
 

Imaging the superficial lymphatic system 
of the lower limb after soft tissue injury. 

 

 

Malou Catharina van Zanten, B Health  

 

 

School of Medicine, Faculty of Medicine, Nursing and Health Sciences 

Department of Surgery, Lymphoedema Clinical Research Unit 

Flinders University 

Adelaide, South Australia 

 

 

 

 

This thesis was submitted on the 27th of June 2016 as part of the requirements for the 

degree of Doctor of Philosophy. 

  



ii 

  



iii 

DECLARATION 

I, Malou van Zanten, certify that this thesis does not incorporate without acknowledgment 

any material previously submitted for a degree or diploma in any university; and that to the 

best of my knowledge and belief it does not contain any material previously published or 

written by another person except where due reference is made in the text. 

Signed.................................................... 

Malou van Zanten 

Date........................................................ 

  



iv 

  



v 

ABSTRACT 

Severe open fractures due to high energy trauma require soft tissue reconstruction with local, 

regional or free tissue in addition to the fixation of bone injury. Oedema, both within and 

surrounding the reconstructed site, can present acutely in the post-surgery setting. However, 

in some patients the swelling fails to resolve and chronic oedema develops. This is 

lymphoedema, when the lymphatic system is in a state of failure, either due to its inability to 

regenerate in the wounded area or its inability to handle the increased load imposed in the 

post-traumatic period. Lymphoedema is the accumulation of fluid in the tissues. As 

lymphatic failure progresses, lymphoedema worsens, resulting in visible swelling, mobility 

issues and there can be associated discomfort, heaviness and pain. While lymphoedema is 

commonly recognised as secondary to breast cancer and its treatment, it can also occur after 

trauma with extensive soft tissue damage or loss. A review of the literature showed no current 

best practice protocols are available for traumatic lower limb lymphoedema.  

New lymphatic imaging techniques, such as those explored in this thesis which are focused 

on lymphatic function may however provide an improved understanding of lymphatic failure 

in these trauma related conditions. With this there is a possibility to identifying the reasons 

for poor regrowth and inosculation of lymphatic channels, or the effect of increased loads on 

the existing lymphatic system.  The imaging technique which forms the core of this thesis 

involved the contrast agent Indocyanine Green (ICG), in combination with Near Infra-Red 

(NIR) imaging system.  Its use allows a minimally invasive real-time image of the superficial 

lymphatic system and provides an indication of its functional status.  This means changes to 

the superficial lymphatic system after soft tissue damage and reconstruction can be assessed.    

Severe compound lower limb fractures are associated with extensive soft tissue damage 

resulting in disruption of lymphatic pathways. The extensive tissue damage often requires 

transposition of a flap consisting of muscle and/or soft tissue to close any existing defect. 

These interventions may also influence lymphatic regeneration and pathways.  For these 

reasons an in-depth understanding of an individual’s local and general lymphatic architecture 

is valuable both in the understanding of underlying pathology and for the targeting and 

tailoring of treatment. 
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Materials and methods 

A custom made near-infrared indocyanine green imaging system was designed and built with 

the Biomedical Engineering department at Flinders University. This system was tested and 

validated with in vitro and ex vivo experiments.  

In addition, the system was used in experimentation with genetically modified mice (n=14, 

Gata2 heterozygous) with compromised lymphatic function versus wildtype mice (n=9). 

Human research commenced following ethics approval at the Royal Adelaide Hospital.  

Patients who had a prior reconstructive surgery between 2009 and 2015 as a result of severe 

lower limb trauma were recruited from an existing database at its department of Plastic and 

Reconstructive Surgery, Royal Adelaide Hospital. At recruitment basic socio-demographic 

data was collected and a General Short Health questionnaire (SF-12), and the Lower Extremity 

Functioning Scale (LEFS) were self-administered. Baseline data at this time was also 

collected, including that relating to general and site specific fluids using Bio-impedance 

Spectroscopy (ImpediMed, Queensland) and Tissue Dielectric Constants (TDC) Moisture 

Meter (Delfin Technologies, Finland) respectively. To measure skin barrier function, Trans-

Epidermal water loss was assessed, using a Vapometer (Delfin Technologies, Finland). Leg 

circumferences at 4 cm intervals were determined using a standard tape measure to 

determine segmental and overall lower limb volumes.  To examine lymphatic function, 0.1ml 

ICG (25mg/5ml PULSION medical, Germany) was injected intra-dermally into two sites of 

the dorsum of the foot.  In all cases the contra-lateral non injured leg acted as the control.  

All measurements were repeated at the 12-month follow-up with the patients’ consent. 

Results 

The custom made imaging system showed fluorescence and worked effectively and reliably. 

The Gata2 heterozygous mice (n=11) showed 61% faster uptake of lymph node fluorescence 

compared to wildtype mice (n=8). Lymphatic pulsation was detected and there was a faster 

pulsation in the wildtype (n=9, 0.20 beats per second) compared to the Gata2 heterozygous 

mice (n=12, 0.15 beats per second). 

23 participants were recruited for the clinical study, 94% of the patients were male. The 

average age at presentation was 47 years with an average duration between the time of 

accident to the baseline observation of 38 months. Of the patients imaged in this study, 9 
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had free muscle flaps with a split thickness skin graft, 1 had a free fasciocutaneous flap, 1  full 

thickness skin graft, 6 a local fasciocutaneous flap and 1 a pedicled gastrocnemius flap.  At 

baseline, the Lower Extremity Functioning Scale (LEFS) of the group was showed participants 

were on 56% of their normal functioning.  

ICG imaging showed none of the free muscle flaps, or the free fasciocuteneous flap, had any 

functional superficial lymphatic vessels. The local fasciocutanous flaps and the skin graft 

patients all demonstrated impaired lymphatic vessel function and a dermal backflow pattern 

similar to that found in chronic lymphoedema. The local fasciocutaneous flaps all 

demonstrated lymphatic block at their scar tissue edge.   

Generally, the uptake of the ICG was delayed in the affected leg compared to their respective 

control, indicating a reduced lymph transport capacity and flow. 

Total water content and extracellular fluid content of the reconstructed leg was significantly 

higher versus the control leg.  Circumference measurements showed a difference between 

the reconstructed leg and the control but this was not statistically significant.  

At the 12 month follow up, 17 out of 23 were re-assessed, and similar results were recorded.  

Three patients in whom ICG showed superficial dermal back flow common in lymphoedema, 

were referred to receive further diagnostic testing including lymphoscintigraphy to explore 

their deeper lymphatic system functioning.  This test showed all three to have damage or 

dysfunction to the deeper lymphatic collectors in the legs 

Conclusion 

ICG lymphography is a novel imaging technique that may provide information of the 

superficial lymphatic system pattern in and around the reconstructed area following lower 

limb trauma, and in small animal experimentation.  Severe compound fractures and the 

associated soft tissue injury can result in significant lymphatic disruption and an increased 

risk for the development of chronic lymphoedema.  
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CHAPTER 1  
Introduction to thesis and literature review 

This Chapter will present statement of the research problem, the objective of the research 

and potential contribution to improving patient health outcome and to the scientific 

community. This is followed by an introduction to the thesis and a comprehensive literature 

review concerning the lower limb trauma patient demographics in Australia, the lymphatic 

system, reconstructive surgery, and flap physiology. The literature review in this Chapter is 

based on the peer reviewed publication: Van Zanten et al. “A review of severe lower limb 

trauma with extensive soft tissue loss and subsequent reconstructive surgery: Its impact on 

the lymphatic system”. Wound Practice and Research 21(2)- 2013. 

1.1 Statement of research problem  

This thesis covers the area of lymphatic imaging in patients who have had severe lower limb 

trauma with subsequent soft tissue reconstruction. This research contributes to the 

knowledge of lymphatic imaging, and to the knowledge of the recovery process of the 

lymphatic system in response to lower limb injury with the innovation of utilising a custom 

designed and built lymphatic imaging camera. 

Acknowledgement and awareness of the influence of extensive soft tissue and bone damage 

in the lower limb on the lymphatic system is lacking in the published literature and in clinical 

practice, perhaps because the lymphatic system has been hard to visualise, much less study. 

New lymphatic imaging techniques such as Indocyanine Green (ICG) with Near-Infrared 

imaging allow better investigation of the lymphatic system and its functionality within the 

lower limb after reconstruction. 

I believe the use of ICG and a custom made near-Infrared camera system has been an 

appropriate and cost effective method to assess the lymphatic vessel functioning in patients 
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who have had severe lower leg trauma with associated soft tissue injury.  With a longitudinal 

follow-up, information of lymphatic regeneration in response to injury over time and any 

information of the contribution of the imported flap tissue to lymphatic function and limb 

recovery was explored. 

1.2 Objective of research 

 To assess how high impact soft tissue trauma affects the lymphatic system, using 

superficial lymphatic imaging and fluid measurement tools.  

 To explore if a correlation exists between functional subjective outcomes and 

objective measurements of the lower limb post trauma. 

 To describe, using imaging, any deficit of the lymphatic system following lower limb 

trauma and the mechanisms and timeline for its repair and the impact of soft tissue 

coverage on it. 

 To better understand the impact of the various soft tissue reconstruction techniques 

on the lymphatic system and on lymphoedema severity, development and 

remediation.  

 To determine the role of soft tissue reconstruction and key parameters in restoring 

lymphatic functionality and thus tissue and wound health. 

1.3 Contribution to the scientific community 

This research contributes to the knowledge of lymphatic imaging, and to the knowledge of 

the recovery process of the lymphatic system in response to lower limb injury.  It also 

highlights the design and build of a custom lymphatic imaging camera.   

 

 



Introduction to thesis and literature review 

3 

1.4 Introduction to thesis 

This thesis consists of two parts; a technical part that describes lymphatic imaging techniques 

followed by experimental validation and quantification approaches. The second part consists 

of the human research that took place at the Royal Adelaide Hospital in collaboration with 

the Department of Plastic and Reconstructive Surgery. 

1.4.1 First part of the thesis: 

An introduction into the study population, the lymphatic system, and a comprehensive 

literature review can be found in Chapter 1: Introduction to thesis and literature review. The 

aim of this chapter is to identify the gap in the literature regarding lymphatic involvement in 

wounds and bone healing. General anatomical structure of the lymphatics is discussed as well 

as a brief introduction into lymphatic system imaging. 

Lymphatic imaging will be further explored in depth in Chapter 2: Imaging the lymphatic 

system. This chapter describes the history of lymphatic imaging, the techniques of the past 

and present as well as elaborating on Indocyanine Green (ICG) and Near-Infrared (NIR) 

imaging specifically along with details such as testing and validity results of the custom made 

NIR imaging system.  

In Chapter 3: Real-time lymphatic imaging in mice there is explanation of the use of the ICG 

imaging system in small animal research. This pilot study of a lymphatic mouse model versus 

wildtype mice explores the potentials of ICG imaging quantification.  

