), and the redundant intrathoracic portion of the catheter withdrawn to allow 

the catheter to lie against the lateral chest wall (Figure 13) to not impede subsequent lung expansion. 

The catheter was also secured by suture to the skin, curled up and dressed (Tegaderm, 3M Health 
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Care, St Paul, MN, USA). The catheter was connected to sterile saline primed pressure tubing 

(Edwards Lifesciences TruWave 3cc, Haina, San Cristóbal, Dominican Republic) via a ureteric 

catheter connector (Cook Medical, Bloomington, IN, USA) (Figure 13). The tubing was passed off the 

sterile field and connected to the three-way stop-cock included in the pressure tubing kit to allow 

lymph collection during the thoracotomy and afterwards. In between sampling periods, this set-up 

produced occlusion of the TD (Figure 14). 

 

Figure 13. Images of thoracic duct cannulation and lymph sampling. 

Left panel: Thoracic duct catheter in situ intraoperatively with one suture securing it to the thoracic duct. The 
oesophagus is looped with a Penrose drain to the left of the image. Middle panel: TD catheter secured to the skin, 
dressed with Tegaderm and connected to tubing at the end of the oesophagogastrectomy. Right panel: Sample of 
TD lymph on ice. 

6.2.3 Sampling of thoracic duct lymph and pressure recordings 

Collecting TD lymph was facilitated by opening the three-way stop-cock at the end of the pressure 

tubing to air and closing it at the manometer end. The saline in the pressure tubing was discarded. 

Details of sampling are outlined in Section 2.3.2. 

TD pressure was measured using a manometer (Edwards Lifesciences TruWave 3cc, Haina, San 

Cristóbal, Dominican Republic) levelled at the left sternoclavicular junction that had been primed with 

normal saline under pressure (≈ 300 mmHg) and then zeroed via the three-way stop-cock to air in a 

similar fashion to setting up an arterial line. The transducer cable was connected to a dedicated 

pressure monitor (Datex AS/3, Instrumentarium Corporation, Helsinki, Finland), which was set up to 

record values for the pressure trace at 5-second intervals via the Monitor 5.0 software programme 

(The Chinese University of Hong Kong, Hong Kong, China) (Figure 14). Pressure was measured 10 

minutes before and after lymph sampling. This data was exported into a Microsoft Excel comma-
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separated values (csv) file for each recording period. Note that patient management requirements 

prevented all collection and pressure measurements being performed in the same patient position. 

6.2.4 Enteral feeding 

Enteral feeding with Nutrison Standard (1.0 kcal/mL; 3.9 g fat per 100 mL; 0.6 g medium chain fatty 

acid per 100 mL) (Wuxi, People’s Republic of China) was gradually introduced from the second post-

operative day. The rate of enteral feeding increase varied between these patients (Figure 15). These 

rates were increased incrementally before and after TD lymph sampling periods. 

6.2.5 Vasopressor therapy 

Noradrenaline (0.1 mg/mL) at a rate of 0.1–1.0 mg/h was administered post-operatively in the high 

dependency unit to maintain a mean arterial blood pressure greater than 70 mmHg. 
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Figure 14. Schematic representation of the thoracic duct pressure monitoring and lymphatic drainage apparatus. 
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Figure 15. Diagrammatic representation of the study protocol. 

The study protocol showing the timing of TD lymph collection (for 1 or 2 hour intervals), TD pressure recording (for 15 minute intervals), TD catheter occlusion (for 10 or 11 hour 
intervals), TD embolisation and blood sampling (matched to before and after lymph sampling), as well as the enteral feeding rates for Patients 3 and 4. 
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6.2.6 Embolisation 

Following post-operative lymph collection and a lymphangiogram through the catheter, the TD was 

embolised by an interventional radiologist in the digital subtraction angiography suite. Embolisation 

used a Progreat microcatheter (Terumo International Systems, Somerset, NJ, USA) inserted down the 

TD catheter to facilitate the deployment of a series of tightly packed platinum microcoils (Nester / 

Tornado Embolisation Coil, Cook Medical, Bloomington, IN, USA). A completion lymphangiogram was 

performed to confirm that contrast did not leak cephalad to the coil nests. 

6.3 Results 

6.3.1 Technique of thoracic duct cannulation and sampling 

The results of TD cannulation, lymph collection and TD embolisation, length of stay and complications 

are summarised in Table 21. Intraoperative TD cannulation during the Ivor Lewis 

oesophagogastrectomy was successful in three of the four cases. In Patient 2, the narrow calibre of 

the TD lumen prevented cannulation with the guidewire and the procedure was abandoned. Following 

this inability to cannulate the TD, the lipid administered via the feeding jejunostomy was changed from 

olive oil to cream in an attempt to optimise the distension and visibility of the TD. The technique of TD 

cannulation increased the length of the operation by a mean of 20 minutes. Of the three cases that 

were successfully cannulated, TD lymph was sampled post-operatively for 3 (Patient 1), 4 (Patient 4) 

and 5 (Patient 3) days. The length of sampling was primarily governed by when interventional 

radiology was available to embolise the TD. 

6.3.2 Technique of thoracic duct embolisation 

Patient 1 had TD embolisation on the third post-operative day with a total of eight coils (3 × MWCE-

18S-7/3 Tornado; 5 × MWCE-18-14-3-Nester). The completion lymphangiogram (Figure 16A) did not 

demonstrate any extravasation of contrast, and the catheter was removed immediately. The following 

day a left pleural effusion developed. A computed tomography scan with oral contrast did not reveal 

any evidence of an anastomotic leak. Ultrasound-guided aspiration confirmed a chylothorax. 

Conservative treatment of the chylothorax was attempted by switching enteral feeding to medium 

chain triglyceride (Monogen; Nutricia, Fulda, Germany) for a week, and then a trial of nil by mouth and 

parenteral nutrition. When this failed to resolve the chylothorax, the patient had a second thoracotomy 

on post-operative day 14. The chyle leak at the site of TD cannulation was identified and successfully 

suture ligated. 



107 

Patient 3 had TD embolisation 8 days after the operation using 11 coils (1 × MWCE-18S-7/3 Tornado; 

7 × MWCE 35-7-4 Nester; 2 × MWCE 18-14-4 Nester; 1 × MWCE 18-14-3 Nester). The chest drain 

(19 Fr Blake) had been retained because of the experience with the first case. The completion 

lymphangiogram did not demonstrate any flow of contrast beyond the microcoils (Figure 16B), but the 

catheter was not removed for a further 48 hours. A small right pleural effusion was aspirated the 

following day but showed no signs of a chylothorax. 

Patient 4 developed a chylothorax 5 days after resection, which was initially managed by the retained 

operative chest drain. This was prior to any attempt at TD embolisation, which was attempted on the 

sixth day after the operation. The initial lymphangiogram demonstrated that the catheter had migrated 

out of the TD by about 8 cm because the suture had loosened at skin level, allowing the catheter to 

inadvertently be withdrawn. The interventional radiologist was able to place a microcatheter into the 

TD and a further lymphangiogram confirmed successful TD cannulation. Two microcoils were 

successfully deployed, but while a third coil was being attempted, the microcatheter migrated out of 

the TD. Despite repeated attempts at cannulation, no further microcoils could be deployed (Figure 

16C). The chylothorax persisted and required a rethoracotomy for TD ligation at the site of 

cannulation, which was successful. 

In all three patients, the initial lymphangiogram via the TD catheter prior to embolisation demonstrated 

a degree of contrast reflux out to the TD surrounding the TD catheter. Liquid embolic agents were 

consequently not used by the interventional radiologists because of the risk of extravasation. 

6.3.3 Complications of thoracic duct cannulation and embolisation 

Two of the four patients developed a chylothorax requiring a rethoracotomy. Patient 1 developed a 

chylothorax on the first post-operative day. This indicated inadequate occlusion of the TD by the 

ligature used to secure the catheter. Consequently, a clinical decision was made to perform the TD 

embolisation before enteral feeding was introduced. The protocol was modified to subsequently 

secure the TD with a double ligation with a thicker braided suture (Vicryl 3-0, Ethicon, Somerville, NJ, 

USA) than the 4-0 polydioxanone (Ethicon, Somerville, NJ, USA). The TD embolisation failed because 

only three coils were used, which was a breach of the agreed protocol. In the clinical opinion of the 

interventional radiologists performing the embolisation, if more coils and a liquid embolic agent such 

as glue or Gelfoam had been used, then it is highly likely that the TD would have been successfully 

occluded. 
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Patient 4 developed a chylothorax before TD embolisation because the catheter had migrated out of 

the TD and it was not possible to introduce more than two coils to the TD. Migration occurred because 

of a failure of the suture used to secure the catheter to the skin and a failure to check the security of 

the catheter through the dressing. It is likely that migration of the catheter would have been prevented 

by more regular checking. 

6.3.3.1 Study review 

Following the development of the chylothorax in Patient 4, recruitment was appropriately stopped and 

a full review of the study protocol was performed. From this came several potential explanations for 

the migration of the TD catheter. Increasing back pressure in the occluded TD could have caused 

lymph to leak around the catheter and subsequently dislodge it. The TD catheter could have been 

dislodged externally by patient movement. The guidewire manipulation to address the occluded TD on 

the first post-operative morning may have dislodged the catheter. If the guidewire was responsible, it 

would have been reasonable to assume that the chylothorax would have appeared before the fifth 

post-operative day. To prevent further occlusion of the TD catheter, it was flushed with 5 mL of 

heparinised saline (50 IU) at the end of each sampling and pressure monitoring period. This could 

have caused gradual catheter migration with each flush over time. It should be noted that the catheter 

was not flushed on the fifth post-operative day when chylothorax was clinically noticed. 

Ultimately, following this review the institutional approval for the study was withdrawn because the risk 

of further chylothorax was deemed too high in patients who did not have any potential therapeutic 

benefit from the study. 

6.3.3.2 Other complications 

The other complications that occurred in the four patients are summarised in Table 21. The study 

review following the two chylothorax complications concluded that these other complications could not 

be attributed to the TD cannulation. The most serious complication was an anastomotic leak in Patient 

4. This became clinically apparent 24 hours after the rethoracotomy and surgical ligation of TD. This 

resulted in a prolonged intensive care and hospital stay (46 days). Both patients have been followed 

up for 48 months, and there are no long-term sequelae. 
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A    B     C 

 
Figure 16. Thoracic duct lymphangiograms following embolisation. 

Patients 1 (Panel A), 3 (Panel B) and 4 (Panel C). Panel B shows successful embolisation. In Patient 3 (Panel C) 
third microcoil was unable to be deployed owing to the migration of the TD catheter outside the duct. 
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Table 21. Summary of intraoperative thoracic duct cannulation, duration of post-operative lymph sampling and results of thoracic duct 
embolisation. 

Patient Age Sex 
Intraoperative 
cannulation of 
TD 

Post-
operative 
lymph 
sampling 
(days) 

Enteral feeding 
introduced post-
operative day 

Thoracic duct 
embolisation 

Length 
of stay 
(days) 

TD cannulation related 
complications (Clavien-
Dindo grade) 

Ivor Lewis related 
complications 
(Clavien-Dindo grade) 

1 55 M Successful 3 3 Unsuccessful 
(inadequate 
embolisation) 

30 Chylothorax (IV-a) 
Atrial fibrillation (II) 
 

Klebsiella pneumonia 
(II) 

2 62 F Unsuccessful  0 2 N/A 38 N/A Wound infection (II) 
Thoracic empyema (III-
a) 
Delayed gastric 
emptying (II) 
 

3 64 M Successful 5 2 Successful 
 

23 Nil Infected thoracic 
haematoma (III-a) 
Urinary tract infection 
(II) 
 

4 65 M Successful 4 2 Unsuccessful 
(catheter migration)  

46 Chylothorax (IV-a) 
Atrial fibrillation (II) 
 

Anastomotic leak (IV-b) 
Multiple organ failure 
(IV-b) 
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6.3.4 Thoracic duct lymph pressure and flow 

The hourly volume of lymph flow is shown in Table 22. When the hourly flow rate of the patients was 

subdivided into 15-minute periods, the highest flow rate was found immediately after release of the 

occlusion on 15/22 (68%) of the study sampling periods. In the first hour of the morning and the 

evening collection periods, it tended to be on average 11% higher (excluding one outlying value from 

Patient 4) than the second hour in the morning when the TD catheter had already been open for 1 

hour. For Patient 3, there was no collection at hour 13 post cannulation because of a temporary 

blockage of the TD catheter, which was subsequently unblocked with a 5 mL (50 IU) heparin flush. 

Unexpectedly, there was no increase in TD lymph flow with the commencement and increase in 

enteral feeding rate (Figure 17). Despite this, there was considerable second-to-second variation in 

the measured TD pressure (Figure 17). The mean reduction in TD pressure from the beginning to the 

end of sampling was 22 mmHg (SD 12) and 23 mmHg (SD 15) for Patients 3 and 4, respectively. 

Figure 18 demonstrates how TD pressure increased after the sampling period once the TD catheter 

was occluded.  

Table 22. Hourly volumes (mL/h) of thoracic duct lymph collected from Patients 3 and 4. 

SD, standard deviation of mean. 

 

Post-operative day Hours post TD cannulation Patient 3 volume (mL/h) Patient 4 volume (mL/h) 
Day 0 0 88 134 

Day 1  12 107 114 

 13 -- 81 

 24 118 161 

Day 2  36 90 151 

 37 76 113 

 48 105 170 

Day 3  60 99 117 

 61 92 102 

 72 103 122 

Day 4  84 121 143 

 85 115 281 

 90 130 -- 
Day 5  102 108 -- 
 103 108 -- 
 114 131 -- 
Lymph volume collected/hr 
(mean ± SD) 

106 ± 15.6 140 ± 50.9 
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Figure 17. The rate of lymph flow (mL/h) does not appear to be related to the rate of enteral 
feeding (EF; mL/h) in post-operative period for Patients 3 (Panel A) and 4 (Panel B). 
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Figure 18. Mean thoracic duct pressure recordings in Patients 3 and 4. 

Mean thoracic duct pressure recordings in Patients 3 and 4 in the 10 minutes before and after TD lymph sampling 
points in the post-operative period. Mean TD pressure calculated by averaging the TD pressure at 5 second 
intervals for each post-operative sampling period. 

6.3.5 Enteral feeding 

Enteral feeding through a tube jejunostomy was commenced on the second post-operative morning at 

0800 in Patients 2, 3 and 4 only. Enteral feeding for Patient 1 did not commence until after TD 

embolisation on the third post-operative day because of the chylothorax. Because Patient 2 did not 

have the TD cannulated to facilitate sampling, enteral feeding commenced according to the hospital 

protocol. The rates of enteral feeding over time are shown in Figure 15. The rate of increase was more 

rapid in Patient 4, which meant there was only one TD lymph sampling at the 40 mL/h rate. Both 

Patients 3 and 4 had received 24 hours of enteral feeding at the peak rate (80 mL/h) prior to 

discontinuation of TD lymph sampling on days 5 and 4, respectively. 

6.4 Discussion 

The purpose of the study presented in this chapter was to develop a surgical model for cannulation of 

the TD in patients undergoing an Ivor Lewis oesophagogastrectomy and to establish a technique for 

longitudinal lymph sampling. These patients were used because the TD is routinely encountered and 

ligated intraoperatively and enteral feeding is introduced in a measurable and controlled manner post-

operatively via a feeding tube jejunostomy. The rationale for conducting this study was to assess the 

impact of enteral feeding on the TD lymph flow as well as to examine changes in the composition of 

TD lymph (Chapter 7). 
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It was technically possible to achieve TD cannulation and longitudinal lymph sampling in three of the 

four patients. However, delayed TD embolisation was only successful in one of the three patients it 

was attempted on. The most important clinical outcome of this pilot study was that two patients 

developed a chylothorax and required rethoracotomy for treatment. The risk of failed delayed TD 

embolisation was rightly considered too great, and it was appropriate that the study was terminated 

early. It is of relevance to note that there is an increasing experience and success rate with 

percutaneous retrograde TD cannulation via the subclavian vein and embolisation (Chapter 5), which 

avoids the need, in most cases, of rethoracotomy for the treatment of chylothorax205,376. Such an 

approach also has the potential advantage of maintaining TD continuity during cannulation and 

sampling to reduce the risk of chylothorax. 

The specific study aims, results and implications are discussed in turn. 

6.4.1 Thoracic duct cannulation 

Key finding: TD cannulation was technically successful in three out of the four patients that it was 

attempted on. TD lymph was able to be longitudinally sampled for 3 (Patient 1), 4 (Patient 4) and 5 

(Patient 3) days. 

Commentary: The intraoperative failure of initial TD cannulation in Patient 2 was related to the TD 

anatomy. The narrow calibre TD could not be cannulated, raising the possibility of a dual TD. The 

systematic review378 described in Chapter 3 highlighted the range of anatomical variations in the 

commencement, course, duplicity and termination of the TD. The presence of multiple TD channels in 

the upper thorax was estimated at 28% in a large cadaveric study220. The variations in TD anatomy 

suggests that imaging of the TD via inguinal lymphangiography351 prior to cannulation may help 

identify patients in whom TD cannulation may prove difficult. This may enable alternative cannulation 

strategies to be developed prior to any attempted TD cannulation procedure. 

6.4.2 Thoracic duct lymph sampling 

Key finding: Longitudinal TD lymph sampling was feasible for up to 5 days post-operatively. 

Commentary: The duration of lymph sampling was affected by the logistical requirements for arranging 

delayed TD embolisation; except in Patient 4, with whom ongoing TD lymph sampling was not 

attempted as the chylothorax developed. During the pilot study, it became evident that flushing the 

catheter with heparinised saline was necessary to maintain catheter patency for TD lymph sampling 
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and pressure measurements. In Patient 3, on the first post-operative day the TD catheter became 

blocked after the first hour of sampling. The use of a guidewire and a heparin flush were required to 

unblock the catheter. It was this episode that led to the introduction of heparin flushing to the protocol. 

Heparin had initially been avoided because of its potential to interact with planned small ribonucleic 

acid analysis (Chapter 7). The need for heparin flushing to keep the catheter patent suggests that the 

catheter was progressively becoming occluded, which has the potential to affect lymph flow volumes 

and TD pressure recordings, especially if longer lymph sampling periods are anticipated. 

6.4.3 Thoracic duct embolisation 

Key finding: TD embolisation was ultimately successful in just one of the three patients in whom it was 

attempted. As a result, two patients developed a chylothorax that required a rethoracotomy and 

ligation of the TD. This led to premature termination of the study. 

Commentary: A critical analysis of the reasons for the failure of the TD embolisation technique 

suggests that they were both preventable. In Patient 1, there was an insufficient number of tightly 

packed coils inserted, and this was an unintentional breach of the agreed protocol. In Patient 4, there 

was migration of the catheter due to a failure of the skin fixation stitch and failure to check for this 

problem. If the catheter had not migrated, it was reasonable to expect that a sufficient number of 

tightly packed coils could have been successfully deployed based on the experience with Patient 3. 

Following the chylothorax in Patient 4, a review of the study complications was conducted and 

assessed by an independent senior clinician. This review identified several potential reasons for the 

catheter migration. In response to this, several potential improvements to the protocol were 

considered to reduce the risk of catheter migration, but they were not implemented because of the 

termination of the study. These protocol changes included: 

• Ensure that the catheter is inserted deeply (i.e. at least 6 cm) into the TD based on the 

calibrated markings on the catheter. 

• Secure the catheter in the TD with two ligatures of braided Vicryl 3-0 (this modification was 

adopted after Patient 1). 

• Use two ligatures instead of one to secure the TD catheter to the skin. 

• Flush the TD catheter with saline once it is secured to ensure that there is no leak around the 

catheter, or tendency to migrate. If leak occurs or movement of the catheter on flushing, place 

further suture ligatures until the catheter is ‘water tight’ in the duct. 
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• Check the catheter position for migration at the beginning and end of each sampling period. It 

was proposed to document this with a photograph. 

• Introduce two embolising agents: a liquid embolic agent cyanoacrylate and microcoils. The 

interventional radiologists elected not to use this approach in Patients 1, 3 and 4 because 

each of the lymphangiograms prior to embolisation demonstrated reflux of the contrast out of 

the TD. The risk of using cyanoacrylate in this situation is that it could have caused a chemical 

pleuritis and/or pleurodesis. The addition of two thicker braided sutures to occlude the TD 

around the catheter to prevent the reflux of contrast was advised to enable the use of 

cyanoacrylate and further reduce the risk of chylothorax. 

Despite these potential safety improvements to the study protocol, the institutional approval for 

continuing the study was withdrawn. It was considered that the difficulty in achieving TD embolisation 

had placed study participants at a higher risk of developing chylothorax than they would have had 

from an oesophagogastrectomy without any potential therapeutic benefit from participation in the 

study. This increased risk was not anticipated during the planning or approval of the study. The 

literature review of TD embolisation techniques (Chapter 3) had identified the ability to cannulate the 

TD as the rate-limiting step of achieving TD embolisation. Of note, the clinical success of TD 

embolisation increases from 50.6% to 81.1% if the TD is able to be cannulated to facilitate 

embolisation. During the planning of this study, it was presumed that the presence of a TD catheter 

already in the TD would bypass this rate-limiting step and facilitate a high success rate. 

Several key learning points were identified from these complications and can be used as principles to 

guide any future attempts at TD cannulation. First, because of the risk of iatrogenic complications such 

as chylothorax from TD cannulation attempts, these interventions should only be attempted in patients 

who stand to benefit from TD cannulation and intervention (such as TD external drainage, if 

demonstrated to be effective by future studies). In future attempts to translate the gut-lymph concept 

outside the context of this model, the risk of chylothorax could potentially be reduced by a minimally 

invasive radiological approach to TD cannulation. Imaging of the TD prior to a cannulation attempt 

may allow identification of aberrant TD anatomy and any anatomical contraindications to cannulation. 

6.4.4 Thoracic duct pressure and flow 

Key findings: As expected, the highest TD flow rates occurred during the 15 minutes after opening of 

the TD catheter. Unexpectedly, the introduction of enteral feeding did not increase TD flow. 
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Commentary: The study design of TD occlusion and intermittent sampling meant that there was a 

pressure build-up in the TD between sampling periods. The highest TD pressures were recorded 

immediately prior to sampling and the highest flow rates in the first 15 minutes of sampling. It was 

expected that lipid-rich enteral feed would increase TD lymph flow379, because this is primary route of 

absorption, but this did not occur even at the peak feeding rate of 80 mL/h. Intravenous fluid and 

inotropic therapy did not appear to affect TD pressure and lymph flow, despite evidence of this in 

animal models380. While the sample size of this study is too small to make any meaningful statistical 

conclusions regarding changes in pressure and flow, it would appear that the effect of TD occlusion 

masked any effect on pressure and flow from the introduction of enteral feeding or vasopressor 

therapy. Evidence from animal models suggests that TD pressure is the main driver of TD flow381. In 

dogs, increases in TD pressure have resulted in increases in the protein concentration from the 

hepatic contribution to TD lymph and a corresponding reduction to the lipid content from the gut-

derived component of TD lymph382. It has previously been suggested that the backpressure from TD 

occlusion may temporarily reduce the production of gut lymph (and hence reduce the effect of enteral 

feeding), or at least until collateral lymphatic flow to the systemic circulation develops383. This pilot 

study cannot be used to say that enteral feeding will not increase TD flow in the setting of continuous 

external drainage of TD lymph, which is a therapeutic intervention not evaluated in this study (Chapter 

4)58. 

One significant limitation of this study was that it was terminated and only two patients could be 

studied in detail. Even so, these are the first patients to be studied using this technique, which could 

still be applied in the future if a therapeutic benefit is demonstrated for external drainage of TD lymph 

in the post-operative setting. The small numbers in this study meant it was not possible to analyse the 

influence of respiration, heart rate and blood pressure on TD pressure and flow. Only a small number 

of studies have measured the TD pressure in humans254,280,297,341,384,385. TD pressure has previously 

been shown to vary with both the respiratory and the cardiac cycle254,280. A collaboration with the 

Auckland Bioengineering Institute was underway to create a computer simulation model, based on 

recorded physiological variables, in order to perform in silico analysis of these variables. The data 

extraction was required in the millisecond range rather than every 5 seconds as it was extracted by 

the Datex AS/3 device in this pilot study. A strategy to extract the data in this manner was being 

developed at the time the study was halted. There is considerable potential to further develop the 

computer simulation model of TD physiology in the future. 
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6.4.5 Overall summary and conclusions 

In conclusion, this pilot study demonstrated that the technique of intraoperative TD cannulation and 

longitudinal sampling of TD lymph is feasible. Our experience was that the risk of developing a 

chylothorax with inadequate or failed TD embolisation was too high, and the study was appropriately 

terminated early. 

The key learning points for future attempts to achieve TD cannulation were to consider this in patients 

who stand to benefit from the intervention, look to introduce a minimally invasive cannulation method 

to reduce the risk of chylothorax and delineation of TD anatomy prior to cannulation. These learnings 

were of significant relevance to the development of a less invasive technique of TD cannulation 

(Chapter 9). 
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Chapter 7. Multi-platform compositional analysis of thoracic duct 
lymph during the early enteral feeding in post-operative 
oesophagogastrectomy patients 

7.1 Introduction 

An expanding body of experimental evidence, almost exclusively from animal studies, supports the 

gut-lymph concept55,59,386. The compositional changes in gut lymph during systematic inflammatory 

response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) are well described in 

experimental animal models of critical illness (Section 1.3.1). In addition to intestinal ischaemia in 

acute disease45, the associated gut dysfunction results in the loss of intestinal mucus112, 

endotoxaemia387, mitochondrial dysfunction274, increased endothelial permeability85, altered gut 

microbiome60 and enteral feeding intolerance388. The most severe gut injury – non-occlusive 

mesenteric ischaemia (NOMI) – can also occur in association with acute and critical illness389, and 

after major surgery139. All these changes in the gut lead to significant changes in the composition of 

gut lymph in several acute diseases55, which have been shown to correlate with disease severity77. 

The compositional changes to thoracic duct (TD) lymph during critical illness in animal models 

includes alterations in cytokines158, markers of intestinal injury, micro ribonucleic acid (miRNA)69, 

entire proteome62,63 and specific protein alterations and changes to both polar77 and non-polar (lipid) 

metabolites195. These changes are summarised in the following paragraphs to provide context to the 

experiments described in this chapter. 

Inflammatory cytokines interleukin (IL) 1β and 6 are prevented from reaching the systemic circulation 

by TD ligation in a rat model of NOMI158. IL-6 has previously been demonstrated to be present in 

higher concentrations in TD lymph than plasma in a case series of patients with acute pancreatitis 

(AP)80. Intestinal injury in the form of endotoxin translation has shown to be reduced by TD ligation in 

canine models of sepsis160 and rat models of AP83. miRNAs in lymph also have been implicated in the 

pathogenesis of renal dysfunction390 in haemorrhagic shock and in AP69. 

Several protein changes have been demonstrated in TD lymph, including the significant elevation of 

several pancreatic proteases up to 40-fold in a rodent model of AP62, and the elevation of 60 proteins 

in a rat model of haemorrhagic shock65,391. Lipase and trypsin in AP have specifically been 

demonstrated in higher levels in lymph than plasma80. In sepsis, apolipoprotein (Apo) E, annexin A1 

and neutrophil gelatin-associated lipocalin all increase in gut lymph during rat sepsis64. In other 
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studies, it has been reported that lipase generates free unsaturated fatty acids in gut lymph that are 

toxic to endothelial cells in vitro67 and are associated with organ dysfunction in vivo70. Serine 

proteases abundant in TD lymph during rodent haemorrhagic shock have been implicated in the 

pathogenesis of reduced lung permeability and intestinal villous injury392. The non-polar tryptophan 

metabolites kynurenine and 3-hydroxykynurenine are elevated in rodent mesenteric lymph and plasma 

during AP, and this elevation correlates with disease severity77. Various lipid metabolites in the gut 

lymph of haemorrhagic shock rodents can prime neutrophils, which subsequently mediate distant 

organ toxicity195. Lipid metabolites from haemorrhagic shock lymph have also been demonstrated to 

inhibit neutrophil apoptosis71. 

It has also been reported that preventing gut lymph from reaching the systemic circulation in acute 

diseases can attenuate and prevent the associated cardiac89 and respiratory dysfunction81, reduce 

bacterial translocation83 and improve animal survival393,394. 

This chapter details the laboratory-based experiments performed to investigate changes in the 

composition in human TD lymph compared with blood during the introduction of enteral feeding in 

patients undergoing an Ivor Lewis oesophagogastrectomy (detailed in Chapter 6). 

A significant barrier to the study of gut-lymph composition and its role in disease has been the lack of 

a safe, acceptable and reliable method of sampling lymph from the TD in human subjects. The 

surgical method of TD cannulation and longitudinal lymph sampling described in Chapter 6 provided a 

set of matched TD lymph and blood samples to study aspects of the pathophysiology of gut lymph in 

the post-operative setting, especially in relation to enteral feeding and the effect of inotropes. Briefly, 

these patients were fed enterally via a feeding jejunostomy, which allowed a within-subject controlled 

study of TD lymph composition changes during investigation of the transition from the fasted to fed 

state. The samples also provided a unique opportunity to optimise the analysis of TD lymph across 

several analytical platforms prior to larger, more fined studies to investigate the gut-lymph concept. 

The hypotheses explored in this chapter are: 

i) The profiles of pro-inflammatory mediators and markers of intestinal injury are different in 

human plasma and TD lymph. 

ii) Human TD lymph undergoes changes in composition with the introduction of enteral feeding in 

the post-operative state. 
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The specific aims of the study presented in this chapter were: 

i) to optimise a series of compositional analyses for human TD lymph 

ii) to describe the biochemical differences between human plasma and TD lymph during the 

introduction of enteral feeding in the post-operative state using commonly measured clinical 

analytes 

iii) to measure the composition of cytokines in human plasma and TD lymph during the 

introduction of enteral feeding in the post-operative state 

iv) to measure the presence of markers of intestinal injury in human plasma and TD lymph 

during the introduction of enteral feeding in the post-operative state 

v) to measure the change in metabolic hormones in human plasma and TD lymph during the 

introduction of enteral feeding in the post-operative state 

vi) to perform a multi-platform compositional analysis using non-coding ribonucleic acid 

(RNA), proteomic and metabolomic methods to assess the differences in human blood 

and TD lymph during the introduction of enteral feeding in the post-operative state. 

7.2 Methods 

The specific details for each experiment are outlined in Chapter 2. 

To assess for compositional changes related to the introduction of enteral feeding, four key time points 

were used across the experiments described in this chapter (Table 23). Enteral feeding was 

introduced at 37 hours post-operatively. 

Table 23. Summary of enteral feeding status and elapsed post-operative time. 

Time (hours post-operative) Relationship of key feeding and sample measurements 
0 Intraoperative sampling. Patient fasted 6 hours pre-operatively. 

Intraoperative lipid administration to identify the thoracic duct (Chapter 6).  
36 Most fasted time point just prior to commencing enteral feeding. Enteral 

feeding was introduced at 37 hours post-operatively. 
48 12 hours following low-rate enteral feeding. 
84 Most fed time point. 

7.3 Results 

In this section, the results for each set of experiments are presented sequentially. The targeted 

analyses, specifically, biochemistry, cytokines, markers of intestinal injury and metabolic hormones, 
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are presented first. This is followed by the three untargeted ‘omic’ platform analyses of non-coding 

RNA, proteomics and metabolomics (polar and non-polar). 

7.3.1 Biochemistry 

Compositional analysis was performed on the TD lymph sampled from Patients 3 and 4 only (see 

details in Chapter 6). The plasma and TD lymph results before and after the commencement of enteral 

feeding for each biochemical assay are shown in Table 24. In both plasma and lymph, glucose and 

the electrolytes, sodium and chloride, all showed minimal variation with commencement of the enteral 

feeding in the post-operative period. Creatinine and urea also showed little variation between the 

plasma and lymph compartments, but both peaked before enteral feeding was commenced. 

The most significant findings are highlighted in Figures 19–22. These show differences in the trends 

between the lymph and plasma compartments that occurred with the commencement of enteral 

feeding on the second post-operative day (indicated by an arrow). Total protein (0.47–0.71-fold) and 

albumin (0.32–0.77-fold) levels were notably lower in TD lymph than plasma throughout the post-

operative period (Figure 19). Post-operatively albumin levels fell in both the plasma (9%–10%) and TD 

lymph (25%–32%) (Figure 19). The measurements of liver function (Table 24) were generally higher in 

plasma than TD lymph, although they exhibited a mixed picture with both transaminases (alanine 

transaminase [ALT] and aspartate aminotransferase [AST]) decreasing immediately post-operatively, 

while gamma-glutamyltransferase (GGT) increased following the introduction of enteral feeding in 

Patient 3. Lipase was notably higher in TD lymph compared with plasma. Over the sampling period, 

lipase was 1.4- to 17-fold greater in the lymph (Figure 20), with the lymph values in Patient 3 peaking 

at 845 U/L above the normal plasma reference range (16–67 U/L) at 12 hours post-operatively before 

gradually reducing. The pattern of changes in creatine kinase levels were different between Patient 3 

and 4 (Figure 21); however, TD lymph values in both patients (Patient 3: 325–3580 U/L; Patient 4: 

207–1698 U/L) were above the normal plasma reference range (60–220 U/L). 

7.3.1.1 Lipid results 

Triglyceride level was the only lipid found at higher concentration in the TD lymph than plasma at 

every time point except prior to the commencement of enteral feeding (Figure 22). Triglyceride level in 

the TD lymph dramatically increased to a peak of 13.8-fold (Patient 3) and 9.2-fold (Patient 4) higher 

once enteral feeding reached a peak of 80 mL/h at 84 hours post-operatively. The other lipids 

(cholesterol, low-density lipoprotein [LDL], high-density lipoprotein [HDL], Apo A and Apo B) were all 



123 

consistently higher in plasma than in lymph and did not change with the commencement of enteral 

feeding, and all showed a steady decline in plasma levels post-resection. 
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Table 24. Average plasma and thoracic duct lymph values for biochemical analytes before and after the introduction of enteral feeding. 

Values (Mean ± SD) for each compartment. Sample number refers to number of post-operative measurements that contribute to the mean and SD. There were three more 
measurements in Patient 3 following the introduction of enteral feeding than in Patient 4. Reference ranges obtained from LabPlus website 
(https://testguide.adhb.govt.nz/eguidemob/). 

Analyte 

Patient 3 Patient 4 
Normal plasma reference 

range 
Before feed After feed Before feed After feed 

Plasma 
(n = 4) 

Lymph 
(n = 4) 

Plasma 
(n = 7) 

Lymph 
(n = 7) 

Plasma 
(n = 4) 

Lymph 
(n = 4) 

Plasma 
(n = 4) 

Lymph 
(n = 4) 

Sodium (mmol/L) 135 ± 2 142 ± 2 137 ± 3 139 ± 2 141 ± 2 146 ± 3 139 ± 2 144 ± 2 135–145 

Chloride (mmol/L) 92 ± 2 106 ± 2 92 ± 3 103 ± 3 98 ± 2 111 ± 4 98 ± 2 111 ± 1 95–110 

Glucose (mmol/L) 9.0 ± 0.4 9.3 ± 0.5 9.2 ± 1.5 10.4 ± 1.2 8.2 ± 0.3 7.9 ± 0.4 7.0 ± 0.3 6.8 ± 0.8 3.5–7.7 

Creatinine (µmol/L) 104 ± 9 99 ± 12 82 ± 6 73 ± 8 123 ± 32 121 ± 35 99 ± 15 94 ± 22 60–105 

Urea (mmol/L) 9.0 ± 1.5 9.6 ± 1.8 7.9 ± 1.0 8.3 ± 0.7 9.7 ± 3.3 10.1 ± 3.4 10.7 ± 1.1 11.1 ± 1.7 3.2–7.7 

Lipase (U/L) 46 ± 36 454 ± 357 13 ± 2 43 ± 16 12 ± 5 41 ± 39 112 ± 2 23 ± 6 16–67 

Total protein (g/L) 57 ± 4 30 ± 7 55 ± 2 28 ± 2 58 ± 3 36 ± 4 55 ± 2 31 ± 1 61–79 

Albumin (g/L) 38 ± 3 22 ± 4.8 32 ± 1.6 10 ± 4 40 ± 4 27 ± 3 36 ± 3 17 ± 5 32–48 

Bilirubin (µmol/L) 14 ± 4 10 ± 2 15 ± 8 16 ± 4 7 ± 1 6 ± 1 6 ± 1 5 ± 1 <25 

Alanine transaminase (ALT) (U/L) 48 ± 11 29 ± 5 32 ± 6 20 ± 4 45 ± 3 25 ± 3 31 ± 5 18 ± 3 <45 

Aspartate aminotransferase (AST) 
(U/L) 60 ± 5 56 ± 14 41 ± 6 39 ± 13 60 ± 7 42 ± 4 38 ± 8 26 ± 6 <45 

Gamma-glutamyltransferase 
(GGT) (U/L) 38 ± 7 13 ± 5 82 ± 52 22 ± 7 13 ± 3 7 ± 1 15 ± 5 7 ± 2 <60 

Creatine Kinase (CK) (U/L) 1843 ± 986 2709 ± 1592 822 ± 331 1961 ± 992 2930 ± 1731 2454 ± 1600 2149 ± 868 1588 ± 538 60–220 

Lactate dehydrogenase (LDH) 
(U/L) 225 ± 15 220 ± 12 236 ± 60 186 ± 25 237 ± 28 184 ± 31 212 ± 34 129 ± 15 120–250 

Triglyceride (mmol/L) 1.4 ± 0.3 2.5 ± 2.3 1.8 ± 0.4 8.5 ± 2.6 0.8 ± 0.2 1.2 ± 0.5 0.9 ± 0.1 5.4 ± 2.4 <2.0 

Cholesterol (mmol/L) 2.8 ± 0.3 1.0 ± 0.4 2.7 ± 0.2 0.8 ± 0.1 3.0 ± 0.7 1.2 ± 0.3 2.4 ± 0.1 1.0 ± 0.1 <5.0 

High-density lipoprotein (HDL) 
(mmol/L) 0.5 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.0 ± 0.0 1.1 ± 0.2 0.5 ± 0.1 0.8 ± 0.1 0.2 ± 0.1 >1.0 

Low-density lipoprotein (LDL) 
(mmol/L) 1.6 ± 0.3 0.2 ± 0.2 1.2 ± 0.2 0.0 ± 0.0 1.3 ± 0.7 0.3 ± 0.2 0.7 ± 0.0 0.1 ± 0.1 <3.4 

Apo A lipoprotein (g/L) 0.8 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 0.2 ± 0.0 1.0 ± 0.2 0.5 ± 0.2 0.8 ± 0.0 0.3 ± 0.0 >1.2 

Apo B lipoprotein (g/L) 0.7 ± 0.1 0.1 ± 0.1 0.7 ± 0.1 0.1 ± 0.0 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.0 0.1 ± 0.1 <1.3 
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Figure 19. Post-operative level of total protein and albumin in plasma and thoracic duct 
lymph. 

Total protein (g/L) (Panel A) and albumin (g/L) (Panel B) in plasma (dotted line) and TD lymph (solid line) for 
Patients 3 (circle) and 4 (square). The arrow marks the introduction of enteral feeding. 

 
Figure 20. Post-operative lipase levels in plasma and thoracic duct lymph. 

Post-operative lipase (U/L) in plasma (dotted line) and TD lymph (solid line) for Patients 3 (circle) and 4 (square) 
(Panel A); and ratio of TD lymph to plasma lipase for each patient: Patient 3 (circle) and 4 (square) (Panel B). The 
arrow marks the introduction of enteral feeding. 

 
Figure 21. Post-operative serial creatine kinase levels in plasma and thoracic duct lymph. 

Post-operative serial creatine kinase (U/L) measurement in plasma (dotted line) and TD lymph (solid line) for 
Patients 3 (circle) and 4 (square) (Panel A) and ratio of TD lymph to plasma for Patient 3 (circle) and 4 (square) 
(Panel B). The arrow marks the introduction of enteral feeding. 
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Figure 22. Post-operative triglyceride level in plasma and thoracic duct lymph. 

Triglyceride level (mmol/L) in plasma (dotted line) and TD lymph (solid line) for Patients 3 (circle) and 4 (square). 
The arrow marks the introduction of enteral feeding. 

7.3.2 Cytokine results 

Both the cytokines IL-6 (normal reference range 0.2–7.8 pg/mL395) and tissue necrosis factor alpha 

(TNF-α) (normal reference range < 8.1 pg/mL396) were found in much higher concentrations in TD 

lymph than plasma (Figure 23A and B). TNF-α demonstrated a bimodal peak, with a first peak at 24 

hours and the second peak occurring after enteral feeding was commenced between 48 (Patient 3) 

and 60 hours (Patient 4) (Figure 23B). The lymph to plasma ratio for IL-6 was 8:1 to 108:1 over the 

sampling period (Figure 23C), and the ratio for TNF-α was 2.7:1 to 17:1 (Figure 23D). 
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Figure 23. Changes in pro-inflammatory cytokine interleukin 6 and tissue necrosis factor 
alpha post-operatively. 

IL-6 (pg/mL) (Panel A) and TNF-α (pg/mL) (Panel B) with the corresponding in the ratio (lymph:plasma) of these 
cytokines IL-6 (Panel C), TNF-α (Panel D) in plasma (dotted line) and TD lymph (solid line) for Patients 3 (circle) 
and 4 (square). The arrows mark the introduction of enteral feeding. 