1.4.2 Second part of the thesis: 

Chapter 4: Materials and Methods describes the materials used for the clinical human 

research part of the thesis including their validity and reliability. The method of 

measurement, and analysis is explained. This is in preparation for the clinical results that are 
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described in Chapter 5: Human research results. This chapter includes all results of the 

measurements obtained and further analysis of images. 

The thesis concludes with Chapter 6: Discussion and conclusion where the thesis is discussed, 

major findings are collated, and final conclusions are drawn. 

1.5 Background of trauma injury: A significant public health problem 

In 2011, 26 designated Australian trauma centres and 4 state-based trauma registries joined 

together to develop the Australian Trauma Quality Improvement Program (AusTQIP) 

underpinned by an Australian Trauma Registry (ATR) (1). By joining these centres, the 

collection and processing of the available data will ensure a better outcome for trauma patient 

management.   

South Australia (SA) has 7.2% (1.6 million) of all Australian residents with a population 

density of ~2 people per square kilometre (2, 3).  SA currently has 22 private and public 

hospitals in the metropolitan region and 39 regional hospitals. The Royal Adelaide Hospital 

(RAH) is the largest level one adult trauma centre in the state, with over 51,000 patients seen 

in the Emergency Department every year . In addition, metropolitan SA also has the Flinders 

Medical Centre and Women and Children’s Hospital which also holds a State Trauma 

Registry and are collaborators in the AusTQIP as described above (1).  

Severe trauma or high impact trauma often results in multiple body regions being affected. 

This type of trauma is often related to a motorised vehicle collision, motorbike, bicycle, and 

falls from a height or high impact work related accidents. The highest frequency of these is 

in the population below the age of 45 years (1, 4). 

Moderate and especially severe high impact traumatic injury is a main cause for permanent 

disability, morbidity and mortality and is recognised as a major ongoing public health 



Introduction to thesis and literature review 

5 

problem within Australia (1). The National Trauma Research Institute records show that 

traumatic injury accounts for 7% of the total burden of disease in Australia (1). The impact of 

injury is not only evident in the individuals physical functioning and psychological morbidity 

but also in its effects on society and overall health care cost (1, 5).  In 2012, the estimated 

annual costs are estimated to be AUS $18 billion (1).  

1.6 Lower limb trauma demographics 

The most common injuries leading to hospitalisation with the young and middle age 

population are mostly related to transport accidents and falls accounting for 36% of all 

hospitalisations in Australia (6, 7). The Australian Institute of Health and Welfare (AIWH) 

series report of the financial year 2009 – 2010 indicated the overall main cause of injury 

requiring hospitalisation is falls (38%, n=161,147) followed by unintentional transport-related 

incidents (13%, n=54,110) (8). This is the opposite to a report of the Australian Trauma registry 

(2010-2012) focused on major trauma hospitalisation where it is stated that mechanism of 

injury in major trauma (n= 16,644) is mostly transport related (52.4%, n= 10,300), followed 

by falls (31.2%, n= 6,121) (9). Of the data available on affected body region in the Trauma 

Registry report (n= 20,435) lower limb injuries accounted for 34% (n= 7023). With all reports 

agreeing on more men than women are involved in transport injuries (8-10).   

Research conducted at the Royal Adelaide Hospital Emergency Department from 2000 to 

2003 showed that severe pelvic and lower limb injuries occurred in 21% (59) of 282 trauma 

cases. Most were related to falls from a >2 meter height either at work or home (3). As 

indicated above, traumatic injuries can result in a reduced quality of life, impaired functional 

outcomes and a large and continuing associated cost of medical care (11, 12). 

It is extremely difficult, if not impossible, to obtain a detailed epidemiology specifically of 

trauma related lower limb fractures or open and/or closed long bone fractures due to the 
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complexity and involvement of injury to other structures, not to mention the national and 

international hospital coding differences and discrepancies (7, 13). 

1.7 Lower limb trauma recovery  

Severe lower limb open fractures including ruptured skin and soft tissue are the most 

common injuries in the Emergency Department (ED) that require hospitalisation and 

immediate surgical attention (6, 14). The lower extremity contains vital long bones that are 

vulnerable to injury in high-energy trauma. In particular, the anatomically superficial 

location of the tibia means that it is less protected by fatty subcutaneous tissue or muscle and 

is often fractured with associated soft tissue loss.  

Salvage of the lower limb is dependent on the nature of the bone injury, gross tissue 

contamination leading to high infection risk, and the extent and nature of soft tissue damage. 

After initial trauma management, patients require orthopaedic surgical intervention to 

stabilise the fracture(s). The remaining wound or soft tissue loss or damage is restored based 

on careful planning by plastic surgical specialists.  The type of soft tissue reconstruction is 

selected based on any existing co-morbidities, the extent and nature of injury and is a crucial 

part of limb salvage. 

1.8 The lymphatic system; an overview 

The lymphatic system is indispensable; a non-functioning or non-existing lymphatic system 

is not compatible with life, and yet we still have much to learn about this system. The blood 

vascular system has been studied reportedly back in the sixth century BC, whereas the 

lymphatic system was not discovered until centuries later.  Remarkable as described by 

Scallan et al. (2010) it is not necessarily the late discovery of the lymphatic system but more 

the misperceptions encountered during and even since its discovery (15). Misperceptions 

such as stating that the lymphatic system was merely a passive system for return of excess 
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fluid, poor understanding of lymph formation, and poor understanding of the detailed 

lymphatic systems involvement in healthy fluid homeostasis (16, 17). Extensive research in 

mice and zebra fish embryos in the recent years have established important knowledge 

regarding the embryonic development of this system. The lymphatic system sprouts from the 

cardinal vein where the lymphatic endothelial cells (LEC) separate themselves from the blood 

endothelial cells (BEC). It then goes on to develop a superficial network, connecting vessels 

or so called pre-collectors, and a deeper system with larger vessels; the collectors (18). This 

development occurs approximately between week 6 and 7 of human embryonic development, 

4 weeks after the establishment of the blood circulation (16). 

The lymphatic system is vital for tissue and cell homeostasis, and relies on the balance 

between the entry of lymphatic fluid from tissue and the ability of the system to transfer that 

fluid centrally. The lymphatic system is responsible for transporting  proteins,  fluid, fatty 

acids, and macromolecules (19). It also actively participates in immune regulation triggered 

by response to pathogenic and immunogenic stimuli by the peripheral lymphatics (20). 

Unlike the vascular system, the lymphatic system is not a closed circulatory system. This 

means lymph can be transported from distal to proximal areas, and also from the deep system 

to the superficial system or vice versa. A vital characteristic of the lymph capillaries is that 

they are highly permeable in order to gather up interstitial fluid and its contents (21, 22). This 

is transferred to major lymph collectors that pump fluid centrally. These are often situated 

within the adventitia of large arteries and veins, where lymphatic flow is assisted by arterial 

pulsatile flow, and tissue variations (23). As lymphatic fluid is slowly transported through 

the body it enters lymph nodes. Each lymph node acts as a filter, which facilitates immune 

cell trafficking and provides a key role in activating immunologic responses (23, 24). 
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The lymphatic capillaries and collecting vessels form a delicate system, and its 

interdependence with the vascular system makes it vulnerable to damage caused by surgery, 

mechanical trauma or infections (24). 

1.9 Lymphatic microcirculation 

The lymphatic vessels structure, specifically of the superficial system, provides insights to its 

function (19). Microcirculatory lymphatic plexus is present in the superficial layers of the 

skin, which acts in conjunction with the vascular system to maintain tissue fluid 

homeostasis. The lymph capillaries, with their distinct single endothelial cell layer and 

button like junctions, are highly permeable capillaries which take part in the exchange of 

fluid, cells and macromolecules (19). Much of the formed lymphatic fluid is dispersed 

superficially to the deep fascia, but some is further transported sub-fascially to the deeper 

lymphatic system. Lymphatic fluid drains from the peripheries to the abdomen where it 

travels along tributaries to the thoracic duct and is in turn introduced back into the venous 

system (19, 22). This process of filtration and reabsorption ensures the balance of the 

interstitial pressure, where balance of the fluid volume and its contents are maintained (23). 

1.10 Impaired lymphatic function 

When filtration of the blood capillary system exceeds the reabsorption capacity of the 

lymphatic system, interstitial homeostasis is disturbed.  This is initially characterised by 

localised tissue oedema. Local tissue oedema can spread as nearby systems are overloaded 

and can cause a segment, or even the whole limb, to swell (21). Additionally, the generally 

protein-rich fluid accumulation in the tissues can induce inflammatory reactions due to 

increased concentration of proteins, such as cytokines, in the lymph and surroundings. 

This leads to fibrosis, impaired immune responses and reduced wound healing capacity (19). 

Delivery of crucial nutrients to cells is reduced or completely prevented, causing an overall 
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patho-histological picture of chronic inflammation (21). Contrary to previous theories, recent 

research suggests that the lymphatic system is responsible for 100% of the reabsorption 

process, and is therefore central to local control of superficial fluid homeostasis (17, 25). 

Research has also emerged, revealing the relationship between fat tissue and lymphatic stasis. 

Histologically an accumulation of inflammatory cells together with fibrosis, dilated lymph 

vessels and proliferation of adipose tissue is observed (26). This has raised some questions 

regarding the influence of adipogenesis on lymphangiogenesis and vice versa. 

1.11 Lymphoedema 

Lymphoedema is a progressive chronic condition caused by the accumulation of fluid with a 

higher content of protein in the body tissues. Lymphoedema can be hereditary as a primary 

condition, or acquired secondarily due to damage or disruption of lymphatic vessels; most 

commonly in western countries lymphoedema is considered to be due to malignancies and 

their treatment (21, 24). Lymphoedema can also occur following trauma, to which injuries 

in the superficial or deep lymphatic systems are sustained (27). In high-energy impact 

trauma involving injuries to soft tissue in combination with bone, the lymphatic system can 

be profoundly damaged and efforts at reconstruction are often ignorant to, or ineffective at, 

re-establishing lymphatic function. Soft tissue reconstruction often involves importing tissue, 

either locally or from a distant site, to cover exposed bony injury and re- establish the 

integrity of skin coverage (14). Although the vascularity of such tissue is ensured by the 

surgeon, there is little capacity to address lymphatic function of such tissue – and such, these 

patients are at risk of developing lymphoedema in the recovery period and long term. 

If the load on the compromised lymphatic system is higher than its transport capacity then 

the swelling will increase and result in regional or whole limb discomfort, heaviness or pain. 

The inevitable scar tissue that develops as a result of injury and subsequent surgery prevents 

the development of lympho-lymphatic anastomosis. Scar tissue across lymph collectors may 
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present blockage to lymphatic drainage pathways and subsequently cause a reduction in 

lymph transport (21, 22). There is a delicate balance, which if disrupted, will result in the 

onset of lymphoedema. 