7.3.3 Markers of intestinal injury 

The highest levels of bacterial derived D-lactate (a marker of intestinal barrier function397) in both 

plasma and TD lymph were recorded at 36 hours post-operatively, immediately prior to the 

commencement of enteral feeding at 37 hours (Figure 24A). Once enteral feeding was commenced, 

the D-lactate level (reference range 11–70 nmol/L397) switched from being higher in plasma to being 

higher in TD lymph, except in Patient 3 at 84 hours, the most fed time point. The Limulus 

amoebocyte lysate (LAL) endotoxin (an endotoxin derived from lipopolysaccharide used as a 

marker of intestinal permeability398) also increased in both plasma and TD lymph with the 

commencement of enteral feeding (Figure 24B). LAL endotoxin (reference range < 0.4 EU/mL399) was 

between 1.5- and 31.8-fold (mean 10.4-fold) higher in TD lymph than in plasma for 13 of the 16 time 

points measured in both patients. The highest level was measured in Patient 3 at 0 hours (26.8 EU/L). 

Levels of malondialdehyde (MDA; plasma reference range 1.86–3.94 µM) (a marker of lipid 

peroxidation exposure400) were higher in TD lymph in 75% of the points measured and all recordings 
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in both plasma and lymph were above the reference range (Figure 24C). Alpha-smooth muscle actin 

(a marker of vascular smooth muscle function401) was only detectable in Patient 3’s TD lymph (range 

1.2–19.7 ng/mL) and only in four of six time points, thus the results are not presented in Figure 24. 

The concentration of intestinal fatty-acid binding protein (iFABP; an intracellular enterocyte protein 

released during mucosal ischaemia402; plasma reference range < 65 ng/mL403) was higher in the TD 

lymph at each matched time point compared with plasma, although it was below the detectable 

concentration range in plasma for six of the eight time points in Patient 3. A second peak in TD lymph 

iFABP was noted immediately after the commencement of enteral feeding (Figure 23D), and this is 

more apparent when considered in terms of the circulating levels, as shown by the lymph:plasma ratio 

(Figure 25A). The highest measurement (853 ng/mL) was 5 days after resection when the full rate of 

enteral feeding had been established for 24 hours. The highest iFABP lymph measurements were 

made in Patient 4 following the introduction of enteral feeding, which also coincided with the peak 

amount of noradrenaline administered in the preceding 12 hours (Figure 25B). Following the 

introduction of enteral feeding at 37 hours post-operatively, the plasma-to-lymph ratio ranged from 

12.2 to 20.8 in Patient 4 when noradrenaline had been administered, and 1.5 to 8.8 in Patient 3 when 

it was not used. 

In summary, the levels of D-lactate, LAL endotoxin and iFABP (markers of intestinal barrier function, 

permeability and mucosal ischaemia, respectively) in TD lymph all increased in TD lymph following the 

introduction of enteral feeding. 
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Figure 24. Markers of gut dysfunction in plasma and thoracic duct lymph during the post-
operative period. 

Plasma (dotted line) and TD lymph (solid line) for Patients 3 (circle) and 4 (square). D-lactate (nmol/µL) (Panel A), 
LAL endotoxin (EU/mL) (Panel B), TBARS assay of MDA (µM) (Panel C) and iFABP (pg/mL) (Panel D). The 
arrows mark the introduction of enteral feeding. 

 
Figure 25. Changes in the intestinal fatty-acid binding protein assay ratio and influence of 
noradrenaline. 

Changes in the iFABP ratio over the post-operative period in Patient 3 (circle) and Patient 4 (square) plotted 
against time in Panel A. Panel B demonstrates the change in noradrenaline (bars) administered (mg/h) against 
the plasma (dotted line) and lymph (solid line), and iFABP values for Patient 4. The arrows mark the introduction 
of enteral feeding. 
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7.3.4 Metabolic hormones 

To contextualise the study of enteral feeding in the early post-operative period, a metabolic hormone 

panel assay (MILLIPLEX MAP Human Metabolic Hormone Panel kit, Cat# MPHMHEMAG34K11, EMD 

Millipore Corporation, MA, USA) of amylin (15–100 pg/L), C-peptide (0.5–4.1 pg/L), gastric inhibitory 

polypeptide (GIP) (0.03–1.55 pg/L), glucagon (16–180 pg/mL), insulin (ND-4500 pg/mL), leptin (0.8–

16.5 pg/L), monocyte chemoattractant protein-1 (MCP-1) (15–150 pg/mL)and pancreatic polypeptide 

(PP) (2.9–300 pg/mL) was performed to compare and contrast hormone levels in plasma and TD 

lymph. Reference ranges were supplied by the manufacturer. The metabolic hormones C-peptide, 

MCP-1, GIP and leptin were all consistently higher in TD lymph than plasma at each of the time 

points (Figure 26). The lowest measurement of C-peptide in both lymph and plasma was during the 

intraoperative collection. MCP-1 levels were 1.5- to 6.0-fold higher in TD lymph than in plasma, 

peaking in TD lymph at 24 hours post-operatively. GIP levels were negligible between 0 and 36 hr 

post-operation and increased 28-fold in plasma and 38-fold in lymph following the introduction of 

enteral feeding but were between 0.9- and 3.7-fold higher in lymph than in plasma. GIP levels were 

only higher in plasma intraoperatively in Patient 3. Leptin was between 2.0- and 7.4-fold higher in TD 

lymph than in plasma. The greatest fold change difference between the compartments in both patients 

was at 36 hours post-operatively, whereas the peak plasma level was at 12 hours. Leptin lymph level 

peaked at 12 hours in Patient 4 and at 24 hours in Patient 3. 

The measured levels of four hormones secreted by the endocrine pancreas – insulin, PP, glucagon 

and amylin – varied as to whether the concentration was higher in lymph or in plasma. There was 

minimal variation in insulin levels between the plasma and lymph compartments. Insulin levels were 

between 0.7 and 1.1-fold higher in lymph than in plasma. Initially, insulin was higher in lymph 

intraoperatively in both patients but then peaked in plasma at 12 hours in Patient 3 (1.4-fold higher in 

plasma) and 36 hours in Patient 4 (1.7-fold higher in plasma). PP levels in lymph and plasma were 

similar, at between 0.68- and 1.4-fold higher in lymph than in plasma with 10 of the 16 time points 

having a 0.9- to 1.1-fold range difference. Glucagon was higher in lymph than in plasma (0.67- to 3.4-

fold) for six of the eight time points. Plasma levels of glucagon were higher than lymph both 

intraoperatively and 36 hours post-operatively (the most fasted point post-operatively). Amylin levels 

were higher in lymph (0.9- to 3.7-fold) than in plasma except at the most fasted time point, 36 hours 

post-operatively.  
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In summary, GIP and amylin were the most responsive to enteral feeding, showing marked increases 

after it commenced in both compartments and patients. The other hormones were variable and less 

immediately influenced by the enteral feeding through a feeding jejunostomy. 

 
Figure 26. Metabolic hormones in plasma and thoracic duct lymph during the post-operative 
period. 

Hormones (pg/mL) in plasma (dotted line) and TD lymph (solid line) for Patients 3 (circle) and 4 (square) over the 
elapsed time after cannulation. C-peptide (Panel A), MCP-1 (Panel B), GIP (Panel C), leptin (Panel D), insulin 
(Panel E), pancreatic polypeptide (Panel F), glucagon (Panel G), amylin (Panel H). The arrows mark the 
introduction of enteral feeding. 
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7.3.5 Small ribonucleic acid sequencing 

In the pilot RNA extraction experiments, the Macherey Nagel NucleoSpin miRNA Plasma Kit (Cat # 

740981.5, Duren, Germany) produced a higher concentration of extracted RNA than the Qiagen 

miRNeasy Serum/Plasma Kit (Cat # 217184, Dusseldorf, Germany) (Figure 27). This result did not 

correlate with the TaqMan quantitative real-time polymerase chain reaction (qRT-PCR) for miR-16 

levels, a common miRNA circulating in biofluids that is often used as an endogenous control404. The 

addition of 0.2 U of heparinase (Cat # H2519, Sigma-Aldrich, Saint Louis, MO, USA) prior to the RNA 

extraction improved the qRT-PCR detection of miR-16 in TD lymph samples extracted using the 

Qiagen kit with a 300 µL starting volume of TD lymph. Consequently, the Qiagen kit with the addition 

of heparinase was used to extract RNA from 300 µL of neat lymph prior to sequencing by the 

Auckland University Genomics Facility (see Section 2.4.8). 

 
Figure 27. Quantification of ribonucleic acid from thoracic duct lymph samples using the High 
Sensitivity RNA ScreenTapes and TapeStation system. 

#3 represents Patient 3 and #4 Patient 4. RNA was extracted from TD lymph using a Macherey Nagel NucleoSpin 
miRNA Plasma Kit (MN) or Qiagen miRNeasy Serum/Plasma Kit (Q). 

RNA data analysis using the Genboree Small RNA-seq pipeline software Version 4.6.3 (Baylor 

College of Medicine, Houston, TX, USA)202 revealed two peaks in small RNA sequence length at 18–

22 nucleotides (nt) and 29–33 nt (Figure 28). These correspond to miRNA and transfer RNA (tRNA), 

respectively. 

Patient 3 had a higher proportion of reads (range 45.6% to 71.6%) that were used for alignment than 

Patient 4 (range 19.6% to 48.3%) out of the total number of input reads (Table 25). Of the reads that 
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were used for alignment, Patient 3 also had a higher proportion that matched to the human genome 

(range 54.5% to 89.0%) compared with Patient 4 (44.6% to 82.6%). 

Table 25. Reads used for alignment by Genboree by thoracic duct lymph sample 

Percentage of RNA reads used for alignment of the total RNA data input. 

Time (h) 
Patient 3 Patient 4 

0 36 48 84 0 36 48 84 
% reads used for alignment 59.2 45.7 58.1 71.6 48.3 40.1 19.6 17.1 

Figure 29 graphically depicts the distribution of various small RNA types in the TD lymph samples and 

the variation in abundance. tRNA was the most frequently detected RNA type in the fully fed state and 

intraoperative time points. In both patients, at 36 hours immediately before the commencement of 

enteral feeding, miscellaneous RNA subtypes were the most abundant in TD lymph. miRNA was most 

abundant in the intraoperative TD lymph samples in both patients. The other striking observation from 

this graph was the variation in the abundance of RNA that was unable to be mapped. Patient 4 had 

more unmapped RNA than Patient 3. Patient 3 had the most unmapped RNA in the 36-hour sample. 

A total of 209 human miRNAs were identified in the human TD lymph samples; of these, only 45 were 

identified in both patients at all time points. The following three miRNAs increased 2-fold or more in 

both patients from the fasted to the fed time points: hsa-miR-122-5p (8-fold Patient 3, 2-fold Patient 4), 

hsa-miR-145-3p (235-fold Patient 3, 36-fold Patient 4) and hsa-miR-126-3p (717 fold Patient 3, 12-fold 

Patient 4). In contrast, 44 miRNAs decreased less than 0.5-fold during this transition (Table 26). 

Table 26. List of microribonucleic acids that decreased in thoracic duct lymph following the 
introduction of enteral feeding. 

List of miRNA that decreased in abundance when enteral feeding was introduced. This decrease was from the 
post-operative sample at 36 hours to 84 hours. 

hsa-miR-486-5p hsa-miR-146a-5p hsa-miR-193a-5p hsa-miR-1260b 
hsa-miR-92a-3p hsa-miR-22-3p hsa-miR-30c-5p hsa-miR-222-3p 
hsa-miR-451a hsa-miR-30a-5p hsa-let-7i-5p hsa-miR-1247-5p 
hsa-miR-10b-5p hsa-miR-335-5p hsa-miR-26b-5p hsa-miR-363-3p 
hsa-miR-320a hsa-miR-342-3p hsa-miR-142-5p hsa-let-7d-5p 
hsa-miR-125a-5p hsa-miR-328-3p hsa-miR-191-5p hsa-mir-320b-2 
hsa-miR-148a-3p hsa-miR-342-3p hsa-miR-221-3p hsa-miR-340-5p 
hsa-miR-100-5p hsa-miR-30e-5p hsa-miR-4429 hsa-miR-148b-3p 
hsa-miR-125b-5p hsa-miR-361-3p hsa-miR-502-3p hsa-miR-629-5p 
hsa-miR-21-5p hsa-miR-500a-3p hsa-miR-1246 hsa-miR-6734-5p 
hsa-miR-99b-5p hsa-miR-186-5p hsa-miR-146b-5p hsa-miR-16-2-3p 
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A total of 148 exogenous (non-human) miRNAs were mapped by the Genboree database across the 

TD lymph samples. None of these were identified in any of the TD lymph samples. Furthermore, 129 

of these exogenous miRNAs had identical read counts to other exogenous miRNAs in the same 

sample, suggesting that multiple exogenous miRNAs had been mapped from the same data points. 

For example, in Patient 3, in the intraoperative sample there were 10 different miRNAs identified with 

the same read length of 156.2012. 

The five most abundant tRNAs identified were anticodons for glycine, glutamic acid, valine, lysine and 

serine. These tRNAs for glycine (4-fold in both patients), serine (791-fold in Patient 3, 1943-fold in 

Patient 4) and leucine (82-fold in Patient 3, 9-fold in Patient 4) all increased in both patients following 

the introduction of enteral feeding. None of the tRNAs identified decreased in either patient after 

enteral feeding was introduced. 

PIWI-interacting RNA (piRNA) is the largest class of small non-coding RNA molecules expressed in 

animal cells405. Two piRNAs increased in both patients following the introduction of enteral feeding: 

hsa-piR-26758 increased 799-fold and 27-fold in Patients 3 and 4, and hsa-piR-5748 increased 3.6-

fold and 1.5-fold, respectively. 

In summary, the small RNA extraction and sequencing from human TD lymph required optimisation. 

The addition of heparinase prior to RNA extraction improved the miR-16 detecting, suggesting that the 

low-molecular weight heparin that was administered to the patients for deep vein prophylaxis 

interfered with RNA extraction. The percentage of RNA used for read alignment varied significantly 

between patient and sample time point. Following the introduction of enteral feeding, 44 miRNAs 

decreased less than 0.5-fold, but only three increased more than 1.5-fold. 
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Figure 28. Normalised read length of all thoracic duct lymph ribonucleic acid sequences per sample. 

Normalised read length of RNA sequenced by HiSeq from TD lymph samples. Reads normalised to total RNA input. Data presented for each sample. 
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Figure 29. Distribution of ribonucleic acid biotypes across all thoracic duct lymph samples. 

Normalised reads per million of RNA biotypes by TD lymph sample. Reads normalised to total RNA input. 
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7.3.6 Proteomics 

The SWATH proteomic data was searched against a human database. The ion library created from 

the two-dimensional independent data acquisition (2D-IDA) contained 536 identified human proteins. 

The subsequent SWATH extraction from the human database produced a total of 400 quantifiable 

proteins across the various biofluids. The number of quantifiable proteins varied across the individual 

biofluid compartments, with 284, 316, 314 and 321 proteins quantified in neat plasma, neat lymph, 

immune-depleted (ID) plasma and ID lymph, respectively. There was significant overlap between the 

proteomes both when the neat samples were compared with the immune-deplete conterparts and 

when plasma was compared with lymph (Figure 30). While in ID plasma there were a total of 30 more 

proteins identified than in neat plasma, there were 39 proteins not identified in ID plasma that had 

presumably been removed by the immunoaffinity depletion and a further 69 proteins that were only 

identified in ID plasma (Figure 31A) due to removal of high abundance proteins by the ID process. In 

lymph, only a total of five more proteins were identified in ID lymph compared with neat lymph. 

However, 50 proteins were not identified in ID lymph that were identified in neat lymph and a further 

55 proteins were only identified in the ID lymph compared with neat lymph (Figure 31B). 

When the quantifiable proteins were compared between compartments, 335 proteins were compared 

between plasma and lymph (Figure 31C) and 357 between ID plasma and ID lymph (Figure 31D). 

More proteins were only identified in the ID plasma (43, 12.0%) than plasma (19, 5.6%) when 

compared with the respective lymph compartment. In contrast, fewer proteins were only identified in ID 

lymph (36, 10.1%) than in lymph (51, 15.2%) compared with the respective plasma compartments. A 

similar proportion of common proteins were identified when plasma and lymph (265, 79.1%) were 

compared with ID plasma and ID lymph (278, 77.9%). 

The molecular function (Figure 32), biological processes (Figure 33) and protein class (Figure 34) on 

all the identified proteins in each biofluid were classified using the PANTHER 14.1 Gene Ontology 

database. Similar molecular function, biological processes and protein class distributions were 

observed across the compartments. 

The 20 most abundant proteins identified in each compartment are listed in Table 27. Eight of these 

proteins (alpha-1-acid glycoprotein, haemopexin, alpha-1-antichymotrypsin, complement C4-B, 

complement C4-A, fibrinogen beta chain, alpha-1 antitrypsin and albumin) were common to the four 

sample types. Fibrogen alpha chain and alpha-2-macroglobulin were common to plasma, ID plasma 
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and lymph. Caeruloplasmin was common to plasma, ID plasma and ID lymph. A further nine were 

common to lymph and plasma (haptoglobin, serotransferrin, complement C3, Ig gamma-1 chain C 

region, Apo A-I, fibrinogen gamma chain, serum amyloid A-1 protein, Ig gamma-2 chain C region, Ig 

kappa chain C region), and seven were common to ID plasma and ID lymph (plasma protease C1 

inhibitor, beta-2-glycoprotein 1, leucine-rich alpha-2-glycoprotein, vitamin D-binding protein, alpha-1B-

glycoprotein, complement factor H, inter-alpha-trypsin inhibitor heavy chain H4). 

Tables 28 to 31 are relative heat maps of each compartment to illustrate the analysis of variance 

(ANOVA) analysis of proteins that changed more than 1.5-fold over all the sample time points with a p 

value of < 0.05. For each compartment, there were proteins that increased and decreased by more 

than 1.5-fold. Overall, the key trend from these heat maps is that the largest differences were between 

the intraoperative time points (T = 0) and the most fed time point (T = 84), rather than the least fed (36 

hours) and most fed. This suggests that the ‘surgical insult’ may have had more impact on the 

changes in the proteome than the introduction of enteral feeding. For example, in plasma (Table 28) 

and ID plasma (Table 30) C-reactive protein, serum amyloid A-2 and A1 protein, alpha-1-

antichymotrypsin, alpha-1-antitrypsin, leucine-rich alpha-2-glycoprotein and the haemoglobin subunits 

beta, delta and alpha, a number of which are acute phase proteins, all increased during the post-

operative period. Conversely, 21 immunoglobulins fell significantly in plasma during this time (Table 

28). In ID lymph (Table 31), the most striking change with the introduction of enteral feeding was the 

increase in Apo C-I, C-II, C-III and B-100. Only Apo C-I was identified to have a greater than 1.5-fold 

change in lymph (Table 29). 
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Figure 30. Venn diagram comparing quantifiable proteins across compartments. 

Quantifiable proteins identified in plasma (284), lymph (316), immune-depleted (ID) plasma (314) and ID lymph 
(321). In total, 400 proteins were quantifiable from all four samples. 
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Figure 31. Venn diagrams comparing quantifiable proteins in plasma and immune-depleted (ID) plasma (Panel A), lymph and ID lymph (Panel 
B), plasma and lymph (Panel C), and ID plasma and ID lymph at all time points (Panel D). 

39 69 245 

Plasma ID Plasma 

50 55 266 

Lymph  ID Lymph 
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Plasma Lymph 

43 36 278 

ID Plasma ID Lymph 

A B 

C D 
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Figure 32. Molecular function for proteins quantified by SWATH. 

Molecular function classified by PANTHER GO-slim Molecular Function for quantifiable proteins in plasma, 
immune-depleted (ID) plasma, lymph and ID lymph. 
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Figure 33. Biological processes for proteins quantified by SWATH. 

Biological processes classified by PANTHER Go-slim Biological Process for proteins quantified by SWATH in 
plasma, immune-depleted (ID) plasma, lymph and ID lymph. 

 

Figure 34. Protein class for proteins quantified by SWATH. 

Protein class classified by PANTHER Protein Class for proteins quantified by SWATH in plasma, immune-
depleted (ID) plasma, lymph and ID lymph. 
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Table 27. Top 20 proteins quantified in human plasma, lymph, immune-depleted plasma and 
immune-depleted lymph. 

Proteins listed in order of abundance based on unused ProtScore (from four time points in two patients) in each 
sample type irrespective of feeding status. * Common to all four samples. 

 Plasma Lymph ID Plasma ID Lymph 
1 Serum albumin* Serum albumin* Haemopexin* Serum albumin* 
2 Haptoglobin Serotransferrin Alpha-1-

antichymotrypsin* 
Haemopexin* 

3 Fibrinogen beta 
chain* 

Alpha-1-antitrypsin* Serum albumin* Alpha-1-
antichymotrypsin* 

4 Serotransferrin Haptoglobin Alpha-1-antitrypsin* Alpha-1-antitrypsin* 
5 Alpha-1-antitrypsin* Complement C3 Complement C4-B* Complement C4-B* 
6 Complement C3 Alpha-1-acid 

glycoprotein* 
Complement C4-A* Complement C4-A* 

7 Fibrinogen alpha 
chain 

Haemopexin* Caeruloplasmin Alpha-1-acid 
glycoprotein* 

8 Alpha-1-acid 
glycoprotein* 

Ig gamma-1 chain C 
region 

Fibrinogen beta chain* Caeruloplasmin 

9 Haemopexin* Fibrinogen beta 
chain* 

Fibrinogen alpha chain Vitamin D-binding protein 

10 Alpha-2-
macroglobulin 

Apolipoprotein A-I Alpha-1-acid 
glycoprotein* 

Beta-2-glycoprotein 1 

11 Ig gamma-1 chain C 
region 

Fibrinogen alpha 
chain 

Plasma protease C1 
inhibitor 

Leucine-rich alpha-2-
glycoprotein 

12 Apolipoprotein A-I Alpha-1-
antichymotrypsin* 

Beta-2-glycoprotein 1 Alpha-1B-glycoprotein 

13 Alpha-1-
antichymotrypsin* 

Ig gamma-2 chain C 
region 

Leucine-rich alpha-2-
glycoprotein 

Plasma protease C1 
inhibitor 

14 Complement C4-B* Fibrinogen gamma 
chain 

Vitamin D-binding 
protein 

Transthyretin 

15 Fibrinogen gamma 
chain 

Complement C4-B* Alpha-1B-glycoprotein Fibrinogen beta chain* 

16 Serum amyloid A-1 
protein 

Alpha-2-
macroglobulin 

Complement factor H Angiotensinogen 

17 Ig gamma-2 chain C 
region 

Complement C4-A* Alpha-2-macroglobulin Antithrombin-III 

18 Complement C4-A* Ig kappa chain C 
region 

Complement 5 Vitronectin 

19 Ig kappa chain C 
region 

Serum amyloid A-1 
protein 

Inter-alpha-trypsin 
inhibitor heavy chain H4 

Inter-alpha-trypsin 
inhibitor heavy chain H4 

20 Caeruloplasmin Immunoglobulin 
heavy constant 
gamma 3 

Haptoglobin Complement factor H 
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Table 28. Heat map of plasma proteins. 

Heat map of significant (p < 0.05) plasma proteins from ANOVA analysis with fold change > 1.5 of the highest value to the lowest. Each row in the heat map was scaled to a 
mean of zero and unit standard deviation with blue values representing lower abundance and red values higher relative abundance. 

 

Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Immunoglobulin heavy chain constant gamma 3                  
Immunoglobulin lambda variable 1-51                 
Immunoglobulin kappa variable 1-5                 
Immunoglobulin kappa variable 1-6                 
Inter-alpha-trypsin inhibitor heavy chain H1                 
Apolipoprotein L1                 
Tetranectin                 
Plasminogen                 
Phosphatidylinositol-glycan specific phospholipase D                 
Fetuin-B                  
Biotinidase                 
Immunoglobulin lambda constant 7                 
Immunoglobulin lambda constant 6                 
Immunoglobulin heavy variable 1-3                 
Immunoglobulin heavy variable 3-13                 
Immunoglobulin lambda variable 3 -1                 
Immunoglobulin heavy variable 1-69                 
Immunoglobulin kappa variable 1-6                 
Immunoglobulin kappa variable 1-17                 
Immunoglobulin kappa variable 1D-33                 
Immunoglobulin lambda variable 4-3                 
Inter-alpha-trypsin inhibitor heavy chain H2                 
Plasma kallikrein                 
Immunoglobulin kappa variable 3-15                 
Immunoglobulin heavy variable 4-59                 
Immunoglobulin heavy constant alpha 1                 
Immunoglobulin heavy variable 1-2                 
Immunoglobulin heavy chain constant gamma 1                 
Gelsolin                 
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Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Glyceraldehyde-3-phophate dehydrogenase                 
Alpha-2-HS glycoprotein                 
Immunoglobulin kappa variable 1-16                 
Immunoglobulin lambda variable 1-47                 
Golgi membrane protein 1                 
L-selectin                 
Apolipoprotein A-IV                 
Fibulin-1                 
Galectin-3-binding protein                 
Serum paraoxonase 3                 
Gamma-glutamyl hydrolase                 
Immunoglobulin heavy variable 1-46                 
Serum amyloid A-1 protein                 
Serum amyloid A-2 protein                 
Leucine-rich alpha-2-glycoprotein                 
C-reactive protein                 
Lipopolysaccharide-binding protein                 
Alpha-1-acid glycoprotein 1                 
Alpha-1-antichymotrypsin                 
Fibrinogen-like protein 1                 
Alpha-1-antitrypsin                 
Monocyte differentiation antigen CD14                 
Alpha-1-acid glycoprotein 2                 
Complement C2                 
Complement C1r subcomponent                 
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Table 29. Heat map of lymph proteins. 

Heat map of significant (p < 0.05) lymph proteins from ANOVA analysis with fold change > 1.5 of the highest value to the lowest. Each row in the heat map was scaled to a 
mean of zero and unit standard deviation with blue values representing lower abundance and red values higher relative abundance. 

 

Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Alpha-1-antitrypsin                 
Fibrinogen beta chain                 
Alpha-1-acid glycoprotein 1                 
Alpha-1-antichymotrypsin                 
Carboxypeptidase N catalytic chain                 
Haptoglobin                 
Lipopolysaccharide-binding protein                 
Monocyte differentiation antigen CD14                 
Serum amyloid A-1 protein                 
Serum amyloid A-2 protein                 
Leucine-rich alpha-2-glycoprotein                 
C-reactive protein                 
Alpha-1-acid glycoprotein 2                 
Complement C1s subcomponent                 
HLA class I histocompatibility antigen, Cw-15 alpha chain                 
Complement C1q subcomponent subunit A                 
Complement C1r subcomponent-like protein                 
UDP-glucose 4-epimerase                 
Platelet basic protein                 
Vasorin                 
Immunoglobulin heavy chain constant gamma 1                 
Alpha-2-HS-glycoprotein                 
Serum amyloid P-component                 
Immunoglobulin heavy variable 3-7                 
Inter-alpha-trypsin inhibitor heavy chain H2                 
Apolipoprotein C-I                 
Collagen alpha-3 (VI) chain                 
Immunoglobulin lambda variable 4 -3                 
Selenoprotein P                 
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Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Histidine-rich glycoprotein                 
N-acetylmuramoyl-L-alanine amidase                 
Heparin cofactor 2                 
Plasma serine protease inhibitor                 
Insulin-like growth factor binding protein complex acid labile subunit                 
Plasminogen                 
Inter-alpha-trypsin inhibitor heavy chain H1                 
Kallistatin                 
Gelsolin                 
Tetranectin                 
Immunoglobulin lambda variable 3-1                 
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Table 30. Heat map of immune-depleted plasma proteins. 

Heat map of significant (p < 0.05) ID plasma proteins from ANOVA analysis with fold change > 1.5 of the highest value to the lowest. Each row in the heat map was scaled to a 
mean of zero and unit standard deviation with blue values representing lower abundance and red values higher relative abundance. 

 

Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

C-reactive protein                 
Serum amyloid A-2 protein                 
Serum amyloid A-1 protein                 
Alpha-1-antichymotrypsin                 
Alpha-1-antitrypsin                 
Leucine-rich alpha-2-glycoprotein                 
Haemoglobin subunit beta                 
Haemoglobin subunit delta                 
Haemoglobin subunit alpha                 
Alpha-1-acid glycoprotein 1                 
Haptoglobin                 
Tetranectin                 
Cholinesterase                 
Immunoglobulin lambda-like polypeptide 5                 
Alpha-2-macroglobulin                 
Biotinidase                 
Plasma serine protease inhibitor                 
Histidine-rich glycoprotein                 
Immunoglobulin heavy variable 3-53                 
Alpha-2-HS-glycoprotein                 
L-selectin                 
Complement C1q subcomponent subunit A                 
Myoglobin                 
Coiled-coil domain-containing protein 126                 
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Table 31. Heat map of immune-depleted lymph proteins. 

Heat map of significant (p < 0.05) ID lymph proteins from ANOVA analysis with fold change > 1.5 of the highest value to the lowest. Each row in the heat map was scaled to a 
mean of zero and unit standard deviation with blue values representing lower abundance and red values higher relative abundance. 

 

Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Serum amyloid A-1 protein                 
Serum amyloid A-2 protein                 
Lipopolysaccharide-binding protein                 
Alpha-1-antitrypsin                 
Alpha-1-acid glycoprotein 1                 
Fibrinogen beta chain                 
Laminin subunit beta-1                 
Tropomyosin alpha-4 chain                 
V-set and immunoglobulin domain-containing protein 4                 
Alpha-1-antichymotrypsin                 
C-reactive protein                 
Leucine-rich alpha-2-glycoprotein                 
L-selectin                 
Complement C5                 
Cathepsin D                 
Cystatin-C                 
Peptidase inhibitor 16                 
Metalloproteinase inhibitor 1                 
Cathepsin B                 
CD44 antigen                 
Creatine kinase M-type                 
Myoglobin                 
Fibrinogen-like protein 1                 
Apolipoprotein C-II                 
Apolipoprotein C-I                 
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Protein 
P#3 
T = 0 

P#4 
T = 0 

P#3 
T = 36 

P#4 
T = 36 

P#3 
T = 48 

P#4 
T = 48 

P#3 
T = 84 

P#4 
T = 84 

Serum amyloid A-1 protein                 
Apolipoprotein C-III                 
Apolipoprotein B-100                 
Noelin                 
Apolipoprotein A                 
Dynein heavy chain 14, axonemal                 
Out at first protein homolog                 
Periostin                 
Clusterin                 
Haptoglobin-related protein                 
Fibronectin                 
Apolipoprotein A-I                 
Malate dehydrogenase, cytoplasmic                 
Immunoglobulin kappa variable 1-16                 
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An analysis of changes in protein abundance for the transition from the most fasted state post-

operatively to the most fed state was then performed. Table 32 shows those proteins identified that 

increased during the post-operative period with the introduction of enteral feeding (ratio > 1.5) and 

Table 33 those that decreased (ratio < 0.67). An exploratory approach was adopted to generate future 

hypotheses for testing in larger patient group numbers. This used an unadjusted p value of < 0.1. In 

plasma, five proteins increased more than 1.5-fold with a p value of < 0.1 (Table 32): IgGFc-binding 

protein, Golgi membrane protein 1, sex hormone-binding globulin, immunoglobulin lambda constant 6 

and creatine kinase M-type. The largest fold increase in plasma was for the protease inhibitor IgGFc-

binding protein (8.31-fold, p = 0.012), which is expressed in colonic mucosa406. It binds to the Fc 

portion of immunoglobulin and is thought to have a role in the immune system by being able to excrete 

antigen-immune complexes406. This was also significantly increased in the ID plasma but to a lesser 

extent (1.77-fold, p = 0.015). Eight proteins increased more than 1.5-fold in the ID plasma, including 

the two acute phase proteins alpha-1-acid glycoprotein 1 and 2, which were also significantly 

increased in ID lymph. 

By contrast, 18 proteins significantly increased in TD lymph and 15 increased in ID TD lymph by 

greater than 1.5-fold (p < 0.1). The protein with the greatest fold increase (48-fold, p = 0.002) was the 

catalytic enzyme UDP-glucose-4 epimerase, which catalyses the reversible conversion of UDP-

glucose to UDP-galactose and UDP-N-acetylglucosamine to UDP-N-acetylgalactoosamine407. These 

reactions are important in the synthesis of glycoproteins and glycolipids. This protein was reduced by 

~ 5-fold (p = 0.03) in ID lymph, suggesting that the protein was removed during the immune-depletion 

process. The chemokine platelet basic protein also had a large fold increase in lymph (17-fold, 

p = 0.016). This is a platelet and monocyte derived growth factor that is released on thrombin 

activation and mediates prostaglandin secretion and neutrophil activation, and has antimicrobial 

properties408. In ID lymph, six apolipoproteins (A-IV, B-100, C-I, CII, C-III & D) were significantly 

increased compared with only two (A-IV & C-III) in lymph. Apo C-II (17-fold, p = 0.024) and Apo C-III 

(24-fold, p = 0.009) had the highest fold increases. These lipoproteins are incorporated into 

chylomicrons; Apo C-II is a lipoprotein lipase activator and Apo C-III is a lipoprotein lipase inhibitor122. 

Apo B-100 and Apo A-IV increased by 2-fold (p = 0.036) and 3-fold (p = 0.017), respectively. Apo B-

100 is synthesised in the liver and is the main lipoprotein of LDL. It is also found in very low-density 

lipoprotein (VLDL) and functions in the metabolism of LDL to control binding of LDL to the LDL 

receptor122. The peptide sequence files were checked to determine whether Apo B-48 may have been 
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responsible for the detected Apo B-100, but the sequences detected corresponded to Apo B-100. Apo 

A-IV participates in intestinal lipid absorption and in the assembly of chylomicrons and modulates the 

activity of lipoprotein lipase122. It is also found in HDL and has a role in the reverse cholesterol 

transport pathway. 
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Table 32. Human proteins that increased following transition from fasted to fed state post-operatively. 

List of proteins with a ratio of > 1.5 and unadjusted p value of < 0.1 when the most fed sample (84 hours post-operative) was compared with the most fasted (36 hours post-
operative) in each biofluid. Proteins listed in order of lowest p value. Protein class and cellular location were classified by the PANTHER 14.1 Gene Ontology and UniProt 
databases. 

Biofluid Name Accession No. Ratio P value Class Cellular location 
Plasma IgGFc-binding protein sp|Q9Y6R7|FCGBP_HUMAN 8.31 0.012 Protease inhibitor Extracellular 
 Golgi membrane protein 1 sp|Q8NBJ4|GOLM1_HUMAN 3.77 0.016 Structural protein Golgi apparatus 
 Sex hormone-binding globulin sp|P04278|SHBG_HUMAN 1.56 0.018 Transport Extracellular  

Immunoglobulin lambda constant 6 sp|P0CF74|LAC6_HUMAN 1.51 0.024 Immunoglobulin Extracellular  
Creatine kinase M-type sp|P06732|KCRM_HUMAN 1.64 0.058 Amino acid kinase Cytoplasm 

ID Plasma Alpha-1-acid glycoprotein 1 sp|P02763|A1AG1_HUMAN 3.71 0.011 Acute phase protein Extracellular  
IgGFc-binding protein sp|Q9Y6R7|FCGBP_HUMAN 1.77 0.015 Protease inhibitor Extracellular  
Haemoglobin subunit delta sp|P02042|HBD_HUMAN 2.29 0.052 Binding protein Extracellular 

 Hepatocyte growth factor-like protein  sp|P26927|HGFL_HUMAN 1.62 0.056 Serine protease Extracellular  
Alpha-1-acid glycoprotein 2 sp|P19652|A1AG2_HUMAN 2.23 0.058 Acute phase protein Extracellular 

 Cartilage oligomeric matrix protein sp|P49747|COMP_HUMAN 6.97 0.060 Structural protein Extracellular  
Cholesteryl ester transfer protein sp|P11597|CETP_HUMAN 1.63 0.078 Transfer protein Extracellular 

 Alpha-1-antitrypsin sp|P01009|A1AT_HUMAN 1.65 0.083 Serine protease inhibitor Extracellular 
Lymph Apolipoprotein C-III  sp|P02656|APOC3_HUMAN 4.45 0.001 Apolipoprotein  Extracellular 
 UDP-glucose 4-epimerase sp|Q14376|GALE_HUMAN 47.88 0.002 Catalytic enzyme Cytoplasm 
 Apolipoprotein A-IV sp|P06727|APOA4_HUMAN 3.01 0.006 Apolipoprotein  Extracellular 
 Complement component C9  sp|P02748|CO9_HUMAN 1.83 0.012 Complement component Extracellular 
 Platelet basic protein sp|P02775|CXCL7_HUMAN 17.21 0.016 Chemokine Extracellular 
 Low affinity immunoglobulin gamma Fc 

region receptor III-A 
sp|P08637|FCG3A_HUMAN 2.28 0.021 Immunoglobulin Extracellular 

 
HLA class I histocompatibility antigen, sp|Q07000|1C15_HUMAN 2.10 0.023 Major histocompatibility 

complex antigen 
Extracellular 

 
Complement C1s subcomponent sp|P09871|C1S_HUMAN 1.69 0.024 Serine protease Extracellular 

 Complement C1r subcomponent-like 
protein 

sp|Q9NZP8|C1RL_HUMAN 1.95 0.028 Serine protease Extracellular 

 IgGFc-binding protein sp|Q9Y6R7|FCGBP_HUMAN 4.53 0.030 Immunoglobulin Extracellular  
Haptoglobin sp|P00738|HPT_HUMAN 2.02 0.032 Serine protease Extracellular 
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Biofluid Name Accession No. Ratio P value Class Cellular location  
Monocyte differentiation antigen CD14 sp|P08571|CD14_HUMAN 1.59 0.032 Defence/immunity protein Plasma membrane  
Complement C1q subcomponent subunit 
A 

sp|P02745|C1QA_HUMAN 8.68 0.035 Complement component Extracellular 
 

Immunoglobulin heavy variable 3-33 sp|P01772|HV311_HUMAN 3.03 0.045 Immunoglobulin Extracellular  
Alpha-1-acid glycoprotein 2 sp|P19652|A1AG2_HUMAN 1.52 0.077 Acute phase protein Extracellular  
Vasorin sp|Q6EMK4|VASN_HUMAN 2.33 0.093 Extracellular matrix protein Extracellular  
Alpha-1-antitrypsin sp|P01009|A1AT_HUMAN 1.60 0.094 Serine protease inhibitor Extracellular  
Fibrinogen beta chain sp|P02675|FIBB_HUMAN 1.54 0.097 Coagulation component  Extracellular 

ID Lymph Alpha-1-acid glycoprotein 1 sp|P02763|A1AG1_HUMAN 2.78 0.001 Acute phase protein Extracellular 
 Apolipoprotein C-III sp|P02656|APOC3_HUMAN 23.55 0.009 Apolipoprotein Extracellular 
 Inter-alpha-trypsin inhibitor heavy chain 

H4 
sp|Q14624|ITIH4_HUMAN 1.53 0.016 Serine protease inhibitor Extracellular 

 Apolipoprotein A-IV  sp|P06727|APOA4_HUMAN 3.41 0.017 Apolipoprotein Extracellular 
 Noelin sp|Q99784|NOE1_HUMAN 1.64 0.020 Structural protein Extracellular 
 Apolipoprotein C-II  sp|P02655|APOC2_HUMAN 17.25 0.024 Apolipoprotein Extracellular  

Out at first protein homolog  sp|Q86UD1|OAF_HUMAN 8.65 0.030    
Periostin sp|Q15063|POSTN_HUMAN 1.88 0.032 Cell adhesion molecule Extracellular  
Apolipoprotein B-100 sp|P04114|APOB_HUMAN 2.05 0.036 Apolipoprotein Extracellular  
Alpha-1-acid glycoprotein 2  sp|P19652|A1AG2_HUMAN 2.01 0.048 Acute phase protein Extracellular  
Alpha-1-antitrypsin sp|P01009|A1AT_HUMAN 2.23 0.051 Serine protease inhibitor Extracellular 

 Apolipoprotein C-I  sp|P02654|APOC1_HUMAN 7.68 0.053 Apolipoprotein Extracellular  
Serum amyloid A-2 protein  sp|P0DJI9|SAA2_HUMAN 4.63 0.055 Defence/immunity protein Extracellular  
Apolipoprotein D sp|P05090|APOD_HUMAN 2.83 0.071 Apolipoprotein Extracellular  
Transforming growth factor-beta-induced 
protein ig-h3 

sp|Q15582|BGH3_HUMAN 1.67 0.077 Cell adhesion molecule Extracellular 
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Table 33. Human proteins that decreased following transition from fasted to fed state post-operatively. 

List of proteins with a ratio of < 0.67 and unadjusted p value of < 0.1 when the most fed sample (84 hours post-operative) was compared with the most fasted (36 hours post-
operative) in each biofluid. Proteins listed in order of lowest p value. Protein class and cellular location were classified by the PANTHER 14.1 Gene Ontology and UniProt 
databases. 