In Australia, lymphoedema secondary to cancer is most often reported with an estimation 

of at least 20% of those who are treated for melanoma, prostate, breast or gynaecological 

cancer (29). By best estimates, one in thirty people are affected by lymphoedema worldwide 

(30). Firm incidence or prevalence figures are almost impossible to accurately determine. 

Current estimates likely understate the prevalence of lymphoedema given that; the early 

stages of lymphoedema frequently go unrecognised or are misdiagnosed. Also, there 

remains little conformity on specific diagnostic criteria making inter-study comparisons 

difficult (29, 31, 32). Risk factors recently associated with lymphoedema development include 

obesity. In people with a body mass index (BMI) of more than  30kg/m2 , which increases the 

likelihood to develop lymphoedema post-operatively by nearly 4 fold (31). This is concerning 

given the public health issue of increased obesity in the general western population including 

Australia which reported an overweight or obese population of 60% in the latest national 

survey (2011-2012) (33).  

Late stage chronic lymphoedema is characterised by an increase of local adipocyte size, 

adipocyte numbers and local tissue induration (21). Since the local and often general, specific 

and nonspecific defence systems are compromised when the lymphatic system fails, these 

patients remain prone to recurrent infections and inflammation (24). Patients affected by 

lymphoedema not only carry the burden of physical consequences; psychosocial 

consequences such as distress, depression and reduced body image have also been evident in 

previous studies (21, 29, 31). 

Irrespective of the cause of the lymphoedema or the region affected, generally the physical, 

social and psychological issues are similar. 
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Lymphoedema is now identified in the International Classification of Functioning, Disability 

and Health (ICF). ICF is part of a World Health Organisation (WHO) framework to measure 

and define health and disability through a specific classification system using descriptions 

and coding (35). Descriptions are culturally adapted but the coding is identical worldwide. 

Therefore, ICF creates a common language understood by patients, all health care providers, 

policy makers and researchers. With this important development, it is evident that people 

with lymphoedema are affected in all four components of the ICF. These components are; 

body functions, body structures, activities and participation, and environmental factors(34). 

With consistent information as provided by ICF coding it will be easier to recognise the 

severity of debilitation of lymphoedema and the restrictions in active participation in the 

patients’ daily lives. The ICF study is ongoing to eventually develop a core set or short form 

that will be easily applicable by any health professional for daily clinical use. 

1.12 Lower limb compound fractures classification and complications 

The role of non-cancer related trauma in lymphoedema is less well defined than 

lymphoedema as a sequelae of cancer treatment. However, it is an important factor in 

determining the long-term impact on function and mobility following trauma. 

Blunt injuries may be caused by acceleration, deceleration, compression or shearing injuries 

resulting in various tissue components being crushed, macerated or devitalised entirely.  

In Australia the majority of trauma are related to motor-vehicle collision and falls (4). These 

injuries seem to be divided between, older people who generally have a higher incidence 

of falls whereas the young and the middle aged have more transport-related fractures (6, 10). 

Such injuries result in a reduced quality of life, impaired functional outcome and large 

associated cost of medical care (11, 12). 
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The lower extremity contains long weight bearing bones that are vulnerable to injury in 

high energy trauma. In particular, the anatomically superficial location of the tibia means 

that it is less protected by fatty subcutaneous tissue or muscle and is often fractured with 

associated soft tissue loss. Tibial shaft fractures are the most common long bone fractures 

in the body, and due to its close connection by ligaments the fibula is also often involved. 

A few crucial factors such as; initial displacement (the line of the fracture), comminution 

(splintered / crushed parts), and extend of soft tissue injury (open or compound fracture) 

determine the clinical outcome (36). An open fracture should be managed with extreme 

care and is a surgical emergency due to damage of not only the bone but also soft tissue, 

blood and lymphatic vessels at the micro and macro levels (37). Open fractures are likely 

to be linked with poor healing and superficial infection as well as infection of the deeper 

(sub-fascial) and bone areas (36, 38). Fractures are the most common type of hospitalised 

injury and treatment requires immediate irrigation and debridement (28). Severe compound 

fractures have been categorised into the Gustilo classification (I to III A, B, and C) since 1976 

(38). Gustilo type I and II fractures are clean and the relatively small soft tissue wounds can 

often be closed primarily. Gustilo type III fractures involve significant amounts of soft tissue 

loss. Types III are further subclassified into types A, B and C according to periosteal stripping 

and extend of damage to vascularity. Complications such as infection and non-union 

specifically following Gustilo III B fracture reconstruction have been well documented (39). 

However, the extent of damage to the lymphatic system and subsequent risk of recurrent 

infections and chronic lymphoedema remains relatively unstudied. 

Salvage of the lower limb is dependent on the nature of the bony injury, gross contamination 

leading to infection, the extent and nature of soft tissue damage. Even after reconstruction 

has been achieved an ongoing risk for deep and superficial infection is associated with open 

fractures and can result in serious long term complications (40, 41). The average healing time 

for displaced, open, or comminuted fractures is 4 to 6 months (36). 
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1.13 Soft tissue damage and the lymphatic response 

Every wound is at risk of infection irrespective of cause, size, anatomical location and 

management (42). When the lymphatic system is damaged and loses its immunological 

functionality, the risk is greatly increased (43). The frequency of wound infection depends 

on the type of trauma, location of the wound, presence of contamination and adequate initial 

debridement and decontamination followed by suitably timed reconstruction (30). Open 

wounds with extensive soft tissue loss have a poor healing prognosis unless properly 

reconstructed. 

The process of soft tissue repair is inseparably linked to the restoration of lymphatic 

function. An open wound associated with a compound fracture results in a complex and 

acute process of repair. Acute wounds undergo an initial phase of coagulation followed by 

a complex inflammation cascade mediated by lymphocytes, macrophages and granulocytes 

(42). All of which most often facilitate the healing and normalisation process, but can be sub-

optimal if the lymphatic system is dysfunctional. Although lymphatic capillaries have a 

strong ability to regrow in healthy tissue, in damaged tissue this is more challenging (44). 

Soft tissue trauma will disrupt microvasculature and its repair processes must come into play. 

This means an increase in plasma filtration and lymph accumulation in the dermis along 

with dilated and thus sometimes dysfunctional collecting lymphatics (24). 

Information regarding regeneration of lymph capillaries in human wound healing and 

their importance is scarce. Nogami et al. (2009) visualised lymphatic regeneration in rats, 

demonstrating the regrowth of lymphatic capillaries from the healthy tissue edges of the 

wounds. This is different from blood vascular regeneration that rapidly forms in the 

granulation phase of acute wound healing (45). In general, open wounds demonstrate 

significant delay in lymphatic channel regeneration in comparison with arterial and venous 

angiogenesis. In the soft tissue surrounding wounds there is the accumulation of waste 
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products in the tissues which mechanically compromise lymph capillaries and micro-

vascular flow, thereby increasing capillary permeability and venous after load (30). This 

process adds considerable burden to an already damaged lymphatic system. Essentially 

overloading an under- functioning system leading to increased risk of failure, infection and 

delayed tissue healing. The load is increased but transport capacity has been reduced so there 

is a high chance of failure, with infection and poor tissue healing being the major negative 

outcomes. 

1.14 Flap reconstruction and general physiology  

The treatment of compound fractures with extensive soft tissue loss depends on the overall 

presentation of the extent of bone, soft tissue and vascular injury and requires a 

multidisciplinary approach (41). Therefore, there is no standard practice that can be applied 

to all patients. However, treatment such as immediate debridement of contaminated and 

devitalised tissue followed by reconstruction with either skin grafting in minor wounds 

or more complex reconstructions such as muscle flaps for extensive injuries. 

Reconstructions have been introduced in medicine and surgery for over 300 years. Although 

the first few reported procedures of vascular ligature were reported in the mid-1500, stronger 

publications regarding lower limb reconstructions arose from the early 1960 (46). Since then 

reconstructive surgery is continuously revised and adapted in complicated cases. The so 

called reconstructive ladder has been developed to describes the reconstructive management 

based on complexity of the soft tissue defect (48). The reconstructive ladder starts with minor 

procedure such as skin grafts that are commonly used over exposed muscles, fascia or 

subcutaneous tissues. Local and regional flaps are harvested near the wound area, as it 

contains a similar blood supply. These are used for small to moderate wounds (Figure 1-1 a-

b). A muscle or a fasciocutaneous flap (Figure 1-1 c-d) can be applied in various ways 

including being rotated, transposed or transported from another part of the body into the 
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wound (14). The benefit of the muscle and fasciocutaneous flap is the local blood supply 

which is essential for healing. Free flap reconstruction is the most complex intervention 

which is used to close large defects that are not otherwise graftable or amendable to 

local reconstruction.  This type of flap contains tissue harvested from another area of the 

body containing an artery and vein which is re-attached in the defect site (14). Most 

commonly for the lower limbs are the anterolateral thigh flap (ALT), the latissimus dorsi 

muscle flap or gracilis muscle flap. The re-attachment from vein to vein and artery to artery 

insures tissue vascularisation whilst creating an ideal tissue coverage of a healing fracture.  
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Figure 1-1: Different layers for reconstructive consideration and arterial supply. Figure adjusted and based on Figure 
“classification of skin flaps” published by Gaboriau et al. (2001)(48). 
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Despite being technically demanding, the success rate for free flap reconstructions has been 

estimated as high as 91% (47). Survival is dependent on revascularisation, and is determined 

by monitoring the continuous arterial flow and venous outflow (47). Venous outflow 

obstruction is seen as the main cause of free flap failure (49).  

Survival of a reconstruction with a free muscle or free fasciocuteneous flap is based on 

adequate tissue perfusion by its vascular pedicle. Neovascularisation may be triggered by 

ischemia tissue in the wound. Complications in venous sections of the flap, such as thrombus 

development or kinking of the vein, induce toxic products but is also strong stimuli to induce 

neovascularisation (50). 

A study in which the muscle dimensions were measured over a range of pre and postoperative 

time points with ultrasound, CT and water displacement showed oedema in free 

microvascular flaps to be common but poorly recognised in research studies (51). Their results 

show an increase of oedema in muscle flaps at the immediate post-operative period and 

slightly less in 3 months and 9 months’ post-operative. The reason flaps become so 

oedematous immediately post-surgery is unclear, but could be attributed to the increase in 

blood flow into a more leaky vascular bed, and decreased lymphatic drainage due to surgical 

trauma. Regrowth of lymphatics in muscle flaps has not been studied and there is a need for 

further experimental and clinical studies in this area (51). 

1.15 Reconstruction and the lymphatic system 

It is well accepted that lymphatic vessels contribute to healthy tissue, but the role of the 

lymphatic microcirculation and subsequent lymphatic regeneration in flap reconstruction 

has not been researched thoroughly. 