Biofluid  Name Accession No. Ratio P value Class Cellular location 
Plasma Haptoglobin sp|P00738|HPT_HUMAN 0.58 0.001 Serine protease Extracellular  

Complement C1s subcomponent sp|P09871|C1S_HUMAN 0.59 0.003 Serine protease Extracellular  
Cartilage acidic protein 1 sp|Q9NQ79|CRAC1_HUMAN 0.45 0.004 Signalling molecule Extracellular  
Complement C1r subcomponent sp|P00736|C1R_HUMAN 0.56 0.010 Serine protease Extracellular  
Monocyte differentiation antigen CD14 sp|P08571|CD14_HUMAN 0.67 0.034 Signalling molecule Plasma membrane  
Complement factor I sp|P05156|CFAI_HUMAN 0.58 0.046 Complement component Extracellular  
Gamma-glutamyl hydrolase  sp|Q92820|GGH_HUMAN 0.40 0.062 Cysteine protease Vacuole  
Apolipoprotein A-IV sp|P06727|APOA4_HUMAN 0.53 0.069 Apolipoprotein Extracellular  
Inter-alpha-trypsin inhibitor heavy chain H4 sp|Q14624|ITIH4_HUMAN 0.66 0.072 Serine protease inhibitor Extracellular  
Alpha-1-acid glycoprotein 2  sp|P19652|A1AG2_HUMAN 0.63 0.088 Acute phase protein Extracellular  
Serum paraoxonase sp|Q15166|PON3_HUMAN 0.23 0.094 Hydrolase Extracellular  
POTE ankyrin domain family member F sp|A5A3E0|POTEF_HUMAN 0.42 0.095 RNA transcription 

regulator 
Cytoplasm 

ID Plasma Coiled-coil domain-containing protein 126 sp|Q96EE4|CC126_HUMAN 0.29 0.012 
 

Extracellular  
Alpha-2-HS-glycoprotein sp|P02765|FETUA_HUMAN 0.49 0.015 Protease inhibitor Extracellular  
Cystatin-C sp|P01034|CYTC_HUMAN 0.27 0.017 Protease inhibitor Extracellular  
Serum albumin sp|P02768|ALBU_HUMAN 0.43 0.022 Transfer protein Extracellular  
Platelet basic protein sp|P02775|CXCL7_HUMAN 0.54 0.023 Chemokine Extracellular  
Inter-alpha-trypsin inhibitor heavy chain H2 sp|P19823|ITIH2_HUMAN 0.64 0.026 Serine protease inhibitor Extracellular  
Myoglobin sp|P02144|MYG_HUMAN 0.10 0.037 Transport Extracellular & 

cytosol  
Chitinase-3-like protein 1 sp|P36222|CH3L1_HUMAN 0.47 0.045 Defence/immunity protein Cytoplasm  
Gelsolin sp|P06396|GELS_HUMAN 0.62 0.054 Growth factor Extracellular  
Immunoglobulin kappa variable 1D-16  sp|P01601|KV109_HUMAN 0.25 0.061 Immunoglobulin Extracellular  
Alpha-mannosidase 2 sp|Q16706|MA2A1_HUMAN 0.29 0.079 Hydrolase Golgi apparatus  
Alpha-2-antiplasmin sp|P08697|A2AP_HUMAN 0.54 0.095 Serine protease inhibitor Extracellular  
Immunoglobulin kappa variable 1D-33 sp|P01593|KV101_HUMAN 0.48 0.096 Immunoglobulin Extracellular 
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Biofluid  Name Accession No. Ratio P value Class Cellular location 
Lymph  Gelsolin sp|P06396|GELS_HUMAN 0.58 0.013 Growth factor Extracellular  

Cholinesterase sp|P06276|CHLE_HUMAN 0.26 0.049 Esterase Extracellular  
Cartilage intermediate layer protein 1 sp|O75339|CILP1_HUMAN 0.28 0.066 Structural protein Extracellular  
Myoglobin sp|P02144|MYG_HUMAN 0.31 0.060 Transport Extracellular & 

cytosol  
Tetranectin sp|P05452|TETN_HUMAN 0.64 0.078 Structural protein Extracellular 

ID Lymph Gelsolin sp|P06396|GELS_HUMAN 0.47 0.006 Growth factor Extracellular  
Fibrinogen-like protein 1  sp|Q08830|FGL1_HUMAN 0.34 0.005 Signalling molecule Extracellular  
Cystatin-C  sp|P01034|CYTC_HUMAN 0.57 0.007 Cysteine protease 

inhibitor 
Extracellular 

 
Extracellular superoxide dismutase sp|P08294|SODE_HUMAN 0.60 0.009 Oxidoreductase Extracellular  
Transthyretin  sp|P02766|TTHY_HUMAN 0.66 0.016 Transfer protein Extracellular  
Complement factor D  sp|P00746|CFAD_HUMAN 0.56 0.017 Serine protease Extracellular  
Contactin-1 sp|Q12860|CNTN1_HUMAN 0.61 0.020 Signalling molecule Plasma membrane  
UDP-glucose 4-epimerase sp|Q14376|GALE_HUMAN 0.19 0.030 Catalytic enzyme Cytoplasm  
Peptidase inhibitor 16 sp|Q6UXB8|PI16_HUMAN 0.57 0.031 Defence/immunity protein Extracellular  
Alpha-2-HS-glycoprotein sp|P02765|FETUA_HUMAN 0.57 0.035 Protease inhibitor Extracellular  
Oncoprotein-induced transcript 3 protein  sp|Q8WWZ8|OIT3_HUMAN 0.61 0.055 

 
Nucleus  

Kallistatin  sp|P29622|KAIN_HUMAN 0.67 0.055 Serine protease inhibitor Extracellular  
Keratin, type I cytoskeletal 9  sp|P35527|K1C9_HUMAN 0.35 0.055 Cytoskeletal protein Cytoskeleton  
ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 2 sp|Q10588|BST1_HUMAN 0.52 0.059 Cyclase glycosidase Plasma membrane  
Myosin regulatory light chain 2 sp|Q96A32|MLRS_HUMAN 0.17 0.062 Actin family cytoskeleton 

protein 
Cytoskeleton 

 
Creatine kinase M-type sp|P06732|KCRM_HUMAN 0.36 0.067 Amino acid kinase Cytoplasm  
Serum albumin sp|P02768|ALBU_HUMAN 0.17 0.071 Transfer protein Extracellular  
Tetranectin sp|P05452|TETN_HUMAN 0.66 0.080 Structural protein Extracellular  
Myoglobin sp|P02144|MYG_HUMAN 0.29 0.091 Transport Extracellular & 

cytosol 
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Using STRING analysis, protein interactions (‘interactome’) were derived for both the lymph (Figure 

35) and ID lymph (Figure 36) proteome for the proteins that either significantly (p < 0.1) increased by 

greater than 1.5-fold or were reduced by 0.67-fold during the transition from the most fasted (36 hours) 

to the most fed (84 hours) point post-operatively. The key to the STRING is provided in Table 34. In 

lymph, 22 nodes were included with a significant protein–protein interaction enrichment p value < 

1.0e-16. This compared with 34 nodes in the ID lymph with the same protein–protein interaction 

enrichment p value of < 1.0e-16. 

Table 34. Key to STRING analysis for protein ‘interactome’. 

Node colour Query proteins and first shell of 
interactions 
Second shell of interactions 

Coloured nodes 
 
White nodes 

Node content Proteins of unknown 3D 
structure 
Some 3D structure is known or 
predicted 

Empty nodes 
 
Filled nodes 

Known interactions From curated databases 
Experimentally determined 

 

Predicted interactions Gene neighbourhood 
Gene fusion 
Gene co-occurrence 

 

Others Text mining 
Co-expression 
Protein homology 
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Figure 35. STRING analysis of protein interactions for lymph proteins. 

Analysis based on identified proteins that either significantly (p < 0.1) increased (ratio > 1.5) or decreased (ratio < 
0.67) from most fasted (36 hours) to most fed states. 
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Figure 36. STRING analysis of protein interactions for immune-depleted lymph proteins. 

Analysis based on identified proteins that either significantly (p < 0.1) increased (ratio > 1.5) or decreased (ratio < 
0.67) from most fasted (36 hours) to most fed states. 

Tables 35 and 36 show the Reactome pathways (known molecular pathways) identified from the 

STRING analysis of identified proteins that were either significantly (p < 0.1) increased (> 1.5-fold) or 

decreased (< 0.67-fold) in both lymph (Table 35) and ID lymph (Table 36) when the most fasted 

sample (36 hours) was compared with the most fed (84 hours). All pathways have a false discovery 

rate adjusted p value of < 0.05, indicating a false positive rate of less than 5%. Analysis of the 

Reactome pathways generated by the STRING analysis identified more pathways in the ID lymph 

(Table 36 n = 23) than the lymph compartment (Table 35 n = 13), with seven pathways in common 

and five specific to lymph and 16 specific to TD lymph. Of the unique pathways in ID lymph, seven 

were related to lipid metabolism. A further three were related to metabolism (‘metabolism’, ‘metabolism 

of proteins’ and ‘metabolism of vitamins and cofactors’) and two involved transport (‘transport of small 

molecules’ and ‘transport of vitamins, nucleosides and related molecules’). The others involved 

‘haemostasis’, ‘post-translational protein phosphorylation’, ‘regulation of insulin-like growth factor (IGF) 
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transport and uptake by insulin-like growth factor binding proteins (IGFBPs)’ and ‘binding and uptake 

of ligands by scavenger receptors’. In contrast, the Reactome pathways that identified only lymph 

included a number of pathways related to tissue injury, complement activation and the immune 

response (‘regulation of the complement cascade’, ‘classical antibody-mediated complement 

activation’, ‘regulation of TLR [Toll-like receptor] by endogenous ligand’ ‘ER [endoplasmic reticulum]-

phagosome pathway’ and ‘immunoregulatory interactions between a lymphoid and a non-lymphoid 

cell’). 

Table 35. Reactome pathways in lymph 

Reactome pathways identified in proteins significantly (p < 0.1) increased (> 1.5-fold) or decreased (< 0.67-fold) in 
lymph when the most fasted sample (36 hours) was compared with the most fed (84 hours). Ranked by false 
discovery rate p value (lowest to highest). 

Reactome ID  Pathway Gene count False discovery rate 
adjusted p value 

168249 Innate immune system 12 2.05E-08 
114608 Platelet degranulation 5 1.40E-05 
6798695 Neutrophil degranulation 7 1.62E-05 
977606 Regulation of complement cascade 3 0.00044 
173623 Classical antibody-mediated 

complement activation 
2 0.00063 

8963888 Chylomicron assembly 2 0.001 
8963901 Chylomicron remodelling 2 0.001 
5686938 Regulation of TLR by endogenous 

ligand 
2 0.0024 

975634 Retinoid metabolism and transport 2 0.0089 
1236974 ER-phagosome pathway 2 0.0227 
977225 Amyloid fibre formation 2 0.0227 
198933 Immunoregulatory interactions between 

a lymphoid and a non-lymphoid cell 
2 0.0467 

418594 G alpha (i) signalling events 3 0.0467 
TRL, toll like receptor; ER, endoplasmic reticulum. 
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Table 36. Reactome pathways in ID lymph 

Reactome pathways identified in proteins significantly (p < 0.1) increased (> 1.5-fold) or decreased (< 0.67-fold) in 
ID lymph when the most fasted sample (36 hours) was compared with the most fed (84 hours). Ranked by false 
discovery rate p value (lowest to highest). 

HDL, high density lipoprotein; VLDL, very low density lipoprotein; LPL, lipoprotein protein lipase; LIPC, lipase 
hepatic. 

7.3.6.1 Bacterial proteins 

Four bacterial proteins of different bacterial species origins were identified by searching the SWATH 

data against the bacterial database (Table 37) in both the neat and the ID preparations of plasma and 

TD lymph. Figure 37 depicts the mean abundance of each bacterial protein in Patients 3 and 4 for 

each biofluid. The distribution of abundance for putative acid—amine ligase and elongation factor P is 

similar, with both proteins being more abundant in ID lymph with higher values in Patient 4 than in 

Patient 3. Protein InvG similarly has high abundance in ID lymph, although the abundance in ID 

Reactome ID Pathway Gene count False discovery rate 
adjusted p value 

114608 Platelet degranulation 9 1.23E-10 
8963898 Plasma lipoprotein assembly 5 1.38E-08 
174824 Plasma lipoprotein assembly, 

remodelling and clearance 
6 5.84E-08 

8963899 Plasma lipoprotein remodelling 5 6.56E-08 
8963888 Chylomicron assembly 4 1.16E-07 
8963901 Chylomicron remodelling 4 1.16E-07 
975634 Retinoid metabolism and transport 5 2.53E-07 
109582 Haemostasis 10 5.32E-07 
6798695 Neutrophil degranulation 9 8.13E-07 
977225 Amyloid fibre formation 5 2.55E-06 
196854 Metabolism of vitamins and cofactors 6 6.33E-06 
8964058 HDL remodelling 3 7.07E-06 
8957275 Post-translational protein 

phosphorylation 
5 8.33E-06 

381426 Regulation of insulin-like growth factor 
(IGF) transport and uptake by insulin-
like growth factor binding proteins 
(IGFBPs) 

5 1.59E-05 

168249 Innate immune system 10 3.40E-05 
382551 Transport of small molecules 8 0.00013 
8866423 VLDL assembly 2 0.00032 
8964046 VLDL clearance 2 0.0004 
8963889 Assembly of active LPL and LIPC 

lipase complexes 
2 0.0026 

392499 Metabolism of proteins 10 0.0056 
425397 Transport of vitamins, nucleosides and 

related molecules 
2 0.0085 

2173782 Binding and uptake of ligands by 
scavenger receptors 

2 0.0091 

1430728 Metabolism 9 0.0241 



162 

plasma for Patient 4 was higher than ID lymph. In contrast, the unused values for 

adenosylcobinamide-GDP ribazoletransferase were much lower and showed a uniquely different 

distribution pattern. 

Table 37. Four bacteria proteins identified in human plasma and lymph 

UniProt ID, protein name, protein class (classified by PANTHER 14.1 Gene Ontology), function (UniProt 
database) and species of bacterial proteins identified in plasma, ID plasma, lymph and ID lymph. 

UniProt ID Protein name Protein 
class Function Species Commensal of 

human intestine 
P33222 Putative acid--amine 

ligase 
Cysteine 
protease 

Ligase 
ATPase activity 

Escherichia 
coli 

Yes 

P35672 Protein InvG Transporter Invasion of intestinal 
epithelium 

Salmonella 
typhimurium 

Yes 

Q18BA9 Elongation factor P  Involved in peptide 
bond synthesis 

Clostridium 
difficile 

Yes 

Q897L5 Adenosylcobinamide-
GDP 
ribazoletransferase 

 Joins 
adenosylcobinamide-
GDP and alpha-
Ribazole to generate 
adenosylcobalamin 

Clostridium 
tetani 

Yes 

 
Figure 37. Mean abundance of the four bacteria proteins identified. 

Mean abundance of each bacterial protein identified by SWATH. Mean calculated from the unused values at each 
time point for plasma, ID plasma, lymph and ID lymph for each patient: Patient 3 (#3) and 4 (#4). 
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7.3.7 Metabolomics 

The results from the metabolomic experiments are sequentially reported in terms of (1) selection of 

optimal methods for assessing non-lipid (polar) and lipid (non-polar) metabolites in TD lymph from 

Patient 3, (2) validating the results from the selected methods in Patient 4, (3) assessing the difference 

in metabolite abundance between serum and lymph, and (4) change in metabolite abundance with the 

introduction of enteral feeding. 

7.3.7.1 Method comparison 

The three predominantly non-lipid metabolite detection methods identified a variable number of total 

metabolites: nuclear magnetic resonance (NMR) identified 41, quantitative gas chromatography–mass 

spectrometry (GC-MS) 25 and direct injection–liquid chromatography–mass spectrometry (DI-LC-MS) 

142. The predominantly lipid metabolite detection method GC-MS Fatty acid methyl esters (FAME) 

and the commercial AbsoluteIDQ p400 kit method isolated a total of 145 and 313 metabolites, 

respectively. Table 38 demonstrates the distribution of lipid and non-lipid metabolite detected by each 

method. NMR solely identified polar metabolites and GC-MS FAME, which identified only non-polar 

metabolites. 

Table 38. Lipid and non-lipid metabolites detected by five different methods tested on Patient 
3 samples. 

 GC-MS NMR DI-LC-MS GC-MS FAME AbsoluteIDQ 
p400 

Non-lipid 
metabolites 21 41 53 0 46 

Lipid metabolites 4 0 89 145 267 
Total metabolites 25 41 142 145 313 

GC-MS, gas chromatography–mass spectrometry; NMR, nuclear magnetic resonance; DI-LC-MS, direct 
injection–liquid chromatography–mass spectrometry; GC-MS FAME, gas chromatography–mass spectrometry 
fatty acid methyl esters. 

There was variation in the class of metabolites isolated by these methods (Table 39). The overlap of 

compounds detected by various methods is summarised in a Venn diagram (Figure 37). Amino acids 

were the most abundant metabolite in NMR and GC-MS, with 18 and 12 identified, respectively. 

Twenty-one amino acids were identified by DI-MS; however, this method also detected phospholipids, 

and phophatidylcholines were the most abundant class, with 67 metabolites identified by this method. 

This method identified 20 acylcarnitines and 11 biogenic amines, but did not identify the following 

compounds that were identified with NMR: carboxylic (n = 8), hydroxy (n = 3) or keto (n = 2) acids, 

organooxygen (n = 2) and organonitrogen compounds (n = 4). The GC-MS FAME identified a wider 
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range of lipid metabolite classes (n = 11 classes) than the AbsoluteIDQ p400 kit (n = 6 classes). A 

combination of NMR and AbsoluteIDQ p400 methods were selected based on NMR being able to 

detect a greater range of non-lipid metabolite classes and the AbsoluteIDQ p400 kit detecting 84% 

(n = 122) more lipid metabolites than GC-MS FAME. However, AbsoluteIDQ p400 was weighted 

towards identifying glycerophospholipids (n = 168; 147 phosphatidylcholines + 21 

lysophosphatidylethanolamine), which represented 54% of the metabolites identified by the method. 

Table 39. Distribution of metabolites identified by class for each isolation method. 

GC-MS, gas chromatography–mass spectrometry; NMR, nuclear magnetic resonance; DI-LC-MS, direct 
injection–liquid chromatography–mass spectrometry; GC-MS FAME, gas chromatography–mass spectrometry 
fatty acid methyl esters. 

 

Class GC-MS NMR DI-LC-MS GC-MS 
FAME 

AbsoluteIDQ 
p400 

Amino acids 12 18 21 0 0 
Carboxylic acid 4 8 0 0 0 
Hydroxy acid 1 3 0 0 0 
Keto acid 0 2 0 0 0 
Organooxygen compound 1 2 0 0 0 
Organonitrogen compound 0 4 0 0 0 
Biogenic amines 1 1 11 0 0 
Imidazopyrimidine 0 1 0 0 0 
Acylcarnitines 0 0 20 0 46 
Sulfonyls 0 1 0 0 0 
Monosaccharide 2 1 1 0 0 
Cholesterol ester 1 0 0 13 0 
Triacylglycerol 0 0 0 16 42 
Diacylglycerol 0 0 0 15 17 
Free fatty acid 3 0 0 15 0 
Monoacylglycerol 0 0 0 18 0 
Phosphatic acid 0 0 0 12 0 
Phosphatidylglycerol 0 0 0 11 0 
Phosphatidylethanolamine 0 0 0 11 0 
Phosphatidylserine 0 0 0 11 0 
Lysophosphatidylethanolamine 0 0 8 11 21 
Phosphatidylinositol 0 0 0 12 0 
Phosphatidylcholine  0 0 67 0 147 
Ceramides 0 0 0 0 9 
Sphingomyelin 0 0 14 0 31 
Total number of metabolites 25 41 142 145 313 
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Figure 38. Venn diagram of non-lipid metabolites identified by different isolation methods. 

7.3.7.2 Patient comparison 

The NMR analysis of serum and TD lymph from Patient 4 identified 46 lipid metabolites compared with 

the 41 identified in Patient 3. Of these 39, were common to both patients. The two metabolites 

identified only in Patient 3 were malonate and tryptophan. Nine metabolites (oxoglutarate, 

dimethylglycine, D-mannose, L-acetylcarnitine, L-aspartate, L-glutamic acid and propylene glycol) that 

were identified only in Patient 4. 

The AbsoluteIDQ p400 kit analysis of serum and TD lymph identified 314 metabolites in Patient 3; all 

of these were identified in Patient 4 as well (Table 40). However, a total of 401 metabolites were 

identified in Patient 4, which is 87 more than in Patient 3. 
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Table 40. Comparison of metabolite classes identified by AbsoluteIDQ p400 in Patients 3 
and 4 

Class Patient 3 Patient 4 
Acylcarnitines 46 54 
Glycerophospholipids 168 196 
Sphingolipids 40 40 
Glycerides 59 60 
Sugars  1 
Cholesterol esters  14 
Biogenic amine   15 
Amino acid  21 
Total 313 401 

7.3.7.3 Differences between serum and thoracic duct lymph 

There was no consistency between Patients 3 and 4 in terms of the polar metabolites that had a 2-fold 

or greater different in abundance between the serum and TD lymph compartments (Table 41). Acetic 

acid and hypoxanthine were 4.4- and 4.8-fold higher in serum than in TD lymph in Patient 3. In Patient 

4, acetic acid and hypoxanthine were only 1.3- and 1.4-fold higher in serum, respectively. L-glutamic 

acid (HMDB0000148) was 3.4-fold higher in serum in Patient 4, whereas in Patient 3 the anion L-

glutamate (HMDB00641) had similar abundance in TD lymph and serum (ratio 0.98). 

Pyruvic acid was 4-fold higher in TD lymph than in serum in Patient 3 but 1.25-fold higher in serum in 

Patient 4. Formate and propylene glycol were 2.96- and 3.47-fold higher in TD lymph in Patient 4, but 

in Patient 3 the formate was found in similar abundance to serum (ratio 0.91) and propylene glycol 

was not identified in Patient 3. 

Table 41. Non-lipid metabolites that were higher in serum or higher thoracic duct lymph. 
 

Patient Name Ratio Human metabolome database ID Class 

Higher in 
serum 

3 Acetic acid 4.35 HMDB00042 Carboxylic acid 
3 Hypoxanthine 4.83 HMDB00157 Imidazopyrimidine 
4 L-Glutamic acid 3.37 HMDB0000148 Carboxylic acid 

Higher in 
TD lymph 

3 Pyruvic acid 4.00 HMDB00243 Keto acid 
4 Formate 2.96 HMDB00142 Carboxylic acid 
4 Propylene glycol 3.47 HMDB0001881 Organooxygen 

compound 

The differences in lipid polar metabolites were initially assessed by lipid class (Table 42). There were 

more glycerophospholipid, sphingolipid and cholesterol ester metabolites that were more than 2-fold 

higher in serum than in TD lymph. In contrast, there were more glyceride metabolites that were more 

than 2-fold higher in TD lymph than in serum. 
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Table 42. Metabolites identified by AbsoluteIDQ p400 that had a greater than 2-fold 
difference between serum and thoracic duct lymph by class. 

Class 
Higher in serum Higher in TD lymph 

Patient 3 Patient 4 Patient 3 Patient 4 
Acylcarnitines 1 1 1 2 
Glycerophospholipids 54 63 8 13 
Sphingolipids 24 22 3 6 
Glycerides 2 2 19 10 
Sugars 

 
0 

 
0 

Cholesterol esters 
 

10 
 

2 
Biogenic amine  

 
0 

 
1 

Amino acid 
 

1 
 

0 
Total 81 99 31 34 

7.3.7.4 Introduction of enteral feeding 

In the post-operative period during the transition from the fasted (24 hours post-operative) to fed (86 

hours post-operative), only two non-lipid metabolites increased by more than 2-fold: L-threonine (2.03-

fold) and ornithine (2.38-fold) in TD lymph. Both occurred only in Patient 3. No non-lipid metabolites 

increased in serum during this transition. Twelve metabolites decreased more than 2-fold in serum 

during the introduction of enteral feeding, and 10 decreased in TD lymph (Table 43). The two 

metabolites that decreased in both compartments in both patients by more than 2-fold during this 

period were L-carnitine and citric acid. L-carnitine is an organonitrogen compound that is an essential 

metabolite in fatty acid metabolism because it transports both long and short chain fatty acids into 

mitochondria for oxidation409. Citric acid is a carboxylic acid that is a key intermediate in the citric acid 

cycle. 
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Table 43. Non-lipid metabolites identified by nuclear magnetic resonance that changed by 2-
fold during the transition from the fasting to fed state. 

If a metabolite either increased or decreased by 2-fold (bold) the value of fold change in the other compartment or 
patient regardless of magnitude was reported in this table for comparison. Ratio of fed abundance to fasted 
abundance recorded. Human metabolome database identity number (HMDB ID). 

Metabolite Class HMDB ID 
Serum ratio Lymph ratio 

Patient 3 Patient 4 Patient 3 Patient 4 
Acetic Acid Amino acid HMDB00042 1.26 0.46 1.98 0.41 
L-alanine Amino acid HMDB0000161 1.52 0.47 2.03 0.61 
L-aspartate Amino acid HMDB00191  0.41  0.33 
Ornithine Amino acid HMDB00214 1.28  2.38  

L-threonine Amino acid HMDB00167 1.52  2.03  

L-carnitine Organonitrogen 
compounds 

HMDB00062 0.41 0.36 0.45 0.45 

Acetone Organooxygen 
compounds 

HMDB01659 0.63 0.36 0.74 0.36 

Propylene glycol Organooxygen 
compounds 

HMDB0001881  0.29   

Citric acid Carboxylic acid HMDB00094 0.41 0.41 0.48 0.44 
Malonate Carboxylic acid HMDB00691 0.80  0.50  

Pyruvic acid Keto acid HMDB00243 1.25 0.54 0.62 0.35 
Ethanol Organonitrogen 

compounds 
HMDB00108 0.32  0.61  

3-Hydroxybutyric 
acid 

Hydroxy acid HMDB00357 0.47  0.34  

L-acetyl carnitine Fatty acyls HMDB0000201  0.43  0.73 

More variation was identified in the predominantly lipid metabolites identified by AbsoluteIDQ p400. 

During the transition from a fasted to fed state, a greater proportion of TD lymph metabolites (Patient 3 

20.1%; Patient 4 17.0%,) increased than serum metabolites (Patient 3 7.3%; Patient 4 7.2%) (Table 

44). In Patients 3 and 4, 64.4% and 53.3% of glyceride metabolites respectively, increased by greater 

than 2-fold from the most fasted to fed state. This was the metabolite class with the greatest 

percentage of metabolites that increased by more than 2-fold in either TD lymph or plasma. Only 

23.7% (Patient 3) and 13.3% (Patient 4) of the glyceride metabolites in serum increased by more than 

2-fold during this period. Glycerophospholipids also increased greater than 2-fold proportionally more 

in TD lymph (Patient 3 13.1%; Patient 4 16.3%) than in serum (Patient 3 13.1%; Patient 4 16.3%). 

Patient 4 had a greater proportion of metabolites in both serum (6.5%) and TD lymph (11.1%) that 

decreased following the introduction of enteral feeding compared with Patient 3 (3.2% and 3.8% 

respectively) (Table 45). While 53.3% (n = 32) of the glyceride metabolites in Patient 4 had increased 

by more than 2-fold after the introduction of enteral feeding, 20% (n = 12) of these metabolites fell by 

more than 2-fold. Three of these were diglycerides (DG(32:1), DG(32:2) and DG(34:1)) and nine were 
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triglycerides (TG(48:1). TG(48:2), TG(48:3), TG(49:1), TG(49:2), TG(50:1), TG(50:2), TG(51:1) and 

TG(51:3). All of these metabolites increased in abundance in serum during this transition except 

TG(55:9) in Patient 3. The largest fold increase was in TG(44:4), which increased 270- and 83-fold in 

the TD lymph of Patients 3 and 4 respectively. Curiously, this metabolite increased 152-fold in the 

serum of Patient 3 but only 1.9-fold in the serum of Patient 4. The increased abundance of these fatty 

acids in the lymphatic compartment following the introduction of enteral feeding with a corresponding 

but smaller increase in serum is consistent with these fatty acids being absorbed through the intestinal 

lumen lacteals into the lymphatic circulation before reaching the systemic circulation121. 

Further analysis of the top 10 glyceride metabolites with the highest fold increase in TD lymph in both 

patients demonstrated that five of these metabolites (TG(44:2), TG(44:4), TG(54:4), TG(54:5) and 

TG(55:9)) were in common (Table 46). 

Table 44. Metabolites identified by p400 that increased by greater than 2-fold following the 
introduction of enteral feeding. 

Class 
Serum Lymph 

Patient 3 Patient 4 Patient 3 Patient 4 
Acylcarnitines 1 (2.2%) 5 (9.3%) 1 (2.2%) 1 (1.9%) 
Glycerophospholipids 8 (4.8%) 13 (6.6%) 22 (13.1%) 32 (16.3%) 
Sphingolipids 0 (0%) 3 (7.5%) 2 (5.0%) 2 (5.0%) 
Glycerides 14 (23.7%) 8 (13.3%) 38 (64.4%) 32 (53.3%) 
Sugars 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Cholesterol esters 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Biogenic amine  0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Amino acid 0 (0%) 0 (0%) 0 (0%) 1 (4.8%) 
Total 23 (7.3%) 29 (7.2%) 63 (20.1%) 68 (17.0%) 

Number of metabolites that increased greater than 2-fold with percentage of total metabolites identified by class in 
brackets. 

Table 45. Metabolites identified by p400 that decreased by more than 2-fold following the 
introduction of enteral feeding. 

Class 
Serum Lymph 

Patient 3 Patient 4 Patient 3 Patient 4 
Acylcarnitines 1 (2.2%) 5 (9.3%) 1 (2.2%) 5 (9.3%) 
Glycerophospholipids 4 (2.4%) 13 (6.6%) 8 (4.8%) 16 (8.2%) 
Sphingolipids 2 (5.0%) 1 (2.5%) 2 (5.0%) 7 (17.5%) 
Glycerides 3 (5.1%) 1 (1.7%) 1 (1.7%) 12 (20.0%) 
Sugars 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Cholesterol esters 0 (0%) 1 (7.1%) 0 (0%) 3 (21.4%) 
Biogenic amine  0 (0%) 2 (13.3%) 0 (0%) 2 (13.3%) 
Amino acid 0 (0%) 3 (14.3%) 0 (0%) 0 (0%) 
Total 10 (3.2%) 26 (6.5%) 12 (3.8%) 45 (11.1%) 

Number of metabolites that decreased more than 2-fold with percentage of total metabolites identified by class in 
brackets. 



170 

Table 46. Ten glyceride metabolites in Patients 3 and 4 with the highest fold increase in 
lymph with the introduction of enteral feeding. 

Ratio of fed glyceride metabolite abundance to fasted metabolite abundance reported for metabolites with the 10 
highest fold change in TD lymph during the introduction of enteral feeding. Corresponding serum fed to fasted 
abundance ratio reported. 

Patient 3 
Metabolite Subclass Serum ratio Lymph ratio 
DG(42:1) Diglyceride 53 31.3 
DG-O(34:1) Diglyceride 2.4 25.3 
TG(44:2) Triglyceride 10.3 55.6 
TG(44:4) Triglyceride 152.4 270.2 
TG(46:2) Triglyceride 5.3 36 
TG(52:7) Triglyceride 40.3 91 
TG(54:4) Triglyceride 2.4 19.9 
TG(54:5) Triglyceride 1.5 18.5 
TG(55:8) Triglyceride 0.8 49 
TG(55:9) Triglyceride 0.1 27.7 
Patient 4 
Metabolite Subclass Serum ratio Lymph ratio 
DG(38:0) Diglyceride 0.9 191 
DG(42:1) Diglyceride 1.5 29.7 
TG(44:2) Triglyceride 2.8 19.3 
TG(44:4) Triglyceride 1.9 83.2 
TG(54:3) Triglyceride 3.5 25.4 
TG(54:4) Triglyceride 2.6 27.8 
TG(54:5) Triglyceride 1.7 23.6 
TG(54:7) Triglyceride 1.1 20.4 
TG(55:9) Triglyceride 6.3 39 
TG(56:9) Triglyceride 1.5 22.6 

7.3.7.5 Presence of lipids previously implicated in the pathogenesis of multiple organ 

dysfunction syndrome  

The AbsoluteIDQ p400 isolation method was able to identify lysophosphatidylcholine (LPC) 18:2 in 

both the TD lymph and the serum of both patients. This increased in each compartment when enteral 

feeding was introduced (Table 47). 

The GC-MS FAME method was able to identify lysophosphatidylethanolamine (LPE) 18:2 and 20:4, 

but only in Patient 3. These metabolites both decreased in serum and TD lymph when enteral feeding 

was introduced. 
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Table 47. Fold change in lysophosphatidylcholine and lysophosphatidylethanolamine 
metabolites previously implicated in multiple organ failure syndrome from rodent studies. 

Metabolite HMDB ID 
Serum TD lymph 

Patient 3 Patient 4 Patient 3 Patient 4 
LPC (18:2) HMDB0011129 5.69 3.34 2.97 3.61 
LPC (20:4) HMDB0011487 ND ND 2.82 ND 
LPE (18:2) HMDB0011507 0.70 ND 0.69 ND 
LPE (20:4) HMDB0011517 0.85 ND 0.85 ND 

Fold change in lymph and serum from the ‘most fasted (36hrs)’ to ‘most fed (84 hrs)’ state in 
lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) metabolites which have previously been 
implicated in the pathogenesis of acute lung injury and MODS in rodents195. 
 

7.3.7.6 Summary of lipidomic experiments results 

In summary, NMR detected the widest range of polar metabolites. AbsoluteIDQ p400 detected the 

largest number of lipid metabolites but these were heavily weighted towards glycerophospholipids, 

whereas GC-MS FAME detected more classes of lipid metabolites. In the lipid metabolites, more 

glycerophospholipid, sphingolipid and cholesterol ester metabolites were greater than 2-fold higher in 

serum than TD lymph. In contrast, there were more glyceride metabolites that were more than 2-fold 

higher in TD lymph than serum. There was no consistency in the polar metabolites that were found in 

2-fold difference concentrations in serum and lymph. During the introduction of enteral feeding, L-

carnitine and citric acid both decreased in both patients. In TD lymph during this transition, 64.4% and 

53.3% of glyceride metabolites in Patients 3 and 4, respectively, increased by greater than 2-fold. LPC 

18:2, a lipid metabolite previously implicated in the pathogenesis of rodent MODS, was detected in 

both serum and lymph by the AbsoluteIDQ p400 method in both patients. 

7.4 Discussion 

This chapter details the laboratory-based experiments performed to investigate changes in the 

composition of human TD lymph compared with blood during the introduction of enteral feeding in 

patients undergoing an Ivor Lewis oesophagogastrectomy (detailed in Chapter 6). These experiments 

can be divided into the a priori directed quantification assays and three exploratory ‘omic’ analyses. 

The directed quantification assays included basic biochemistry, the measurement of pro-inflammatory 

cytokines, four markers of gut injury and a human metabolic hormone panel. The exploratory analyses 

consisted of SWATH proteomics of utilising both neat and ID preparations of plasma and lymph, a 

multi-method quantification of non-polar and polar metabolites and small RNA sequencing in TD 

lymph. 
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The characterisation of TD lymph in humans during the post-operative period has demonstrated, using 

these modern analytical techniques, that TD lymph is a distinctly different biofluid from plasma and 

serum within the same patient, and that it uniquely changes composition with the introduction of 

enteral feeding. In addition to these changes, optimisation of the techniques used in this chapter will 

facilitate the analysis of TD lymph in future research. Some of the changes are consistent with a role 

for TD lymph contributing to critical illness states (in this case, the impact of this major surgery is a 

surrogate for elements of a conventional critical illness). For example, the higher concentration of 

some markers of both gut injury and inflammatory cytokines in TD lymph compared with plasma was 

consistent with altered gut lymph contributing to the systemic inflammatory response after surgery. 

The changes in TD lymph composition after the commencement of enteral feeding were consistent 

with its potential role for promoting intestinal ischaemia, especially in the context of hypovolaemia, 

when the metabolic demand of the hyperosmolar feed may result in inadequate mucosal blood 

supply389. 

NOTE: In this discussion section, because there are so many variables that could potentially be 

discussed, discussion has been structured around a selected series of key observations followed by a 

commentary. 

7.4.1 Biochemistry 

Key finding: Pancreatic lipase levels in TD lymph were between 1.4- and 17-fold higher in TD lymph 

than in plasma, peaking at 12 hours post-operatively. 

Commentary: The presence of higher pancreatic lipase levels in TD lymph than in plasma supports 

the repeated observation of pancreatic enzymes uptake into TD lymph. In 1960, Dumont et al.278 

observed that both amylase and lipase were taken up into the TD from pancreatic interstitial fluid. The 

activation of pancreatic proteases410 is an important early pathophysiological event in AP, one of the 

key disease models that has reported on the gut-lymph concept56,411. Protease activation has been 

linked to the generation of reactive oxygen species, the activation of neutrophils and other pro-

inflammatory mediators412-414. Subsequently, TD lymph from both human276 and animal415 subjects 

with AP has demonstrated higher concentrations of amylase and lipase than plasma. A proteomic 

analysis of mesenteric lymph from rats with AP compared with a sham model showed a significant 

increase, in some cases up to 40-fold, in the concentration of seven pancreatic proteases62. The 

presence of pancreatic lipase in lymph from an experimental haemorrhagic shock model converts 
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lymph to a cytotoxic fluid by the generation of free fatty acids67. Proteases have been implicated in the 

development of acute lung injury in critical illness392. The observation that lipase peaks in TD lymph 12 

hours following major surgery suggests that the uptake of lipase into TD lymph is independent to the 

pathophysiology of AP. The peak before the most fasted state and the introduction of enteral feeding 

suggests this was a surgery-related event. 

Key finding: Albumin and total protein were consistently 1.3–3.1- and 1.4–2.1-fold higher in plasma 

than in TD lymph, respectively. Triglycerides increased in TD lymph after enteral feeding. 

Commentary: These compositional findings support previous analyses of both human and animal TD 

lymph59,416-420. The fall of these levels in both compartments post-operatively was consistent with these 

patients being in a major catabolic state following major surgery. The elevation of triglycerides 13.8-

fold (Patient 3) and 9.2-fold (Patient 4) in TD lymph compared with plasma following the introduction of 

enteral feeding, was consistent with the digestion of triglyceride in the small intestine. The enteral feed 

reprocessed into chylomicrons and released into the central lacteal of each intestinal villus makes gut 

lymph and subsequently the TD the major pathway for dietary lipid absorption121. 

7.4.2 Inflammatory cytokines 

Key finding: The pro-inflammatory cytokines, TNF-α and IL-6, were both higher in TD lymph than in 

plasma during the post-operative period, with a lymph to plasma ratio of 2.7:1 to 17:1 and 8:1 to 108:1, 

respectively. TNF-α demonstrated a bimodal peak, with a first peak at 24 hours and the second peak 

occurring after enteral feeding was commenced between 48 (Patient 3) and 60 hours (Patient 4). 

Commentary: This is the first study to measure cytokine levels in TD lymph during the introduction of 

enteral feeding. Both the pro-inflammatory cytokines, TNF-α and IL-6, have a key role in the response 

to injury (surgery421) and in mediating the inflammatory response33. TNF-α is predominantly produced 

by activated macrophages and T lymphocytes into active membrane associated (26 kDa) and soluble 

(17 kDa) forms422. It mediates its pro-inflammatory effects via the vascular endothelium and 

endothelial–leukocyte interactions422. IL-6 is produced by monocytes and macrophages and is a key 

cytokine that are released in response to tissue injury or an inflammatory stimulus to mediate the 

acute phase response. IL-6 also induces the production of immunoglobulin by B cells, the 

differentiation of T cells, endothelial cell activation, platelet production and haematopoesis421. In 

addition, a previously unreported (possible) response to enteral feeding was observed, with a second 

peak in both cytokines in Patient 3 after the introduction of enteral feeding. There is some evidence 
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that if enteral feeding is commenced too soon, and before a patient is volume replete, it might have an 

adverse effect on the intestine. It has been shown in patients with AP that enteral feeding begun 24–

48 hours after admission is superior to enteral nutrition begun within 24 hours of admission423. It was 

suggested that a patient needs to be adequately resuscitated in order to overcome splanchnic 

vasoconstriction before commencing enteral nutrition424. Enteral feeding before this time may lead to 

feeding intolerance, ileus and mucosal ischaemic injury. 

In this study, higher levels of both IL-6 and TNF-α were found in TD lymph compared with plasma. 

Because lymphocytes are the predominant leucocyte in TD lymph277, it is likely these are responsible 

for a significant component of the TNF-α observed in TD lymph. The other major source of both TNF-α 

and IL-6 is likely to be from macrophages in the gut-associated lymphoid tissue (GALT), which 

secretes both cytokines on stimulation425. The nature of this study precludes us from determining 

whether the stimulus that increased these cytokines was related to the surgical insult of the 

oesophagogastrectomy and the extensive gut handling involved, enteral feeding or other factors such 

as infection or vasopressors contributing to NOMI. However, the higher concentration of pro-

inflammatory cytokines in TD lymph compared with plasma in this study contributes further evidence to 

the emerging role of the gut lymph in mediating the inflammatory response. 