After reconstruction, there is an ongoing risk of deep and superficial infection which is 

commonly associated with open fractures and can result in serious complications such as flap 
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failure (necrosis), non-union, and chronic osteomyelitis (40, 41). The highest risk for 

infection occurs prior to full healing of the fracture. Hospital costs are high and there is a 

significantly reduced quality of life in cases of non- or delayed bone union (52). These events 

impose further burden on the health care system and an increased level of disability for the 

“at risk” patients. The overall post trauma patient outcome is, and should always be, aimed 

at regaining bone union and full weight bearing as well as a pain free and functional lower 

limb (53). 

Oedema in the free flap post-surgery has been identified as a result of impairment in lymph 

transport (54). Khazanchi e t   al  (1997)  explored  lymph  transport  in  free  flap 

reconstruction sites using lymphoscintigraphy. Their eight participants showed lymphatic 

activity in the free flap early after surgery (nine days) (55). This was supported by a study of 

Slavin et al. (1996) where they performed lymphoscintigraphy 13 days’ post-surgery, and 

found indications of advanced regeneration probably starting as early as eight days (54). 

Although both studies mentioned fast uptake of the radio colloid tracer and therefore 

excellent lymph drainage, they did not focus on any abnormal lymph node size 

(enlargement) or lymph collector dilation. 

Persistent oedema has been observed long after the fracture and wound have healed, 

suggesting that lymphoedema is present (56). Often there is a late diagnosis of this chronic 

condition, as the clinical symptoms of lymphoedema have progressed or increased or caused 

immobility (57). Thus, the factors that contribute to post-trauma lymphoedema should be 

explored so that early intervention can be initiated (58). 

Szczęsny et al. (2002 and 2003) explored post-traumatic oedema and found enlargement of 

lymph nodes in all 21 patients with post-traumatic oedema (59, 60). Lymphoscintigraphy 

often confirms dilation of major distal lymph collectors in the entire lower extremity and 
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associated decrease of lymph flow. This adds to the problem of wound repair, healing and 

infection. 

Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) studies show 

reduction in muscle and an increase in fat in patients with a mean of 30 months follow up. 

The visible adipose fatty tissue penetrates the muscle fibres where at the same time this 

process correlates with muscle atrophy (61). Neovascularisation seems to be continuous but 

there is no mention of lymphatic vessel involvement.  However, we do know from recent 

research that there is a direct link between adipose fatty tissue and lymphatic dysfunction. 

This is an area worth investigating in more detail. 

1.16 Patients immediate and long term outcome 

Unfortunately, research questionnaires and research tools aimed to assess the functional 

outcomes of patients following open lower limb fractures do not include or acknowledge 

lymphatic failure and thus lymphoedema as a parameter of interest (12, 57). This failure to 

acknowledge the role of a healthy lymphatic system in normal wound healing and the 

adverse outcomes associated with a failing lymphatic system is a serious one which has 

significant long term consequences if not recognised.  Lymphoedema impacts considerably 

on a patient’s quality of life, mobility, and emotional wellbeing, and also leaves the injured 

limb with an increased risk of recurrent infection and delayed healing (62). It is clinically 

recognised that patients raise the issue about chronic oedema and diminished sensibility in 

the leg or foot but a treatment or procedure protocol to remediate this remains absent (58, 

63). Studies of short and long term outcomes of lower limb trauma patients show poor 

functional outcomes and this is of significant concern (64). Correlation of poorer outcomes 

with lymphatic dysfunction may help to identify patients that are at risk of wound 

healing complications and implement appropriate management. 
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1.17 Lymphatic imaging 

Ongoing debate regarding the best non-invasive method for observing lymph vessels could 

be the reason the lymphatic system is often neglected and thus not adequately managed. 

Considerable advances in lymphatic imaging have been made over the last decade. A useful 

imaging technique for differential diagnosis is Magnetic Resonance Imaging (MRI). The use 

of Computed Tomography (CT) and ultrasound imaging techniques can detect structural 

abnormalities, an indication of a failing lymphatic system (24). It would be highly useful to 

be able to image functional status of the lymphatic system itself. There are various 

techniques for determining functional signs including intradermal injection of Patent Blue, 

radionuclide lymphoscintigraphy with 99mTc labelled human serum albumin or 99mTc 

sulphur colloid. These are classified as invasive measurements (24). This might contribute to 

a reticence in their use, as not only is the patient exposed to ionizing radiation, but also 

the contrast fluid has been found to be associated with nephrogenic systemic fibrosis (57). 

In view of these negatives, the recent interest in using Indocyanine Green (ICG) seems a 

sensible and minimal risk alternative and it is these aspects which have led to a recent 

increase in its popularity in research and clinical practice. 

ICG is a water-soluble tricarbocyanine dye which has clinically been used for the imaging of 

cardiac output, hepatic function, cancer tumour excisions and retinal vascularisation (66). 

This fluorescing contrast agent binds to proteins and is made visible with excitation light and 

recorded with a near infrared camera system. ICG is considered a relatively safe and non-

invasive technique that provides accurate functional lymphatic imaging. Skin is relatively 

transparent to ICG with near infrared imaging and a clear real life image can be obtained. 

The fluorescence of ICG is within the near infrared spectrum range (approximately 800nm) 

and this makes the dermal lymphatics visible. This research showed repeatability of the test, 

easy interpretation and it seems to be more cost-effective than lymphoscintigraphy (65). The 
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usefulness of ICG has been proven in skin and breast cancer sentinel lymph node biopsy as a 

real-time fluorescence tracer (66-69). Furukawa et al. (2012) used ICG fluorescence 

lymphography to assist the excision of in-transit metastatic melanoma (65). Holm et al. 

observed that certain haemodynamic and intrinsic metabolic pathways are invaluable for 

wound healing and post- operative outcomes and argues the need for clinical studies with 

fluorescence dye intra-operatively to ensure the best possible outcome for tissue survival and 

skin viability (70).  

1.18 Chapter conclusions 

Oedema associated with soft tissue trauma of the lower limbs and its remediation is a normal 

physiological response. This oedema is linked to lymphatic function but the involvement of 

the lymphatic system has only been raised sporadically in research studies relating to soft 

tissue injury. Further, as wound healing progresses there is unavoidable scar tissue formation 

which can further restrict lymphatic flow, impair function, and impact on its regenerative 

abilities but this is rarely addressed.  The imaging technique, ICG lymphography, may provide 

information of the superficial lymphatic system pattern in and around reconstructed area. 

This may improve our understanding of lymphatics response to trauma and may help identify 

those at risk for the development of lymphoedema. 
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CHAPTER 2  
Imaging the lymphatic system 

One of the promising techniques for studying the lymphatic system described in Chapter 1: 

Introduction and literature review, involves imaging with the contrast agent Indocyanine 

Green (ICG) and a Near-Infrared imaging system. These systems for stimulating fluorescence 

and recording have been produced by specialist manufacturers. Unfortunately, the costs limit 

their wider use in research. This Chapter 2: Imaging the lymphatic system, describes the 

development of a ICG lymphatic imaging system. The availability of this, and similar 

instruments, can make investigations into lymph flow and functioning more feasible in a 

wider range of laboratories and clinics. 

2.1 Background lymphatic imaging 

Imaging a delicate biological system that consists of translucent vessels, of small diameter 

between 2 µm and 10 µm, and that transports mostly clear to milky white fluid is 

understandably quite challenging. However, imaging of this system is important as we 

explore its anatomy to better understand its pathology (3).  

The first description of the lymphatic system seems to be from approximately 300 BC where 

reports from Herophilos and later from Erasistratus describe a draining system parallel to the 

blood vessels (4). It remains arguable whether they truly were describing the lymphatic 

system or merely observing additional branches of veins, but more descriptions followed, 

such as the discovery of “fibres between the blood vessels and the nerves” and “white blood” 

(4). The first reported injections of lymphatic vessels for the purpose of visualisation were 

performed using wax and suet in the mid-17th century, leading to the discovery and detailed 

description of lymphatic valves. This was soon followed by the injection of mercury for further 

exploration of vessel and valve morphology (4). The first full illustration of the lymphatic 
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vessels in humans was completed in 1653 by Vesling (5). From that time on, the exploration 

of the structure and function of the lymphatic system proceeded slowly, and we continue to 

have many unanswered questions regarding this system.  

2.2 Lymphatic imaging techniques 

Over the last century, exploration has continued using a variety of imaging equipment and 

techniques to determine their capability of imaging lymphatic vessels and nodes, and their 

ability to provide information about lymphatic structure and function. In relation to 

lymphatic pathology, imaging techniques are also being applied that can take into account 

related soft tissue changes. Many of these techniques use contrast agents. Most important for 

lymphatic vessel imaging are: the particle size of the contrast agent, chemical composition 

ratio of the contrast agent which means the agents osmolality or concentration of solution, 

toxicity and number of iodine atoms per molecule, interstitial pressure and anatomical site 

of the injection (6). Each of these lymphatic imaging techniques, with its applications and 

limitations, are described below.  

2.2.1 Structures of soft tissue and tissue fluid 

Lymphatic pathology can change soft tissue structure, with these changes being clinically 

visible and/or palpable (e.g. in lymphoedema), but also possibly being seen as evident by 

using imaging equipment and techniques. 

 Ultrasound  

Ultrasound is an imaging technique that acquires images through a high or low frequency 

sound wave transducer and reflected echographic waves (7). Low frequency sound waves are 

used to image internal organs, whereas, for superficial imaging of the dermis and epidermis, 

high frequency sound waves are used. Ultrasound is useful in exploring fluid-filled spaces in 

the case of lymphatic failure, and in exploring soft tissue structure changes, such as increased 
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adipose tissue in a more advanced stage of lymphoedema. In addition, ultrasound is used to 

inspect obstructions or enlargements of lymph nodes. Ultrasound is easily available, and non-

invasive but requires an experienced operator to prevent misdiagnosis (8).  

 Computed tomography (CT) and single photon emission tomography (SPECT) 

A computed tomographic (CT) scan is similar to ultrasound with both having the ability to 

image structures; however, a CT scan can penetrate deeper tissues and can also 

simultaneously image a whole segment. Computed tomography (CT) has been explored, but 

does not hold a diagnostic significance, in lymphoedema (9).  

 Dual emission X-ray absorptiometry (DEXA or DXA) 

Dual emission X-ray absorptiometry (DEXA or DXA) assesses body composition and soft 

tissue structure, with a particular focus on adipose tissue. This scan has proven effective in 

visualising changes in adipose tissue in later stages of lymphoedema (10). 

2.2.2 Lymphatic vessel imaging with contrast fluid 

The following paragraphs describe how contrast imaging techniques provide accurate 

information on lymphatic vessel and valve morphology, and lymphatic system functioning. 

 Blue dye  

Sentinel lymph nodes (SLNs) and cutaneous lymph vessels can be visualised with an 

intradermal or subdermal injection of a blue dye, such as Evans blue, Patent blue (Isosulfan 

blue), methylene blue or a combination (11). Inspection can be visual using the naked eye or 

with microscopy. 