Both cytokines have previously been measured in human TD lymph in patients with systemic 

inflammation and MODS80,426,427. For example, in six patients with AP that had TD lymph externally 

drained for up to 8 days, the lymph TNF-α concentration was identical to that of plasma (TD lymph: 92 

± 22 pg/mL, plasma: 91 ± 30 pg/mL, Reference: < 8.1 pg/mL). However, in these same patients the IL-

6 concentration was on average 1.3 times greater in TD lymph (TD lymph: 2106 ± 33 pg/mL, 

plasma:1605 ± 103 pg/mL, Reference: 0.2–7.8 pg/mL) 80. In contrast, in this study the TNF-α in 

plasma were all within the normal range, and they were elevated in TD lymph and IL-6 was 8- to 108-

fold higher in TD lymph (mean plasma 60.8 ± 35 pg/mL; TD lymph 1877 ± 1153 pg/mL). Because the 

patients in my study did not have MODS, this suggests that an inflammatory process, regardless of 

stimulus, was occurring in the gut. 

7.4.3 Markers of intestinal injury 

Key finding: D-lactate, LAL endotoxin and iFABP, each markers of intestinal barrier function, 

permeability and mucosal ischaemia, respectively, were all increased in TD lymph compared with 

plasma following the introduction of enteral feeding. 
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Commentary: Enteral feeding has become established as a cornerstone of the supportive 

management of MODS148, AP136,428 and enhanced recovery after surgery programmes149 because of 

reductions in infectious complications and mortality147. The mechanisms by which enteral feeding is 

thought to confer these benefits include the preservation of GALT and gut barrier function, and the 

ability to detoxify lipopolysaccharide (LPS)147. Paradoxically, enteral feeding has also been associated 

with gut dysfunction, which can manifest as a spectrum from feeling intolerance150-152 to NOMI. The 

role of hyperosmolar enteral feeding in the development of NOMI50, thought to be due to the increased 

metabolic demand on the blood supply, can also be studied in this setting. Enteral feeding can induce 

ischaemia, especially in the context of hypovolaemia and persisting reflex splanchnic 

vasoconstriction101,137. This study provided a novel opportunity to assess known markers of intestinal 

barrier function (D-lactate and LAL endotoxin) and enterocyte injury (iFABP) in TD lymph and plasma 

during the introduction of enteral feeding post-operatively. 

Another opportunity was studying the effect of vasopressors (including noradrenaline) in causing 

ischaemic injury of the intestine50,429-431 by increasing splanchnic vasoconstriction. The unique 

perspective that matched TD lymph and blood samples gave during this study was to also probe the 

combination of early enteral feeding and inotrope use in the post-operative period. This focus, while 

important for the surgical patient population, also has wider application, because the changes in 

intestinal barrier function and blood supply are likely to be similar to those in both MODS and NOMI139. 

D-lactate (reference range 11–70 nmol/L)432 is predominantly produced by bacterial fermentation in 

the intestine and is a marker of intestinal barrier function397. It has a half-life of 20–40 minutes in 

plasma432 and usually increases from the ‘nano’ to ‘micromolar’ concentrations in the presence of 

major ischaemia, trauma and shock397. A recent systematic review identified D-lactate as the best 

serological biomarker for intestinal ischaemia433, despite a relatively low specificity434. In my study, the 

absolute levels of D-lactate were well above the reference range in both plasma and lymph. The levels 

of D-lactate peaked in both plasma and TD lymph at 36 hours immediately before enteral feeding was 

commenced. Following the introduction of enteral feeding, there was a second peak in the levels of D-

lactate in TD lymph at 60 hours in Patient 3 and at 72 hours in Patient 4. During this peak, the 

concentration of D-lactate in TD lymph exceeded that of plasma by up to 20 times. This finding, 

particularly in relation to the effect of enteral feeding on intestinal function, warrants further 

investigation. Potential explanations for these observations include that gut barrier function is reduced 



176 

during starvation but paradoxically can be further compromised with the introduction of enteral 

feeding. Alternatively, the introduction of enteral feeding could act as either a carrier for bacterial 

metabolites across the epithelial barrier into the lymphatic circulation or as a substrate for the 

production of D-lactate. A further explanation could be that bacterial metabolite production is 

increased in the post-operative period because of the surgical insult and alterations in the microbiome 

due to administration of antibiotics. 

As a marker of intestinal permeability398, the LAL endotoxin assay was developed to detect gram-

negative LPS, the presence of which activates the innate immune system398. The highest 

measurement in the TD lymph of Patient 3 (26 EU/mL; reference range < 0.4 EU/mL) intraoperatively 

was likely related to LPS exposure during the oesophagogastrostomy. The gradual increase of 

endotoxin in both TD lymph and plasma following the commencement of enteral feeding indicates an 

unexpected exposure to gram-negative bacteria. This was most likely due to increased intestinal 

permeability that produced a gradual increase in LAL levels as the feeding rate was increased. The 

basis for this is unclear but likely represents a previously unrecognised loss of barrier function due to 

the metabolic stress of enteral feeding. The observed difference between the TD lymph and plasma 

could either represent preferential bacterial transport via lymph or different endotoxin clearance 

mechanisms or different concentrations of anti-endotoxin antibodies present in TD lymph and plasma. 

Critically ill patients are known to have several alterations to gut integrity at a subcellular, cellular and 

organ level, with alterations in redox reactions, reduced crypt proliferation, increased crypt and villous 

apoptosis, and a reduction in mucus thickness, coverage and adherence60. Following major surgery, 

many of these factors are likely to be present. 

The TBARS assay was developed to detect MDA, a product of lipid peroxidation and a marker of 

exposure to free radicals400. It is not a particularly sensitive assay because of the complexity of 

metabolism of in vivo biological samples400. The MDA concentration was elevated in both plasma and 

TD lymph between 2.5–6.3 and 2.5–6.7 times above the reference range (1.86–3.94 µM) and was 

higher in TD lymph 75% of the time. MDA levels were not affected by the commencement of enteral 

feeding. This suggests that there was background free radical exposure and damage in the post-

operative period that was detectable in both compartments. 

iFABP is an intracellular protein found in enterocytes of the small and large intestine. It is usually 

undetectable in plasma (reference range < 65 µmol/mL) but rapidly rises with enterocyte injury402, 
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especially intestinal mucosal ischaemia. Its application to clinical practice has been limited by its 

sensitivity, with wide variations in plasma levels435. Elevated urinary iFABP levels (e.g. in one study of 

100 patients with a reported mean of 30.4 ng/mL) have been associated with the development of SIRS 

and MODS436 . This was 35 times higher than the highest value measured in this study, albeit these 

patients did not have overt SIRS. In this study, iFABP was significantly elevated in lymph. It is possible 

that the metabolic demand of enteral feed on the enterocytes lead to enterocyte injury and iFABP 

release into this compartment437. Elevated urinary iFABP has been reported as a predictor of 

unsuccessful introduction of enteral feeding in infants with necrotising enterocolitis437. In cardiac 

intensive care patients, a negative laparotomy for presumed ischaemia was associated with higher 

levels of iFABP (mean 23,278 vs 6157 pg/mL) compared with those who required resection for 

intestinal infarction139. This suggests that iFABP may be a better marker of early rather than 

established ischaemia. In the present study, it was significantly higher in TD lymph than in plasma and 

was bimodal. The first iFABP peak reported in this study on day 0 is probably secondary to enterocyte 

injury induced by major surgery. This second iFABP peak (day 3) might have been due to the 

commencement of enteral feeding. It might also have been due to or contributed to by the effect of 

non-selective vasopressors in increasing splanchnic vasoconstriction. Against that later hypothesis is 

that the noradrenaline requirement in Patient 4 was falling while the TD lymph iFABP level increased 

(Figure 25B). Patient 3 had been weaned off noradrenaline after 36 hours. Another possible 

explanation for the observed results is that the lipid-rich feed acted as a confounder in the accurate 

measurement of the lipid-binding iFABP protein402. 

The anaesthetic practice of running patients ‘dry’ through long anaesthetics to avoid fluid overload and 

attendant complications may conversely result in hypovolaemia and persisting splanchnic 

vasoconstriction438. There is some evidence that if enteral feeding is commenced too soon (i.e. before 

a patient is volume replete) that it might cause mucosal ischaemia. For example, it has been observed 

in patients with AP that enteral feeding begun 24–48 hours after admission was more effective in 

reducing multiple organ failure and infective complications than enteral nutrition begun within 24 hours 

of admission423. It has been suggested that a patient should be fully resuscitated before commencing 

enteral nutrition424 to avoid exacerbating mucosal ischaemia, which may contribute to ileus and enteral 

feeding intolerance. This suggestion is supported by the changes in TD lymph composition with 

enteral feeding (i.e. increased concentration of iFABP, D-lactate, LAL endotoxin and pro-inflammatory 

cytokines). The combination of hypovolaemia and early enteral feeding and the impact on intestinal 
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injury and function warrants further investigation. These changes in TD lymph composition were 

consistent with the gut-lymph concept, which states that altered gut-lymph composition in acute and 

critical illness promotes systemic inflammation and multiple organ dysfunction. Specifically, the altered 

composition reflects changes in the microbiome metabolism (D-lactate), gut barrier function (LAL 

endotoxin), intestinal ischaemic injury (iFABP) and promotion of the systemic inflammatory response 

(TNF-α and IL-6). Therefore, this data provides further impetus to the task of evaluating the role of gut 

lymph in patients and to developing treatments targeting the key compositional changes124. 

7.4.4 Metabolic hormones 

Key finding: A distinct pattern was observed, whereby four hormones were consistently elevated in TD 

lymph compared with plasma (C-peptide, MCP-1, GIP and leptin) and the other four endocrine 

hormones (insulin, glucagon, amylin and PP) that had similar levels in both tissue compartments. 

Commentary: GIP hormone is produced by the K cells of the duodenum and jejunum439, whereas 

leptin can be produced by both enterocytes and adipose cells440. MCP-1 (also known as CCL2) is a 

chemokine produced by a range of cells, including monocytes, macrophages, endothelial, fibroblasts, 

epithelial and smooth muscle response to oxidative stress, cytokines or growth factors. It principally 

recruits monocytes and memory T cells to sites of inflammation and has been implicated in mediating 

the pathogenesis of several disease processes441. The peak of MCP-1 in lymph 24 hours post-

operatively suggests that this hormone is elevated as a response to the surgical insult rather than the 

feeding state of the patient. It is also much higher in TD lymph compared with plasma, indicating that it 

is released into TD lymph. C-peptide that connects the A and B chain in proinsulin was the only 

hormone measured that is produced by the endocrine pancreas and that was consistently higher in 

lymph than in plasma. The elevation of GIP and leptin in lymph, which are both produced by 

enterocytes, suggests that both hormones are secreted into gut lymph. Leptin inhibits hunger and 

regulates fat storage in adipocytes, giving it a physiological role in response to starvation440. This is 

consistent with the observation that leptin levels were higher before enteral feeding was introduced. 

The highest peak fold change between lymph and plasma occurred at the most fasted time point. GIP 

stimulates insulin secretion because of oral glucose intake439, which is consistent with the observation 

that GIP levels in both plasma and TD lymph increased following the commencement of enteral 

feeding. These changes in lymph composition raise the interesting proposition that lymph may be an 

underappreciated signalling axis in metabolic control and homeostasis. 
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The key observation concerning the endocrine pancreas hormones was that in the most fasted state 

glucagon levels in plasma were greater than those in TD lymph. This is consistent with the known 

function of glucagon to stimulate gluconeogenesis during times of fasting442. Elevated glucagon levels 

have also been associated with adverse outcomes in critical illness, in part due to promoting low blood 

amino acid levels, further stimulating hepatic amino acid breakdown442. 

7.4.5 Small ribonucleic acid sequencing 

Key finding: Small RNAs could be extracted from human TD lymph using commercial miRNA isolation 

kits, and detected by RNA sequencing. However, the RNA extraction yield, read mapping and 

presence of small RNAs, including tRNAs, miRNAs and piRNAs, in TD lymph showed significant 

variation between both patients and during the post-operative period. 

Commentary: These experiments confirmed that non-coding small RNAs, including miRNAs, can be 

isolated from the acellular fraction of TD lymph in humans. A comparison of 12 human biofluids 

(excluding lymph) has recently demonstrated that the subtypes of small non-coding RNA vary 

considerably across the various biofluids443. 

Small non-coding RNAs, including miRNA, have been proposed as biomarkers of human disease444. 

miRNAs regulate gene expression through sequence-specific silencing of their target messenger 

RNA445. miRNAs have previously been identified in gut lymph from rodents in experimental AP, where 

seven miRNAs increased during disease and were associated with severity69. In this study, miR-145-

3p was one of three miRNAs that increased more than 2-fold following the introduction of enteral 

feeding. This miRNA was also one of the most abundant miRNA previously found in gut lymph in AP69. 

The miR-145 is highly expressed in gut smooth muscle and mesenteric adipose tissue446, which were 

potential sources for their expression in TD lymph. It has also been linked to chronic inflammation as 

in ulcerative colitis, through the regulation of genes in colonic mucosa447. If the limitations of this study 

are put to one side, hypothetically, the observation that this miRNA increased during the introduction 

of enteral feeding may be further evidence of stress on the gut depending on the mechanism by which 

it is secreted into TD lymph. miR-122-5p also increased during the introduction of enteral feeding. This 

miRNA is heavily expressed in the liver and has been postulated as a biomarker for hepatocellular 

carcinoma secondary to hepatitis B and C infection448. It has also been implicated in the regulation of 

the interferon signalling pathway. 
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There are several factors that probably contributed to the variation in small RNA isolation from TD 

lymph. (1) The addition of heparinase to the samples increased the volume of miRNA that was 

detectable by TapeStation during the optimisation of the isolation method. Heparin was clinically 

administered to both patients for venous thromboembolism prophylaxis in the high dependency unit in 

accordance with established guidelines449 and institutional best practice. Heparin has been 

demonstrated to inhibit miRNA amplification450. Based on these experiments, heparin seemed to be a 

major interfering substance for the assay. This has implications for future work studying RNA in fully 

anticoagulated patients. (2) RNA is also easily degraded by ribonucleases that are present in living 

cells. The delay from TD lymph sampling to processing, storage and then RNA extraction may have 

allowed ribonucleases to have variable effects on the RNA available for isolation451. (3) Extracellular 

vesicles (EVs) are also known to facilitate the transport of miRNA to enable their regulatory functions. 

Multiple pre-sampling, sampling and post-sampling factors196,452 (Table 48) are known to affect the 

abundance of EVs and may have also affected the abundance of non-coding RNA. Specific factors 

that may have influenced the results include the delay from initial sampling to processing due to the 

hour-long TD lymph sampling periods, variations in lipoprotein levels with the introduction of enteral 

feeding and the collection of lymph into a non-silicone-based tube. 

piRNAs are generally 24–31 nucleotides long and interact with PIWI proteins to form complexes that 

regulate epigenetic and post-transcriptional silencing of transposons and other genetic elements in the 

germline405. The specific functions of the two piRNAs that significantly increased with the introduction 

of enteral feeding in this study are yet to be determined, and there is minimal functional data available 

on the piRNA database (www.pirnadb.org). 

Limited conclusions can be reached on the compositional changes in small RNA sequencing in TD 

lymph during the transition from a fasted to a fed state because of the significant variation in the 

quantity of RNA isolated from the samples, combined with the variation in the read mapping of 

sequenced small RNAs and biotype distribution of RNA. Any observed biological variation in miRNAs 

and other small RNAs in this study can be potentially attributed to the methodological variances in 

RNA isolation from TD lymph, sequencing or downstream read analysis rather than true physiological 

or pathophysiological changes. 

In summary, this experiment demonstrated the presence of small RNA in TD lymph. Further research 

is needed to improve the reliability and reproducibility of small RNA extraction from TD lymph to allow 
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more reliable conclusions to be made about its compositional change and pathophysiological role both 

in the introduction of enteral feeding and in MODS. 

7.4.6 Proteomics 

Key findings: SWATH proteomic analysis identified 400 quantifiable human proteins across the four 

biofluids examined: plasma, lymph, ID plasma and ID lymph. During the transition from the most 

fasted time point (36 hours) to the most fed time point (86 hours), the largest number of significant 

proteins (threshold p < 0.10) that either increased or decreased with a protein ratio > 1.5 or < 0.67 

were in ID lymph, and the greatest number of significant protein ratio increases were in lymph. Based 

on this data, ID lymph was the most appropriate compartment for investigating the proteome of TD 

lymph in respect to the introduction of enteral feeding. In contrast, lymph seemed the more 

appropriate compartment for analysing the immune functions of the TD lymph proteome because neat 

lymph had four immunoglobulins that had a greater than 1.5-fold increase in the ANOVA analysis and 

three that increased with enteral feeding. Four bacterial proteins from known gut commensal 

organisms were also identified in all four biofluids, with the ID lymph samples recording the highest 

levels. 

Commentary: The primary aim of this proteomic exploratory analysis was to identify the best method 

for identifying and quantifying the proteome of TD lymph in comparison with that of plasma. The 

purpose in this was to guide proteomic analysis, not only in this study, but to identify a reliable strategy 

for analysing the proteome of TD lymph that could be used for future patients with SIRS and MODS. 

SWATH proteomic analysis was used as an exploratory method to characterise the differences 

between the proteome of plasma and that of TD lymph during the transition from a fasted to fed state 

following oesophagogastrectomy. SWATH analysis453 is a data independent acquisition (DIA) method 

and was chosen over more conventional information dependent acquisition (IDA) methods. IDA 

overcomes stochastic, intensity-based selection of peptide precursors, which can result in inconsistent 

peptide detection and quantification192. The limitation of this method is that it requires a specific 

reference library containing all the peptides that will be subsequently extracted from the SWATH data, 

that is usually generated from IDA data453. Because of the unique nature of our human TD lymph 

samples 1-D and 2-D, IDA data acquisition from these samples was required before SWATH could be 

performed on the samples. 
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The presence of highly abundant proteins in human biofluids can mask the presence of lower 

abundant proteins during proteomic analysis particularly in exploratory studies454. The commercial 

immunoaffinity Seppro IgY14 system is designed to remove 14 highly abundant proteins in plasma 

based on the affinity to a set of Avian derived antibodies. This was used on both plasma and TD 

lymph samples to explore the less abundant proteins in both biofluids during the introduction of enteral 

feeding. A major limitation of this method is the potential for non-specific binding of less abundant 

proteins to the immunoaffinity column. The immune functions of TD lymph hypothetically have the 

potential to amplify this effect because of cross-reactivity with human antibodies. Using this method to 

explore the ID proteome of both plasma and lymph was an important pilot function of this study,  

because it enabled assessment of the validity of using this kit in lymph for the ongoing translation of 

the gut-lymph concept in future studies of TD lymph from patients with MODS. 

Following the identification of elevated D-lactate and LAL endotoxin above normal physiological 

ranges in TD lymph compared with plasma, an analysis for the detection of bacterial proteins in all 

biofluids was conducted to gather further evidence to support the hypothesis that bacterial 

translocation was occurring following the introduction of enteral feeding. The use of the SWATH 

method enabled this to be performed with a subset analysis using the Australian Proteome Analysis 

Facility’s in-house bacterial database. 

7.4.6.1 Human protein identification 

SWATH analysis demonstrated that plasma and TD lymph have both similarities and distinct 

differences in their proteomes. A total of 335 proteins were identified when plasma was compared with 

lymph, with 265 proteins in common; this increased to 357 proteins with 278 in common when ID 

plasma was compared with ID lymph (Figure 31D). When ID plasma was compared with ID lymph, 

more unique proteins (n = 43, 12%) were identified in ID plasma than when neat plasma was 

compared with neat lymph (n = 19, 5.7%). Conversely, in the lymph compartment, more proteins were 

identified only in the neat samples (n = 51, 15%) than in the ID samples (n = 36, 10%). The number of 

quantifiable proteins increased from 284 in all neat plasma samples to 316 in ID plasma, but only from 

314 in neat lymph to 321 proteins in ID lymph. In plasma, a further 69 proteins were identified 

following the immune-depletion process and a further 39 were no longer identified, suggesting that the 

Seppro IgY14 column was non-specifically removing proteins other than the 14 proteins it targets455. 

The non-specific binding effect appeared greater in lymph, with 50 proteins no longer being identified 
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following the immune-depletion process. However, it was less efficient at probing deeper into the 

lymph proteome, with only 55 further proteins identified. 

The highly abundant proteins targeted for removal by this kit were all in the top 20 proteins quantified 

in both plasma and lymph (Table 27) except for immunoglobulin M and A and Apo A-II and B. In 

plasma, the eight most abundant proteins were targeted by the Seppro IgY14 kit. In ID plasma, the kit 

removed serotransferrin, complement C3 and alpha-1 antitrypsin from the 20 most abundant proteins 

in ID plasma. Albumin, haptoglobin, fibrinogen and alpha-1 glycoprotein remained in the 20 most 

abundant proteins, but all fell in their abundance ranking. In ID lymph, serotransferrin, haptoglobin, 

complement C3, Ig gamma-1 chain C region, Apo A-I and fibrinogen alpha chain were all removed 

from the 20 most abundant proteins; however, albumin remained the most abundant protein. The 

continued presence of these highly abundant proteins in ID plasma and ID lymph within the top 20 

most abundant proteins suggests that these proteins saturated the spin column and bled through into 

the ID samples. 

The most striking observation of the PANTHER classification of molecular function (Figure 32) and 

protein class (Figure 34) was that the largest category in each was ‘miscellaneous’ irrespective of 

biofluid compartment or ID status. The large miscellaneous protein class group led to the use of the 

UniProt database to classify proteins not classified by PANTHER as shown in Figures 32–34. Aside 

from miscellaneous (plasma n = 102; lymph n = 113; ID plasma n = 102; ID lymph n = 108), the most 

common protein classes identified were ‘enzyme modulators’ (plasma n = 37; lymph n = 40; ID plasma 

n = 42; ID lymph n = 41) followed by ‘defence/immunity proteins’ (plasma n = 32; lymph n = 33; ID 

plasma n = 28; ID lymph n = 27). Distribution of protein class was relatively even between 

compartments. A notable exception was the number of ‘oxidoreductases’, which were 1.5 times more 

prevalent in lymph (n = 9) and 1.4 times in ID lymph (n = 10) compared with plasma (n = 6) and ID 

plasma (n = 7), respectively. Mitochondrial dysfunction has been implicated in the pathogenesis of 

MODS456. From this observation, it can be hypothesised that the presence of a greater number of 

oxidoreductases in TD lymph (e.g. extracellular superoxide dismutase) than in plasma is due to more 

reactive oxygen species being present in TD lymph, which would be consistent with the gut-lymph 

hypothesis. The most common PANTHER molecular function classifications were ‘binding, catalytic 

activity and molecular function regulator’ with little variation between the compartments. 
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A similar consistency in the frequency of biological processes identified by the PANTHER 

classification between the compartments was observed. The most common processes were ‘cellular 

process’, ‘response to stimulus’, ‘immune system process’ and metabolic process’. 

The largest number of significant (p < 0.10) proteome changes (ratio > 1.5 or < 0.67) during the 

transition from a fasted to fed state were in ID lymph, even though neat lymph had more (n = 18) 

proteins that were significantly increased. The nature of the protein changes between these groups 

was notably different. Six apolipoproteins increased in ID lymph more than 1.5-fold, including dramatic 

increases in Apo C-II (17-fold, p = 0.024) and Apo C-III (23-fold, p = 0.09), which are a lipoprotein 

lipase activator and inhibitor, respectively122. Only two lipoproteins were significantly elevated in 

lymph: Apo C-III (4-fold, p = 0.001) and Apo A-IV (3-fold, p = 0.006). The ID lymph preparation 

appears better optimised to identify the changes in apolipoprotein content in TD lymph during the 

introduction of enteral feeding. The enteral feed used in this study (Chapter 6) was Nutrison Standard 

(1.0 kcal/mL; 3.9 g fat per 100 mL; 0.6 g medium chain fatty acid per 100 mL) (Wuxi, People’s 

Republic of China). The lipid component of this feed was medium chain triglycerides (0.6 g/100 mL), 

monounsaturated fat (2.2 g/100 mL) and polyunsaturated fat 0.7 g/100 mL). Other than 

apolipoproteins, the main protein constituents of the feed listed by the manufacturers are casein, 

whey, soy and pea protein. As non-human proteins, they were not expected to be detected because of 

the human nature of the SWATH database. The absorption of enteral lipid in the form of triglycerides 

is regulated by Apo B-48 to incorporate these into chylomicrons also expressing Apo A-IV122. Apo A-I, 

A-II, C-I, C-II, C-III and E are progressively acquired in lymph from HDL through the reverse 

cholesterol transport pathway457. 

Acute phase proteins were both significantly (p < 0.10) increased during the transition to a fed state 

post-operatively in both lymph (haptoglobin, alpha-1 antitrypsin, alpha-1 acid glycoprotein 2) and ID 

lymph (alpha-1 acid glycoprotein 1 and 2, serum amyloid A2 protein and alpha-1 antitrypsin). 

Following major surgery, acute phase proteins are known to increase post-operatively as a response 

to the surgical insult458. The increase of a number of these proteins from 36 to 84 hours post-

operatively can be explained by either an ongoing elevation following the surgical insult or a new 

stress response. While Patients 3 and 4 both developed infective complications in the form of an 

infected haematoma and anastomotic leak (Chapter 6), respectively, these both occurred after the TD 
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lymph sampling period. Potentially, this stress response could have been the introduction of enteral 

feeding, which would fit with the observations of cytokine and markers of gut injury elevation. 

The lack of any significant immunoglobulin detection in ID lymph along with the elevation of the 

chemokine platelet basic protein 17-fold (p = 0.016) in lymph but not in ID lymph and significant 

decrease in ID plasma (Ratio 0.54, p = 0.023) suggest that the ID process may have removed a 

number of key proteins that were relevant the immune function of TD lymph. A similar effect was seen 

with relation to galactose catabolism: the catalytic enzyme UPD-glucose-4 epimerase was the protein 

with the largest significant fold increase in lymph (48-fold, p = 0.002), but it fell 5-fold in ID lymph (ratio 

0.19, p = 0.03). This enzyme is involved in galactose catabolism and the synthesis of glycoproteins 

and glycolipids. 

Previous comparisons of the plasma and lymph proteomes involved lymph sampling from the lower 

extremity459 and employed LTQ tandem mass spectrometry analysis, which identified a significant 

number of extracellular matrix breakdown proteins459. The proteome of gut lymph sampled from 

deceased organ donors secondary to trauma with elective spinal surgery control patients has been 

compared with plasma using a similar immune-depletion column416. The researchers identified a total 

of 548 proteins, 155 of which were specific to lymph, using similar LTQ tandem mass spectrometry 

analysis. The proteins that were more abundant in lymph were related to coagulopathy, 

hypercoagulability, cell lysis, pro-inflammatory responses and immune cell activation416. The primary 

focus of most other lymph-related proteomic studies have been cancer focused on biomarkers 

associated with lymph node metastases in pancreatic460, lung461, colon462 and melanoma463 primaries. 

SWATH was an effective method of proteomics analysis that allowed comparison of the plasma and 

lymph proteomes, and should be employed for future studies to translate the gut-lymph concept into 

clinical practice. The seven unique Reactome pathways identified in ID lymph related to lipid 

metabolism and the greater number of apolipoproteins identified in ID lymph can be interpretated that 

it is the appropriate compartment for investigating proteome of TD lymph in respect to the introduction 

of lipid-rich enteral feeding. It should be employed in any future research for optimising the timing, rate 

and composition of enteral feeding post-operatively. In contrast, neat lymph seems the more 

appropriate compartment for analysing the immune functions of the TD lymph proteome. 
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7.4.6.2 Bacterial protein identification 

Four commensal bacterial proteins of the human gastrointestinal tract were identified in each biofluid 

compartment in both patients (Table 37). Bacterial protein translocation into abdominal fluid in patients 

with ascites has previously been demonstrated by proteomic analysis464. The presence of each of 

these proteins in all the biofluid compartments provides evidence to support the findings from the D-

lactate and LAL endotoxin assays that bacterial translocation has occurred in these patients. The 

higher mean abundance of three of these proteins in ID lymph suggests that these proteins have 

entered the lymphatic compartment following translocation. However, these results need to be 

interpreted with caution. The assessment of bacterial proteins was a secondary analysis that was 

performed after the experiment had been planned. Only four bacteria were detected in the context of a 

gut microbiome that contains over 100 trillion bacterial cells465. Even though these bacteria are 

commensal in origin, their detection could be spurious, or from an alternative infective source. 

7.4.7 Metabolomics 

Key finding: Of the various metabolite detection methods trialled in human TD lymph, AbsoluteIDQ 

p400 and NMR were complementary for analysing lipid and non-lipid metabolites, respectively. 

Glycerophopholipid, sphingolipid and cholesterol ester metabolites were more frequently found to be 

greater than 2-fold higher in serum than in TD lymph, and glyceride metabolites were higher in TD 

lymph. Glyceride metabolites in TD lymph had the largest number of greater than 2-fold increases 

during the introduction of enteral feeding. 

Commentary: The primary aim of these metabolomic exploratory analyses was to identify the best 

method for identifying and quantifying both the lipid and the non-lipid metabolites in TD lymph. The 

purpose in this was to guide metabolite analysis, not only in this study, but to identify a reliable 

strategy for analysing metabolites TD lymph that could be used for future patients with SIRS and 

MODS. The five detection methods trialled had various strengths and weaknesses. GC-MS was 

discounted first because it had the lowest number of total metabolites and the smallest number of non-

lipid metabolites of the three predominantly non-lipid methods. While NMR had a smaller number of 

non-lipid (polar) metabolites than DI-LC-MS, the polar metabolites identified by DI-LC-MS were heavily 

weighted towards acylcarnitines (20/53 non-lipid metabolites). NMR was selected because it had a 

more diverse identification of non-lipid metabolites, with nine different classes of metabolite identified 

compared with three for DI-LC-MS. For future analysis of TD lymph, NMR is limited by its micromolar 
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quantification range of polar metabolites in comparison with the pico- and nanomolar ranges466 that 

mass spectrometry can achieve, which can potentially hamper biomarker discovery. 

A similar opportunity cost was presented with the comparison of lipid metabolites identified by GC-MS 

FAME and AbsoluteIDQ p400. AbsoluteIDQ p400 (n = 267) identified more lipid metabolites than GC-

MS FAME (n = 145), although this method identified lipids in 11 classes, seven of which were 

phospholipids, whereas AbsoluteIDQ p400 identified lipids in six classes and only two classes of 

phospholipids. AbsoluteIDQ p400 was selected as the method of choice for this study because it 

identified more diacylglycerol and triacylglycerol lipids than GC-MS-FAME and was therefore more 

likely to identify changes in the lipidome of TD lymph following the introduction of enteral feeding. 

Compositional changes in the lipid component of TD lymph457, specifically, LPC and LPE195 and free 

fatty acids liberated by lipase67, have been implicated in the pathogenesis of acute lung injury and 

MODS. This study was able to identify LPC (18:2) with AbsoluteIDQ p400 in both TD lymph and 

serum. This is one of four LPC or LPE metabolites previously implicated in the development of acute 

lung injury and MODS in a rodent model195. GC-MS FAME was able to identify the other metabolites – 

LPC (20:4), LPE (18:2) and LPE (20:4) – in serum only. Relying solely on AbsoluteIDQ p400 or GC-

MS FAME in future studies may fail to detect these metabolites that may have potential 

pathophysiological effects in MODS. Ultimately, in a more resource-rich situation, a combination of 

GC-MS FAME and AbsoluteIDQ p400 analysis would be more likely to detect key changes in both 

phospholipids and fatty acyls. 

A significant limitation in the selection of NMR and AbsoluteIDQ p400 as methods for the identification 

of polar and lipid metabolites is that the decision was based on data from Patient 3. The confirmatory 

analysis in Patient 4 highlighted this. NMR identified nine further metabolites in Patient 4 than in 

Patient 3, which represents 22% of all the metabolites identified in Patient 3. Eighty-seven more 

metabolites were identified in Patient 4 than in Patient 3 with AbsoluteIDQ p400. Future studies of TD 

lymph should employ the complementary use of NMR, GC-MS FAME and AbsoluteIDQ p400 to detect 

a wide range of lipid and non-lipid metabolites. 

Key finding: Glycerophospholipid, sphingolipid and cholesterol ester metabolites were more frequently 

found to be greater than 2-fold higher in serum than in TD lymph, whereas glyceride metabolites were 

higher in TD lymph. Glyceride metabolites in TD lymph had the largest number of greater than 2-fold 

increases during the introduction of enteral feeding. 
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Commentary: The overall differences in lipid class composition between serum and TD lymph 

compartments, combined with the increase in glyceride metabolites in TD lymph with the introduction 

of enteral feeding, highlight the different functional roles of lipids in these compartments. 

Glycerophospholipids, sphingolipids and cholesterol esters were more frequently greater than 2-fold 

higher in serum than in TD lymph. Glycerophospholipids have a key role in the lipid bilayers of cells 

and as binding sites for intracellular and intercellular proteins with signalling functions467. Sphingolipids 

supplement the cell membrane by providing mechanical strength and chemical resistance467. Within 

the sphingolipid class is ceramide, which has been postulated as a mediator of apoptosis, and 

elevated serum concentrations have previously been associated as a predictor of patients developing 

MODS468. In both patients, only two sphingolipids increased with the introduction of enteral feeding, 

and only one was a ceramide in Patient 3: Cer(34:1) with a 26-fold increase. Cholesterol esters are 

dietary lipids that have been absorbed as unesterified cholesterol and plant sterols that then undergo 

esterification and incorporation into chylomicrons before being secreted into intestinal lymphatics469. 

Glyceride metabolites are also incorporated into chylomicrons during intestinal absorption but were 

found to have greater fold increases in concentrations in TD following the introduction of enteral 

feeding. Serum concentrations of glyceride metabolites also increased with the introduction of enteral 

feeding, but to a lesser extent. The discrepancy in cholesterol and glyceride increases between serum 

and TD with the commencement of feeding has several potential explanations: (1) that once secreted 

into the lymphatic compartment, glycerides are more easily liberated from chylomicrons than 

cholesterol esters; (2) that the AbsoluteIDQ p400 method is not optimised for detecting cholesterol 

esters in TD lymph; or (3) that cholesterol is being absorbed by the portal venous system back to the 

systemic circulation. 

In these study patients, the TD was divided, so that the lymph could not return by the normal anatomic 

route via the lymphovenous confluence. The observation that the serum concentration of glyceride 

metabolites increased following the introduction of enteral feeding to a lesser extent than the TD 

lymph suggests that there was collateral flow of lymph back to the systemic circulation within days of 

surgery. It has previously been suggested that plasma LDL levels fall for up to 1 month following TD 

ligation but recover after 3 months470. This previous research inferred that it takes months for collateral 

channels from the lymphatic to the systemic circulation to open up following TD ligation. The findings 

in this thesis challenge this assumption. 



189 

7.4.8 Limitations 

There are significant limitations with this study. The most important and obvious was the small sample 

size due to the study’s early termination, preventing a meaningful statistical analysis. Detailed 

prospective studies of individual patients can, however, still yield important observations471 and be 

used to generate future hypotheses. The techniques used to sample the TD lymph (Chapter 6) in this 

study are not applicable to non-thoracotomy patients and therefore may not be fully generalisable to 

other patient settings. Major surgery and anaesthesia as pro-inflammatory states421,472 are 

confounders, especially when assessing the impact of enteral feeding on the inflammatory cytokines 

and markers of gut injury. 

Despite these limitations and the early termination (Chapter 6), the pilot study provided valuable 

experience, demonstrating the feasibility of this post-operative model for the study of composition and 

toxicity, confirming methods for lymph sampling, storage and analysis, providing some important 

validation for TD lymph composition findings in animal models, and enabling optimisation of a number 

of compositional analyses for human gut lymph. It has also demonstrated some striking findings in 

relation to the effect of enteral nutrition and vasopressors on intestinal function, which warrant further 

investigation. The three ‘omic’ analyses are all limited by the exploratory nature of methodology 

selected for these studies. 

7.5 Summary 

The key finding of this chapter is that several compositional changes occur in TD lymph with the 

introduction of enteral feeding that are consistent with the gut-lymph concept. In evaluating these 

changes, the experiments described in this chapter also sought to optimise the analysis of TD in a 

range of targeted assays and untargeted ‘omic’ platforms for future studies to investigate the gut-

lymph concept. Specifically, these changes with the introduction of enteral feeding are: 

• Lipase levels in TD lymph were between 1.4- and 17-fold higher in TD lymph than in plasma, 

peaking at 12 hours post-operatively. 

• The pro-inflammatory cytokines, TNF-α and IL-6, were both higher in TD lymph than in plasma 

during the post-operative period, with a lymph to plasma ratio of 2.7:1–17:1 and 8:1–108:1, 

respectively. TNF-α demonstrated a bimodal peak in both patients, with a first peak at 24 

hours and the second peak occurring after enteral feeding was commenced between 48 

(Patient 3) and 60 hours (Patient 4). 
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• The levels of D-lactate, LAL endotoxin and iFABP, which are each markers of intestinal barrier 

function, permeability and mucosal ischaemia, respectively, were all increased in TD lymph 

following the introduction of enteral feeding compared with plasma. 

• Four metabolic hormones (C-peptide, MCP-1, GIP and leptin) were consistently elevated in 

TD lymph compared with plasma, and four pancreatic endocrine hormones (insulin, glucagon, 

amylin and PP) had more equivalent levels. 

• RNA sequences could be isolated from TD lymph. However, the isolation, read mapping and 

expression of small RNAs, including tRNA, miRNA and piRNA, in TD lymph showed 

significant variation between samples. The methods have been refined and a key source of 

interference (heparin) identified and its effect attenuated. 

• SWATH proteomic analysis identified 400 quantifiable human proteins across the four neat 

and ID (targeting high abundance protein) biofluids: plasma, lymph, ID plasma and ID lymph. 

During the transition from the most fasted time point (36 hours) to the most fed time point (86 

hours) the largest number of significant proteins (p < 0.10) that either increased or decreased 

with a protein ratio of > 1.5 or > 0.67 during this time were in ID lymph, and the greatest 

number of significant protein ratio increases were in neat lymph. ID lymph appeared to be the 

more appropriate compartment for investigating proteome of TD lymph in respect to the 

introduction of enteral feeding. In contrast, neat lymph seems the more appropriate 

compartment for analysing the immune functions of the TD lymph proteome. 

• Four bacterial proteins from known gut commensal organisms were identified in all four 

biofluids (plasma, lymph, ID plasma and ID lymph) examined during proteomic analysis, with 

ID lymph recording the highest levels. 

• After my investigation of metabolite isolation methods in human TD lymph, AbsoluteIDQ p400 

and NMR were found to be the best option for complementary analysis of lipid and non-lipid 

metabolites, respectively. Glycerophospholipid, sphingolipid and cholesterol ester metabolites 

were more frequently greater than 2-fold higher in serum than in TD lymph, and glyceride 

metabolites were higher in TD lymph. Glyceride metabolites in TD lymph had the largest 

number of greater than 2-fold increases during the introduction of enteral feeding. 

The effect of enteral feeding on TD lymph composition, and in particular on the markers of intestinal 

ischaemia and injury, suggests that some measure of intestinal injury occurs with enteral feeding in 

this context. Further research to optimise the timing, rate and delivery of enteral feeding is required to 
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ensure that the risk of intestinal ischaemia is minimised, especially in patients who are already 

hypovolaemic and on vasopressors. These findings need to be confirmed because they may have 

considerable significance for the timing and the use of enteral feeding after major intestinal surgery in 

the intensive care setting. 

The non-coding RNA, proteomic and lipidomic analyses served two functions. The first was to optimise 

these platforms for the study of TD lymph. The second was to explore compositional changes with the 

introduction of enteral feeding. The variation seen in the non-coding RNA analysis highlights that the 

extraction of non-coding RNA from TD lymph needs further optimisation. Proteomic changes in TD 

lymph related to enteral feeding were more readily identified with the ID preparation; however, this 

excluded several immune system changes that were better identified with neat lymph. Complementary 

techniques of AbsoluteIDQ p400 and NMR are required to analyse the lipid and non-lipid metabolites 

of TD lymph. 

In conclusion, these analytical approaches are now ready for deployment in a series of planned 

clinical studies using an alternative, minimally invasive lymph sampling method that is currently 

undergoing ethics approval. 
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Chapter 8. Optimising a technique to isolate extracellular vesicles 
in human thoracic duct lymph 

8.1 Introduction 

Extracellular vesicle (EV) is the generic term for particles released by cells with a lipid bilayer that 

cannot replicate196. EVs can transport cargo inside their lipid bilayer, such as deoxyribonucleic acid 

(DNA), ribonucleic acid (RNA), proteins, lipids and metabolites, between cells to facilitate intercellular 

communication. Specifically, EVs produced in one cell can affect the function of distant organs473,474. 

Hypothetically, this means EVs produced by the gut can be carried in gut lymph via the thoracic duct 

(TD) to affect distant organs during the development of systematic inflammatory response syndrome 

(SIRS) and multiple organ dysfunction syndrome (MODS). Functionally, EVs have a key role in both 

the regulation of normal physiological processes, such as stem cell maintenance, tissue repair, 

immune surveillance and blood coagulation, and the pathophysiology of disease473. These disease 

processes include tumourigenesis474; the spread of viruses, including HIV-1475; Alzheimer’s476; and 

Parkinson’s disease477. EVs are a potential source of biomarkers in the diagnosis, prognosis and 

monitoring of disease states. Their role in intercellular communication also means that they offer a 

potential therapeutic target for a range of diseases, including SIRS and MODS. 

EVs can be described based on their size196. Various subtypes of EVs have been described, including 

microvesicles (MVs), exosomes, oncosomes and apoptotic bodies478. MVs bud directly from the 

plasma membrane and are between 100 nm and 1 µm in size479. Exosomes that are smaller – 

between 40 and 120 nm are formed by the fusion of microvesicular bodies and the plasma membrane 

of the cell480. During apoptotic cell death, apoptotic bodies (50 nm–2 µm) are released, and in certain 

conditions, can be more numerous than exosome or MV481. Oncosomes are membrane protrusions 

from malignant cells and are larger than MVs, being between 1 and 10 µm. EVs produced from 

immune cells are termed ectosomes and range between 200 and 1000 nm in size482. Current 

published isolation methods are only able to enrich but cannot completely separate these 

subpopulations of EVs478. The International Society for Extracellular Vesicles (ISEV) has 

recommended that because there is no consensus on specific markers of EV subtypes, the specific 

biogenesis pathway terms of exosomes and MV should be avoided unless the EV is witnessed to 

leave the cell through live imaging techniques196. A variety of mechanisms exist to enable EVs to be 
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taken up by recipient cells, including endocytosis, fusion, phagocytosis and ligand-receptor 

interactions473. 

EVs are produced by almost every cell type and have been isolated from a wide range of biological 

fluids, including blood, urine, saliva, breast milk, cerebrospinal fluid, ascitic fluid, gastric juice, bile, 

sputum, bronchoalveolar lavage, semen and tears483. These fluids all have differing viscosity as well 

as protein and lipid concentrations that can affect the EV purity and yield during EV isolation. 

Consequently, isolation protocols need to be adapted to the biofluid of interest. A multitude of pre-

isolation factors can influence the yield, purity and function of EVs in biofluid, and the ISEV has 

recommended reporting them in any study of EVs196,452. These are listed in Table 48. The 

mechanisms behind a number of these factors are yet to be elucidated. Many of them are related to 

platelet activation and lipoprotein levels, both of which are sources of contamination in EV isolation 

procedures. Specifically, vesicle recovery in serum is greater than plasma484 with platelet-derived EV 

comprising from more than 50% of the EVs in serum485. Consequently, factors promoting platelet 

aggregation should be avoided and reported on. The composition data presented in Chapter 7 has 

identified an abundance of both apolipoproteins (Apo A-I, B-100, C-I, C-II, C-III) and proteins involved 

in platelet activation in TD lymph. Triglyceride concentration (the principal components of 

chylomicrons) was also higher in the fed TD lymph samples. 

Table 48. Factors that may affect the yield, purity and function of extracellular vesicle 
isolation196,452. 

Type of factor Factor Rationale 
Patient factors Age Can influence vesiculation formation 
 Sex Can influence vesiculation formation 
 Ethnicity Can influence vesiculation formation 

 Body mass index Can influence vesiculation formation 
 Hormonal status: pregnancy/ 

menopause 
EV formation is increased in pregnancy486 

 Exercise: exercise level / time of last 
exercise 

Can influence platelet aggregation and contaminate 
sample with platelet-derived EVs 

 Infectious and non-infectious 
diseases 

Acute infections alter circulating inflammatory cells 
and RNA, both of which can increase vesicle 
formation 

 Medications – including 
anticoagulation treatments 

Heparin associated with false negative PCR reads in 
downstream RNA isolation from EVs  

 Smoking status  
 Last food intake Can alter lipoprotein and EV levels 
Sampling 
factors 

Time of collection (circadian 
variation)  

Circadian rhythm can affect platelet activation and 
contamination with EVs 

 Biofluid Plasma more abundant in EVs than serum 
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Type of factor Factor Rationale 
 Needle used Use 21 gauge or higher to avoid activation of platelet-

derived EV factors 
 Tube and anticoagulant used Heparin associated with false negative PCR reads 

Siliconised vessels prevent the adherence of EVs 
 Time to processing EVs stable for first 30 minutes after blood draw 
Storage 
factors 

Direct isolation processing vs 
storage 

EVs may lose function after storage 

 Storage temperature Consensus supports storage at −80 ⁰C 
 Centrifugation Speed and duration will influence whether cell debris 

and platelets are removed 
 Platelet and lipoprotein depletion Both can contaminate EV isolations 

EV, extracelluar vesilces; RNA, ribonucleic acid ; PCR, polymerase chain reaction. 

To date, there is no single optimal method of EV isolation, partly because it is difficult to fully isolate 

EVs from the non-vesicular components of a biofluid196. Consequently, it has been suggested that the 

method of isolation be determined by the cell or biofluid of interest and the downstream application for 

the isolated EVs. Methods of EV isolation can be classified according to their recovery and specificity. 

Higher recovery methods tend to have lower specificity and be associated with co-isolation of non-

vesicular components. Conversely, higher specificity methods are associated with lower EV yields. EV 

isolation with differential ultracentrifugation involves multiple centrifugation steps to remove cell 

debris (300–1000 × g), MVs (10,000–20,000 × g) and exosomes (100,000 × g)487. This is a low-cost 

method but can be complicated by the co-purification of lipoproteins and non-EV protein 

aggregates488. Density gradient centrifugation (DGC) is a method to increase the purity of the EV 

isolation by utilising the fact that EVs have a reported flotation density of between 1.08 and 

1.22 g/mL482. Gradients can be derived from either sucrose or iodixanol, which have been described 

when isolating EVs for proteomic analysis489. Size exclusion chromatography separates EVs based 

on size. Reported advantages include the separation of EVs from soluble contaminating proteins, 

reduced EV aggregation during isolation490 and the preservation of intact biologically active EVs491. 

Immunoaffinity isolation utilises the surface protein profile of EVs to either positively select desired 

EV populations (immune enrichment) or negatively bind unwanted EV populations (immune 

depletion)452. This method is limited by the choice of antibody used to isolate EVs, particularly because 

the surface markers on each subtype of EV are not fully understood483. Membrane affinity-based 

isolation separates EVs from biofluids by binding EVs to the commercially prepared spin column and 

allows smaller particles such as lipoproteins and protein complexes to pass through492. Previous 

evaluations of this method have identified significant co-isolation of albumin, a protein that is not part 

of the EV proteome493. Commercially available polymeric precipitation mixtures have been reported 
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to have high EV yield494, although this finding has been attributed to impurities in isolation. A recent 

comparison of EV isolation using various ultracentrifugation, ultrafiltration, DGC, size exclusion 

chromatography and polymeric precipitation methods in both non-small cell lung cancer cells and 

human plasma demonstrated that polymeric precipitation produced the least pure EVs495. The same 

paper concluded that size exclusion chromatography and DGC produce comparably pure EVs. 

Following isolation procedures, the ISEV recommends that at least three positive protein markers and 

one negative protein marker be identified in samples that have been enriched for EVs. The positive 

protein markers should include at least one transmembrane/lipid-bound protein and one cytosolic 

protein196. All eukaryotic EVs have proteins associated with the plasma membrane or endosome, 

which can be demonstrated by the presence of glycosylphosphatidylinositol (GPI) protein. Additionally, 

all EVs contain cytosolic (or periplasmic in the case of bacterial EVs) material from their secreting cell. 

To differentiate open cell fragments from EVs, one cytosolic or periplasmic protein with lipid or 

membrane binding ability must be shown. The most common co-isolated EV contaminants in biofluids 

such as blood include lipoproteins, albumin and soluble acetyl-cholinesterase196. These proteins have 

been recommended as the best negative markers to assess the purity of EV preparations. Table 49 

lists the proteins recommended by ISEV as positive and negative controls. 

Table 49. Positive and negative protein controls recommended by the International Society 
for Extracellular Vesicles to characterise extracellular vesicle isolates196. 

Category of protein Examples 
Transmembrane or GPI proteins associated with 
plasma membrane 

Tetraspanins (CD63, CD81, CD82); MHC class I 
(HLA-A/B/C, H2-K/D/Q); integrins (ITGA/ITGB), 
transferrin receptor, complement binding proteins 
CD55, CD59, sonic hedgehog (SHH) 

Cytosolic proteins recovered in EVs 
- with lipid or membrane binding ability 

TSG 101, CHMP, ALIX, flotillins-1 and -2, heat shock 
proteins HSC70, HSP 84 

- promiscuous incorporation  Heat shock protein (HSP 70), actin, tubulin 

non-EV negative protein markers Lipoproteins (Apo A-I/II, Apo B, Apo B-100), albumin 
ALIX, apoptosis-linked gene-2 interacting protein X; Apo, apolipoprotein; CD, cluster of differentiation, CHMP, 
charged multivesicular body protein; EV, extracellular vesicle; GPI, glycosylphosphatidylinositol; HLA, human 
leukocyte antigen; HSC, heat shock cognate; HSP, heat shock protein; MHC, major histocompatibility complex; 
SSH, sonic hedgehog; TSG, tumour susceptibility gene. 

In addition to protein characterisation of EV preparations by protein markers, the ISEV recommends 

both the identification of single EVs at high resolution using electron or atomic force microscopy and 

single particle analysers that can evaluate the biophysical properties of EVs. Single particle analysis 

methods include tunable resistive pulse sensing496, nanoparticle tracking analysis (NTA)497 and high-

resolution flow cytometry498. NTA can quantify the number of particles present, and size can be 
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inferred from the particle displacement pattern497. Tunable resistive pulse sensing utilises the current 

generated when EVs pass through a pore between two electrode chambers to measure particle 

concentration. High-resolution flow cytometry utilises a fluorescent probe to detect EVs and quantify 

them. 

In the gut during homeostasis, immune activation and inflammation, EVs have been identified as 

having an important role in communication between the microbiota499, intestinal epithelial cells500, 

endothelial cells501 and immune cells502. Polymorphonuclear cell (PMN)-derived EVs have been 

implicated in mediating disruption of the gut epithelial barrier and potentiating endothelial injury 

through increased levels of reactive oxygen species, activity of metalloproteinase domain proteins and 

upregulating adhesion molecules503. Unsurprisingly, experimental models of haemorrhagic shock in 

rats have identified a 2-fold increase in EVs present in gut lymph during shock using an 

ultracentrifugation method of EV isolation197. Furthermore, the EV fraction, not the remaining lymph 

supernatant, caused an 8-fold increase in nuclear factor kappa B (NF-κB) activation and tissue 

necrosis factor alpha (TNF-α) production197. In a subsequent experiment by the same researchers, 

intravenous injection of EVs post-haemorrhagic shock induced acute lung injury in the rats, but again, 

the EV-depleted supernatant did not198. This evidence supports the hypothesis that EVs contained 

within TD lymph may drive the development of SIRS and MODS. 

To be able to study EVs in human TD lymph to further elucidate these effects, a method for isolating 

EVs in TD lymph needs to be optimised. The aim of the study reported in this chapter was to trial 

several published methods of EV isolation on the human TD lymph samples obtained in the study 

reported in Chapter 6; to identify an optimal method for enriching EVs in TD lymph. 

8.2 Methods 

This section describes the experimental methods used to isolate and then confirm the presence of 

EVs in TD lymph. The TD lymph used in this set of experiments was from Patients 3 and 4 in Chapter 

6 who underwent an Ivor Lewis oesophagogastrectomy. TD lymph sampling procedures are also 

outlined in Chapter 2. In the method optimisation experiments, 1 mL aliquots of TD lymph (25 µL 

ethylenediaminetetraacetic acid [EDTA] 40 ng/mL) added at the time of sampling (Section 2.3.2) were 

used. Lymph was thawed on ice prior to the commencement of each isolation protocol. 
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Methods trialled to enrich EVs in TD included three commercial kits based on polymeric precipitation 

(ExoQuick, System Biosciences, Palo Alto, CA, USA), membrane affinity isolation (exoEasy Maxi Kit, 

Qiagen, Germantown, MD, USA) and size exclusion chromatography (qEV original, Izon, Medford, 

MA, USA). Enrichment methods utilising differential centrifugation, DGC with either ultrafiltration or 

ultracentrifugation to concentrate the EVs from TD lymph samples were also conducted. 

Where dilution was required, phosphate buffered solution (PBS) (pH 7.4, Gibco, Life Technologies, 

Paisley, Scotland) was used. PBS was passed through a 0. 2 µm filter (Minisart, Sartorius Stedim 

Biotech, Göttingen, Germany) to remove any microparticles. 

Protein concentration (EZQ Protein Quantitation Kit, Cat#R33200, Invitrogen, Paisley, UK), particle 

concentration and size measured by NTA (NanoSight NS300 system, Malvern Instruments Ltd.), and 

western blot identification of positive and negative EV protein markers were used to determine the 

most appropriate method of EV enrichment for TD lymph. 

8.2.1 Isolation methods trialled 

To be able to compare the yield and purity of EVs enriched between each method of EV isolation, 

each method needed to be optimised for human TD lymph prior to comparison. The commercial 

methods exoEasy and ExoQuick were performed using the manufacturers’ instructions and thus were 

not further optimised. 

8.2.1.1 Differential centrifugation 

Differential centrifugation was employed as a stand alone method to isolate the EVs. It was also 

subsequently used in combination following DGC. Ultracentrifugation with and without large volume 

PBS dilution was performed. 

No dilution and small volume phosphate buffered solution dilution 

Once thawed, 1 mL aliquots of TD lymph were either used neat (no dilution) or diluted with 0.5 mL of 

PBS to achieve a volume of 1.5 mL (small volume PBS dilution). Samples were then passed through a 

0.22 µm filter (MS PES Syringe filter, Membrane Solutions, Plano, Texas, USA) into a fresh 1.5 mL 

microcentrifuge tube (Axygen, Union City, CA, USA). Samples were then centrifuged at 100,000 × g at 

4 ⁰C using a TLA 110 rotor (K = 65.9) in a fixed angled centrifuge (Eppendorf Centrifuge 5417R, 

Eppendorf AG, Hamburg, Germany) for 38 minutes. The supernatant was then removed, the pellet 

resuspended in 1 mL PBS and centrifugation repeated at 100,000 × g for 38 minutes. The pellet was 

then resuspended in 100 µL of PBS. 
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Large volume phosphate buffered solution dilution 

To remove the lipid-rich layer, the thawed 1 mL of lymph that was still in a 1.5 mL microcentrifuge tube 

was placed directly into a fixed angled centrifuge (Eppendorf Centrifuge 5417R, Eppendorf AG, 

Hamburg, Germany) at 4 ⁰C for 30 min at 10,000 g. The infranatant was then removed and diluted with 

19 mL of PBS. The sample was then passed through a 0.22 µm filter (MS PES Syringe filter, 

Membrane Solutions, Plano, Texas, USA) into a clean PC Oak Ridge 30 mL tube (Cat # 314348, 

Thermo Fisher Scientific, Suwanee, GA, USA). Tubes were then balanced to within 0.002 g using 

PBS. Balanced tubes were placed into a Fiberlite F50L-8 × 39 Fixed-Angle Rotor (Thermo Fisher 

Scientific) (k-factor: 87) in a Sorvall Discovery 100SE centrifuge at 4 ⁰C at 100,000 g for 90 minutes. 

The supernatant was then discarded. A further washing step was performed, and the extracellular 

vesicle pellet resuspended with 20 mL of PBS. Tubes were balanced again with PBS to within 0.002 g. 

Repeat centrifugation in the Fiberlite F50L-8 × 39 Fixed-Angle Rotor at 4 ⁰C at 100,000 g for 90 

minutes. The supernatant was discarded. The pellet was resuspended in 100 µL of PBS before being 

aliquoted for downstream analysis. 

Microvesicle removal 

This method was also trialled with a differential MV removal step. Removal of the presumed MV 

fraction of TD lymph was attempted as an optimisation step to assess whether this would improve the 

purity of EVs isolated. This was performed by diluting 1 mL neat lymph with 19 mL of filtered PBS in 

PC Oak Ridge tubes as above. Samples were then placed on the same Fiberlite F50L-8 × 39 Fixed-

Angle Rotor (Thermo Fisher Scientific) (k-factor: 87) in a Sorvall Discovery 100SE centrifuge at 25,000 

× g for 60 minutes at 16 ⁰C. The supernatant was removed. The pellet was then resuspended in 

100 µL of PBS and aliquoted for further analysis. The supernatant was then further centrifugated at 

100,000 × g. 

The ‘MV’ pellet, the ‘exosome’ supernatant and the ultracentrifugation at 100,000 x g samples were 

compared for protein concentration, particle concentration, sodium dodecyl sulfate-polyacrylamide 

electrophoresis (SDS-PAGE) gel and western blot of EV and lipoprotein markers. 

8.2.1.2 Density gradient centrifugation 

The focus of optimising this method was to better separate and enrich the EV fraction from the 

lipoprotein fraction (chylomicrons, in particular) of the TD lymph. The method was first refined by 
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trialling four different methods of layering the sample and density gradient (Figure 39). Once the lymph 

fraction was enriched, it was concentrated through either ultrafiltration or ultracentrifugation. 

An OptiPrep/Tris/sucrose density gradient was prepared for each experiment (Table 50): 

• 60% OptiPrep (Iodixanol) (Sigma-Aldrich, Saint Louis, MO, USA) stock was used. 

• A sucrose 0.25 M:Tris 10 mM solution with a pH of &.5 was formulated by adding 1.2114 g of 

Tris (121.14 g/mol) and 85.5741 g of sucrose (342.30 g/mol) to 1 L of distilled water. 1 M 

hydrochloric acid was added until (approx. 5 ml) pH reached 7.5. 

• The iodixanol was diluted with the sucrose/Tris buffer down into four concentrations – 5%, 

10%, 20% and 40% in 15 mL Falcon tubes (Table 50). 

Table 50. OptiPrep/Tris/sucrose density gradient. 

% dilution OptiPrep (µl) Sucrose 0.25 M/10 mM Tris pH7.5 (µl) Final stock volume (µl) 
40% 7998 4002 12000 
20% 4002 7998 12000 
10% 2001 9999 12000 
5% 1000.5 10999.5 12000 

Each gradient was filter sterilised using a 0.22 µm filter. Then 2.5 mL of each density gradient were 

layered sequentially in a 14 mL thin ultra-clear polypropylene tube (Beckman Coulter, Indianapolis, IN, 

USA) using a 22-gauge spinal needle. Then 1 mL of thawed lymph was added before 1 mL of distilled 

water was applied at the top. Tubes were photographed with an iPhone 7 (Apple, Shenzhen, China). 

To separate the chylomicron fraction from the lymph, 1 mL of water was added either on top of the 

sample (A) or as a final layer to the density gradient with the sample on top (B). This was compared 

without using water (C) and to loading the gradients below each other (D) rather than on top (A, B & 

C) (Figure 39). 
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Figure 39. Comparison of loading methods for density gradient centrifugation samples. 

Methods A–C loaded from bottom fraction to top fraction. Method D loaded top fraction to bottom fraction below 
the previous fraction. 

The tubes were balanced to within 0.003 g using distilled water before being placed in a SW 40 Ti 

rotor (k-factor 137) (Beckman Coulter, Indianapolis, IN, USA) and centrifuged in Sorvall Discovery 

100SE Ultracentrifuge at 100,000 g for 16 hours at 4 ⁰C. At the completion of the centrifugation, the 

rotor was removed from the centrifuge and taken to a cold room for photography using an iPhone 7 

and fraction removal. The fractions were removed with a 22-gauge spinal needle and sterile 3 mL 

syringe. Clear delineations for the first three fractions were visible and were consequently removed by 

sight. The remaining fractions were removed in 1 mL increments. The volume of each fraction was 

measured using a sterile 1000 µL pipette tip. 

Concentration by ultrafiltration 

Following density gradient isolation of the lymph into a series of fractions, ultrafiltration using a 

centrifugal concentrator was utilised as a method of concentrating the isolated fractions. 

A 50 mL Falcon tube and 20 mL Vivaspin column (Sartorius Stedim, Biotech, Göttingen, Germany) 

was prepared for each fraction. Each fraction was added to a 50 mL Falcon tube with 20 mL of filtered 

PBS. Then 20 mL of filtered PBS was added to a Vivaspin column and centrifuged at 3000 g for 3 

minutes at 4 ⁰C in a swinging bucket Eppendorf 5810R centrifuge. The filtration cup was emptied. 

A 20 mL serological pipette was used to transfer the diluted sample into the prepared Vivaspin 

column. The sample was then concentrated in the Eppendorf 5810R centrifuge at 3000 g until it was 

concentrated to 100 µL, 200 µL or 500 µL. The volume of each concentrated fraction was measured 

A B 
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with a sterile pipette. If the sample had been concentrated to a lower volume, it was diluted back to the 

target volume with filtered PBS. Samples were then aliquoted for downstream analysis. 

Concentration by ultracentrifugation 

An alternative method for fraction concentration after density gradient isolation was ultracentrifugation 

as described in Section 8.2.1.1. This was done by pooling fractions suspected to be enriched with 

EVs. The washing step was not performed. 

The protein concentrate of these samples was then measured using the EZQ Protein Quantification 

Kit. 

8.2.1.3 Size exclusion chromatography 

A commercial size exclusion chromatography kit qEV original (Izon, Medford, MA, USA) was used in 

accordance with the manufacturer’s instructions to separate TD lymph into fractions. 

To remove the cryoprecipitate and separate the lipid layer, 1 mL aliquots of thawed samples were 

placed in a fixed-angle centrifuge (Eppendorf Centrifuge 5417R, Eppendorf AG, Hamburg, Germany) 

at 4 ⁰C at 10,000 g for 20 minutes. The supernatant was removed while avoiding the overlying lipid 

layer. 

Then 10 mL of filtered PBS was placed on the qEV column and the bottom cap was removed to wash 

out the storage solution (ethanol 20%, sodium azide 0.05%). The bottom cap was reapplied, and the 

remaining buffer was removed from above the qEV membrane. Then 900 µL of supernatant was 

applied to the column. 

The bottom cap was then removed and immediately 16 fractions of approximately 0.5 mL were 

collected into 1.5 mL low binding polymer tubes. PBS buffer was continually added in 2 mL aliquots to 

ensure that the membrane did not dry out. 

Following an initial pilot, in subsequent isolations the following fractions were then pooled: 5 & 6, 7 & 

8, 9 & 10, 11 & 12. Pooled samples were passed through an Ultrafree-CL 0.22 µm centrifugal filter 

(Millipore, Darmstadt, Germany) according to the manufacturer’s instructions before being 

concentrated in an Amicon Ultra-4 10 kDa device (Carrigtwohill, Ireland). 

Aliquots for downstream analysis were made and placed back into the −80 ⁰C freezer. 
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Protein concentration and particle concentration were measured to assess the distribution of the 

particle and protein-rich fractions prior to SDS-PAGE gel and western blotting. The qEV isolation was 

then repeated on new neat lymph samples before pooling and concentration was performed. Protein 

concentration was measured before and after pooling to assess protein yield. 

8.2.1.4 Membrane affinity isolation 

The commercial exoEasy Maxi Kit (Qiagen, Germantown, MD, USA) was used to trial an 

immunoaffinity method of extracellular vesicle isolation in accordance with the manufacturer’s 

instructions. 

One millilitre sample aliquots were removed from the −80 ⁰C freezer and placed in a dry bath at 37 ⁰C 

to thaw. 

The thawed samples were centrifuged on a fixed-angle centrifuge at 4 ⁰C for 20 minutes at 10,000 g to 

remove cryoprecipitate. A sample was then added to a 1 mL syringe with a 1000 µL filter tip pipette 

and passed through a 0.7 µM Sartorius Minisart filter (Sartorius Stedim Biotech, Göttingen, Germany). 

The remaining sample volume was measured and then added to a clean 1.5 mL microcentrifuge tube 

with a 1:1 ratio of XBP buffer from the exoEasy Kit. It was inverted 5 times to mix. Each sample was 

added to a separate exoEasy column and centrifuged in a swing bucket rotor at 500 g for 1 minute on 

an Eppendorf 5801R centrifuge (Eppendorf AG, Hamburg, Germany). The flow-through was 

discarded. 

Each spin column was transferred to a fresh collection tube. Then 400 µL of XE buffer from the kit was 

added to each column and left for 1 minute to incubate. It was centrifuged again for 5 minutes. Eluate 

was reapplied to the exoEasy spin column membrane and incubated for 1 minute and then it was 

centrifuged at 3200 g for 5 minutes. Aliquots for downstream analysis were made and placed back into 

the −80 ⁰C freezer. 

8.2.1.5 Polymeric precipitation 

The commercial polymeric precipitation mixture ExoQuick (System Biosciences, Palo Alto, CA, USA) 

was trialled to isolate EVs by precipitation. 

To remove cryoprecipitate and cellular debris, 1 mL aliquot of thawed sample was centrifuged on a 

fixed-angle centrifuge (Eppendorf Centrifuge 5417R, Eppendorf AG, Hamburg, Germany) at 4 ⁰C for 
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15 min at 10,000 g. The supernatant was placed in a new 1.5 mL Eppendorf tube. ExoQuick 

precipitation solution (0.268 times the volume of supernatant) was added. It was then incubated 

upright for 30 minutes in a 4 ⁰C cold room. 

The sample was centrifuged at 1500 g for 30 minutes at 4 ⁰C. The supernatant was carefully removed 

and discarded. The process as then repeated at 1500 g for 5 minutes at 4 ⁰C in the fixed-angle 

centrifuge. The supernatant was carefully removed and discarded. The pellet was resuspended in 

100 µL of PBS. The final volume was made up to 200 µL. Aliquots for downstream analysis were 

made and placed back into the −80 ⁰C freezer. 

8.2.2 Analysis of fasted to fed transition in thoracic duct lymph 

Once the optimal method for enriching EVs from TD lymph was identified, this method (DGC with 

ultracentrifugation) was employed to isolate EVs from the lymph of two patients (Chapter 6) at the four 

key time points examined in the fasted to fed transition (intraoperative, most fasted, early fed and most 

fed). Protein concentration, NTA, electron microscopy and proteomics analysis were performed on 

these EV samples. 

8.2.2.1 Nanoparticle tracking analysis 

Single particle analysis to determine the size and number of particles present in each sample was 

assessed using NTA on a NanoSight NS300 (Malvern Panalytical, Malvern, UK) using the NTA 3.1 

Build 3.1.45 version of the software. Particles in liquid suspension are illuminated by a suspended 

laser beam. The light that is scattered by each particle is then focused by image sensor on the video 

camera. The NTA software is then able to identify and track each particle to calculate the mean 

square displacement (MSD) of particle movement. The Stokes Einstein equation is then able to 

calculate particle size using MSD, temperature and viscosity497. 

At the start of each day, the NanoSight, computer and camera were all activated. The chamber was 

flushed with deionised water using a 1 mL syringe to remove the 10% ethanol storage solution. The 

following adjustable settings were standardised for each set of measurements: temperature 25 ⁰C, 

screen gain 9, detection threshold 5, camera level 6 and focus 218. Each sample was exposed to 

three 30 second capture periods to calculate the average concentration of particles (particles/mL). 

Then 1 mL of sample was drawn up into a 1 mL syringe and 0.5 mL was injected into the NanoSight 

chamber before the syringe was attached to a syringe driver and set to infuse at 50. Particle size 

measurements calculated were mean, mode, standard deviation, D10 (10% of the sample mass 
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comprises particles less than this diameter), D50 (50% of the sample mass comprises particles less 

than this diameter, and 50% is greater) and D90 (90% of the sample mass comprises particles less 

than this diameter). This was repeated in triplicate for each sample. Experiment summary Portable 

Document Format (PDF) and comma-separated values (csv) files were saved for each replicate. Data 

was extracted from the PDF and csv files into a summary Excel spreadsheet. Values from each of the 

nine capture periods for each sample were averaged. Capture periods that did not record any particles 

were removed for the calculation to not artificially lower the concentration or size of detected particles. 

Results were plotted in Graph Pad PRISM 8 software. 

8.2.2.2 Transmission electron microscopy 

Verification of EV isolation was performed on lymph samples isolated with the DGC followed by 

ultracentrifugation method. Each sample was diluted 1:10 in Milli-Q water and then was dispersed by 

pipetting the solution up and down for 30 seconds. Carbon-coated copper grid (ProSciTech Pty Ltd, 

Australia) were rendered hydrophilic by glow discharge. Then 1 µL droplet of sample was placed on a 

grid and left to absorb for 30 seconds. Excess sample was blotted off with filter paper. The grid was 

then floated on a 40 µL droplet of 2% (weight by volume) aqueous uranyl acetate for 30 seconds. 

Excess uranyl acetate was then blotted off with filter paper. All grids were viewed in a Tecnai T12 

Transmission Electron Microscope (FEI, 81Hillsboro, OR, USA) at 120 kV accelerating voltage. 

Images were captured using a Gatan Ultrascan 1000 4 Mpixel digital camera (Gatan Inc., Pleasanton, 

CA, USA). 

8.2.2.3 Proteomics 

EV samples prepared using the DGC followed by ultracentrifugation method were supplied to the 

Australian Proteome Analysis Facility (APAF). A one-dimensional independent data acquisition (1D-

IDA) acquisition of the intraoperative TD lymph sample from Patient 3 and 2D-IDA acquisition of all 

eight EV isolates prepared as described in Section 8.2.2 was performed as per the protocol described 

in Section 2.4.9.3. The SWATH data was searched against the in-house APAF human database 

(Section 2.4.9.4). An ion library was created from the two-dimensional independent data acquisition 

(2D-IDA) from the proteomic experiments detailed in Chapter 7 and merged with the data from a 1D-

IDA analysis of the intraoperative TD EV lymph sample from Patient 3. The data that was generated 

was analysed according to the methods outlined in Sections 2.4.9.4 and 2.4.9.5. 
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8.3 Results 

The results of optimising each enrichment method are presented prior to the comparison of the 

optimised methods. Electron microscopy images and proteomic results are presented for the isolation 

of EVs using the optimised DGC and ultracentrifugation. 

8.3.1 Ultracentrifugation 

When large volume PBS (19 mL) was not used to dilute the lymph samples prior to ultracentrifugation, 

an opaque layer at the top of the supernatant was difficult to remove and could be seen to persist on 

the outside of the tube. SDS-PAGE gel of these samples (Figure 40) demonstrates the impurity of this 

isolation method. Protein and particle concentration were higher in the samples that did not undergo 

the additional MV isolation step (Table 51). The particle concentration in the fed lymph EV isolates 

were two orders of magnitude higher than in the fasted samples when lymph was centrifuged at 

100,000 × g regardless of the additional centrifugation. This suggests that lipoproteins are also being 

enriched with EVs using this method. SDS-PAGE protein gel visually demonstrates the higher protein 

concentrations in the fed samples. Western blot analysis of these samples only detected bands in the 

fed EV isolate lymph for Apo B, heat shock protein (HSP) 70 and flotillin (Figure 42). 

Table 51. Protein concentration (mg/mL) and particle concentration (particles/mL) and size 
(nm) of extracellular vesicle preparations enriched by ultracentrifugation methods. 

Ultracentrifugation was used to enrich EVs in TD lymph following large volume PBS dilution in both fasted and fed 
lymph samples with and without the differential removal of the ‘microvesicle’ fraction at 20,000 × g. Mean particle 
size, standard deviation (SD), D10 (10% of the sample mass comprises particles less than this diameter), D50 
(50% of the sample mass comprises particles less than this diameter, and 50% is greater) and D90 (90% of the 
sample mass comprises particles less than this diameter). All particle and protein concentrations are normalised 
to 1 mL of starting volume. 

EV, extracellular vesicies; MV, microvesicles SD, standard deviation of the mean.  
 

 ‘Microvesicle’ EV – MV removed EV isolate only 
Fasted 
lymph Fed lymph Fasted 

lymph Fed lymph Fasted 
lymph Fed lymph 

Protein conc 
(mg/mL) 

0.195 0.196 0.197 0.199 0.220 0.207 

Particle conc 
(particle/mL) 

9.65 x 107 3.04 x 108 7.87 x 107 1.57 x 109 2.63 x 108 1.58 x 1010 

Mean particle 
size (nm) ± SD 

158 ± 21 184 ± 46 133 ± 16 144 ± 32 204 ± 44 163 ± 50 

D10 117 120 109 101 130 104 
D50 159 177 127 139 202 140 
D90 170 235 145 165 243 212 
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Figure 40. SDS-PAGE gel of ultracentrifugation methods. 

Bolt Bis-Tris 4%–12% SDS-PAGE gel. Methods of ultracentrifugation based on volume of PBS dilution (undiluted, 
1.5 mL PBS dilution 20 mL PBS dilution) for fasted and fed lymph samples. Each well loaded with 2.5 µg of 
protein. Well order from left to right: ladder (1), fasted microvesicle (2), fed microvesicle (3), undiluted fasted EV 
(4), undiluted fed EV (5), 1.5 mL diluted fasted EV (6), 1.5 mL diluted fed EV (7), 19 mL diluted fasted EV (8), 
19 mL diluted fed EV (9), 19 mL diluted fasted EV with prior microvesicle removal (10), 19 mL diluted fed EV with 
prior microvesicle removal (11), neat fasted lymph (12), neat fed lymph (13). 

8.3.2 Density gradient centrifugation 

8.3.2.1 Optimisation of sample loading 

Method A delivered the most separated chylomicron layer that was easiest to remove without 

contaminating the other layers of the gradient (Figure 41). 
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Figure 41. Density gradient ultracentrifugation of fed lymph using four different methods of 
gradient preparation. 

8.3.2.2 Ultrafiltration concentration optimisation following DGC 

Concentrating the DGC EV prep to 100 µL by Vivaspin columns produced the most concentrated EV 

isolates (Table 52). The fold increase in concentration was between 1.63 and 11.21 except for 

fractions 11 and 12, where further concentration appeared to have minimal effect. 

Table 52. Protein concentration (mg/mL) lymph isolated by density gradient centrifugation 
followed by ultrafiltration to various final volumes. 

Comparison of protein concentration (mg/mL) in fed lymph fractions. Ultrafiltration performed with Vivaspin 
columns to a final volume of 100 µL, 200 µL or 500 µL. 

Fraction 100 µL 200 µL 500 µL Fold increase from 500 to 
100 µL concentration 

1 0.99 0.60 0.41 2.41 
2 2.24 0.30 0.26 8.62 
3 70.72 58.05 43.14 1.64 
4 30.10 26.19 12.97 2.32 
5 16.53 7.99 4.45 3.71 
6 6.15 2.89 1.64 3.75 
7 1.29 2.67 0.79 1.63 
8 0.66 0.32 0.13 5.08 
9 1.57 0.19 0.14 11.21 
10 0.46 0.29 0.17 2.71 
11 0.04 0.12 0.08 0.50 
12 0.04 0.06 0.06 0.67 
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8.3.2.3 Western blotting of density gradient centrifugation fractions 

The EV protein markers HSP 70 and flotillin were identified in fractions 7, 8 and 9 using the DGC 

followed by ultrafiltration method of isolation (Fig 42A). The tetraspanin EV markers CD63 and CD81 

were demonstrated in fractions 7 and 8 (Fig 42B). Lipoprotein marker Apo B was present in fractions 5 

to 11, with the highest intensity seen in fraction 7, whereas Apo E was seen from 1 to 3 then 6 to 11 

(Fig 42A). 

 

 

 
Figure 42. Western blot of lipoprotein (Apo B & E) and extracellular vesicle markers (HSP 70 
& flotillin) applied to fed lymph fractions isolated with density gradient centrifugation followed 
by ultrafiltration to 100 µL. 

(Panel A) Bolt Bis-Tris 4%–12% gel run under denaturing conditions. Apo B (260 kDa) with bands in fractions 5–
9, HSP 70 (72 kDa) bands in fractions 7 & 8, flotillin (49 kDa) bands in fractions 7, 8 & 9 and Apo E (36 kDa) with 
bands in fractions 1 to 3 then 6 to 10. Well order from left to right fractions 1 to 11. 
(Panel B) Bolt Bis-Tris 4%–12% gel run under non-denaturing conditions. CD63 (smear 30–60 kDa) with bands in 
fractions 7 and 8, CD81 (26 kDa). 

8.3.3 Size exclusion chromatography (qEV) 

The particle concentration in fed lymph was much higher (56-fold greater in fraction 9) than in fasted 

lymph (Figure 43). The particle concentration peaked (fractions 6–11) before protein concentration 

(fractions 11–16) (Figure 44 and Table 53). 

Apo B (210 kDa) 

HSP 70 (72 kDa) 

Flotillin-1 (49 kDa) 

Apo E (36 kDa) 

A 
1    2    3    4    5    6    7    8     9    10  11 

CD63 (30-60 kDa) 

CD81 (26 kDa) 

B 
7    8 
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Figure 43. Particle concentration (particle/mL) of qEV isolated fasted and fed lymph. 

Particle concentration in 16 EV fractions prepared by qEV column for fed and fasted lymph. 1 mL starting volume 
of neat lymph was used for each sample and isolated into 0.5 mL fractions using PBS dilution. Particle 
concentration (particle/mL) is reported for concentration measured in isolated EV fraction. 
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Figure 44. Particle concentration (particle/mL) and protein concentration (mg/mL) for qEV 
isolated fed lymph (unconcentrated). 

Particle concentration (particle/mL) and protein concentration (mg/mL) of fed lymph qEV fractions diluted by PBS 
into 0.5 mL fractions prior to subsequent concentration with Amicon Ultra-4 10 kDa device (Carrigtwohill, Ireland). 
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Table 53. Protein concentration (mg/mL) of qEV fractions from fed and fast lymph. 

Fraction Fasted lymph Fed lymph 
1 0.04 0.05 
2 0.04 0.05 
3 0.04 0.04 
4 0.04 0.04 
5 0.04 0.03 
6 0.06 0.09 
7 0.05 0.22 
8 0.07 0.22 
9 0.15 0.60 
10 0.40 0.90 
11 1.06 1.17 
12 1.76 1.55 
13 2.53 2.29 
14 6.04 3.50 
15 10.36 4.00 
16 10.88 4.16 

Western blotting of lipoprotein and EV markers (Figure 45) in the unconcentrated qEV fractions 

demonstrated enrichment of Apo E in fractions 7–11 with peak intensity in fraction 9 and Apo B in 

fractions 8 and 9. The inability to detect EV protein bands with western blotting in these 

unconcentrated samples confirmed the need to perform a concentration step. 

 
Figure 45. Western blot of lipoprotein markers apolipoproteins B-100 and E in qEV fractions. 

Bolt Bis-Tris 4%–12% gel run under denaturing conditions. Western blot of Apo B (210 kDa) detected in fractions 
8 and 9 and Apo E (36 kDa) bands in factions 7–11 in unconcentrated qEV fractions. Three distinct bands were 
detected with Apo E. 

The protein yield following pooling and concentration of qEV fractions resulted in a yield of between 

11.7% and 35.3% for the fasted lymph and 10.3% and 17.3% for the fed lymph (Table 54). The 

particle concentration in fed lymph was still two orders of magnitude higher in the fed sample when 

compared with the fasted. Concentrated fractions 9 and 10 had the highest particle concentration 

while still maintaining a low protein concentration. In the fasted sample, the protein and particle 

concentration increased, whereas in the fed sample, the particle concentration reduced and the 

protein concentration increased (Figure 46). Consequently, pooled fractions 9 and 10 were used for 

the method comparison experiments. 

Apo B 210 kDa 

Apo E 36 kDa 

 6        7          8          9       10      11    12 
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Table 54. Protein yield (%) of pooled fasted and fed qEV lymph fractions following filtration 
and concentration. 

Protein amount calculated from EZQ Protein Quantitation Kit (R33200) (Invitrogen, Paisley, UK). Filtration by 
Ultrafree-CL 0.22 µm centrifugal filter (Millipore, Darmstadt, Germany) before concentrating in Amicon Ultra-4 10 
kDa device (Carrigtwohill, Ireland). 

Pooled 
fractions 

Input – pooled amount 
added (μg) 

Output – following 
filtration and 

concentration (μg) 
Yield (%) 

Fasted Fed Fasted Fed Fasted Fasted 
5 & 6 23.77 37.39 4.80 4.66 20.2 12.5 

7 & 8 46.29 279.70 6.02 41.39 13.0 14.8 

9 & 10 289.71 489.72 33.86 50.40 11.7 10.3 

11 & 12 2533.32 1592.54 893.90 276.02 35.3 17.3 

A 

 
B 

 
Figure 46. Particle concentration (particle/mL) and protein concentration (mg/mL) for qEV 
isolated fasted (Panel A) fed lymph (Panel B) following filtration and concentration. 
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8.3.4 Membrane affinity isolation (exoEasy) 

The exoEasy membrane affinity isolation kit produced similar protein concentrations but a higher 

particle concentration in the fed lymph (1.46 × 108 particles/mL) compared with the fasted lymph 

(1.05 × 108) when 1 mL of lymph was used for isolation. This could mean either that lipoproteins were 

being co-isolated in the fed sample or that EV production was increased by either post-operative 

factors or enteral feeding in this sample. The mean particle size in the fed isolate (238 nm) were 

smaller than in the fasted sample (283 nm) (Table 55). The EV protein markers CD63, HSP 70 and 

flotillin-1 were all detected in both the fasted and the fed lymph samples (Figure 47). Flotillin intensity 

was greater in both the fed serum and the lymph. 