 

 



CHAPTER 2 

32 

 Micro-lymphangiography and X-ray 

To assess dermal lymph capillaries, a fluorescein-labelled human albumin or fluorescein 

isothiocynate-dextran is injected intradermally. This technique allows only a small field of 

view (approximately 1 cm2) and is limited to the lymphatic capillaries (12). 

 Indirect lymphography and X-ray 

This technique involves intradermal injection of a radiopaque oily contrast agent in the skin, 

with this then detected with multiple X-ray images. It is similar to direct lymphography (see 

below) except there is no need to cannulate the lymphatic vessel (13). This procedure is 

relatively invasive and is no longer a preferred method for lymphatic imaging in humans. 

 Direct lymphography and X-ray 

After identifying the lymphatic vessels through the skin by using a blue dye injection, a visible 

lymphatic vessel is directly cannulated and injected with an oily contrast agent. Using an X-

ray detection system, an image is formed of the larger lymphatic collectors and lymph nodes. 

Direct lymphography is invasive; in addition, the oily contrast agent has been reported to 

create a risk of embolism. This is no longer a preferred lymphatic imaging method in humans 

(9, 14).  

 Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is applied to image lymphatic vessel malformation, 

tumours related to lymphatic metastasis and enlarged lymph nodes, and to identify the 

location of fluid areas above the superficial tissue. It has a better soft tissue contrast compared 

to CT or ultrasound. A low molecular weight Gadolinium/Gadoteridol or iron-based contrast 

agent is administered intravenously. The small size of the particles allow for cross capillary 

transport and localise into lymph nodes (15,17). 
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 Magnetic resonance lymphangiography (MRL)  

Magnetic resonance lymphangiography (MRL) operates in the same way as MRI but can be 

used for three-dimensional lymphatic imaging and for sequentially imaging at high spatial 

resolution. This scan also uses a Gadoteridol-based contrast agent which is administered 

intracutaneously in the digital webspace of the foot or hand (16, 17). 

 Lymphoscintigraphy  

Lymphoscintography is the most-frequently reported diagnostic tool for exploring lymphatic 

functioning of the larger lymphatic collectors and lymph nodes, including sentinel lymph 

nodes (SLNs) (9). The patient is injected in the webspace between the toes or fingers with a 

radioactive technetium bound to sulphur colloid or albumin. This contrast agent has been 

developed exclusively for lymphatic imaging. These radio-labelled particles of proteins are 

detected by a gamma camera which, by tracking these particles in the lymphatics, can give 

an indication of vessel morphology (18) . 

 Near-infrared (NIR) lymphatic imaging with indocyanine green (ICG) 

Indocyanine green (ICG) was originally proposed as a real-time lymphatic imaging dye for 

the detection of SLNs in breast cancer-related lymph node biopsy (19). Given its ease of 

reconstitution, that its administration requires only a small quantity applied intradermally, 

and its low toxicity, further exploration of ICG has been rapidly undertaken regarding its use 

for real-time superficial lymphatic vessel imaging through the skin. Possible uses have 

included investigation of lymphatic anatomy and lymphatic pathologies such as 

lymphoedema. ICG imaging in human subjects with lymphoedema was first described by 

Unno et al. in 2007 (20). It was also investigated for the measurement of lymph velocities in 

porcine models by tracking the ICG bolus travelling upwards within the lymphatic vessel (21). 

Research in human subjects continued when ICG transit time between the point of injection, 
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the knee crease and groin was proposed as an assessment of lymphatic vessel functioning 

(22). This research group compared ICG with the ‘gold standard’ of lymphatic imaging, the 

dynamic lymphoscintigram, and concluded that ICG had potential as a novel imaging 

technique for lymphatic imaging.  

2.3 History of indocyanine green (ICG) and near-infrared (NIR) imaging  

Indocyanine green (ICG) is a water-soluble tri-carbonate dye with a molecular weight of 775. 

This dye was first discovered by the Kodak Research Laboratories (Eastman Kodak, 

Rochester, NY, USA) which utilised ICG as a pigment for NIR photography in 1955 (23). ICG, 

amongst other dyes, was introduced to Dr Irwin Fox, a cardiologist at the Mayo Clinic, USA, 

by an Eastman Kodak company official for use in scientific experiments (23). Dr Fox applied 

ICG in in vitro and in vivo physiological experiments related to cardiology. In 1956, ICG was 

officially utilised for medical imaging and it was approved by the Food and Drug 

Administration (FDA) in the USA in that same year (24). Specifically, ICG was approved as 

useful for imaging when administered intravenously to determine cardiac output, as initially 

described by Dr Fox (25). This was followed by applications to determine liver functioning 

(26), and for ophthalmic angiography (27, 28), as well as having several applications in 

general intra-operative angiography, such as neurosurgery, trauma surgery and laparoscopic 

surgery (29). Although Evans blue had been used as a plasma marker since the 1930s, in 1968, 

ICG was proposed for measuring plasma volume. The measurement of plasma volume is 

based on vascular administration of an albumin-binding tracer and monitoring its 

distribution over time (30).  

Since ICG has proven useful for lymphatic imaging, diagnostic proposals have arisen 

regarding its use in the stages of lymphoedema. Yamamoto et al. proposed pattern 

recognition that could be associated with specific stages of lymphoedema in the extremities 

(31). They proposed that dilated vessels could be recognised as a ‘splash pattern’ (Figure 2-1 
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a); dermal backflow as a so-called ‘stardust pattern’ (Figure 2-1 b); and complete impaired 

lymph vessels as a ‘diffuse pattern’ (Figure 2-1 c). To the end of 2015, there have been over 

200 publications regarding ICG application in lymphography, thus attesting to its wide-

ranging use as an imaging modality. 

 

Figure 2-1: Indocyanine green (ICG) pattern in lymphatic impairment based on Yamamoto et al. (28):  ICG lymph 
splash pattern (a); ICG lymph stardust pattern (b);  ICG lymph diffuse pattern (c). 

 

2.3.1 Indocyanine green (ICG) specifications 

Indocyanine green (ICG) is an unstable macro-molecular dye with a plasma half-life of 

approximately 120–250 seconds (30, 32). Owing to its small size (<10 nm), it exhibits fast 

migration and high diffusion properties (33). ICG has sensitivity to photo degradation 

meaning that exposure to environmental factors, especially white and visible light, influence 

its deterioration. ICG in aqueous solution should be stocked in complete or near darkness to 

lessen its deterioration. It binds to proteins and forms aggregates of dye molecules in 

solution, both of which can affect fluorescence (34).  

The intensity and stability of ICG fluorescence change dramatically from weak fluorescence 

on its own to stable fluorescence when it binds to proteins within blood plasma or lymph (34, 

a b c
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35). Research groups have examined strategies to stabilise ICG as it is unstable and aggregates 

in solution (36, 37). Binding ICG to lipids seems to provide the best stability, enhancing 

fluorescence and preventing oxidation (6, 35).  

The ICG absorption peak, at which the fluorophore reaches its excited stage, is 780 nm in 

water and 800 nm in an albumin solution (38). The maximum peak of ICG fluorescence 

emission is at a wavelength of 832 nm, which is just within the NIR range.  

2.3.2 Proteins in lymph 

The stability and intensity of ICG fluorescence depend also on the concentration of protein 

(especially albumin) within the biological tissues. After injection, 95–99% of ICG binds 

immediately (within 1–2 seconds) to albumin, with the remainder binding to globulins, 

apolipoproteins and alpha1-lipoprotein (39). The concentration of interstitial proteins 

available for ICG binding depends on the area of the body and the vascular permeability in 

that area. Lymph consists of albumin, globulins, and lipoproteins which makes it a favourable 

combination of proteins for binding with ICG. Free ICG is then taken up by the parenchymal 

cells in the liver and transported completely (99%) into bile by the toxin-binding properties 

of the glutathione S-transferase enzymes (Figure 2-2). This is reported to be within 0.5–2 

hours of the administration of the intravenous injection (dose-dependent). ICG is not 

metabolised, nor excreted by the kidneys nor reabsorbed through the enteroenteric 

circulation (39, 40). 

2.3.3 Allergic reactions and reported adverse events 

Overall, allergic and adverse reactions to ICG are rare and, if apparent, occur after intravenous 

administration rather than with intradermal injection. ICG consists of monosodium salt. 

There is a warning that the iodides within ICG could potentially cause an adverse allergic 

reaction. However, the level of iodides within ICG is negligible and comparable to the level 

of iodide intake that we encounter in our daily lives (41). Despite this, patients with thyroid 
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dysfunction are unable to process iodide normally and will be at a higher risk of an adverse 

reaction to ICG. Patients who suffer from an overactive thyroid or from benign tumours of 

the thyroid could be at risk of an adverse response (40).  

 

Figure 2-2: Example of ICG elimination process (from left to right). 

 

Sriganesh et al. reported that, in one surgical case of a 42-year-old female operated on for a 

basilar aneurysm, there was a reduction in the blood oxygen saturation reading from 99% to 

96% and another drop to 94% during the procedure. This was based on a intravenous 

administration of the standard dose of 0.26mg / Kg. Although only one case is described in 

their study, additional similar cases are mentioned but further details are not provided (42). 

Gashev et al. reported uncontrollable contractility induced by ICG. They isolated and 

cannulated mesenteric lymphatic vessels and administered non-irradiated ICG to a small 

number of these vessels with unknown controls, and warned of altered lymphatic function 

with ICG usage (43). Due to only this single study mentioning contractility issues in an 

apparently small number of animals and the nature of the experiment, it is likely that this 

finding is not translatable to human experiments.  

A comprehensive review published by Marshall et al. in 2010 concluded that the incidence of 

mild adverse reactions was 0.05%, with an incidence of 0.05% for severe adverse reactions 
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and no deaths reported after 1,923 procedures. In another study reported in that review, the 

ICG administration for angiography resulted in adverse events in 0.07% of 2,820 patients 

(44). Further adverse events reported are related to intravenous administration of larger 

doses of ICG, or relate to patients with existing comorbidities, high-risk surgeries such as 

open heart surgery or aneurysm-related interventions with ICG (44).  

2.3.4 Reconstitution and quantity of indocyanine green (ICG) 

The quantity of ICG dye needed to bind to albumin and excite fluorescence is dependent on 

the nature of the diagnostic test. For tests related to blood flow, the quantity is standardised 

at 5 mg per kg weight of the patient. For lymphatic imaging, currently there is no consensus: 

generally, a small quantity, approximately 0.1 mL to 0.2 mL, of manufacturer-recommended 

solution (25 mg/5 mL–5 mg/1 mL) is administered in the tissue spaces (intradermally or 

subcutaneously). Marshall et al. reported eight clinical studies that administered between 

0.00031 mg and 15 mg of ICG intradermally for lymphatic imaging. This same review reports 

another 10 clinical studies that administered between 1.5 mg and 25 mg reconstituted ICG 

subcutaneously for lymphatic imaging (44). Studies on ICG have used a large range of ICG 

volume and concentration, with no consistent ICG quantity apparently recommended for 

lymphatic imaging. 