Table 55. Protein concentration (mg/mL), particle concentration (particles/mL) and particle 
size (nm) of exoEasy isolated fasted and fed lymph. 

Mean particle size, standard deviation (SD), D10 (nm, 10% of the sample mass comprises particles less than this 
diameter), D50 (nm, 50% of the sample mass comprises particles less than this diameter, and 50% is greater) 
and D90 (nm, 90% of the sample mass comprises particles less than this diameter). 

 Fasted lymph Fed lymph 
Protein conc (mg/mL) 1.90 1.99 
Particle conc (particle/mL) 1.05 × 108 1.46 × 108 
Mean particle size (nm) ± SD 283 ± 63 238 ± 58 
D10 (nm) 188 164 
D50 (nm) 280 216 
D90 (nm) 342 305 

 

 
Figure 47. Western blot of extracellular vesicle protein markers in both exoEasy isolated 
fasted and fed lymph and serum. 

Bolt Bis-Tris 4%–12% gel run under denaturing conditions. Western blot of EV protein markers CD63 (30–60 
kDa), HSP 72 (70 kDa) and flotillin-1 (49 kDa). Samples ordered left to right for each antibody: fasted serum (1), 
fasted lymph (2), fed serum (3), fed lymph (4). 10.5 µg of protein loaded in each well. 

Flotillin-1 49 kDa 

CD63 30–60 kDa 

HSP 70 72 kDa 

 1          2          3         4        
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8.3.5 Polymeric precipitation (ExoQuick) 

The protein concentration in the ExoQuick precipitation isolates was 1.7-fold higher in the fed lymph 

sample than in the fasted sample. Particle size in the fed lymph sample was smaller than in the fasted 

lymph sample (Table 56). 

Table 56. Protein concentration (mg/mL), particle concentration (particles/mL) and particle 
size (nm) of ExoQuick isolated extracellular vesicles of fasted and fed lymph. 

Mean particle size (nm), standard deviation (SD), D10 (nm, 10% of the sample mass comprises particles less 
than this diameter), D50 (nm, 50% of the sample mass comprises particles less than this diameter, and 50% is 
greater) and D90 (nm, 90% of the sample mass comprises particles less than this diameter). 

 Fasted lymph Fed lymph 
Protein conc (mg/mL) 27.10 44.87 
Particle conc (particle/mL) 2.57 × 1011 4.07 × 1012 
Mean particle size (nm) ±SD 176 ± 58 115 ± 38 
D10 (nm) 106 63 
D50 (nm) 152 101 
D90 (nm) 248 150 

8.3.6 Comparison of various extracellular vesicle isolation methods 

When the various single fraction and multiple fraction methods of EV isolation were compared with a 

final sample volume of 100 µL for each method, protein concentration was highest in the ExoQuick 

precipitation method followed by DGC with ultrafiltration, exoEasy, ultracentrifugation alone and DGC 

with ultracentrifugation and qEV fractions having the lowest (Table 57). Particle concentration in all 

methods except exoEasy and DGC with ultracentrifugation showed at least one order of magnitude 

greater particle concentration in the fed lymph isolate compared with the fasted lymph isolate. This 

suggests that these methods had greater difficulty in separating lipoproteins from EVs. The mean 

particle size between the fasted and fed lymph isolates was most similar when the DGC with 

ultracentrifugation method was used. For the other isolation methods, the fasted lymph sample had a 

higher mean particle size than the fed sample. 

Figure 48 demonstrates the protein distribution in an SDS-PAGE of both fasted and fed lymph EV 

preparations. While both the exoEasy and ultracentrifugation methods of isolation did not detect any 

lipoprotein markers (Apo B-48, Apo E and Apo A-I) in this comparison, they failed to produce bands 

for any EV markers (CD81, TSG101, flotillin-1, HSP 70). Albumin was detected in all the isolation 

methods but was more intense in the ExoQuick, exoEasy, qEV and DGC with ultrafiltration isolates. 

Flotillin was detected in the exoEasy and the fed ultracentrifugation and DGC with ultracentrifugation 

isolates. It had previously been detected in qEV isolates. HSP 70 had previously been detected in the 
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fed samples isolated by DGC with ultrafiltration and DGC with ultracentrifugation. Similarly, CD81 had 

been detected in both fasted and fed DGC with ultrafiltration and DGC with ultracentrifugation isolates 

as well as fed qEV fractions. Consequently, the fed lymph samples isolated with the DGC with 

ultracentrifugation was the only sample in which three positive protein markers were identified. The 

DGC with ultracentrifugation isolation method was then selected as the optimal enrichment method. 

This was used to enrich EVs in four samples from two patients who underwent an 

oesophagogastrectomy (Chapter 6) and were transitioned to enteral feeding in the early post-

operative period. 
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Table 57. Comparison of protein concentration, particle size and concentration, and protein markers of extracellular vesicle enrichment and 
purity across various isolation methods. 

Isolation methods used 1 mL of neat lymph and were all eluted into a final volume of 100 µL for this comparison. Protein markers for both EV enrichment at lipoprotein presence 
were recorded in this table if they had been identified either in the method development or the method comparison western blots. *Lipoprotein marker Apo A-I and EV protein 
marker TSG 101 were not detected in any of the samples. 

 ExoQuick exoEasy qEV fractions 9 & 10 Ultracentrifugation DGC & ultrafiltration 
fractions 8 & 9 

DGC & 
ultracentrifugation 
fractions 8 & 9 

 Fasted Fed Fasted Fed Fasted Fed Fasted Fed Fasted Fed Fasted Fed 
Protein 
concentration 
(mg/mL) 

27.10 44.87 0.81 0.98 0.24 0.36 0.76 0.88 0.80 1.38 0.49 0.45 

Particle 
concentration 
(particle/mL) 

2.57 × 
1011 

4.07 × 
1012 

1.05 × 
108 

1.46 × 
108 

2.35 × 
109 

5.00 × 
1011 

2.63 × 
108 

1.58 × 
1010 

6.12 × 
108 

1.01 × 
109 

4.07 × 
109 

5.84 × 
109 

Mean particle 
size (nm) 

176 115 283 238 158 134 204 163 246 214 264 266 

Apo B-48 + +   ++ ++   ++ ++ + ++ 
Apo AI*             
Apo E + +   + ++       
Albumin ++ ++ ++ ++ +++ + + + ++ ++ + + 
CD81    +  +   + + + ++ 
TSG101*             
Flotillin-1   + + + +  +    + 
HSP 70          +  + 

ALIX, apoptosis-linked gene-2 interacting protein X; Apo, apolipoprotein; CD, cluster of differentiation, DCG, density gradient centrifugation; EV, extracellular vesicle; HSP, heat 
shock protein; TSG, tumour susceptibility gene. 
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Figure 48. SDS-PAGE of various methods of extracellular vesicle isolation in fasted and fed 
thoracic duct lymph. 

SDS-PAGE gel of various methods of EV isolation in fasted and fed TD lymph. Bolt Bis-Tris 4%–12% gel run 
under denaturing conditions. Each well loaded with 5 µg of protein from 100 µL final volume of each isolation 
method. Starting volume of TD lymph for each method 1 mL. Well order ladder (1), ExoQuick fasted (2), ExoQuick 
fed (3), membrane affinity isolation (exoEasy) fasted (4), membrane affinity isolation (exoEasy) fed (5), size 
exclusion chromatography (qEV) fractions 9 &10 fasted (6), size exclusion chromatography (qEV) fractions 9 &10 
fed (7), ultracentrifugation fasted (8), ultracentrifugation fed (9), DGC then ultrafiltration fasted (10), DGC then 
ultrafiltration fed (11), DGC then ultracentrifugation fasted (12), DGC then ultracentrifugation fed (13), neat fasted 
TD lymph (14), neat fed TD lymph (15). 

 
Figure 49. Western blot of extracellular vesicle protein and lipoprotein markers. 

Western blot of various methods of EV isolation in fasted and fed TD lymph. Bolt Bis-Tris 4%–12% gel run under 
denaturing conditions. EV positive marker: flotillin-1 (49 kDa); EV negative marker: Albumin (67 kDa) and 
lipoprotein markers: Apo B (210 kDa), and Apo E (36 kDa). Two bands demonstrated for Apo E. Each well loaded 
with 5 µg of protein from 100 µL final volume of each isolation method. Starting volume of TD lymph for each 
method 1 mL. Well order ladder (1), ExoQuick fasted (2), ExoQuick fed (3), membrane affinity isolation (exoEasy) 
fasted (4), membrane affinity isolation (exoEasy) fed (5), size exclusion chromatography (qEV) fractions 9 &10 
fasted (6), size exclusion chromatography (qEV) fractions 9 &10 fed (7), ultracentrifugation fasted (8), 
ultracentrifugation fed (9), DGC then ultrafiltration fasted (10), DGC then ultrafiltration fed (11), DGC then 
ultracentrifugation fasted (12), DGC then ultracentrifugation fed (13), neat fasted TD lymph (14), neat fed TD 
lymph (15). 
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8.3.7 Comparison of extracellular vesicle isolates between patients 

The results are summarised in Table 58. Briefly, protein concentration in the EV isolates was observed 

to decrease during the post-operative period in Patient 3 from 0.163 mg/mL to 0.092 mg/mL. A 

opposite trend was seen in Patient 4, in whom the protein concentration increased from 0.098 mg/mL 

intraoperatively to 0.338 mg/mL by the fourth post-operative day when the patient was most fed. In 

both patients, particle concentration fell during the post-operative period with the introduction of 

enteral feeding (Patient 3: 1.10 × 109 to 7.87 × 108 particle/mL; Patient 4: 1.77 × 109 to 8.34 × 108 

particle/mL). Similarly, mean particle size fell with the introduction of enteral feeding, although the 

large standard deviation renders this potentially insignificant. In Patient 3, particle size fell from 

210 nm at the most fasted time point to 206 nm at the most fed, and from 254 nm to 234 nm for 

Patient 4. Because the EV isolates were concentrated to 100 µL, there was not enough sample to 

perform both SDS-PAGE and western blots on these eight samples. Volume was reserved for 

proteomic analysis. 

8.3.8 Electron microscopy 

Negative staining electron microscopy was performed on the eight EV isolated lymph samples (DGC, 

then ultracentrifugation) from two patients at the four key time points in their post-operative transition 

to enteral feeding (intraoperative, most fasted, early fed, most fed states). EVs were detected in all 

these samples. A selection of individual EV images are presented in Figures 50–53. Electron 

microscopy demonstrated that this method of EV isolation in TD lymph produces aggregates of EVs 

(Figure 53). In both of the patients, the most fed sample was observed to have generally EVs of a 

more heterogeneous morphology (Figures 51 & 52). This heterogeneity is likely to represent the co-

isolation of low-density lipoprotein (LDL) (Figure 51) with EVs (Figure 52). 
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Table 58. Comparison of protein concentration, particle concentration and measures of particle size in the extracellular vesicle lymph isolates 
using density gradient centrifugation followed by ultracentrifugation. Four samples from two Ivor Lewis oesophagogastrectomy patients as they 
transition post-operatively from a fasted to a fed state. 

 Patient 3 Patient 4 
 D0 

Intraoperative 
D2 AM 

Most fasted 
D2 PM 

Early fed 
D4 AM 

Most fed 
D0 

Intraoperative 
D2 AM 

Most fasted 
D2 PM 

Early fed 
D4 AM 

Most fed 
Protein 
concentration 
(mg/mL) 

0.163 0.142 0.098 0.092 0.098 0.071 0.151 0.338 

Particle 
concentration 
(particle/mL) 

1.10 × 109 1.18 × 109 1.35 × 109 7.87 × 108 1.77 × 109 1.46 × 109 1.38 × 109 8.34 × 108 

Mean particle 
size (nm) ± SD 

216 ± 84 210 ± 73 204 ± 84 206 ± 55 255 ± 97 254 ± 97 237 ± 96 234 ± 71 

Mode (nm) 158 177 139 182 210 194 178 203 
D10 (nm) 135 128 112 147 132 119 115 143 
D50 (nm) 175 191 167 175 209 250 225 201 
D90 (nm) 332 314 322 295 380 356 344 323 
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Figure 50. Intraoperative thoracic duct lymph extracellular vesicle. 

Negative staining electron microscopy image (× 67,000 magnification) of EV in intraoperative lymph from Patient 
4 isolated with DGC and subsequent ultracentrifugation. Tecnai T12 Transmission Electron Microscope (FEI, 
81Hillsboro, OR, USA). Gatan Ultrascan 1000 4 Mpixel digital camera (Gatan Inc., Pleasanton, CA, USA). 
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Figure 51. Small particle from fully fed lymph sample. 

Negative staining electron microscopy image (× 400,000 magnification) of a small particle in fully fed lymph from 
Patient 3 isolated with DGC and subsequent ultracentrifugation. Tecnai T12 Transmission Electron Microscope 
(FEI, 81Hillsboro, OR, USA). Gatan Ultrascan 1000 4 Mpixel digital camera (Gatan Inc., Pleasanton, CA, USA). 
The particle is approximately 20 nm in size and is likely to be a low-density lipoprotein based on this504. 
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Figure 52. Fully fed thoracic duct lymph extracellular vesicle demonstrating lipid bilayer. 

Negative staining electron microscopy image (× 150,000 magnification) of EV in fully fed lymph Patient 4 isolated 
with DGC and subsequent ultracentrifugation. Tecnai T12 Transmission Electron Microscope (FEI, 81Hillsboro, 
OR, USA). Gatan Ultrascan 1000 4 Mpixel digital camera (Gatan Inc., Pleasanton, CA, USA). 

Lipid bilayer 
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Figure 53. Aggregation of extracellular vesicle from density gradient centrifugation and 
ultracentrifugation isolation. 

Negative staining electron microscopy image (× 11,000 magnification) of aggregated EV in early fed lymph in 
Patient 3 isolated with DGC and subsequent ultracentrifugation. Tecnai T12 Transmission Electron Microscope 
(FEI, 81Hillsboro, OR, USA). Gatan Ultrascan 1000 4 Mpixel digital camera (Gatan Inc., Pleasanton, CA, USA). 

8.3.9 Proteomic profile of extracellular vesicles 

The subsequent SWATH extraction from the APAF human database produced 358 quantifiable 

proteins in the EV samples. This compares with 316 identified in neat lymph and 321 in immune-

depleted lymph, as reported in Chapter 7 (Figure 54). When the composition of these proteomes was 

compared, there were 251 (55%) proteins in common between neat lymph and the EV-enriched 

samples out of a total of 455 individual proteins that were identified across all three methods when 

overlapping proteins were accounted for. There were 28 (15%) that were only found in neat lymph and 

84 (18%) that were only identified in the EV-enriched TD lymph. 
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Figure 54. Venn diagram of quantifiable proteins identified by SWATH in neat, immune-
depleted and extracellular vesicle thoracic duct lymph. 

The 20 most abundant proteins identified in the TD EV lymph samples are listed in Table 59. Six of 

these were common to neat lymph: serum albumin, alpha-2-macroglobulin, fibrinogen gamma chain, 

haptoglobin, serotransferrin and immunoglobulin heavy constant gamma 3. Of the remaining 14 most 

abundant proteins, eight were immunoglobins. 

Of the 107 proteins only identified in EV-enriched lymph, 44 of these had previously been identified in 

EVs in other studies of human cells and biofluids based on the ExoCarta database505 (Table 60). None 

of these proteins were in the 20 most abundant proteins (Table 59). Seven of the 44 proteins were 

immunoglobulins. A further 16 immunoglobulins that have not previously been identified in other EV 

studies were only identified in the EV-enriched lymph of this study. Three HSPs (HSP beta-1, heat 

shock-related 70 kDa protein 2 and heat shock 70 kDa protein 6) and two histones (H2AX and H4), 

which are known cytosolic markers of EV, were identified in these samples. Transferrin receptor 

protein one, a plasma membrane marker of EV, was also uniquely identified in these lymph EV 

samples. 

84 28 

229 

Neat lymph (n = 316)
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In addition to albumin, 10 apolipoproteins were identified in these samples, including Apo B-100 and 

A-I, the negative markers used in the western blot analysis during the method development 

experiments. Several of the exosome proteins that were attempted to be identified during the method 

development experiments were not identified in these samples by proteomic analysis. These included 

CD63, CD81, ALIX, TSG 101, flotillin-1. 

The heat map of enriched EV TD lymph proteins (Table 61) with a fold change greater than 1.5 and a 

p value of less than 0.05 across any of the four time points included only seven protein, two of which 

were proteins only identified in EV-enriched TD lymph (Keratin, type I cytoskeletal 13 and HSP beta-

1). Keratin, type I cytoskeletal 13, a protein expressed in stratified squamous epithelium506, was most 

abundant in the intraoperative sample and was least abundant at 48 hours. This has previously been 

detected in EVs derived from both bladder507 and colorectal508 cancer cells and its presence may have 

been related to the oesophageal cancer and its surgical excision rather than enteral feeding. HSP 

beta-1 is a molecular chaperone that provides cellular thermotolerance and protection under stress 

conditions509. It is also involved in inducing the apoptotic cell death pathway as a protective 

mechanism against oxidative stress509. These were most abundant at 36 hours post-operatively before 

enteral feeding was commenced and least abundant at 48 hours post-operatively after enteral feeding 

had been commenced. The map also demonstrates that the other five proteins that were not unique to 

EV-enriched lymph (alpha-1-antitrypsin, creatine kinase M-type, alpha-2-HS-glycoprotein, fetuin-B, 

protein S 100-A8 and low affinity immunoglobulin gamma Fc region receptor III-A) all had their lowest 

abundance intraoperatively. 

Ten proteins identified in EV-enriched TD lymph increased by a ratio of greater than 1.5 with a p value 

less than 0.10 during the transition from a fasted to a fed state (Table 62). The only protein in this 

table that was unique to EV-enriched lymph that had previously been identified in EVs was HSP beta-

1. Three corresponding proteins fell over this period by a ratio of 0.67 or less (Table 63) and none of 

them were in the list of proteins that had been identified only in EV-enriched TD lymph. 
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Table 59. 20 most abundant proteins quantified in thoracic duct extracellular vesicle lymph 
samples 

20 most abundant proteins in TD EV samples based on SWATH quantification. 

 Protein Accession No. Class Found 
1 Serum albumin sp|P02768|ALBU_HUMAN Transfer/carrier 

protein 
Extracellular 

2 Alpha-2-macroglobulin sp|P01023|A2MG_HUMAN Complement 
component 

Extracellular 

3 Immunoglobulin heavy constant mu sp|P01871|IGHM_HUMAN Immunoglobulin Extracellular 

4 Fibrinogen alpha chain  sp|P02671|FIBA_HUMAN Coagulation 
component 

Extracellular 

5 Fibrinogen beta chain sp|P02675|FIBB_HUMAN Coagulation 
component 

Extracellular 

6 Fibrinogen gamma chain sp|P02679|FIBG_HUMAN Coagulation 
component 

Extracellular 

7 Haptoglobin sp|P00738|HPT_HUMAN Serine protease Extracellular 

8 Serotransferrin sp|P02787|TRFE_HUMAN Transfer/carrier 
protein 

Extracellular 

9 Immunoglobulin heavy constant 
gamma 2 

sp|P01859|IGHG2_HUMAN Immunoglobulin Extracellular 

10 Immunoglobulin heavy constant alpha 
1  

sp|P01876|IGHA1_HUMAN Immunoglobulin Extracellular 

11 Immunoglobulin J chain sp|P01591|IGJ_HUMAN Immunoglobulin Extracellular 

12 Immunoglobulin heavy constant 
gamma 3 

sp|P01860|IGHG3_HUMAN Immunoglobulin Extracellular 

13 Immunoglobulin lambda-like 
polypeptide 5 

sp|B9A064|IGLL5_HUMAN Immunoglobulin Extracellular 

14 Complement factor B sp|P00751|CFAB_HUMAN Complement 
component 

Extracellular 

15 Immunoglobulin lambda-1 light chain sp|P0DOX8|IGL1_HUMAN Immunoglobulin Extracellular 

16 Immunoglobulin kappa light chain  sp|P0DOX7|IGK_HUMAN Immunoglobulin Extracellular 

17 Fibronectin sp|P02751|FINC_HUMAN Signalling 
molecule 

Extracellular 

18 Immunoglobulin kappa constant sp|P01834|IGKC_HUMAN Immunoglobulin Extracellular 

19 Complement C3  sp|P01024|CO3_HUMAN Complement 
component 

Extracellular 

20 Galectin-3-binding protein sp|Q08380|LG3BP_HUMAN Cell adhesion 
molecule 

Extracellular 
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Table 60. Proteins only identified in extracellular vesicle enriched thoracic duct lymph that have previously been identified in extracellular 
vesicles. 

List of proteins that were identified in EV-enriched TD lymph but not identified in TD lymph (Chapter 7) and have also been previously identified in EVs (www.exocarta.org)505. 
Accession number, class and protein location data cross-referenced with UniProt database (www.uniprot.org The UniProt Consortium, 2019). Proteins listed by protein type. 

Protein Accession No. Class Found 
Keratin, type I cytoskeletal 13 sp|P13646|K1C13_HUMAN  Structural Cytoskeleton 

Keratin, type I cytoskeletal 9  sp|P35527|K1C9_HUMAN  Structural protein Cytoskeleton 

Keratin, type I cytoskeletal 17 sp|Q04695|K1C17_HUMAN  Structural protein Cytoskeleton 

Keratin, type II cytoskeletal 5 sp|P13647|K2C5_HUMAN  Structural protein Cytoskeleton 

Keratin, type II cytoskeletal 6B sp|P04259|K2C6B_HUMAN  Structural protein Cytoskeleton 

Keratin, type II cytoskeletal 6C sp|P48668|K2C6C_HUMAN  Structural protein Cytoskeleton 

Keratin, type I cytoskeleton sp|P05783|K1C18_HUMAN  Structural protein Nucleus 

Myosin-1 sp|P12882|MYH1_HUMAN  Structural protein Extracellular 

Myosin-6 sp|P13533|MYH6_HUMAN  Structural protein Extracellular 

Myosin-7 sp|P12883|MYH7_HUMAN  Structural protein Extracellular 

Talin-1 sp|Q9Y490|TLN1_HUMAN  Structural protein Cytoskeleton 

Filamin-A sp|P21333|FLNA_HUMAN  Structural protein Cytoskeleton 

Cofilin-1 sp|P23528|COF1_HUMAN  Structural protein Nucleus 

Cofilin-2 sp|Q9Y281|COF2_HUMAN  Structural protein Nucleus 

Histone H2AX sp|P16104|H2AX_HUMAN  Histone Nuclear chromatin 

Histone H4 sp|P62805|H4_HUMAN  Histone Nuclear chromatin 

Immunoglobulin lambda constant 2 sp|P0DOY2|IGLC2_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin lambda variable 3-21 sp|P80748|LV321_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin heavy variable 3-7 sp|P01780|HV307_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin heavy variable 3-11 sp|P04433|KV311_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin kappa variable 3-20 sp|P01619|KV320_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin kappa variable 3D-20 sp|A0A0C4DH25|KVD20_HUMAN  Immunoglobulin Extracellular 

Immunoglobulin kappa variable 4-1 sp|P06312|KV401_HUMAN  Immunoglobulin Extracellular 

Heat shock protein beta-1 sp|P04792|HSPB1_HUMAN  Heat Shock Protein Nucleus 

Heat shock-related 70 kDa protein 2  sp|P54652|HSP72_HUMAN  Heat Shock Protein Cytosol 
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Protein Accession No. Class Found 
Heat shock 70 kDa protein 6 sp|P17066|HSP76_HUMAN  Heat Shock Protein Cytosol 

Transketolase sp|P29401|TKT_HUMAN  Dehydrogenase Cytosol 

Glyceraldehyde-3-phosphate dehydrogenase sp|P04406|G3P_HUMAN  Dehydrogenase Cytosol 

Malate dehydrogenase, mitochondrial sp|P40926|MDHM_HUMAN  Dehydrogenase Mitochondria 

Phosphoglucomutase-1 sp|P36871|PGM1_HUMAN  Catalytic enzyme Cytosol 

Transferrin receptor protein 1 sp|P02786|TFR1_HUMAN  Metalloprotease Plasma membrane 

Myeloperoxidase sp|P05164|PERM_HUMAN  Peroxidase Cytosol 

Thymosin beta-4  sp|P62328|TYB4_HUMAN  Structural protein Cytosol 

Resistin sp|Q9HD89|RETN_HUMAN  Hormone Extracellular 

Cathepsin G sp|P08311|CATG_HUMAN  Serine protease Cytosol 

Phosphoglycerate kinase 1 sp|P00558|PGK1_HUMAN  Carbohydrate kinase Cytosol 

Thrombospondin-1 sp|P07996|TSP1_HUMAN  Cell adhesion molecule Extracellular 

Annexin A2 sp|P07355|ANXA2_HUMAN  Binding protein Extracellular 

Dermcidin sp|P81605|DCD_HUMAN  Defence protein Extracellular 

Neuropilin-1 sp|O14786|NRP1_HUMAN  Chemokine Extracellular 

Ubiquitin-conjugating enzyme E2 N sp|P61088|UBE2N_HUMAN  Transcription regulator Nucleus 

Moesin sp|P26038|MOES_HUMAN  Actin family cytoskeleton Actin cytoskeleton 

Tropomyosin alpha-3 chain sp|P06753|TPM3_HUMAN  Actin binding motor protein Actin filament 

Tenascin sp|P24821|TENA_HUMAN  Extracellular matrix protein Extracellular 
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Figure 55. Heat map of extracellular vesicle enriched thoracic duct lymph proteins. 

Heat map of significant (p < 0.05) EV-enriched TD lymph proteins from ANOVA analysis across both patients with fold change > 1.5 of the highest value to the lowest. Patient 3 
(P#3); Patient 4 (P#4). T = X represents time point post-operatively in hours. Each row in the heat map was scaled to a mean of zero and unit standard deviation with blue 
values representing lower abundance and red values higher relative abundance. 
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Table 61. Human proteins that increased in extracellular vesicle enriched thoracic duct lymph following transition from fasted to fed state post-
operatively. 

List of proteins with a ratio of > 1.5 when the most fed sample (84 hours post-operative) is compared with the most fasted (36 hours post-operative) in EV-enriched TD lymph. 
Proteins listed in order of lowest p value. Protein class and cellular location were classified by the PANTHER 14.1 Gene Ontology and UniProt database (October 2019). 

Name Accession No. Ratio P value Class Found 
Vitamin D-binding protein  sp|P02774|VTDB_HUMAN 3.04 0.009 Transfer/carrier protein Extracellular 

Caeruloplasmin sp|P00450|CERU_HUMAN 1.65 0.025 Oxidase Plasma membrane 

Alpha-1-antitrypsin sp|P01009|A1AT_HUMAN 2.93 0.055 Serine protease inhibitor Extracellular 

Complement factor H  sp|P08603|CFAH_HUMAN 1.53 0.056 Complement component Extracellular 

Angiotensinogen sp|P01019|ANGT_HUMAN 2.52 0.063 Serine protease inhibitor Extracellular 

Heat shock protein beta-1 sp|P04792|HSPB1_HUMAN 3.08 0.063 Chaperone Nucleus 

72 kDa type IV collagenase  sp|P08253|MMP2_HUMAN 2.47 0.068 Metalloprotease Extracellular 

Inter-alpha-trypsin inhibitor heavy chain H1  sp|P19827|ITIH1_HUMAN 2.08 0.073 Serine protease inhibitor Extracellular 

Leucine-rich alpha-2-glycoprotein sp|P02750|A2GL_HUMAN 2.20 0.080 Signalling molecule Extracellular 

Insulin-like growth factor binding protein 3 sp|P17936|IBP3_HUMAN 6.03 0.090 Protease inhibitor Extracellular 

 
Table 62. Human proteins that decreased in extracellular vesicle enriched thoracic duct lymph following transition from fasted to fed state post-
operatively. 

List of proteins with a ratio of < 0.67 when the most fed sample (84 hours post-operative) is compared with the most fasted (36 hours post-operative) in EV-enriched TD lymph. 
Proteins listed in order of lowest p value. Protein class and cellular location were classified by the PANTHER 14.1 Gene Ontology and UniProt databases. 

Name Accession No. Ratio P value Class Found 
Tropomyosin alpha-3 chain sp|P06753|TPM3_HUMAN 0.07 0.004 Actin binding motor protein Actin cytoskeleton 
Low affinity immunoglobulin gamma Fc region 
receptor III-A  

sp|P08637|FCG3A_HUMAN 0.25 0.022 Cell adhesion molecule Extracellular 

Immunoglobulin kappa variable 1-5 sp|P01602|KV110_HUMAN 0.30 0.034 Immunoglobulin Extracellular 
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Using STRING analysis, protein interaction (‘interactome’) (Figure 56) was derived for the 44 proteins 

identified only in EV-enriched TD lymph that had also previously been identified in EVs from human 

cells and biofluids (Table 60). The key to the STRING is provided in Table 34 (Chapter 7). In EV-

enriched TD lymph, 36 nodes were included with a significant protein–protein interaction enrichment p 

value < 1.0e-16. 

 
Figure 56. STRING analysis of protein interactions for extracellular vesicle enriched thoracic 
duct lymph proteins. 

Analysis based on proteins identified only in EV-enriched TD lymph. 

Table 63 lists the Reactome pathways (know molecular pathways) identified from the STRING 

analysis of the 44 proteins that were only identified in EV-enriched TD lymph and had previously been 

identified in EVs (from human cells and biofluids) by other researchers (Table 60) when compared with 

TD lymph (Chapter 7). All pathways have a false discovery rate of < 0.05, indicating a false positive 
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rate of less than 5%. Pathways with the highest gene count include immune system (Gene count #11, 

Reactome ID #168256), developmental biology (Gene count #11, Reactome ID #1266738). 

Table 63. Reactome pathways in proteins identified only in extracellular vesicle lymph. 

Reactome pathways identified using STRING (Version 11.0) analysis of 44 proteins that were identified only in EV 
lymph that had been identified in other human EV isolates by other researchers (Table 60). False discovery rate < 
0.05. 

Reactome ID Pathway Gene count False discovery rate 
6809371 Formation of the cornified envelope 6 3.59E-05 
1266738 Developmental biology 11 0.00018 
114608 Platelet degranulation 5 0.00023 
445355 Smooth muscle contraction 3 0.0014 
70263 Gluconeogenesis 3 0.0014 
8950505 Gene and protein expression by JAK-STAT 

signalling after interleukin-12 stimulation 
3 0.0017 

168249 Innate immune system 9 0.0019 
71387 Metabolism of carbohydrates 5 0.0026 
6798695 Neutrophil degranulation 6 0.0036 
373755 Semaphorin interactions 3 0.004 
399955 Sema3A-Plexin repulsion signalling by inhibiting 

integrin adhesion 
2 0.0058 

168256 Immune system 11 0.0069 
397014 Muscle contraction 4 0.0069 
399954 Sema3A PAK dependent Axon repulsion 2 0.0069 
109582 Haemostasis 6 0.0086 
3000170 Syndecan interactions 2 0.0131 
390522 Striated muscle contraction 2 0.0184 
5693571 Non-homologous end joining (NHEJ) 2 0.044 

8.4 Discussion 

EVs have gained increasing prominence as a source of biomarkers because of their role in 

intracellular communication facilitating both normal homeostasis and pathological processes510. The 

the study of EVs has been hampered by the complex nature of human biofluids, the small size of 

these nanoparticles, their limited quantity and pre-analytical variables (Table 48) and analytical 

variables that may impact on their isolation and analysis483. The study reported in this chapter 

optimised then compared the efficacy, purity and yield of five methods of EV enrichment in TD lymph 

from two patients undergoing an Ivor Lewis oesophagogastrectomy. These methods included 

polymeric precipitation, membrane affinity isolation, size exclusion chromatography, differential 

centrifugation and DGC with either ultracentrifugation or ultrafiltration to concentrate the enriched 

sample. The ISEV guidelines for enrichment and reporting of EVs were followed for this set of 

experiments196. The purpose of conducting these experiments was to identify an optimal method for 
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isolating EVs in human TD lymph. EVs have been identified in gut lymph in rats subjected to 

haemorrhagic shock, where the EV fraction has been implicated in the activation of PMNs197 and the 

development of acute lung injury198. This evidence implicated EVs as a potential mediator of the 

toxicity of TD lymph in SIRS and MODS. When this set of EV isolation experiments was designed and 

conducted, there were no published reports of EV isolation in TD lymph. The optimisation of a method 

to enrich TD lymph for EVs is an important step in the translation of the gut-lymph concept to clinical 

practice because it will allow future samples of TD lymph from patients with SIRS and MODS to be 

analysed. 

8.4.1 Optimising an isolation method for extracellular vesicles in thoracic duct lymph 

Key finding: The optimal method for enriching EVs in TD lymph based on purity is DGC with 

subsequent ultracentrifugation. 

Commentary: Iodixanol DGC with subsequent ultracentrifugation was adopted as the method of 

choice for enriching EVs from TD lymph because the positive transmembrane protein marker CD81 

had been detected in both fed and fasted samples as well as the cytosolic proteins flotillin-1 and HSP-

70 by the western blots (Figure 42Figure 41). Furthermore, the mean particle size between the fed 

and fasted samples was approximately normal and the albumin western blot bands were lower than 

several other methods (Table 57), suggesting that this method had removed a greater proportion of 

the contaminants. While these factors indicate sample purity, the protein yield from 1 mL of sample 

was low at 0.49 and 0.45 mg/mL, respectively, for the fasted and fed TD lymph samples (Table 57). 

Concentration by ultracentrifugation was superior to ultrafiltration following DGC because, based on 

western blot analysis, more albumin appeared to be removed, strong band intensity was detected for 

CD81 and the detection of flotillin in only in the samples concentrated by ultracentrifugation. DGC 

methods of EV isolate have been demonstrated to increase EV yield and reduce protein contamination 

in enriching EVs from human serum511,512 and bovine milk513 when compared with ultracentrifugation 

alone. Subsequent electron microscopy of TD lymph samples isolated by this method has 

demonstrated aggregates of EVs (Figure 53), which is a known adverse consequence of this method 

because it may damage the isolated EVs through lysis of the lipid membrane and protein aggregation 

with non-EV-related proteins488. 

The inferior detection of EV by DGC and ultrafiltration compared with ultracentrifugation may have 

been due to EVs binding to the filter membrane483 during the concentration step. Differential 
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ultracentrifugation without a density gradient was a poor method of isolating EVs because the only 

positive protein marker that was identified during western blot analysis was flotillin in the fed sample. 

The major limitation identified with differential ultracentrifugation is the co-isolation of non-EV-

associated proteins, specifically, protein aggregates and lipoproteins483. While no apolipoprotein 

markers were identified by western blot in these samples, albumin was. 

Iodixanol DGC is a common method used to separate various lipoprotein subtypes in the context of 

lipid metabolism research in cardiovascular disease514,515. A complicating factor in the enrichment of 

EVs from lipid-rich TD lymph is that the density of high-density lipoprotein (HDL) (1.063–1.21 g/mL) 

overlaps with the reported density of EVs (1.13–1.19 g/mL) and HDL has previoulsy been co-isolated 

with EV using both a potassium bromide density gradient516 and iodixanol gradients511. Chylomicrons 

(< 1.000 g/mL), very low-density lipoproteins (VLDLs) (< 1.006 g/L) and low-density lipoproteins 

(LDLs) (1.006–1.063 g/mL) have also been co-isolated with EVs in human plasma517 despite 

chylomicrons, VLDLs and LDLs having lower densities516 than EVs. Chylomicrons are the major 

source of dietary lipid absorbed through the gut into the TD121. It has been postulated that the 

hydrophobic portion of EV lipid bilayer associates with LDL to form aggregates that co-isolate517,518. 

EVs have also been observed to attach to LDL when mixed at room temperature in vitro517. These 

observations and the absence of a published method that can independently isolate EVs from 

apolipoproteins means that the downstream results for isolation of EVs using DGC with 

ultracentrifugation where a significant portion of the lipoprotein content has been removed need to be 

interpreted with caution. The enriched EV material from this method may represent a subset of the 

EVs present in TD lymph that are unable to bind to LDL or are easily separated from it. However, this 

method importantly did remove a significant portion of the chylomicrons absorbed through the gut into 

the TD during enteral feeding, as exhibited by absence of Apo A-I and E on western blotting, which 

are markers of mature chylomicrons that derive these lipoproteins from HDL122. The main isoform of 

Apo B detected in the western blot analysis was Apo B-48 (260 kDa), which is a chylomicron 

marker122. Detecting Apo B-100 (550 kDa) is difficult with western blot because of its high molecular 

weight517. 

The polymeric precipitation method utilising the ExoQuick kit produced a protein concentration greater 

than the protein concentration of neat TD lymph, indicating that the precipitation method had produced 
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protein aggregates494. In addition, no transmembrane of cytosolic positive markers of EVs were 

identified on western blot. 

Size exclusion chromatography had previously been identified by Lobb et al.495 as comparable to DGC 

for the purification of exosomes from human plasma in respect to purity, and as less time consuming 

and not associated with protein aggregation. The higher particle concentration measured by 

NanoSight particle analysis in fed lymph compared with fasted lymph suggested that apolipoproteins 

were being eluted in the same fractions as EVs. This was confirmed by western blot analysis 

demonstrating Apo E in fractions 7 to 11 and Apo B in fractions 8 and 9, indicating the likely presence 

of chylomicrons and VLDL in these samples122. 

The western blot analysis suggests that the commercial membrane affinity isolation kit exoEasy 

produced the second purest EV sample based on the absence of apolipoproteins identified and the 

positive identification of both transmembrane (CD81) and a cytosolic (flotillin-1) EV protein markers. 

However, this method had the second highest protein concentration (after the precipitation method) 

but the lowest particle concentration, with an intense band of albumin identified on western blot. These 

findings suggest that this method was able to enrich EVs with a large amount of the lipoprotein 

removed. However, it is likely that because of the abundance of albumin in these samples, it became 

saturated in the membrane and the excess albumin co-isolated with the EVs. These findings are 

consistent with a recent comparison in human plasma samples of exosome isolation with the size 

exclusion chromatography qEV column and the exoEasy method493. In this study, the qEV column 

produced a less intense albumin band than the exoEasy with more intense bands of the exosome 

markers syntenin-1, CD81 and CD63. The exoEasy kit co-isolated less LDL. 

To date, in human biofluids that contain lipid, EVs are frequently co-isolated with LDL122,493,517 because 

of their similar size and density. The progression of EV research in these biofluids, including TD 

lymph, will be limited until the functional relationship between LDL and EVs is determined. Recently, a 

novel method of separating EVs from lipoproteins using ‘acoustofluids’, which is based on the acoustic 

property differences between EVs and lipoproteins, has been reported519. This method requires further 

evaluation because the study did not report on the number of patient samples that were tested or the 

level of lipoproteins present in the plasma samples evaluated. If this method proves viable, it will need 

to be optimised for TD lymph, which in the fed state has a much higher level of triglycerides and 

chylomicrons following the introduction of enteral feeding (Chapter 7). 
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8.4.2 Comparison of extracellular vesicle isolates during the introduction of enteral 
feeding 

Key finding: The protein concentration, particle size and concentration decreased in both patients 

during the introduction of enteral feeding. The most fed samples had a more heterogeneous 

appearance on electron microscopy (Figures 51 & 52). 

Commentary: The protein concentration, particle and electron microscopy analysis at four time points 

across two patients during the introduction of enteral feeding in the post-operative period supports the 

finding that lipoproteins are co-isolated with EVs when this enrichment method is utilised. LDL size is 

typically 25 nm and chylomicrons range between 200 and 600 nm122. 

8.4.3 Proteomic analysis of extracellular-vesicle-enriched thoracic duct lymph 

Key finding: A total of 107 unique proteins were identified in EV-enriched TD lymph, 44 of which had 

previously been EVs in other studies (Table 60). 

Commentary: The SWATH proteomic analysis of the EV-enriched TD lymph samples identified 107 

proteins that were not detected in the TD lymph samples in the study reported in Chapter 7. When 

these proteins were searched in the ExoCarta database (www.exocarta.org)505, 44 of the 107 proteins 

identified only in the EV-enriched samples had previously been detected in EVs. This analysis 

confirmed the presence of transmembrane (transferrin receptor protein one) and cytosolic (HSP beta-

1, heat shock-related 70 kDa protein 2, heat shock 70 kDa protein 6 and two histones [H2AX and H4]) 

markers of EV196. 

The absence in the proteomic analysis of several key EV markers used in the method optimisation 

experiments suggest that a portion of EV that was present in TD lymph might have been removed by 

the isolation method (CD63, CD81, ALIX, TSG 101, flotillin-1). Alternative explanations are that either 

these proteins were below the detection threshold of SWATH proteomics but not of the western blot 

antibodies, or that these markers are not present in TD lymph EV, which would seem unlikely. The 

third possible explanation is that the library that was generated for the SWATH analysis was not 

adequate to detect these proteins. Because of the limited volume of EV-enriched TD lymph sample 

(approximately 100 µL per isolation), only data from one sample (Patient 3, intraoperative) that 

underwent 1D-IDA analysis of TD EV lymph was combined with the library used in the study reported 

in Chapter 7. The assumption that this one sample would have been representative of the unique 

proteins present in EV-enriched lymph to allow the identification of positive EV protein markers may 
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have been incorrect. Contamination by non-EV proteins from the source biofluid is a recognised 

challenge in identifying EV proteins in proteomic analysis520. These proteins can mask the presence of 

lower abundance EV proteins during the 1D-IDA steps to develop the library for SWATH analysis. 