The injection dose seems to be dependent on the choice of injection syringe and method of 

injection, that is, intradermal versus subcutaneous. Intradermal injection allows the syringe 

to be on a 10° to 15° angle which can cause some back pressure due to the density of the 

dermal tissues. Therefore, administration of the contrast agent must be slow, based on 

perceived resistance from the tissue, with the volume limited to approximately 0.1 mL.  

Subcutaneous injection of ICG means that it penetrates the epidermis and the dermis, and 

enters the subdermal or subcutaneous tissue. In this case, the syringe can be angled at 45° 

and, as the tissue is less dense, it is much easier to inject a contrast agent. A larger quantity 
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can be injected as there is lower resistance. However, should the subcutaneous injection be 

too deep, the ICG is likely to be absorbed by the larger lymphatic collectors. Then, if the ICG 

is visible at all, it will present a blurry and diffuse image of the lymph vessel. This is due to 

the penetration depth limitations of the NIR imaging system and excitation light. The 

injection method applied for ICG lymphography is therefore critical, as it affects the quality 

of the image.  

2.3.5 The principle of ICG fluorescence imaging  

The wavelength of the emitted fluorescence of ICG in biological tissues is not within visible 

light. To observe structures with ICG requires an imaging system, an excitation light source 

and an imaging camera with a specific filter that is suitable for detecting the emitted 

fluorescence. Both excitation and fluorescence light are within the NIR range where light 

absorption by haemoglobin (and water) is small; therefore, light can travel quite long 

distances (Figure 2-3). The NIR range also results in less likely scattering from the skin 

surface, minimal absorption and good penetration (2). 

 

 

Figure 2-3: Indocyanine green (ICG) wavelength and excitation wavelength (1).  
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The energy needed for the fluorophore ICG to absorb and emit fluorescence is between 

wavelengths of 760 nm and 785 nm (Figure 2-4). This depends on the binding properties as 

binding to plasma proteins can increase the absorption spectrum by 25 nm (34). ICG will 

reach its excited state and will fluoresce from approximately 805 nm to a maximum peak of 

832 nm. To isolate the fluorescence emission of a single fluorophore, such as ICG, a 

photosensitive detector and a filter are needed to provide real-time imaging of fluorescence. 

The ideal filter for the single fluorophore isolation is a long-pass filter of the right 

wavelengths: the ideal detector device is one that can visualise in the NIR range in order to 

record emitted photons. 

ICG fluorescence emission will be activated by an excitation light source, projected on the 

area of interest, which can be laser or high powered light emitting diodes (LEDs). Using a 

light source with narrow spectrum, such as laser, there is no need for excitation filter. This is 

different when using LED light as this is usually a bell shaped spectrum.  The tissue absorbs 

the excitation wavelength and emits fluorescence of the injected substance. When ICG emits 

fluorescence it can only be detected by a camera within the NIR range through an appropriate 

filter. This filter will ensure the excitation light scatter or other unwanted wavelengths is 

blocked from the detection camera.  This ensures a maximum fluorescence detection and 

recording, and minimum excitation leakage (29).  

2.3.6 Custom-made imaging camera 

Commercially available imaging devices are costly and difficult to source in Australia. As the 

specifications and requirements for this type of system were clear from the literature, it was 

proposed that a camera system be developed with the Biomedical Engineering team at 

Flinders Medical Centre, South Australia.  

Previously published details of custom-made cameras related to lymphatic imaging were 

sought and are summarised in Table 2-1. 
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Figure 2-4: ICG fluorescence process. Exiting excitation light source onto the area of interest (tissue), ICG will be 
activated and emit fluorescence, this will be filtered and detected by the imaging or detection camera. Modified from 
original image by Jacob et al (2007) (30). 

The image system was designed to excite ICG with a fixed bandwidth high power excitation 

light source (700–830 nm), and to record a real-time video of the resulting fluorescence 

(760–870 nm; NIR spectrum) as the dye travelled through the lymphatic system. 

To select the correct excitation light, in terms of its wavelength and power properties, a 

comparison was made between a powerful LED and a laser torch originally designed to be 

used on a hunting rifle. The sourced LED was outside the required wavelength and too weak 

in intensity for ICG excitation. Therefore, the decision was made to proceed with the laser 

torch (Yukon Optics, L-808S IR, with a middle peak of 789 nm). 
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Further testing of the L-808S IR laser torch was conducted to explore any effects from the 

transmission of laser through different materials (Figure 2-5). No deviation from the peak 

excitation intensity was visible, and the L-808S IR laser torch was deemed suitable for further 

exploration.  

Table 2-1: Published custom-made imaging devices related to lymphatics. CCD = charge-coupled device; SLN = 
sentinel lymph node. 

Reference 
Camera 

specifications 
Excitation light 

source 
Experiment 

Kitai et al. (19) 
CCD, Prototype 

Hamamatsu 
LED 

Human, SLN 
detection 

Tanaka et al. (45) 
NIR CCD, 

Prototype FLARE 
LED 

Human, SLN 
detection 

Sevick-Muraca et al. (21) Intensified CCD Laser 
Human, SLN 
detection and 

lymphatic mapping 

Weiler et al. (46) CCD Laser 
Tissue phantom and 
animal. Lymphatic 

vessel 

Behm (2) CCD Laser Tissue phantom 

Hirche et al. (47) 
CCD, Prototype 

Fluobeam 
Laser 

Animal model, 
lymph nodes 
detection and 
lymph vessel 

imaging 

 

2.3.7 Camera and filter specifications 

For the detector in this system, a security video camera was used. The camera contained a 

charge-coupled device (CCD). The CCD contained an array of photosensitive capacitors and 

was sensitive from the visible to NIR regions of the electromagnetic spectrum. An aspherical 

infrared (IR) varifocal lens was used to focus the incoming light onto the detector array, with 

a long-pass filter used to select the peak emission and avoid flooding of the detector. 
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A precision long-pass 850 nm 12.5 mm filter (Edmund Optics) was inserted between the CCD 

camera and the lens. 

 

Figure 2-5: Different materials tested for laser penetration. Top glass vial with white lid, bottom plastic vial labelled 
with yellow lid. 

 

2.3.8 Initial in vitro testing for fluorescence  

Initial testing was performed to ensure that the custom-made device was detecting the 

fluorescence and did not receive interference from the excitation light, thus proving that the 

filters were working correctly. A few drops of reconstituted ICG were administered to full-
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cream milk (chosen for its protein content) so the ICG could bind and emit fluorescence. 

Then, the milk with fluorescence was placed in several vials and, to mimic a linear lymphatic 

vessel, in a silicone tube. The tube was covered with one to several layers of 5 mm thickness 

silicone bandage to mimic penetration through skin and to detect scattering (Figure 2-6 a). 

The intensity was evident, thus concluding that the correct laser excitation wavelength and 

strength were being used, and that the filter and camera system were able to detect 

fluorescence without adverse interference from the excitation light source (Figure 2-6 b).  

Further fluorescence testing was performed with four one-way rubber sealed vials of 6 mL of 

expired human plasma samples. Injection through the seal with three drops of reconstituted 

ICG (PULSION Medical Systems: 1 mg/1 mL) showed immediate fluorescence. 

 

Figure 2-6: Camera set up and tube covered with silicone (a). Injection of ICG activated with milk into the tube (b). 

 

These tests proved the effectiveness of the laser and the capacity of the camera: steps were 

taken to enhance the fluorescence intensity by adding more laser torches and developing a 

more comprehensive imaging system. 

The complete low cost custom-made pilot imaging system consisted of an image head, 

positioning frame, trolley and laptop computer with video capture software (Figure 2-7).  The 

total costs of materials are specified in Appendix A 

 

a b 
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The image head consists of: 

 Video camera  

 Aspherical IR varifocal lens mounted on the camera  

 Long-pass filter with custom mounting  

 Four laser diode torches  

 Controlled white light source.  

 

Figure 2-7: Close-up of camera imaging head and the whole imaging system set-up 

 

2.3.9 Ex vivo experiment (porcine model) 

To test the visibility, intensity and penetration of fluorescence through skin, this study used 

four porcine hind legs and two ears sourced from the large animal research facility of the 

South Australian Health and Medical Research Institute (SAHMRI), Gilles Plains, South 

Australia.  
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On separate occasions, two similar 12-week-old and 40 kg porcines were injected with 

25,000 units of heparin and ketamine four minutes prior to culling. The heparin and 

ketamine allowed the remaining fluid and tissue to remain relatively soft and stable for 

approximately four hours. 

In the Animal House facility of Flinders University’s School of Medicine, the porcine hind 

legs were injected intradermally between the hooves with reconstituted ICG (PULSION 

Medical Systems: 1 mg/1 mL), 0.5 mL in volume, with an insulin syringe. During operation of 

the ICG fluorescence lymphatic vessel imager, all external light sources were switched off to 

avoid flooding the detector and to avoid interference in the captured images. A controlled 

white light source was used intermittently, providing gentle illumination in the area of 

interest prior to and during imaging, to visualise the outline of the porcine leg without 

flooding the detector and corrupting the resultant image. 

 

Figure 2-8: Porcine tissue testing with white light and without white light. 

 

Manual manipulations mimicking manual lymphatic drainage, including moving the skin 

and the joints, were needed to gently push the ICG through the lymphatic vessels. After 

manipulation, the image system was positioned 300 mm away from the site of interest, the 
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imager’s excitation lasers were energised and images of fluorescing dye were recorded for 20–

30 minutes. ICG fluorescence was detected and recorded immediately at the injection site, 

while fluorescence was detected and recorded in superficial lymph vessels two minutes post-

ICG injection. After imaging of the porcine leg, skin and tissue were removed (~0.5cm 

thickness) of a specific area of interest with clear lymph vessels (Figure 2-8). This was to 

explore if any more, somewhat deeper, lymphatics were visible after removing tissue.  But 

this was not the case, and resulted in areas of ICG fluorescence caused by contamination, 

however the lymph vessels in the extracted tissue remained intact.  

2.3.10 Further developments of the lymphatic vessel imaging system 

The amount of excitation light was increased by attaching four more laser torches to the 

image head. The image head was mounted on an adjustable positioning frame which allowed 

it to be moved in three planes during the imaging procedure: distal to proximal (along the 

length of the leg), laterally (across the leg and between left and right legs), as well as up and 

down (for focusing). This allowed the image head to be positioned in the start position and 

for it to move smoothly when tracking the uptake and fluorescence of the dye travelling in 

the lymphatics of the lower leg. The complete system was mounted on a trolley to ease its 

transportation to, and positioning within, the research space (Figure 2-9). 
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Figure 2-9: Image head with eight laser torches and the imaging system set-up. 

2.4 Discussion  

The ICG fluorescence vessel imager used laser diodes to excite ICG and induce fluorescence as 

they provide a narrowband light source. While a similar result could be achieved with a wide- 

band light source and narrowband filter (general approach to fluorescence imaging before 

LEDs and laser diodes became commonplace), laser diodes represented a simpler and 

cheaper option with low energy and heat dissipation requirements. Due to the use of 

narrowband light sources in the design of the ICG imager, a need for background lighting to 

identify the outline of limbs and location of fluorescence was required. The controlled white 

light source was used for this purpose.  

2.5 Chapter conclusions 

The detection of fluorescence from superficial lymph vessels within 2 min of dye injection 

into porcine legs indicated that laser diode flashlights can generate excitation light with 

sufficient intensity for fluorescence imaging applications, and a video camera can capture the 

fluorescence to produce suitable images to map lymphatic pathways.  
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The development of this custom made system allowed ICG imaging to be accessible. As costs 

drop, technology improves and ICG imaging is accepted as a diagnostic aid, commercial 

systems are anticipated to become more accessible to more laboratories and clinics. 
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CHAPTER 3  
Real-time lymphatic imaging in mice 

The development of the custom made ICG imaging system, as described in Chapter 2: Imaging 

the lymphatic system, enables studies into the functional lymphatic system of humans and 

animals. This Chapter will explore lymphatic functional imaging in small animals (Gata2 

heterozygous and wildtype mice). This provided information about the use of ICG imaging 

in small laboratory animals, including lymph vessel pulsation rates, and flow rates into the 

popliteal lymph node.  

3.1 Background lymphangiogenesis 

The origins of and mechanisms regulating lymphatic vessel growth and development, or 

lymphangiogenesis, have been of interest for many decades. It is important to explore the 

cellular, molecular and genetic mechanisms underlying lymphangiogenesis in order to 

understand how the lymphatic vasculature is “built” during development and also to gain 

insight to how lymphangiogenesis is disrupted in lymphovascular disorders.   

Lymphatic vessels sprout from the lymph hearts or sacs. This was first described by Florence 

Sabin as early as 1902 in pig embryos, and more recently confirmed by Wigle and Oliver in 

1999 (1, 2).  Sabin showed that lymphatics originate by budding from the cardinal vein, 

continue to develop as lymph sacs and sprout in the periphery to form the lymphatic plexus 

(1-4). It is now clear with advances in research that development of the vascular and 

lymphatic system are separate and independent processes (1, 4). However, if the blood 

vascular system does not develop, the lymphatic system cannot develop either, so the systems 

are interdependent (5).  

Several transcription factors play key roles in regulating lymphatic development and 

differentiating lymphatic endothelial cells (LEC) from blood endothelial cells (BEC) (6).  One 
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important transcription factor, GATA binding protein 2 (Gata2), has recently been found to 

be critical in the initiation of lymphatic vessels and particularly lymphatic valve formation 

where the Gata2 presence is measured in high levels (7). Initial studies documented Gata2 

mRNA levels to be elevated almost 10 fold in LECs compared with the BECs in endothelial 

cells isolated from the skin of embryonic mice and found that Gata2 protein was present at 

high levels in the endothelial cells that comprise lymphatic vessel valves (7). In mice with 

selective deletion of Gata2 in lymphatic endothelium, blood was found within the lymphatic 

vasculature, suggesting that lymphvenous valve formation was impaired. Lymphatic vessel 

valve development was also impaired in these mice; a detailed investigation of mutant mice 

revealed that Gata2 is required for the initiation of lymphatic vessel valve development and 

for the maintenance of lymphatic vessel valve architecture and function (7). Emphasising the 

importance of Gata2 in the lymphatic vasculature, heterozygous germline mutations in Gata2 

were recently found to underlie a human primary lymphoedema syndrome known as 

Emberger Syndrome, characterised by lymphoedema and predisposition to myelodysplasia 

and acute myeloid leukaemia (7, 8) .  

3.2 Gata2 heterozygous mice 

The discovery of the importance of Gata2 in the lymphatic vasculature and in particular, in 

valve development and function has been a large part of recent work by Professor Natasha 

Harvey and her team at the Lymphatic Development Laboratory, University of South 

Australia & SA Pathology. In order to define the roles of Gata2 in lymphangiogenesis, the 

Lymphatic Development Laboratory developed a Gata2 mutant mouse model.  While 

deletion of both copies of the Gata2 gene results in embryonic lethality, heterozygous Gata2 

mice survive to adulthood, similarly to patients with heterozygous Gata2 mutations. Here, 

we have utilised heterozygous Gata2 mice as a model to investigate the consequences of 

Gata2 loss of function on lymphatic vascular transport. 
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3.3 Imaging lymphatic vessel function in Gata2 heterozygous mice 

Imaging lymphatic vessel morphology during embryonic development and in adult mice 

provides invaluable information regarding the structure of the lymphatic vasculature, but 

does not provide a measure of lymphatic vessel function. Acquiring images of the functioning 

of lymphatic vessels in Gata2 mutant mice would dramatically increase the understanding of 

how structural abnormalities impact on lymphatic vessel function and provide insight to 

features such as stagnating lymphatic flow, backflow of lymph due to dysfunctioning valves 

and the presence of subclinical lymphoedema. A comparison of imaging data between Gata2 

heterozygotes and normal wildtype mice will improve our understanding of early stage 

lymphatic vessel failure and its patterns, which could be translated to human disease. 

Lymphatic vessel transport function is currently investigated by imaging the transport of 

Evans Blue dye through the lymphatic vasculature to the thoracic duct. Approximately 10 

microliters of Evans Blue is injected sub dermally into the footpad of both hind paws of 

anaesthetised mice. The injected mouse is humanely killed with CO2 15 minutes post Evans 

Blue injection. The mouse is then carefully dissected to follow the passage of Evans Blue dye 

from the injection site via lymphatic vessels to local draining lymph nodes (Figure 3-6 a). 

Extreme care is taken not to damage the fragile lymphatic vessels during dissection to allow 

an accurate image of the status of the lymphatic vessels and their overall morphology. Studies 

undertaken by the Lymphatic Development Laboratory in Gata2 heterozygous mice to date 

have revealed that the thoracic ducts of these mice appear distended compared to their wild-

type counterparts and that in some cases, the transport of Evans Blue dye to the thoracic duct 

appeared to be delayed (Figure 3-6 b) (7). Though informative, these studies do not provide 

a quantitative readout of lymphatic vessel function in real time. The goal of this study was to 

investigate the use of Indocyanine Green (ICG) for less invasive, real time lymphatic imaging 

of lymphatic vessel transport function in mice. 
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3.4 Indocyanine green imaging in mice 

A few recent studies have reported successful use of ICG in small animals to image real time 

lymphatic functioning after traumatic injuries or lymph node dissection, sentinel lymph node 

biopsies and cancer metastasis (9, 10). In the study by Burretta et al. (2013) imaging of the 

lymphatic system in pre- and post-surgical setting provide real-time imaging information of 

the lymphatic system response to surgery. Buretta et al. confirmed ICG is an effective, 

clinically translatable imaging modality for lymphatics (9). Proulx et al. bound ICG to lipids 

to increase its fluorescence intensity and administered this to vascular endothelial growth 

a 

b 

Thoracic Duct 

Figure 3-1: Evans Blue lymphatic vessel and popliteal lymph node right hind 
paw(a). Evans Blue in the thoracic duct (b). 
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factor (VEGF) -C overexpressed tumor bearing mice to image the lymphatic system with 

success (11). The ICG binding to lipids enhanced the fluorescence intensity and visibility of 

lymphatic vessels and nodes in deeper tissues. The mice images were analysed based on 

quantifying dynamic flow through signal intensity in the popliteal lymph node versus time, 

which was found to be high in tumor bearing mice compared to non-tumor-bearing mice (11). 

By imaging the functioning of lymphatic vessels in Gata2 mutant mice, we aimed to gain 

insight into features such as stagnating lymphatic flow, defective lymphatic vessel 

morphology and subclinical lymphoedema development that would increase our knowledge 

of the impact that structural defects of the lymphatic vasculature have on lymphatic vessel 

transport.  

3.4.1 Objective 

In collaboration with the Lymphatic Development Laboratory, I aimed to investigate 

lymphatic vessel transport in Gata2 heterozygous compared to wild-type mice by:  

1) Measuring the speed of ICG uptake up to the popliteal lymph node following footpad 

injection. 

2) Developing a method to analyse lymphatic vessel pumping efficiency. 

3.5 Methods: Lymphatic imaging method experiment one 

Experiment one: 

In this series of experiments, I used an IVIS® Lumina XRMS Series III Multi-species Optical 

and X-Ray Imaging System (PerkinElmer Health Sciences, USA) located at Adelaide 

Microscopy, University of Adelaide. This imaging device is used for in vivo bioluminescence 

and fluorescence imaging techniques and we sought to determine its usefulness of lymphatic 

vessel tracing with ICG. 
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All mice were housed at the SA Pathology Animal Care Facility, Adelaide. All experiments 

using mice were approved and conducted in accordance with the SA Pathology/CALHN 

Animal Ethics Committee and Australian National Health and Medical Research Council 

(NHMRC) guidelines. One Gata2 heterozygous male and 2 litter mate controls, one male and 

one female, at 6 months of age were used for the first pilot of lymphatic imaging. One mouse 

at a time was anaesthetised with isoflurane in oxygen inhalation in an induction chamber and 

shaved of its fur of both hind limbs and iliac region, as dark fur reduces the detection of 

emitted fluorescence. Nair™ hair removal cream was then applied and washed off within 20 

seconds with lukewarm water. The mouse was transported across the road to Adelaide 

University Microscopy Department according to GMO transportation guidelines.  

IR-125 Laser Grade, Acros Organics Indocyanine green (Thermo Fisher Scientific, USA) was 

resuspended in sterile non-pyrogenic water at a concentration of 2.3mg/ml. This was allowed 

to dissolve by gently rotating the tube (foil-covered) for 20 minutes at room temperature. 10 

microliters of reconstituted ICG was injected into both footpads with a 31 gauge syringe. The 

imaging was performed with the IVIS Lumina imaging system. The imaging parameters were 

set at default for ICG imaging. Briefly, this involved an excitation filter of 780nm, an emission 

filter 845nm and serial imaging with “no delay’ meaning an exposure time of 0.5 seconds. 

Other settings were high sensitivity setting for the camera lens aperture (setting F=2) which 

controls amount of light and depth of field in order to obtain the optimum fluorescence 

intensity. A medium binning setting was selected by default which is the control of pixel size 

on the camera. We used a field of view set for 10cm X 10cm which would include visibility of 

the whole mouse excluding its tail. The region of interest was the popliteal lymph node of 

both hind paws. Following imaging of lymphatic transport through the popliteal node, the 

mice were humanely killed and their carcasses disposed of according to GMO guidelines.  

Post image processing was performed with Living Image® Software 4.4. 
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3.6 Results: lymphatic imaging experiment one 

The acquired images from the IVIS device showed effective transport of ICG fluorescence 

from the injection site into the popliteal lymph node in 2 out of the 3 imaged mice (Figure 

3-2 a-b). The injection in the footpad was placed whilst the mouse was in the IVIS chamber. 