Furthermore, the immunoglobulin rich nature of TD lymph may compound the phenomena of ‘insoluble 

immunocomplexes’ that are typically generated by reducing agents and reduce the detection of EV 

proteins521. 

The detection of albumin and alpha 2 macroglobulin as the two most abundant proteins along with 10 

apolipoproteins in these samples confirmed the impurity of this method of isolation. 

Interpretation of changes in the proteome of the EV-enriched TD lymph samples with respect to the 

introduction of enteral feeding need to be made with caution based on the observations discussed 

above regarding the absence of several positive EV markers from the proteomic analysis and the 

presence of albumin and 10 apolipoproteins. However, there was limited change in the abundance of 

EV-related proteins. Of the eight proteins that were identified in the heat map (Table 61) undergoing a 

greater than 1.5-fold increase (p < 0.05) over any time point, only two proteins (Keratin, type I 

cytoskeletal 13 and HSP beta-1) had previously been identified in EVs. HSP beta-1 was also the only 

EV protein that significantly increased or decreased during the transition from a fasted to a feeding 

state. The lowest level was recorded at 36 hours post-operatively and the highest at 48 hours post-

operatively once enteral feeding had been commenced for 12 hours. This molecular chaperone is 

involved in the apoptotic death pathway to protect the cell during times of stress509. Potentially, this 

observation is due to the method that was used to enrich the EVs because HSP beta-1 might require 

the presence of lipid to be co-isolated. Alternatively, the introduction of enteral feeding may have been 

a stressed state, as discussed in Chapter 7, and the increase in HSP beta-1 may represent a 

protective adaptation to this state. 

The Reactome pathways identified from proteins that were unique to TD lymph that had previously 

been identified in other studies of human EV isolates included the innate immune system, the immune 

system, neutrophil degranulation, haemostasis, platelet degranulation and Sema3A-Plexin repulsion 

signalling, which are all associated with acute inflammation. Some of these associations may be due 

to the presence of immunoglobulins on the surface of EVs as signalling markers or their presence in 

EVs as cargo. Alternatively, they may represent a state of acute inflammation in TD lymph due to 

either the response to the surgical insult or the commencement of enteral feeding. 
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8.5 Conclusion 

In summary, this set of experiments identified DGC followed by ultracentrifugation as the optimal 

method available for enriching pure EVs from TD lymph. The presence of EVs in TD lymph samples 

isolated using this method was confirmed by electron microscopy. Proteomic analysis detected 44 

proteins that had previously been identified in EVs, confirming that this method of isolation had 

enriched EV-related proteins (Table 60). Specific limitations of this method include the fact that LDL 

(also potentially with VLDL or chylomicron) was co-isolated with EV; several key markers of EV were 

not identified by proteomics using this method, despite being detected by western blotting during the 

optimisation of the method; and aggregates of EV were identified by electron microscopy, indicating 

that this method may damage the EVs that are enriched. As technologies and knowledge of EV 

isolation expand, this method of DGC followed by ultracentrifugation will require further optimisation. 

 
 

 

 
  



238 

Chapter 9. The development of a minimally invasive technique to 
cannulate the thoracic duct 

9.1 Introduction: The need for minimally invasive access to the thoracic duct 

This chapter describes the scholarly, logistical and experimental efforts pursued to identify, optimise 

and implement a minimally invasive technique to cannulate the thoracic duct (TD) that can be utilised 

for the translation of the gut-lymph concept into clinical practice. Following the premature termination 

of the study reported in Chapter 7 to cannulate the TD intraoperatively, there was a need to identify 

and develop a new method of TD access. It is recognised that TD access could be used in two ways 

to advance the gut-lymph concept: the first is to allow external drainage of TD lymph as a treatment 

during the early phase of acute and critical illness, and the second is to permit the measurement of 

lymph-targeted drug bioavailability/activity in TD lymph411. Several broad principles were identified 

from the review of chylothorax complications outlined in Chapter 6 that should guide the development 

of further attempts to cannulate the TD. These included attempting cannulation in patients who can 

potentially benefit from the intervention, adopting a minimally invasive radiological approach, 

maintaining the anatomical integrity of the TD to reduce the risk of chylothorax and imaging the TD 

prior to cannulation to identify any aberrant anatomy. In this chapter, the initial efforts to fund, gain 

ethical approval and commence the optimisation of a minimally invasive TD cannulation method are 

presented. Because of recruitment difficulties in New Zealand, an international collaboration has been 

established that has led to the setting up of a phase one randomised controlled trial to evaluate the 

feasibility and safety of TD cannulation and external drainage (see Section 9.4.3). 

9.1.1 Potential advantages of a minimally invasive thoracic duct cannulation 

There are several theoretical advantages to developing a minimally invasive method of TD cannulation 

that, if achievable, would aid the translation of the gut-lymph concept and open up the evaluation of 

new treatment paradigms for systematic inflammatory response syndrome (SIRS) and multiple organ 

dysfunction syndrome (MODS). 

No general anaesthetic required. The majority of published accounts of surgical TD cannulation 

were performed under general anaesthetic. While there are some reports of cannulation under local 

anaesthetic, modern standards of surgical care require a general anaesthetic for structures in the neck 

deeper than the skin522. Procedures performed in interventional radiology suites are usually conducted 
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with intravenous sedation. This is of particular benefit in patients with end-organ dysfunction or failure 

because they are at higher risk of adverse outcomes from general anaesthesia. 

Less invasive. Radiologically guided TD cannulation reduces the need for an open surgical 

procedure to dissect out and cannulate the TD. Minimally invasive radiological procedures have a 

lower rate of complications related to bleeding and damage to surrounding structures. There is also 

the cosmetic advantage of avoiding a surgical incision in the neck. 

Visualisation of the TD before cannulation. The variable anatomy of the terminal TD378 outlined in 

Chapter 3 represents a challenge to both open and radiological cannulation of the TD. Based on this 

systematic review up to 25% or patients may have an anatomical variation at their terminal TD that 

may impede cannulation. Identifying this variation before cannulation is attempted will allow the 

performing interventional radiologist to plan accordingly. Imaging of the TD theoretically allows the 

catheter tip to be placed beyond any branches where the TD is singular to maximise either external 

lymph drainage or sampling to test the bioavailability of lymph-targeted treatments. 

Potential to maintain the anatomical integrity of the TD. The literature review reported in Chapter 5 

identified a technique for retrograde cannulation of the TD via the subclavian vein to achieve 

embolisation treatment of a chylothorax. This is a potential method of minimally invasive TD 

cannulation that maintains the anatomical continuity of the TD. While it would still be possible to cause 

a chylothorax or chylous fistula by perforating the TD with a guidewire, the risk of these complications 

is expected to be lower because the TD is not transected. 

Reduced risk of infection. Surgical wound infection was the most common complication identified in 

the historical TD interventions reviewed58 in Chapter 4. In general, percutaneous interventions are 

associated with a lower rate of wound infection than open surgical procedures523,524. 

9.1.2 Reported radiological techniques to delineate the thoracic duct 

The cannulation of the TD by interventional radiology techniques relies on accurate imaging of the TD. 

Several different techniques have been described. While the literature regarding the radiological 

management of chylothorax had already been reviewed (Chapter 5), these techniques were evaluated 

for their applicability for identifying and ideally opacifying the TD for the purposes of cannulation. 

Lymphangiography. Pedal190 or inguinal351 lymphangiography is the most common method of 

visualising the TD. Both methods use ethiodised oil to opacify the lymphatic system. This method has 
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the greatest published use in radiological interventions for the TD. Disadvantages of this modality 

include the fact that contrast is administered proximal to the intended site of cannulation, whether at 

the level of the cisterna chyli or that of the lymphovenous confluence in the neck. There is also a time 

delay from contrast administration to visualisation of the TD. This requires knowledge of the optimal 

timing from commencement of the lymphangiogram until the TD is opacified to ensure the cannulation 

can be performed before contrast washout occurs because the method does not lend itself to rapid, 

repeated contrast injection. 

Scintigraph. Orally administered radioactive iodine has been reported as a method of visualising the 

TD525. This method depends on the fat content of the meal it is administered with and is rarely used in 

clinical practice. 

High-resolution ultrasound. There are two published studies in which expert sonographers have 

used ultrasound without contrast to successfully visualise the terminal TD in 96% of patients221,526. 

Contrast-enhanced ultrasonography has been used in sentinel lymph node biopsy527-529 following peri-

areolar contrast injection. Subcutaneous injection of such agents reach the lymphatic system by 

passive diffusion. Contrast-enhanced ultrasound has not been previously used to identify the terminal 

TD or to guide cannulation.  

Computed tomography. Standard computed tomography365 and optical coherence tomography367 

have both been used as imaging modalities to aid TD embolisation or sclerotherapy361 to treat 

chylothorax. These have been used as secondary imaging modalities when orthodox 

lymphangiography has not been able to achieve visualisation of the TD. These imaging methods have 

not been reported as a routine method for visualisation and cannulation of the TD. 

Magnetic resonance lymphangiography. Dynamic contrast-enhanced magnetic resonance 

lymphangiography is resource intensive but is evolving into the gold standard for diagnosing lymphatic 

disorders530. This technique involves ultrasound-guided placement of a spinal needle into an inguinal 

lymph node with subsequent iodinated contrast injection to confirm opacification of the lymphatic 

system before injection of gadolinium-based contrast and acquisition of magnetic resonance images. 

Non-contrast magnetic resonance imaging531 has also been reported as a method of visualising the 

TD in health volunteers. 
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Near-infrared fluorescence imaging following indocyanine green injection. Indocyanine green 

injection (ICG) is a fluorescent contrast agent that can be detected with near-infrared light camera. In 

a rat study, this has been used intraoperatively to identify the TD532. There have also been case 

reports of inguinal lymph node administration of ICG to identify the point of TD injury in the case of 

chylothorax 533,534. For our purposes, this technique is of limited value because the non-invasive 

resolution of the near-infrared imaging systems is between 100 and 200 microns528 and an open 

surgical technique would be required to visualise this. 

Subclavian venography. Opacification of the TD by reflux of contrast from the subclavian vein has 

been reported as a technique to aid retrograde transvenous TD cannulation535. This approach 

potentially overcomes the limitations of inguinal and pedal lymphangiography in terms of contrast 

delivery to the site of TD cannulation and allowing multiple contrast injections. However, expert 

opinion describes this method as technically challenging536 because it requires contrast to flow past 

the TD ostium during inspiration and not be impeded by the valves in the TD. 

9.2 Strategies for minimally invasive thoracic duct access 

Lymphangiography has been the most widely used imaging modality to routinely visualise the TD for 

cannulation, and it has primarily been directed at managing chylothorax. The literature review in 

Chapter 5 identified that although there is more published experience with pedal lymphangiography, 

this is a technically demanding procedure with a protracted learning curve. The other published 

methods identified have usually been used as adjuncts to this method. Based on this evidence, the 

decision was made to use inguinal lymphangiography as the preferred method for imaging the TD in 

developing a minimally invasive method of TD cannulation. 

When this project was conceived, there were three different potential approaches to TD cannulation. 

Direct puncture. Direct ultrasound puncture of the cervical TD had been described to perform 

lymphangiography and TD embolisation537. This method has been reported to reduce procedure time 

and does not require inguinal lymphangiography. This method disrupts anatomical continuity of the 

TD, and the placement of a catheter to facilitate lymph drainage provides a mechanism for a chylous 

fistula in the neck to develop. 

Retrograde opacification and retrograde cannulation. The case reports of retrograde transvenous 

TD cannulation were reported in Chapter 5205. The anatomical variation of the TD can present 
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significant challenges to TD cannulation from the subclavian vein. However, if successful, this method 

would allow a longer term TD cannulation model that maintains the anatomical integrity of the TD. 

Antegrade opacification and retrograde cannulation. This method had not been reported when this 

study was being designed. The technique was first conceptually described in 2018538. Antegrade 

opacification of the TD with inguinal lymphangiography is followed by the antegrade passage of a 

guidewire into the subclavian vein. The guidewire is then snared and retrieved out of a vein in the left 

arm. A cannula is then passed retrograde into the TD over the guidewire. This has the advantage of 

not being subject to the anatomic variation of the terminal TD and it also maintains the continuity of the 

TD. 

The hypothesis for this study was that a technique to percutaneously cannulate the TD from the 

peripheral venous system can be developed (Figure 57). 

The development of such a technique in patients would represent a major advance. It would facilitate 

(1) the study of changes in composition and toxicity of TD lymph in patients, (2) the evaluation of 

external drainage of TD lymph as a treatment, and (3) the study of specific lymph-targeted treatments 

of gut-lymph toxicity. In this study, the development and optimisation of a method for percutaneous, 

retrograde transvenous cannulation of the TD was divided into two aims with two sequential projects. 

The aims of this study were: 

i) to optimise the technique of TD lymphangiography (Project 1) 

ii) to develop and evaluate a safe, percutaneous, peripheral and transvenous technique of TD 

cannulation (Project 2) 
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Figure 57. Diagrammatic representation of percutaneous thoracic duct cannulation from the 
venous system. 

9.3 Method 

The proposed, funded and ethically approved method to percutaneously cannulate the TD is 

presented here along with the subsequent details of the international collaboration that has led to a 

phase 1 randomised controlled trial. 

Acute pancreatitis was selected as the patient group because of the associated risk of developing 

SIRS and MODS. 
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Before attempting to cannulate the TD at its junction with the venous system (Project 2), visualisation 

of the TD with contrast (opacification) is necessary. Inguinal lymphangiography can be performed to 

achieve this. However, there is limited published data on the time taken to opacify the TD and the 

duration of opacification following injection of inguinal lymph nodes with iodised oil351. Clinically, this 

information is best gained from fluoroscopy and is necessary to determine the timing of attempted 

cannulation of the TD. It is thought that heart rate, blood pressure, ventilation, feeding state and 

inotropes might all have an effect on lymph flow59. Therefore, these factors are likely to affect the time 

taken to opacify the TD in acute and critically ill patients following inguinal intranodal 

lymphangiography, which may be significantly different for healthy volunteers. 

Because this study requires the use of fluoroscopy (sequential x-rays) the ALARA (As Low As 

Reasonably Achievable) principle was adopted to limit the use of radiation to individual patients while 

the learning curve for development of the minimally invasive cannulation progressed 539. In addition, 

Australian guidelines advise that patients over the age of 40 should be used wherever possible in 

research involving radiation540. Thus, Project 1 has been limited to patients over 40, although in 

Project 2 patients over the age of 18 will be recruited, because the external drainage of TD lymph has 

the potential to be therapeutic and improve clinical outcome. 

9.3.1 Retrograde percutaneous thoracic duct cannulation study design 

Project 1: Confirming a reliable thoracic duct lymphangiography technique in patients with acute 
pancreatitis by contrast injection of an inguinal lymph node. 

Specific aims: 

In patients with acute pancreatitis this project is designed to: 

i) assess the technical feasibility and success rate of intranodal lymphangiography 

ii) measure the time taken to perform the procedure and time required to optimally opacify the 

TD 

iii) determine the duration of TD opacification. 

Study population, inclusion criteria and sample size 

Six patients over the age of 40 within 24 hours of admission to Auckland City Hospital (ACH) with a 

SIRS response to acute pancreatitis will be recruited and consented for Project 1. Exclusion criteria 

include pregnancy, concurrent MODS, intensive care admission, previous TD injury, intervention or 

ligation, previous groin or left neck dissection and any skin or subcutaneous infection in the groin. 
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Inguinal lymphangiogram 

The injection field of one groin will be sterilised with an appropriate topical agent (such as povidone-

iodine or chlorhexidine gluconate 4%) and draped. Local anaesthetic will be instilled. Ultrasound will 

be used to identify an inguinal lymph node in the groin and guide the injection of up to 8 mL (target 

range 3–6 mL) of iodised oil (Lipidol) with a 23–26 gauge needle at a rate of 1 mL over 3 to 6 minutes 

into the transition zone between the cortex and hilum of the lymph node under fluoroscopic 

guidance351. The other groin may be required if injection of the first single groin fails to opacify the TD. 

Fluoroscopy will be used every 10 minutes for 30 minutes, then reduced to approximately every 20 

minutes for up to 2 hours following to assess the time taken for opacification and its duration. If 

opacification resolves prior to the 2 1/2 hours after starting the imaging, then the fluoroscopy will 

cease. These times will be recorded and refined to reduce radiation exposure as we gain clinical 

experience. 

Endpoints and analysis 

The following will be calculated to evaluate the temporal and technical feasibility of TD 

lymphangiography in these patients (n = 6): 

i) ‘Absolute number’ (and percentage) of patient’s that opacification of the terminal TD is 

achieved at its junction with the venous system. 

ii) ‘Time to opacification’ of the TD will be recorded for each patient with subsequent calculation 

of the average and standard deviation. 

iii) ‘Time opacification of the TD persists’ will be recorded for each patient with subsequent 

calculation of the average and standard deviation. 

Project 2: Developing a reliable, percutaneous, peripheral, retrograde, transvenous thoracic duct 
cannulation technique in patients with acute pancreatitis to achieve external thoracic duct lymph 
drainage. 

Specific aims: 

In patients with acute pancreatitis at ACH, this project is designed to: 

i) assess the feasibility of a percutaneous cannulation of the TD 

ii) serially sample TD lymph in patients with acute pancreatitis for 1 week 

iii) assess the feasibility of visualising the TD with high-resolution ultrasound. 
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Study population, inclusion criteria and sample size 

Twelve patients with acute pancreatitis and a SIRS response (two or more criteria), who are over the 

age of 40 and within 24 hours of admission to ACH will be recruited and consented for Project 2. 

Exclusion criteria will be the same as for Project 1 as well as any previous deep vein thrombosis (DVT) 

or pulmonary embolism, thrombocytosis or concurrent malignancy. 

The study involves three interventions: inguinal node injection, retrograde TD cannulation and external 

drainage of the TD lymph. 

Intervention 1: Inguinal node injection 

An inguinal lymphangiogram will be performed to visualise the TD. The steps will be as per the final 

refined protocol developed in Project 1. 

Intervention 2: Thoracic duct cannulation 

The left antecubital fossa will be prepared with an appropriate antiseptic agent (e.g. povidone-iodine or 

chlorhexidine gluconate 4%) and draped. Ultrasound probe, with a sterile cover, will be used to identify 

and cannulate a suitable vein with a microcatheter access device. A vascular access sheath will be 

placed, and a guidewire advanced into the subclavian vein under fluoroscopic guidance. Retrograde 

TD cannulation will be attempted from the subclavian vein using standard interventional radiology 

techniques, guided by lymphangiography. On the advice of the interventional radiologists, a range of 

off-the-shelf catheters will be evaluated during this study to find the optimal one for this cannulation 

method. The choice may differ between patients based on the anatomical variation of the terminal TD. 

Cannulation of the TD will be confirmed by the aspiration of lymph. The plan is to assess the ability to 

use a Pruitt-type balloon catheter to simultaneously occlude the TD while also achieving external 

lymph sampling and/or drainage. 

Intervention 3: External thoracic duct lymph drainage 

The TD catheter will be connected by a ureteric catheter connector to biliary drainage bag to facilitate 

external drainage. External TD lymph drainage will be performed continuously for 7 days. The volume 

of lymph drained will be recorded. The volume drained will be replaced with either Plasmalyte (until 

24-hour volume of lymph drained is 800 mL) or 4% albumin (once the volume of lymph drained is 

greater than 800 mL), unless the clinical management of the patient determines an alternative course 

of action. Every 12 hours, approximately 50 mL of lymph will be formally sampled along with 10 mL of 

blood and 10 mL of urine to enable the compositional studies in Project 3. The remainder of the lymph 
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between these sample points will be stored for other bioactive and compositional analysis (e.g. looking 

for low abundance proteins, cell composition and activation studies). If more is collected than can 

reasonably be analysed, it will be stored as per normal methods for biological samples. 

The TD lymph, blood and urine collected from the timed collections will be centrifuged, and the 

supernatant will be collected and stored at −80 °C for further analysis. 

Clinical and biochemical observations 

Patients’ vital signs (e.g. heart rate, blood pressure, respiratory rate, oxygen saturations) will be 

recorded in the study recording sheet, in addition to what is available in the clinical notes. The results 

for daily routine blood and urine tests, including but not limited to, full blood count, coagulation studies, 

sodium, potassium, creatinine, urea, C-reactive protein, liver function tests, amylase, lipase, calcium 

and magnesium will be recorded. A SIRS score will be calculated daily for each patient541. An 

APACHE II542 and a modified Marshall score17 will be calculated on a daily basis for each patient. 

End points and analysis: 

1. successful aspiration of lymph from a catheter placed in the TD 

2. successful serial sampling of lymph for 1-week post cannulation 

3. change in 12 hourly SIRS scores from recruitment to the end of week 1 

4. change in 12 hourly APACHE II scores 

5. change in daily C-reactive protein from recruitment until the end of week 1 

6. change in modified Marshall scores from recruitment to the end of week 1. 

Risks to patients 

Following the chylothorax complications described in Chapter 6, meticulous steps to anticipate and 

mitigate all known patient risks will be taken. Specific patient risks considered for this study include: 

1. Radiation exposure. Because more fluoroscopy is required in this step, the equivalent 

radiation dose calculated by our medical physicist is 17 mSv. This is equivalent to a 1 in 1500 

lifetime risk of a fatal cancer attributable to the radiation. 

2. Chylothorax. Despite the efforts to maintain the anatomical integrity of the TD, inadvertent TD 

puncture with subsequent chylothorax is a possible complication during the cannulation 

process. The incidence for this is unknown. The rate of chylothorax following operative neck 

dissection is 1%–2%543. 
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3. Line sepsis associated with TD catheter. Using peripherally inserted central catheter (PICC) 

lines as a comparator, the risk of this is between 2% and 3%544. 

4. TD-catheter-associated DVT. The incidence of PICC line DVT in critically ill patients has been 

estimated at 7.7 per 1000 line days545. Because the proposed TD cannulation model can be 

likened to a PICC line, it is reasonable to expect this model to carry a similar risk. In one 

study, triple lumen PICC lines carried an 8.8% risk of DVT compared with 0.6% for single 

lumen lines546. This research will use a single lumen line and patients are required to be on 

DVT prophylaxis. 

5. TD catheter migration. Based on PICC line literature, the estimated incidence is approximately 

9%547. The Pruitt balloon catheter should reduce the risk of migration. 

6. Hypovolaemia secondary to external TD lymph drainage. Despite the detailed fluid 

replacement protocol, it is conceivable that the fluid shifts associated with external TD lymph 

drainage may render the patient transiently hypovolemic. 

Risk mitigation 

1. A 20-minute time limit will be placed on the fluoroscopy screening time (not procedure time) 

for any one patient to minimise subject radiation exposure. 

2. The TD catheter will be connected to a ureteral catheter connector (e.g. Cook Medical, 

Bloomington, Indiana) and a smart site cap (e.g. Care Fusion, Switzerland) or equivalent 

devices. This is to prevent unintended lymph leak at the catheter site and minimise line sepsis 

from the TD catheter. 

3. The catheter will be secured with a Bard Stat Lock device and a chlorhexidine-impregnated 

3M IV Tegaderm or similar materials to prevent migration of the catheter. 

4. The dressings for this TD catheter will be managed as per a PICC line according to the 

Auckland District Health Board (ADHB) ‘Central Venous Catheter Care in Adults’ protocol. 

5. The TD catheter site will be monitored twice daily for signs of wound infection, DVT and 

catheter migration. This will be achieved by monitoring the insertion site with a checklist that 

will include items such as erythema, swelling, pain and external marking on the catheter to 

indicate position. 

6. After a maximum of 7 days, the catheter will be removed and direct pressure placed on the 

site for 5 minutes before an occlusive dressing is applied (as per the ADHB protocol for central 

venous catheters). 
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7. If a DVT is suspected, an ultrasound will be arranged. Confirmation of the DVT will result in 

TD catheter removal and anticoagulation as per routine clinical management. 

8. If signs of thrombophlebitis or infection around the TD catheter insertion site develop, then the 

TD catheter will be removed. 

9. If TD catheter line sepsis is suspected and confirmed by correlating positive blood cultures 

from both the TD catheter and a distant peripheral site, the TD catheter will be removed. 

10. Suspected catheter migration will be investigated with a contrast x-ray (fluoroscopy). If the TD 

catheter has migrated and is no longer achieving TD occlusion with external lymph drainage, 

the TD catheter will be removed. 

11. Suspected chyle leak either in the neck or into the chest will be managed in consultation with 

the treating clinicians. First line investigation would likely be a contrast x-ray via the TD 

catheter (fluoroscopy) to try to identify the leak. If considered feasible for embolisation, this will 

be embarked on as the first line management; otherwise, operative ligation of the TD in 

theatre would be required. The TD catheter will be removed once a management plan has 

been implemented. 

9.3.2 Funding and ethics applications 

A Health Research Council (HRC) project grant application for $1.2 million was submitted in 

November 2017 to fund the development of a percutaneous technique to cannulate the TD. Ethical 

approval was submitted to the New Zealand Health and Disability Ethics Committee on 28 April 2016. 

In October 2016, an ethics amendment was sought to widen the eligibility criteria to include any 

patient at ACH with acute pancreatitis at any stage of their admission. 

9.4 Results 

9.4.1 Project 1: Confirming a reliable thoracic duct lymphangiography technique in 
patients with acute pancreatitis by contrast injection of an inguinal lymph node 

Over a five-month period from August 2016 until December 2016, 435 in patients at ACH with an 

abnormal lipase or amylase were screened for their eligibility to participate. Of these 435 patients, 63 

had acute pancreatitis, and of the 63 patients, 52 met the eligibility criteria for the study. Despite a 

concerted effort to recruit patients, no patients agreed to participate. The unavailability of 

interventional radiology to perform the lymphangiogram either during the patient admission or within 

the first 24 hours of presentation because of weekends and public holidays was a prohibitive factor in 
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preventing the recruitment of 30 patients. Eleven patients declined to be involved in the study and a 

further nine were unable to give consent because of cognitive impairment or language barriers. Two 

patients were admitted to intensive care with MODS, and one subsequently died. The eligibility criteria 

were widened, supported by revised ethics approval, in October 2016 to allow the lymphangiogram to 

be performed at any point during the patient’s admission. This did not improve recruitment. 

9.4.2 Collaboration with University of Pennsylvania 

Following the low recruitment rate for Project 1, all the corresponding authors with case series greater 

than 20 identified in the literature review on TD embolisation (Chapter 5) were contacted via email to 

identify whether any of them had unpublished experience with retrograde TD cannulation. Contact with 

Dr Maxim Itkin at the University of Pennsylvania was established. He had the largest experience with 

the technique that we sought to introduce in Auckland. A site visit from 8 to 11 August 2017 to the 

University of Pennsylvania to observe Dr Itkin perform interventional procedures on the TD at the 

Children’s Hospital of Philadelphia and the Hospital of the University of Pennsylvania was 

subsequently arranged. Funding was secured to enable Dr Brigid Connor, our collaborating 

interventional radiologist, to accompany us. The aims for this visit were to: 

i) develop a collegial working relationship 

ii) observe intranodal lymphangiograms and TD cannulations. 

The field trip to the University of Pennsylvania provided the opportunity to observe lymphatic 

interventions at both the Children’s Hospital of Philadelphia and the Hospital of the University of 

Pennsylvania. These included five bilateral inguinal lymphangiograms, four contrast-enhanced 

magnetic resonance lymphangiography studies, three TD cannulations and one TD embolisation. 

The observations made during these procedures augmented detail from the published descriptions of 

inguinal lymphangiography351 and TD embolisation190,191,376 to facilitate the development of the 

protocol for TD embolisation at ACH. Specific observations made and knowledge gained that 

contributed to the protocol included: 

• The likelihood of an adequate lymphangiogram is increased if a bilateral node puncture and 

iodised oil contrast injection was performed. 

• The iodised oil contrast is initially injected slowly by hand at a rate of 1 mL per 5 minutes 

before being attached to a pressure injector between 1 and 3 atmospheres. 
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• Itkin and Nadolski confirmed the data in their initial published report351 on inguinal 

lymphangiography that initial opacification of the TD occurs on average after 20 minutes and 

identification of a target for lymphatic catheterisation can take between 40 and 60 minutes. 

• Inguinal lymphangiography is augmented with calf stimulators and a normal saline flush. 

• Clarification was obtained that the lymphatic cannulation is ideally achieved below the cisterna 

chyli through one of the right lymphatic ducts to aid advancement of the guidewire and reduce 

the risk of chyle leak around the puncture site. 

During the visit, a meeting was conducted to review the protocol for our ethically approved and HRC-

funded study to achieve a retrograde transvenous cannulation of the TD. The experience at the 

University of Philadelphia suggested that if patients were recruited to this study, it might not be 

technically feasible. The reason given for this was that the ostial valve can be difficult to traverse in a 

retrograde fashion. In their experience, the only patients they were able to reflux contrast from the 

subclavian vein into the TD had severe right heart failure. This suggested that subclavian venography 

would be of little use to cannulate the TD in a retrograde fashion. 

The most important outcome of the visits to the University of Pennsylvania in regard to this thesis was 

the decision to undertake the planned and future studies there. The technique Itkin and colleagues 

use to externalise TD lymph in the paediatric population with plastics bronchitis was applicable and 

preferred. The TD is cannulated in an antegrade fashion as described for TD embolisation376 to enable 

a guidewire to be passed through the TD ostium into the venous system. An endovascular snare 

(Medtronic, South Jordan, UT, USA) is then inserted into the left subclavian vein from the brachial 

vein. This is used to lasso or snare the guidewire exiting the TD, which is then withdrawn via the 

brachial vein until it is externalised. The guidewire is then used to advance the TD catheter via the 

basilic and subclavian veins into the TD (to allow sampling and/or drainage). This technique has 

already been used in patients to sample TD lymph in asymptomatic patients with the human 

immunodeficiency virus (HIV) for research purposes548 when no therapeutic benefit of sampling was 

anticipated. 

9.4.3 Randomised controlled trial transferred to University of Pennsylvania 

The collaboration with the University of Pennsylvania, subsequent identification of an alternative 

method of TD cannulation and externalisation for sampling and drainage purposes answered the 

research questions in both Project 1 and Project 2, outlined in Section 9.3.1. After an alternative way 
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of meeting these objectives was found, the collaboration with Itkin and colleagues then focused on 

revising the already planned and HRC-funded randomised controlled trial of external lymphatic 

drainage (originally planned to follow Project 2) and transferring this to Philadelphia, where the 

technical experience with TD cannulation and externalisation of lymph flow was based. This was the 

purpose of a second site visit to the University of Pennsylvania in August 2018. The surgical intensive 

care unit at the Hospital of the University of Pennsylvania has expansive expertise in the management 

of sepsis, and to maximise the likelihood of recruiting the necessary number of patients for this pilot 

study, patients with severe sepsis were selected to be the study population549, rather than patients 

with acute pancreatitis, as had been planned. The aim of this study is to evaluate the safety and 

feasibility of TD cannulation and external drainage over 7 days in intensive care patients with sepsis 

compared with standard care. A surrogate endpoint of inflammation (reduction in C-reactive protein) is 

also to be used. The study protocol has been developed and is being prepared for Institutional Review 

Board approval (Appendix 1). 

9.4.4 Early experience with thoracic duct embolisation at Auckland City Hospital 

Another important outcome of the site visit to Philadelphia (August 2017) was the formulation of a 

hospital protocol for therapeutic nodal lymphangiography and TD embolisation applicable to ACH 

(Appendix 2). This was derived from published data157,351 and learnings from the site visit. Following 

the development of this protocol, Dr Connor then contacted the clinical heads of department at ACH to 

notify them of the intention to provide a therapeutic TD embolisation service for patients with chyle 

leak including chylothorax. Consent was obtained from the patients undergoing nodal 

lymphangiography and TD embolisation for the outcomes of their interventions to be reported on in a 

de-identified manner. The time to opacification of the TD was recorded for the successful 

lymphangiograms. 

Following the introduction of the TD embolisation protocol at ACH, there have been five referrals (up 

until August 2019) to Dr Brigid Connor at the Department of Interventional Radiology for radiological 

management of chyle leaks. The clinical details and therapeutic outcomes of antegrade TD 

embolisation are summarised in Table 64. 

An inguinal lymphangiogram was attempted in all five patients, and one patient had two 

lymphangiograms. Five of the six lymphangiograms were successful in opacifying the TD. During the 

first case, contrast did not progress beyond the lumbar lymphatic vessels, and extensive shunting of 
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contrast from the lymphatics to the venous system was observed (Figure 58). This patient was 

observed to have a SIRS-like response on the evening following lymphangiography with a fever, 

increased respiratory rate and hypoxia. Iodised oil contrast had been injected under a pressure of two 

atmospheres in this case. Pressure was subsequently lowered to one atmosphere for the subsequent 

successful lymphangiograms, to avoid lymphovenous shunting. The extensive lymphovenous shunting 

was not observed at this lower injection pressure in the subsequent patients. 

 
Figure 58. Lymphangiogram from Patient 1 with significant lymphovenous shunting. 

Failure of contrast to progress beyond lumbar lymphatics with significant lymphovenous shunting. 

Of the five successful lymphangiograms, the cisterna chyli was unable to be cannulated by a 

percutaneous transabdominal needle in two cases, but in both, the chylothorax was successfully 

treated. In case 2, TD embolisation was not attempted because neither the cisterna chyli or a lumbar 

lymphatic target could be identified. Because the TD was visualised, a TD disruption353 was performed 

(as described in Chapter 5). In case 3, the first lymphangiogram did not opacify the cisterna chyli or a 

suitable target for TD cannulation. Three days later, the lymphangiogram was repeated because the 

chylothorax persisted. This lymphangiogram opacified the cisterna chyli, and an attempt to cannulate it 
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failed; as in case 2, a TD disruption was performed. The output from the chyle leak fell from 1370 mL 

(in the prior 24 hours) to 20 mL (in the following 24 hours). 

The cisterna chyli was successfully cannulated in cases 4 and 5 (Figure 60), enabling the deployment 

of both coils and Histoacryl to achieve a therapeutic TD embolisation (Figure 60). In case 4, contrast 

extravasation was visualised from the TD that was subsequently identified passing down the right 

intercostal drain. Embolisation was performed immediately proximal to the site of extravasation. There 

was no further output from the intercostal drain following the embolisation. A chest radiograph 

confirmed the resolution of the chylothorax and the patient was discharged home a week following TD 

embolisation. In case 5, the TD was embolised in the thorax, proximal to the point of visualised 

extravasation in the cervical portion of the duct. Clinically, the chyle leak resolved. Sadly, the patient 

collapsed 4 days later, having been discharged from intensive care, and was unable to be 

resuscitated. The clinical impression of the resuscitation team was that this patient died of a massive 

pulmonary embolism, unrelated to the TD procedure. 

The time to opacification of the TD ranged from 31 to 36 minutes with a mean of 33 (SD 2.2) minutes. 

Visualisation of the lymphovenous junction was not achieved in any of the patients. This was not a 

specific objective of these procedures and is made more difficult because of the chylothorax, which 

prevents more distal opacification of the terminal TD because of the chyle leak. 
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Table 64. Summary of patients referred for thoracic duct embolisation at Auckland City Hospital. 

Details include index procedure leading to chylothorax, outcome of diagnostic lymphangiogram, outcome of therapeutic thoracic duct embolisation and complications. 

Patient Age  Sex Index procedure Type of chyle 
leak 

Lymphangiogram  Thoracic duct 
embolisation 

Length of 
stay 
(days) 

Interventional 
radiology 
related 
complications 
(Clavien-
Dindo grade) 

Index procedure-
related 
complications 
(Clavien-Dindo 
grade) 

1 73 M Ivor Lewis 
oesophagectomy 

Chylothorax Contrast did not 
progress beyond 
lumbar lymphatics 

Not attempted 34 SIRS 
response post 
procedure (II) 

Chylothorax (IV) 

2 53 F Aortic arch repair Chylothorax Successful 
identification of TD – 
unable to visualise 
cisterna chyli or 
lumbar lymphatics 

TD cannulation 
not attempted, 
successful TD 
disruption 

13  Chylothorax (III) 

3 75 M Left parotidectomy 
& neck dissection 

Cervical chyle 
leak 

First – TD visualised 
but cisterna chyli not 
seen 
Second – successful 
TD and cisterna chyli 
identified 

Cisterna chyli 
unable to be 
cannulated, 
successful TD 
disruption 

15  Cervical chyle leak 
(III) 

4 69 M Ivor Lewis 
oesophagectomy 

Chylothorax Successful Successful TD 
embolisation – 
coils and 
Histoacryl 

45  Chylothorax (III) 
Rapid atrial fibrillation 
(II) 
Deep vein thrombosis 
(II) 
Hyponatraemia (II)  

5 63 M Laryngectomy & 
neck dissection 
with free flap 
reconstruction 

Cervical chyle 
leak 

Successful Successful TD 
embolisation – 
× 3 coils and 
Histoacryl 

19  Cervical chyle leak 
(III) 
Death (V) – 4 days 
post TDE from 
presumed pulmonary 
embolism 
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Figure 59. Lymphangiograms from Patients 2, 3, 4 and 5. 

Lymphangiograms from Patients 2, 3, 4 and 5 (from left to right). In Patient 2 the TD is opacified to the left of the thoracic vertebrae. In Patient 3 the TD is opacified to the left of 
the thoracic vertebrae then contrast extravasation at the point of leak can be seen in the top right of the image. In Patient 4 the opacified TD overlies the thoracic vertebrae. In 
Patient 5 only the terminal portion of the TD is opacified. 
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Figure 60. Fluoroscopic image of guidewire in the thoracic duct. 

Fluoroscopic images of a guidewire in the TD following puncture of the cisterna chyli using a chiba needle in 
Patient 4 (left panel) and Patient 5 (right panel). 
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Figure 61. Digital subtraction angiography image following thoracic duct embolisation. 

TD embolisation achieved with coils and Histoacryl in Patient 4 (left panel) and Patient 5 (right panel). 

9.5 Discussion 

The purpose of this chapter was to outline the scholarly, logistical and experimental approaches that 

were undertaken during the thesis project to develop a method of minimally invasive TD cannulation 

that could be used to translate the gut-lymph concept into clinical practice. Significant time and effort 

were expended designing a series of studies to develop a retrograde minimally invasive model of TD 

cannulation in Auckland, which subsequently gained ethical approval and funding. Because of poor 

participant recruitment, this approach was re-evaluated and, ultimately, an alternative method of 

antegrade opacification and guidewire access to the TD with retrograde cannulation and external 

sampling/drainage was developed, greatly aided by establishing a collaboration with the University of 

Pennsylvania. The most significant outcome of this component of the thesis will be an early phase 
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randomised controlled trial of external lymph drainage in patients with sepsis to confirm safety, 

feasibility and possible improvement in inflammatory markers. A larger definitive multi-centre trial will 

need to follow. The collaboration with the University of Pennsylvania has led directly to the introduction 

of a new technique for TD embolisation at ACH, and the early experience with five patients is outlined 

above. This skill acquisition with ultrasound-guided inguinal node injection, transabdominal puncture 

and cannulation of the cisterna chyli (or major tributaries), antegrade guidewire insertion into the TD 

and TD embolisation are all invaluable and an essential prerequisite to the future introduction of the 

retrograde transvenous TD cannulation technique pioneered in the University of Pennsylvania. 

Ultimately, these techniques will be used locally for the ongoing translation of the gut-lymph concept 

into clinical practice. Thus, while the intended trial did not progress because of lack of recruitment, the 

overall goals of this thesis have been significantly advanced through the collaboration with the 

University of Pennsylvania and the planned conduct of the early randomised controlled trial. 

The specific study aims, results and implications are discussed in turn. 

9.5.1 Retrograde percutaneous thoracic duct cannulation study 

Key finding: Despite developing a staged plan to develop a retrograde percutaneous method of TD 

cannulation, patients with acute pancreatitis were unwilling to undergo a non-therapeutic procedure for 

research purposes while they were unwell. 

Discussion: The failure to recruit patients to Project 1 thwarted the study before it had even begun. 

The most common reason (30/52) among eligible patients for not participating in the study was that 

they presented to hospital during the weekend or public holidays when interventional radiology was 

unable to perform an inguinal lymphangiogram for research purposes. This logistical constraint existed 

because interventional radiology operates as an on-call service out of hours at ACH. To overcome this 

logistical constraint, the inclusion criteria were relaxed to allow the inguinal lymphangiogram to be 

performed at any point during the admission, rather than in the first 24 hours. 

While less common, the factor that ultimately prevented this study from commencing was the 

unwillingness of patients (n = 11) to undergo a non-therapeutic procedure for research purposes 

during their illness. This raises the question of whether another patient group should have been 

selected to pilot this technique. The review in Chapter 6 following the chylothorax complications 

suggested that future attempts to achieve TD cannulation should be in a patient group who stand to 

benefit from the intervention199. The need to administer ionising radiation in this study also 
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necessitated that the patient group exposed to the radiation used in the intervention stood to benefit 

from it either directly as individuals or indirectly by advancing future therapies for that patient group540. 

This diminished the prospect of using healthy volunteers to develop the method of retrograde TD 

cannulation before it was used to evaluate the efficacy of external lymph drainage. Additionally, the 

use of healthy volunteers would potentially have not allowed us to identify any differences in time to 

TD opacification, which was one of the aims of Project 1. 

9.5.2 International collaboration 

Key finding: An established technique for TD lymph sampling and external drainage has been 

published and the pioneer of the technique has been willing to collaborate. 

Discussion: At the time that this project was conceived and funding obtained, there was no published 

account of the retrograde transvenous TD cannulation technique. The failure to recruit patients 

coincided with the first report of the new technique538. The lead author was contacted directly and 

through two visits, a collaboration was established with the pioneer of the technique, Professor Max 

Itkin. He also has the largest international experience. In practice, this has meant that the planned and 

funded clinical trial will now be conducted in Philadelphia instead of Auckland, but it will not be 

completed within the time frame of the thesis project. 

The safety profile of inguinal lymphangiography and antegrade TD cannulation is well established538. 

There is less experience with snaring the guidewire, externalising it through a peripheral vein in the left 

arm and retrograde TD cannulation. Given that these are all standard interventional radiology 

techniques, it is not anticipated that they will represent any significant barriers. 

The identification of this technique of minimally invasive TD cannulation can be directly attributed to 

the international collaboration. At the time of planning the development of a retrograde TD cannulation 

(Section 9.3.1), this method of TD access had not been published. Furthermore, in the 2018 published 

paper characterising CD8 T cells in human TD lymph in patients with HIV548, the method of TD 

cannulation and lymph sampling was not detailed. Consequently, it is unlikely that this method would 

have been identified solely from a literature review. An antegrade puncture of the cisterna chyli or a 

right lumbar lymphatic is required initially to access the lymphatic system proximal to the TD; this 

method therefore does not fully maintain the anatomical integrity of the lymphatic system. However, 

the anatomical continuity of the TD is preserved and the duct does not need to be divided. Maintaining 

the anatomical continuity of the TD was a recommended feature of the review of the chylothorax 
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complications in Chapter 6. The published data from Itkin and colleagues157,163,376 on TD embolisation 

suggests that cannulation of the lymphatic system proximal to the TD rarely causes lymphatic leak. 

9.5.3 Randomised controlled trial 

Key finding: The randomised controlled trial of external TD lymph drainage in mitigating SIRS and 

MODS in patients with sepsis can now be conducted using knowledge and funding gained from 

planning the retrograde percutaneous TD cannulation technique by substituting it for a two-step 

antegrade opacification and access with retrograde cannulation and external drainage technique. 

Discussion: The adaptation of the planned randomised controlled trial of external lymph drainage from 

a retrograde transvenous cannulation method to an antegrade opacification with retrograde TD 

cannulation with externalisation through the venous system has overcome the need to develop a 

minimally invasive cannulation technique in Auckland. Based on patient numbers and anticipated 

recruitment rates, it was decided that the randomised controlled trial should be in patients with sepsis 

rather than acute pancreatitis. 

9.5.4 Thoracic duct embolisation at Auckland City Hospital 

Key finding: The techniques of inguinal lymphangiography, antegrade TD cannulation and 

embolisation and TD disruption have been successfully introduced at ACH. 

Discussion: Inguinal lymphangiography has been successfully achieved in four out the first five 

patients in whom it has been attempted at ACH. Lymphangiography failed to produce opacification of 

the TD in the first patient because there was significant lymphovenous shunting of the iodinised oil 

contrast. Venous embolisation of iodised oil has been reported to result in pulmonary embolisation 

with respiratory distress550. This patient exhibited a transient SIRS response, which may have been 

due to the venous embolisation of iodised oil. The failure to achieve TD opacification in the first case 

led to a protocol change with a reduction in the pressure of iodised contrast injection for TD 

opacification. Two technically successful TD disruptions and two technically successful TD 

embolisations were achieved. Three of these were clinically successful and one patient suffered a 

presumed pulmonary embolism 4 days following embolisation. The chyle leak had clinically resolved in 

this patient by this point in time. The resuscitation team was of the clinical opinion that the patient had 

suffered a massive pulmonary embolism. It is conceivable that the TD embolisation contributed to this 

pulmonary embolisation. However, the time sequence of events and other contributing factors such as 

his malignancy and prolonged intensive care admission make this less likely. Immediately post TD 
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embolisation, there was no evidence of new SIRS or respiratory distress in this patient to suggest 

there had been a significant aberrant pulmonary embolisation with contrast or Histoacryl. 

The introduction of these techniques to ACH has enabled four patients to have their chylothorax 

managed without the need for an open surgical procedure. Furthermore, it has enabled the 

interventional radiologist at ACH to acquire the skills to achieve inguinal lymphangiography and 

antegrade cannulation of the TD, thus meeting some of the research aims reported in Section 9.3.1. 

These skills are generally more difficult than those required for the second phase (snaring of guidewire 

and using it for retrograde cannulation of the TD). With the ability to perform TD cannulation achieved, 

further studies can be conducted in acute and critical illnesses, to investigate external drainage of TD 

lymph as a new treatment modality; using serial sampling, to determine the key compositional 

changes in TD lymph overtime; and to directly measure the bioactivity/availability of lymph-targeted 

drug treatments in TD lymph. 

9.6 Conclusion 

The aim of the study reported in this chapter was to identify, optimise and implement a minimally 

invasive technique to cannulate the TD to facilitate the translation of the gut-lymph concept to clinical 

practice. While the initial planned study failed because of a failure of patient recruitment, an 

international collaboration has facilitated identification of an antegrade opacification and access with 

retrograde TD cannulation method with externalisation via the venous system. Four patients at ACH 

have had their chylothorax successfully managed with TD embolisation using techniques acquired as 

a result of the collaboration. This collaboration will also expedite the randomised controlled trial to 

evaluate the efficacy of external TD lymph drainage in the treatment of patients with sepsis who are at 

risk of MODS. 

 
  



 

263 

Chapter 10. Discussion 

10.1 Overview 

Multiple organ dysfunction syndrome (MODS) is the commonest cause of death in intensive care9. A 

patient develops MODS when the severity of organ dysfunction exceeds their ability to maintain 

homeostasis1. The gut-lymph concept explains the pathophysiological development of MODS as a 

result of hypotension and reflex splanchnic vasoconstriction leading to gut injury and toxic changes to 

gut-lymph55. This toxic lymph returns to the systemic circulation via the thoracic duct (TD) to further 

mediate systemic inflammation and distant end-organ dysfunction58. Current management of MODS is 

primarily supportive, with no specific treatments targeted at the pathophysiological mechanism driving 

MODS. This thesis focused on translating the gut-lymph concept from largely animal-based studies to 

clinical therapies. This was undertaken by first extending baseline knowledge through three systematic 

reviews to inform the subsequent clinical translational studies. A surgical model of TD cannulation was 

established to assess post-operative flow and compositional changes in TD lymph during the 

introduction of enteral feeding. This involved establishing working protocols for lymph proteomics, 

metabolomics, transcriptomics, and optimising a method for enriching extracellular vesicles in TD 

which have been postulated as a key mechanism by which TD lymph mediates MODS. Finally, a 

method for minimally invasive TD cannulation and external lymph drainage was identified and steps 

taken to enable this method to be used in patients with critical illness that will be tested in the USA.   

In this discussion an overview of the structure of this thesis is provided, followed by a summary of the 

key findings, context to the implications from this research, acknowledgment of the limitations of this 

findings, and an outline of the future directions that this research could take.  

The TD has a variable anatomical course and terminates in the neck109, where the lymphovenous 

junction regulates antegrade lymph flow and prevents retrograde blood flow. Reports of retrograde 

transvenous TD embolisation for chylothorax205 provided impetus to assess whether the anatomy and 

physiology of the terminal TD would allow this approach to be used for routine TD access. Chapter 3 

contains a systematic review of the embryology, anatomy, histology, and physiology of the terminal 

thoracic duct with reference to the ostial valve.  

External TD lymph drainage has been previously used for a number of indications including 

transplantation293, autoimmune conditions307, acute pancreatitis88, chronic renal336, hepatic551, and 
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cardiac261 failure. Therefore, Chapter 4 contained a systematic review investigating the published 

experience with therapeutic TD intervention; specifically the indications, techniques, and clinical 

outcomes58. The systematic review in Chapter 5 reviewed the radiological interventions to treat 

chylothorax to provide the basis for the development of minimally invasive approaches to the TD, and 

provide the knowledge for delayed TD embolisation in Chapter 6. This subsequently informed the 

development of minimally invasive access to the TD in Chapter 9. 

Enteral feeding is a cornerstone of the supportive management of MODS in patients with acute and 

critical illness and has been shown to improve clinical outcomes423,552. However, enteral feeding can 

also be associated with gut dysfunction which in its most severe form manifests as NOMI139. Gut-

lymph has an important physiological role as the route for absorption of dietary lipid. A significant 

barrier to the study of gut-lymph composition and its role in disease has been a safe, acceptable, and 

reliable method of sampling lymph from the TD in human subjects. Chapter 6 took advantage of the 

routine ligation of the TD in Ivor Lewis oesophagogastrectomy patients and the use of tube 

jejunostomy for enteral feeding to develop a surgical method of TD cannulation and longitudinal lymph 

sampling. Chapter 7 used the TD lymph samples obtained in Chapter 6 to investigate the 

compositional changes in TD lymph both compared to peripheral blood and with the introduction of 

enteral feeding. These analyses comprised a series of a priori directed quantification assays and three 

exploratory ‘omic’ analyses: small RNA, proteomics, and metabolomics. The knowledge gained from 

introducing these analyses for TD lymph are critical to planned future clinical studies.   

Extracellular vesicles (EV) are lipid bilayer particles released by cells to facilitate intercellular 

communication between distant cells196,473. Functionally, EV have a key role in both the regulation of 

normal physiological processes such as stem cell maintenance, tissue repair, immune surveillance, 

and blood coagulation, and the pathophysiology of disease473 including tumourigenesis474, HIV-1475, 

Alzheimer’s476, and Parkinson’s disease477. In animal models of haemorrhagic shock, the EV-enriched 

fraction of TD lymph has been implicated in the pathogenesis of acute lung injury198 through NF-κB 

activation and TNF-α production197. Chapter 8 presented the development of an optimal method for 

isolating EV in TD lymph in humans. This assessed the purity and yield of various EV enrichment 

methods including differential centrifugation, density gradient centrifugation, size exclusion 

chromatography, membrane affinity isolation, and polymeric precipitation.   
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Chapter 9 investigated approaches for developing a minimally invasive TD cannulation through a 

planned clinical study, an international collaboration, and the introduction of TD embolisation to the 

local tertiary hospital.  

10.2 Discussion of key findings 

The key findings from the reviews and experiments performed in this thesis are as follows: 

TD remains as a single duct in its terminal course in approximately 72% of cases, and changes in 

venous pressure during the respiratory cycle influence the function of the ostial valve. From a 

systematic review of 63 papers (47 human and 16 animal studies) that included 939 human patients, 

the incidence of a single terminal TD was 72%. Multiple TDs were associated with a narrow duct 

lumen (0.5 to 3 mm per duct) compared to a single duct (2 to 5 mm). The ostial valve opens at the 

onset of inspiration when the venous pressure declines, and the vein wall relaxes. This promotes 

antegrade lymph flow across the lymphovenous junction at the ostial valve. At the onset of expiration, 

venous pressure suddenly rises, and the venous wall distends, closing the ostial valve and preventing 

further antegrade lymph flow120,254,256,257.  

Clinical equipoise remains as to whether external TD lymph drainage in patients with MODS 

secondary to acute pancreatitis would improve clinical outcomes. In a systematic review of 71 

studies of clinical TD interventions over 54 years which included 1093 patients, there were four small 

studies78-80,88 that investigated the effectiveness of external lymph drainage in acute pancreatitis. 

These studies demonstrated a dose–response trend in the improvement of respiratory dysfunction and 

haemodynamic instability but were small, non-randomised, and not adequately powered to detect a 

clinical difference.  

The overall clinical success rate of radiological interventions for chylothorax was 51.6%, but 

improved to over 80% when embolisation was able to be performed. A systemic review of 40 

studies that included 535 patients found an overall clinical success rate of 51.6% regardless of 

procedure performed on an intention-to-treat analysis. If TD embolisation could be completed, the 

clinical success rate increased to 81.1% compared to the fall back interventions of TD disruption at 

52.7% and therapeutic lymphangiography at 58.3%.  

Intraoperative TD cannulation during Ivor Lewis oesophagogastrectomy with serial post-

operative lymph sampling for 5 days was technically feasible. In this clinical experiment, three out 
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of four patients had successful cannulation of the TD. The narrow calibre of the TD in the remaining 

patient prevented cannulation. Heparin flushing was required to keep the TD catheter patent for lymph 

sampling. TD embolisation was only successful in one patient, with chylothorax developing in two 

patients after attempted embolisation. This required a re-thoracotomy and ligation of the TD. Due to 

this, and despite that the causes of failed embolisation were correctable, the risk of developing a 

chylothorax was considered too high, which resulted in appropriate early termination of the study.   

The composition of human TD lymph is distinctly different in composition from plasma and 

there are dramatic changes with the introduction of enteral feeding. The specific major 

changes include: 

• Lipase levels in TD lymph were between 1.4- to 17-fold higher in TD lymph than plasma 

peaking at 12 hours post-operatively.  

• The inflammatory cytokines of TNF-α and IL-6 were both higher in TD lymph than plasma 

during the post-operative period, with a lymph to plasma ratio of 2.7:1–17:1 and 8:1–108:1 

respectively. TNF-α demonstrated a bimodal peak in both patients, with a first peak at 24 

hours and the second peak occurring after enteral feeding was commenced between 48 

(Patient 3) and 60 hours (Patient 4).  

• The levels of D-lactate, LAL endotoxin and iFABP, which are each markers of intestinal barrier 

function, permeability, and mucosal ischaemia respectively, all increased in TD lymph 

following the introduction of enteral feeding and were increased compared to plasma.  

• Four metabolic hormones (C-peptide, MCP-1, GIP, and leptin) were consistently elevated in 

TD lymph compared to plasma, and four pancreatic endocrine hormones (insulin, glucagon, 

amylin, and PP) had similar levels. 

• RNA sequences could be isolated from TD lymph. However, the isolation (Figure 26), read 

mapping (17.1%–71.6%) and expression of small RNAs (including tRNA, miRNA, and piRNA) 

in TD lymph (Figure 28) showed significant variation between samples. tRNA was the most 

abundant small RNA. The methods have been refined and heparin was identified as a key 

source of interference and its effect now attenuated with the use of hepariase.   

• SWATH proteomic analysis identified 400 quantifiable human proteins across the four neat 

and immune-depleted (targeting high abundance protein) biofluids: plasma, lymph, ID plasma, 

and ID lymph. During the transition from the ‘most fasted’ time point (36 hours) to the ‘most 
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fed’ time point (86 hours), the largest number of significant proteins (p < 0.10) that either 

increased or decreased with a protein ratio > 1.5 or > 0.67 during this time were in ID lymph, 

while the greatest number of significant protein ratio increases were in neat lymph. ID lymph 

appeared to be the more appropriate compartment for investigating proteome of TD lymph in 

respect to the introduction of enteral feeding. In contrast, neat lymph seems to be the more 

appropriate compartment for analysing the immune functions of the TD lymph proteome. The 

protein with the greatest fold increase (48-fold, p = 0.002) was the catalytic enzyme UDP-

glucose-4 epimerase in TD lymph. 

• Four bacterial proteins from known gut commensal organisms were identified in all four 

biofluids (plasma, lymph, ID plasma, and ID lymph) examined during proteomic analysis with 

ID lymph recording the highest levels. 

• After the investigation of various metabolite isolation methods in human TD lymph, 

AbsoluteIDQ P400 and NMR were the best options for analysing lipid and non-lipid 

metabolites respectively. Glycerophopholipid, sphingolipid, and cholesterol ester metabolites 

were more frequently greater than 2-fold higher in serum than TD lymph, while glyceride 

metabolites were higher in TD lymph. Glyceride metabolites in TD lymph had the largest 

number of greater than 2-fold increases during the introduction of enteral feeding.  

The optimal method for enriching EV in TD lymph based on purity is density gradient 

centrifugation with subsequent ultracentrifugation. The positive transmembrane protein marker 

CD81 and the cytosolic proteins flotillin-1 and HSP-70 were detected by western blot with this method 

of EV enrichment. However, this method had a low protein yield with a protein concentration of 0.49 

and 0.45 mg/mL for the fasted and fed TD lymph samples respectively. The presence of EV in these 

samples were confirmed with transition electron microscopy which also identified particles that were 

20 nm in size and were likely to be a low-density lipoprotein504. SWATH proteomic analysis identified 

107 unique proteins in EV-enriched TD lymph, and 44 of these proteins had been previously identified 

in other EV studies (Table 60). 

A successful minimally invasive approach to TD cannulation has been identified and will be 

suitable for a randomised controlled trial of external TD lymph drainage. Knowledge gained 

through an international collaboration with Professor Max Itkin (University of Pennsylvannia) has 

allowed the introduction of a minimally invasive TD cannulation technique using a two-step antegrade 
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TD opacification and guidewire access with retrograde cannulation from the subclavian vein. The 

funding that was obtained from the Health Research Council to fund the planned purely retrograde TD 

cannulation development in Auckland, has been transferred to the University of Pennsylvannia for the 

study of external TD drainage in septic patients in the surgical intensive care unit, taking advantage of 

the world leading expertise for this technique. This international collaboration has also led to the 

successful introduction of a technique for TD embolisation at Auckland City Hospital where it has been 

successfully used to treat four of the first five patients referred with chylothorax.  

10.3 Implications 

10.3.1 Enteral feeding post-operatively 

Enteral feeding when compared to parental nutrition is associated with a survival benefit in MODS147 

and is a mainstay of supportive therapy in MODS148. A similar reduction in morbidity and mortality has 

been demonstrated with the use of enteral feeding in the post-operative period149. Enteral feeding has 

also been associated with gut dysfunction which can manifest as a spectrum from feeding 

intolerance150-152 to NOMI. Hyperosmolar enteral feeding has been implicated in the development of 

NOMI50, thought to be due to the increased metabolic demand on the splanchnic blood supply, which 

can already be compromised due to hypovolaemia, non-selective intrope use, and restrictive 

perioperative fluid protocols. This can lead to progressive mucosal ischaemia that begins at the 

intestinal villus as it is most susceptible to ischaemia 102. 

The experiments in Chapter 7 reported higher levels of IL-6 and TNF-α in lymph, with a further peak of 

TNF-α following the introduction of enteral feeding. Three markers of intestinal injury: D-lactate, LAL 

endotoxin, and iFABP, all increased in TD lymph following the introduction of enteral feeding. These 

findings are highly suggestive that enteral feeding in these patients induced a degree of mucosal 

ischaemia. There are multiple patient, disease, and institutional factors that may influence the 

development of mucosal ischaemia when enteral feeding is introduced. Further investigation is 

required to determine the ideal timing, rate, and formulation of enteral feeding to avoid intestinal 

ischaemia and dysfunction.  

10.3.2 Compositional analysis of thoracic duct lymph 

A major barrier to translating the gut-lymph concept to clinical practice has been the lack of a safe and 

reliable means of accessing the TD. Consequently, most of the direct evidence to support the gut-

lymph concept is derived largely from animal studies55,59,386. Knowledge regarding the composition of 
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human TD lymph has largely been derived from the historical studies related to the TD interventions 

described in Chapter 4. Most of these studies were conducted before 1980. Analytical methods have 

advanced considerably over the last 30–40 years.  

The key implication for future research of the compositional experiments described in Chapter 7 is 

predominantly technical in nature, because it provides optimised and validated methodologies for the 

comprehensive characterisation of TD lymph composition. This work paves the way for these 

methodologies to be utilised on TD lymph sampled in the planned study of external TD lymph drainage 

in patients with sepsis in intensive care (Philadelphia, USA-based study about to commence). Future 

studies using the methodologies optimised for lymph analysis can include longitudinal decriptions of 

changes that occur during different disease states and interventions, confirmation of findings from 

previous animal studies of TD lymph composition, identification of biomarkers of disease severity and 

prognosis, and potential targets for specific pharmacological intervention (to reduce toxicity)124.  

10.3.3 The study of extracellular vesicle in thoracic duct lymph 

Due to their role in communication between distant cells, EVs are increasingly recognised as having 

an important physiological role in maintaining homeostasis and pathophysiological role in disease473. 

This means that EVs in TD lymph have the potential to transport toxic factors from the gut to impact 

end organ dysfunction. This is supported by the finding that TD lymph EV has a potential role in the 

pathogenesis of acute lung injury in haemorrhagic shock198.  

This thesis is the first research to investigate the enrichment of human EV in TD lymph in accordance 

with the ISEV guidelines on EV characterisation196. Furthermore, this thesis describes the optimisation 

of a method (density gradient centrifugation followed by ultracentrifugation) for enriching EVs in 

human TD lymph. The high apolioprotein content of TD lymph provided a particular challenge in 

enriching EV and distinguishing them from chylomicrons, VLDL, LDL, and HDL. This optimised 

method will allow the study of this additional mechanism by which the gut influences end-organ 

function and will be investigated in the planned trial in sepsis.      

10.3.4 Minimally invasive access to the thoracic duct 

The primary barrier to the translation of the gut-lymph concept to clinical practice, as discussed at the 

beginning of this thesis, has been safe and reliable access to the TD. Overcoming these limitations will 

offer two crucial new ways to advance the gut-lymph concept by enabling clinical studies. The first is 

that TD cannulation will allow external drainage of TD lymph as a treatment during the early phase of 
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acute and critical illness by diverting toxic lymph away from the systemic circulation. The second is 

that TD cannulation and TD lymph collection will allow the determination of the bioavailability and 

bioactivity of novel lymph-targeted drugs that are being designed to treat specific toxic elements in TD 

lymph411.  

A major focus of this thesis was to document the efforts made to develop a safe and reliable method 

of TD access. The systematic review in Chapter 3 identified the anatomical variation of the terminal TD 

which has major implications in the potential success of any retrograde cannulation technique, that is 

cannulation from the venous system. Further, it has been possible to summarise current knowledge 

regarding the valve-like function of the lymphovenous junction during the respiratory cycle. 

Developments in interventional radiology for the treatment of chylothorax, as documented in Chapter 

6, have underscored the need for a minimally invasive approach to TD access and provided some 

insights into what is feasible. The failure to complete the Ivor Lewis study has been superseded by the 

introduction of the minimally invasive technique of TD cannulation pioneered at the University of 

Pennsylvannia. Chapter 9 describes this technique involving antegrade TD opacification (by 

ultrasound injection of lipiodol in bilateral inguinal nodes) and transabdominal needle punction of the 

cisterna chyli (or its tributaries) to allow an antegrade guidewire insertion into the TD and through the 

lymphvenous junction into the subclavian vein. This guidewire is retrieved from a peripherial vein in 

the left arm to allow retrograde cannulation of the TD538. This technique has been successfully 

introduced at Auckland City Hospital or the treatment of chylothorax. Prior to this, it was not possible 

to recruit acute pancreatitis patients to a trial designed to optimise a method of retrograde TD 

cannulation. The decision was then made to conduct a first in-human study of external TD lymph 

drainage at the University of Pennsylavannia, drawing heavily on all that has been learnt from the 

studies described in this thesis. This and future studies will seek to introduce drainage of TD lymph as 

a treatment for SIRS and MODS in acute and critical illness. Futhermore it will also be possible to 

conduct compositional and physiologic studies in human subjects.  

10.4 Limitations 

There are a number of limitations with all of the studies within this thesis and these need to be 

acknowledged.  

The three systematic reviews investigating (1) the embryology, anatomy, histology and physiology of 

the terminal thoracic duct (Chapter 3), (2) previous therapeutic TD interventions (Chapter 4) and (3) 
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radiological interventions to treat chylothorax (Chapter 5) all had limitations. In each review the 

heterogenous nature of the data prevented a meaningful meta-analysis. The human anatomical and 

physiological data on the terminal TD was largely derived from either cadaveric studies or extrapolated 

from animal models, in particular canine studies254,256,257. Formaldehyde preservation can damage soft 

tissue, cause shrinkage, and alter dimensions265. Further research is needed to better elucidate the 

physiological mechanisms governing flow in the terminal TD.  

All the reviews were limited to English language papers, which is most relevant to the TD interventions 

review where several Russian papers were excluded that reported on the external drainage of TD 

lymph in acute pancreatitis and liver failure. Publication bias is also likely to have influenced the data 

available to be reviewed for radiological interventions for chylothorax, particularly regarding mortality, 

as 20 of the 40 studies reviewed were a single patient case report. One question that remained 

unanswered from the systematic review of radiological interventions was what materials are most 

effective in achieving TD embolisation, as only one study provided details regarding this.  

In Chapter 6, the surgical model of intraoperative TD cannulation, serial post-operative lymph 

sampling with delayed TD embolisation was limited by the inability to achieve successful TD 

embolisation in two of the three patients. While a critical analysis of these failures suggested that they 

were preventable, the increased risk of chylothorax in patients participating in this study led to its 

appropriate premature termination. The ability of this model to assess changes in TD flow and 

pressure was further limited by the need for occlusion of the TD catheter between sampling periods to 

prevent dehydration from excessive lymphatic fluid loss. Further studies are required to better 

elucidate physiological flow and pressure changes in the terminal TD, especially during the 

haemodynamic changes that occur during the perioperative period and in patients with acute and 

critical illness. 

The premature termination of the study in Chapter 6 limited the sample size for the compositional 

studies performed in Chapter 7. Aside from the small sample size, the major limitation in interpreting 

the results from the compositional analyses reported is separating the effect major gastrointestinal 

surgery and anaesthesia which are known pro-inflammatory states421,472 from the effect of introducing 

enteral feeding. These analyses were always going to be exploratory in nature due to the small 

sample size. The potential pro-inflammatory effect of enteral feeding, as seen in the elevation of 

inflammatory cytokines and markers of intestinal injury (D-lactate, LAL endotoxin and iFABP) require 
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further study.  That the metabolic demands placed on the gut by the commencement of enteral 

feeding can produce evidence of gut injury is notable. Gut mucosal ischaemia and injury to the gut 

barrier could contribute to the toxicity of gut lymph. While the extreme form of this is recognised with 

NOMI, it is likely that this phenomenon underpins feeding intolerance and ileus in post-operative 

patients commenced on early enteral feeding138,139,151,152,429,437. Isolation of RNA sequences from TD 

lymph was hampered by the presence of heparin in the samples. The large variability in the isolation, 

read mapping and expression of small RNAs suggest that further research is necessary to further 

optimise this platform before it is used to meaningfully investigate the gut-lymph concept in future and 

larger studies.  

The development of an optimised method to enrich EV from TD lymph provided significant challenges 

with associated limitations. The low protein yield of particularly the ultracentrifugation, density gradient 

centrifugation and size exclusion chromatography methods of EV enrichment resulted in a limited 

amount of sample to be able to perform multiple replicates of the western blot experiments. These 

were further limited by several of the positive EV protein markers (HSP-70, Flotillin-1 and CD63) only 

detecting bands when more than 10 µg of protein was loaded. The high apolipoprotein content of TD 

lymph resulted in co-isolation of apolipoprotein with each method trialled which limited the purity of the 

EV enrichment method.  The impurity of the “optimal” method of EV enrichment (density gradient 

centrifugation followed by ultracentrifugation) was confirmed by the presence on TEM of probable low-

density lipoproteins and SWATH proteomics identification of albumin and alpha 2 macroglobulin as the 

most abundant proteins in the EV-enriched TD lymph samples.  

In Chapter 9 the failure to recruit patients with acute pancreatitis thwarted the designed, ethically 

approved, and funded study to develop a minimally invasive retrograde method of TD cannulation in 

Auckland. It was consequently not possible to pursue this line of investigation in New Zealand. As a 

result of a new international collaboration with the University of Pennsylvania, it has been possible to 

set up a study using the minimally invasive TD cannulation technique that they pioneered. The 

essential preparatory work for this planned study (including collection, storage, and analysis of human 

lymph as well as the development and optimisation of different compositional analyses of lymph), has 

been performed based on the research in this thesis, and will be implemented into the study of sepsis 

patients in Philadelphia. Recruitment for the study is due to commence in 2020.   
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10.5 Future directions 

This thesis has been directed at the clinical translation of the gut-lymph concept, and considerable 

progress has been made towards this goal. There were significant challenges including: (1) the 

premature termination of the study of Ivor Lewis patients (because of issues related to embolisation), 

and (2) the failure to recruit patients with acute pancreatitis into a study using a minimally invasive 

approach to TD cannulation and drainage. However, these challenges led directly to an international 

collaboration with Professor Itkin, and although the planned study is beyond the scope of this thesis, it 

offers an exciting way forward. The necessary groundwork has been completed in this thesis and 

makes a direct contribution to the future planned study. 

10.5.1 Reducing tissue oedema 

New knowledge on the anatomy and physiology of the terminal TD and the lymphovenous junction 

has opened up new approaches to generalised and organ related oedema which is frequently a 

clinical feature of MODS. Two approaches are under investigation: (1) to reduce oedema formation by 

drug therapy targeted at the capillary leak syndrome, and (2) to better understand the relationship 

between venous pressure and TD lymph flow in order to develop technologies that promote TD lymph 

flow to prevent oedema. Another PhD student has taken up this work which is beyond the scope of 

this thesis. 

10.5.2 Trial of external lymph drainage 

The next step in the ongoing translation of the gut-lymph concept to clinical practice is the 

commencement of a pilot randomised controlled trial of external lymph drainage in patients with septic 

shock in intensive care. This study will use the established minimally invasive method of TD 

cannulation identified in Chapter 9. The planning for this study is well underway and is currently at the 

institutional board review stage at the Hospital of the University of Pennsylvania. Primarily, the focus 

of this trial is to establish safety and proof of concept using biochemical markers prior to a larger trial 

to assess clinical efficacy. Further plans for a trial of external lymph drainage in acute pancreatitis are 

also being developed. 

10.5.3 Compositional analysis of thoracic lymph from patients with systematic 
inflammatory response syndrome and multiple organ dysfunction syndrome 

The longitudinal TD lymph sampled in the planned trial will allow the delineation of key compositional 

change over time; a comparison with levels in plasma over time; and temporal correlation with the 
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development, trajectory, and resolution of SIRS and MODS. Such a systematic study has not been 

conducted. The methods described in Chapters 2 and 7 will form the basis of this analysis. Serial 

sampling of lymph in this way will also provide the opportunity to confirm what has been discovered in 

animal studies, especially in regards to the identification of compositional elements responsible for 

toxicity. While treatment by external drainage does not require this identification, it is envisaged that 

this will provide the basis of lymph-targeted treatments that will be delivered without the need for TD 

cannulation.   

10.5.4 Lymph-targeted treatments 

Regardless of the efficacy of external TD lymph drainage in treating SIRS and MODS, the 

development and implementation of a minimally invasive technique for TD cannulation and serial 

sampling of TD lymph from patients with MODS represents two key steps toward the development of 

specific drug therapies to ameliorate the toxicity of TD lymph. Previously identified drug targets include 

pancreatic proteases62, free unsaturated fatty acids that are toxic to umbilical vein cells67, and the 

tryptophan metabolites of kynurenine and 3-hydroxykynurenine77 which have been correlated with the 

severity of MODS. Analysis of the compositional changes in human TD lymph from patients with 

MODS is likely to identify further targets. Potential methods for delivering drugs to the toxic lymph 

targets include enteral administration of drugs linked to glyceride pro-drugs and the peritoneal 

administration of drugs within liposomes124,411. The confirmation of the bioavailability and bioactivity of 

any new drugs will require TD cannulation411. Considerable progress has been made in collaboration 

with the Monash Institute of Pharmaceutical Sciences towards the development of drugs targeting 

toxic lymph. Animal studies now need to be followed by clinical trials, using FDA approved drugs 

delivered to lymph using novel drug delivery systems.   

10.6 Conclusion 

MODS is a disease with significant morbidity and mortality, and internationally,the leading cause of 

death in intensive care units. Current therapies are primarily designed to support organ function but do 

not address the pathophysiological drivers of this syndrome. Translation of the gut-lymph concept to 

clinical practice represents a paradigm shift in the management of MODS. By reducing the toxicity of 

gut-lymph, which is a driver of SIRS and MODS, there is the potential to mitigate the severity of MODS 

and improve clinical outcomes. 
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The results of the systematic reviews and experiments conducted in this thesis have added important 

new knowledge to the existing body of evidence that provides a justification and foundation for the 

translation of the gut-lymph concept into clinical practice. A comprehensive set of laboratory-based 

analyses have been optimised to assess compositional changes in TD lymph. EV are likely mediators 

of the pathogenesis of toxic factors in TD which have been enriched in human TD lymph for the first 

time. A method for their enrichment has been optimised. Most importantly, a method for minimally 

invasive access to the TD has been identified, overcoming the most significant barrier to the 

translation of the gut-lymph concept. 

The studies presented in this thesis provide further impetus to the translation of the gut-lymph concept 

to the clinical setting. A significant amount of ongoing translational research is required to realise 

clinical benefits from this potentially new treatment paradigm. The major new translational horizons 

from this thesis are the demonstration of the safety and efficacy of minimally invasive external lymph 

drainage, the investigation of oedema reduction, and the identification of specific drug targets in gut-

lymph.   
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Appendix 1: Study Protocol 

Protocol Template for Human Subjects Research  
without an Investigational Product 

 

EXTERNAL DRAINAGE OF THORACIC DUCT LYMPH 

TO REDUCE INFLAMMATORY CYTOKINES 

IN SEPTIC SHOCK PATIENTS:  

A PILOT TRIAL WITH CONCURRENT CONTROLS TO  

CONFIRM SAFETY AND ASSESS PRELIMINARY EFFICACY.   

Principal 
Investigator  
 

Niels D. Martin MD, FACS, FCCM 
Trauma / Surgical Critical Care 

51 North 39th ST, MOB Suite 120 

Philadelphia, PA 19104 

Tel: (215) 662-7323 

niels.martin@uphs.upenn.edu 

 

Maxim Itkin MD 
Diagnostic Radiology 

1 Silverstein, 3400 Spruce St, Philadelphia, PA 19004 

Tel: (215)866-8197 

itkinmax@uphs.upenn.edu 

 

Gregory Nadolski MD 
Diagnostic Radiology 

1 Silverstein, 3400 Spruce St, Philadelphia, PA 19004 

Tel: (267)251-9926 

Gregory.Nadolski@uphs.upenn.edu 

 

Joseph S. Fernandez-Moure MD MS 
Fellow, Department of Surgery 

Division of Traumatology, Critical Care, and Emergency Surgery 

University of Pennsylvania 

Philadelphia, PA 
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John A. Windsor MD FRACS FACS 
HBP/Upper GI Surgeon   

Professor of Surgery 

Faculty of Medical and Health Sciences  

University of Auckland  

Auckland, New Zealand 

Tel: (+64) 21 901 930 

j.windsor@auckland.ac.nz 

 

Anthony RJ Phillips, MBChB PhD 
Senior Scientist 

Applied Surgery and Metabolism Laboratory 

School of Biological Sciences 

University of Auckland 

Auckland, New Zealand 

Tel: (+64) 21 303 244 

a.phillips@auckland.ac.nz 

 

Alistair Escott, MBChB 
General Surgical Resident 

Department of Surgery 

University of Auckland 

Auckland, New Zealand 

Tel: (+64) 21 320 820 

a.escott@auckland.ac.nz 

 

Victor E Maldonado-Zimbron MD FMGSC 
General Surgeon 

Applied Surgery and Metabolism Laboratory 

University of Auckland 

Auckland, New Zealand 

Tel: (+64) 27 2636 020 
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Appendix 2: ADHB Nodal lymphangiography and thoracic duct 
embolization protocol. 

Radiology - Auckland District Health Board       Angiography and  

          Interventional 

NODAL LYMPHANGIOGRAPHY AND  

THORACIC DUCT EMBOLIZATION 

NODAL LYMPHANGIOGRAPHY AND THORACIC DUCT EMBOLIZATION 
Introduction: 
Injury to the thoracic duct or lymphatic system can lead to chyle leak manifesting as either 
chylothorax, chylous ascites or a cervical chylous fistula.  Chyle leak can lead to both local 
effects such as respiratory compromise as well as systemic effects including hypovolaemia, 

malnutrition, immunodeficiency, and sepsis.  Nodal lymphangiography is a diagnostic 
procedure to opacify the thoracic duct with ethiodized oil contrast (Lipidol).  Extravasation of 
this contrast can identify the site of thoracic duct injury and chyle leak.  Thoracic duct 
embolization is percutaneous therapeutic modality to manage chyle leak without the need for 

operative intervention.  
Clinical Indications: 
Chyle leak manifesting as chylothorax, chylous ascites or cervical chylous fistula. Iatrogenic 
injury from surgical intervention is the most common cause of chyle leak. Blunt and penetrating 
trauma can also lead to thoracic duct injury. Non-traumatic chyle leaks can arise from a range 

of malignancies, often lymphoma as well as rarer non-malignant causes.  Common surgical 
interventions leading to chyle leak include: 

• Oesophagectomy  
• Left sided neck dissection 
• Aortic surgery 
• Cardiac surgery 
• Thoracic surgery 
• Pancreatic surgery 

Pre-Procedure: 
• Consent by interventional radiologist and anaesthetist 
• Placement of TED stockings and calf stimulators. This is to increase lymphatic flow in addition 

to DVT prophylaxis.  

Location: 
• IR OR 

Position: 
• Supine 

• Lateral – for thoracic duct embolization if the interventional radiologist decides to adopt a 

retroperitoneal approach. 

Equipment and consumables: 
• Ultrasound 
• x2 25G cannula needle 
• x2 3mL syringe 



 

279 

• x2 IV leur extensions 
• x2 Smart sites 
• x2 30 atmosphere inflation devices 
• Omnipaque 270mg iodine/mL contrast 
• Ethiodized oil (Lipiodol) – up to 30mL 
• x2 small Tegaderms dressings 
• 20G -22G Chiba biopsy needle, 15 & 20cm long  
• Sterile ultrasound probe cover 
• Angio pack 
• Guidewire 
• Renegrade straight Microcatheter 150cm 
• Embolization coils 

• n-Butyl cyanoacrylate (e.g. TruFill) diluted 1:2.5 with ethiodized oil 

Procedure 
Nodal lymphangiography 

1. Patient positioned in the supine position under general anaesthetic on the DSA bed. 

2. Sterile field prepared from groin to upper abdomen.  

3. Bilateral inguinal lymph nodes for lymphangiography identified under ultrasound. 

4. Nodes accessed with 25G spinal needles via a long subcutaneous tract. 

5. Extension tubing primed with Omnipaque via a 3mL syringe connected, and lymph channel 

filling confirmed by image intensifier.  

6. Once position satisfactory needles secured with Tegaderm dressing and position rechecked with 

omnipaque contrast. 

7. Ethiodized oil in an inflation device then delivered slowly at 2-3 atmospheres. Intermittent 

imaging to confirm there is no extravastation of contrast. 

8. Normal saline flush can be used to help advance the contrast. 

9. Further nodes more proximally can be accessed if contrast flow proximally toward the thoracic 

duct slows.  

10. An upper limit of 20mL of ethiodized oil is advised.  

Thoracic duct embolization 
1. If the nodal lymphangiography identifies a point of contrast extravasation the interventional 

radiologist will determine a target for both lymphatic cannulation and embolization.  The 

principles guiding this are: 

• The lymphatic system should be accessed as distally as practically possible (often from 

a right lumbar lymphatic distal to the cisterna chylii). 

• The thoracic duct should be embolized proximal to the point of leak. 

• Both coils and liquid embolic agents should be deployed if clinically feasible. 

2. Prophylactic intravenous Cefuroxime 1.5g and Metronidazole 500mg are administered. 

3. A 20-22G Chiba Biopsy Needle (15-20cm long) is shaped at the tip and used to directly puncture 

the TD. Immediately prior to TD puncture a 0.018” wire eg V18 should be advanced close to 

the tip. 

4. The guide wire is then advanced up the lymphatic system into the thoracic duct. 

5. Guidewire is exchanged for a Renegrade straight microcatheter.  

6. Omnipaque contrast is then used to re-identify the site of lymphatic leak.  

7. Embolization coils and liquid embolic agent are then deployed proximal to the point of 

extravasation.  

8. A further omnipaque contrast run is then performed to assess efficacy of the embolization.  
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9. Once the procedure is completed the mircocatheter is removed. 

10. A small dressing is placed at the site of the abdominal puncture.  

Duration:  
• Nodal lymphangiography only 1 to 1 ½ hours 

• Nodal lymphangiography plus thoracic duct embolization 1 ½ to 2 ½  hours 

Post-procedure care: 
• Following recovery form GA in PACU patient returned to either surgical ward or high 

dependency unit following the procedure. 
• Temperature, blood pressure, pulse and SpO2 monitoring half hourly for 4 hours post-

procedure.   
• Assess pain and administer analgesia and anti-emetics as required.  
• Nursing and medical staff should observe for signs of pulmonary embolism and peritonitis.  
• Metformin withheld for 48 hours after the procedure if the patient has an elevated creatinine. 
• If chest or peritoneal drain in-situ strict output recordings to continue in order to assess efficacy 

of embolization.  
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