However, the delay between injection and starting the device before first measurement was 

between 30 seconds to 2 minutes causing unreliable data starting time points.  Calculating 

the time versus ICG uptake up to popliteal lymph node would be unreliable given this delay. 

Post processing of images proved to be difficult as the resolution of the camera was not 

sufficient for adequate visualisation of lymphatic vessels in detail and in real-time. 

a 

Popliteal  lymph node 

b 

Foot pad injection site 

Retro-peritoneal lymph node 

Figure 3-2: Position of the mouse in the IVIS and lymphatic transport of ICG from 
footpad to popliteal lymph node (a). Enlarged image with injection site, lymphatic 
vessel and peritoneal lymph node visible (b). 
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To extract quantifiable data, such as photons per second and total radiance efficiency 

(µW/cm2), a grid was superimposed on the images. Data acquired could not be compared 

with any other published lymphatic flow measurement due to the poor spatial resolution, 

and was deemed be unsuitable for analysis of lymphatic flow. Fluorescence intensity 

measurement on its own should be interpreted with care given any fluorescence backscatter 

or absorption could potentially result in false positive reading of forward flow or backward 

flow. Further imaging with the IVIS machine for this purpose of lymphatic vessel tracking 

and popliteal lymph node visualisation was therefore abandoned.   

3.7 Methods: Lymphatic Imaging experiment two  

A custom made near-infrared imaging camera (details Chapter 2) was modified to suit the 

needs for imaging small animals. Briefly it consisted of a security detection camera (CCD), 

with an 850 nm long-pass filter used to select the peak emission and avoid flooding of the 

detector. Eight excitation lasers of 780 nm wavelength each were angled on a custom made 

frame so they formed a homogenous excitation source (approximately 20cm from the object) 

(Figure 3-3). 

The excitation lasers were switched on before recording to correctly position them on the 

mouse. Recording on a laptop with VirtualDub software started during the injection process 

and ambient light was switched off.   

14 heterozygous mice (8 males and 6 females), and 9 litter mate controls (4 males and 5 

females), 13 months of age, were used for lymphatic imaging and all experimental analyses 

were performed at the Animal Care Facility, SA Pathology, Adelaide. The appearance of ICG 

fluorescence in the popliteal lymph node was of interest including time from injection to the 

popliteal lymph node. This lymph node is anatomically fairly superficial and more likely to 

be strongly visible. Also the location did not require too much fur to be shaved off the mice. 
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This reduced the risk of hypothermia, overall deterioration whilst under anaesthetic and 

possibly an induced sluggish lymphatic flow. 

 

Figure 3-3: Experimental set up. Excitation class 1 lasers 780nm – 13mW output. CCD camera for capturing and 
laptop for recording with VirtualDub software. 
 

A mouse at the time was anaesthetised with isoflurane inhalation anaesthetics in oxygen in 

an induction chamber and shaved of its fur of the right hind limb and iliac region. Nair™ hair 

removal cream was applied and washed off within 20 seconds with lukewarm water.  The 

mouse was transported to a heat pad and placed on its ventral side with its nose in a nose 

cone with a continuous flow of isoflurane in oxygen.  The mouse was placed in position for 

concentration of excitation light on the area of interest and within field of view of a custom 

made imaging camera system. Both hind limbs were taped to the underlying protection pad 

 Excitation laser 

Camera  
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with slight tension but no pressure on the foot and the footpad was slightly turned so it was 

facing up. Following imaging of lymphatic transport, the mice were humanely killed and their 

carcasses disposed of according to GMO guidelines. 

IR-125 Laser Grade, Acros Organics Indocyanine green (Thermo Fisher Scientific, USA) was 

resuspended in sterile non-pyrogenic water at a concentration of 2.3mg/ml. This was allowed 

to dissolve by gently rotating the tube (foil-covered) for 20 minutes at room temperature. 10 

microliters of reconstituted ICG was injected in the right footpad with a 31 gauge syringe.  

The injection site was covered with aluminium foil to minimise the fluorescence intensity 

bias of the injection site.  

Videos of all mice were reviewed by 3 independent reviewers with the interest focussed on 

time from injection to visibility of the popliteal lymph node in seconds. The reviewers were 

blind to mouse id or details of mutation or wildtype. Data was transcribed in Excel and 

plotted in MATLAB.  

A virtual stack of still TIF images for post processing was completed with ImageJ (1.49v, 

http://rsb.info.nih.gov/ij/,NIH, USA) and implementation with kymograph analysis that 

represents a dynamic process in a single image. Utilising the kymograph analysis approach 

has been published previously in other research settings where kymographic analysis of video 

sequences were used to form a spatio-temporal image (12, 13). The most visible lymphatic 

vessel linking to the popliteal lymph node was tracked with a 10 pixel segmented line (dotted 

yellow line (Figure 3-4 right). A kymograph slice was extracted and the line of the 

fluorescence intensity change was selected within a 10-pixel wide segmented line to obtain 

the lymph node relative saturation over time (Figure 3-4 bottom left). The diagonal white 

lines in the Kymograph slice representing vessel pulsation were also selected with a 10-pixel 

wide segmented line to obtain the lymph vessel pulsation (Figure 3-4 top left). 

http://rsb.info.nih.gov/ij/,NIH
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The values of the pulsation and saturation graphs were extracted and post processed with 

MATLAB Software 2015b.  A MATLAB code was written to identify the slope and therefore 

the rate of uptake of ICG within the popliteal lymph node and to identify the most dominant 

peak in the vessel pulsation. The data was subjected to a fast Fourier transform, which 

decomposes a signal into frequencies, using Welch’s power spectral density estimate to 

obtain the dominant pulsation frequency. A paired T-Test was applied to assess statistical 

significance between wildtype and Gata2 heterozygous mice.   The significance level was set 

at 5% (α = 0.05). 

 

Figure 3-4: Kymograph analysis. 

 

3.8 Results: Lymphatic imaging experiment two 

In comparison to wildtype mice, Gata2 heterozygous mice showed a variety of lymphatic 

vessel abnormalities. Abnormalities observed included enlarged popliteal lymph nodes, 

enlarged lymphatic vessels and lymphatic pooling (Figure 3-5). In addition, one Gata2 

heterozygous mice, out of 14, had no demonstrable ICG uptake in the popliteal lymph node. 

Lymph node saturation rate 

Lymph vessel pulsation rate 

Kymograph
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Another Gata2 mouse could not be analysed due to dark skin pigmentation in the popliteal 

node area. Two wildtype mice, out of 9, showed additional small lymph nodes in the hind 

limb close to the injection site.  

The three independent reviewers showed differences in the estimated time of ICG uptake and 

popliteal lymph node ICG fluorescence.  Specifically, in mice id 124-127-132-134, all Gata2 

heterozygous mice, (Figure 3-6) it was seen that the reviewers have observational 

discrepancies of more than a minute. This could be explained by the comments given by the 

reviewers that the lymph vessels and lymph node was either “faint”, “blurry”, and/or 

“nondescript”.  

Wildtype #128 Wildtype #143Wildtype #134

Heterozygous #126 Heterozygous #130 Heterozygous #139

a b c

d fe

Wildtype #135

Figure 3-5: a – Heterozygous mouse; arrow shows triangle shaped lymph node. b- Heterozygous mouse; 
arrow shows diffuse ICG pattern proximal from injection site. Note this is contained ICG and not back 
scatter as seen in image d. c- Heterozygous mouse; arrow shows enlarged lymph vessel. d- Wildtype 
mouse; arrow shows background scatter from intense ICG near the injection site, normal appearing lymph 
vessel. Note difference with image b. e- Wildtype mouse with normal appearing lymph vessels pattern. f- 
Wildtype mouse with normal appearing lymph vessels. 
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Figure 3-6: Three independent reviewers observation on time of popliteal lymph node appearing in 
wildtype (top)(n=9) and Gata2 mice (bottom) (n=12). Two Gata2 mice omitted due to no lymph 
node visible and dark skin pigmentation.  
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3.8.1 Results: Lymph node relative saturation  

The rate of uptake, observed as an increase in pixel luminous intensity (fluorescence 

intensity) is normalised with minimum and maximum intensity, the value of 1 set as the 

maximum relative fluorescence intensity (Figure 3-7, 3-8). Two Gata2 mutant mice did not 

show lymph node fluorescence and were therefore excluded from this analysis. This was due 

to very dark skin pigmentation on the area of popliteal node rather than no lymphatic uptake. 

To smooth the data to reduce the background noise an 8th order polynomial has been fitted. 

Injections occurred whilst the recording started, however movement caused by injection, and 

the light needed to inject interfered with the start of the image caption. This caused 

uncertainty of determining the exact time of ICG injection, therefore the total time for a 

lymph node to become fully saturated could not be estimated accurately. However, by taking 

the derivative, the maximum saturation rate for each mouse can be determined as shown in 

figure 3.9 and 3.10. This may provide a good indication of the rate of influx into the lymph 

node. 

Figure 3-7: Normalised lymph node saturation rate for Gata2 mutant mice (n=12). Lines represent mouse id. 
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Figure 3-8: Normalised lymph node saturation rate for wildtype mice (n=9). Lines represent mouse id. 

Figure 3-9: Lymph node saturation rate gradient for Gata2 mutant mice (n=12). Lines represent mouse id. 
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The data was subjected to a boxplot analysis and outliers outside of the 1.5 interquartile range 

(IQR) were omitted (14). Of the 12 Gata2 heterozygous mice one outlier was omitted in the 

boxplot (n=11). Out of the 9 wildtype mice one outlier fell out of the 1.5 IQR and was also 

omitted (n=8). The boxplot (Figure 3-11) shows the maximum saturation rate was 61% faster 

in the wildtype compared to the Gata2 heterozygous.  

The median of the maximum relative saturation level of the popliteal lymph node in the 

Gata2 heterozygous mice 0.002568 (IQR 0.00122), and wildtype median 0.0041471 (IQR 

0.006551).  

T-test data showed non-significant difference in lymph node rate of uptake between the 

Gata2 heterozygous mice and wildtype mice (P = 0.207). 

But there were observed abnormalities in the appearance of the lymph node, lymph pooling, 

and the lymphatic vessels in 8 of the 14 Gata2 heterozygous mice with one of those unclear 

lymphatic uptake due to the dark skin pigmentation. One wildtype mice, out of 9, showed 

Figure 3-10: Lymph node saturation rate gradient for wildtype mice (n=9). Lines represent mouse id. 
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extreme fast uptake of ICG in the lymph node, but overall all 9 wildtype mice appeared fairly 

consistent. 

 

3.8.2 Results: Lymph vessel pulsation rate 

The region of interest for detection of pulsation rate was the lymph vessel that linked from 

the injection site to the popliteal lymph node. The data has been subjected to a fast Fourier 

transform using Welch’s power spectral density estimate to obtain the dominant pulsation 

frequency. Figure 3-12 shows a typical power spectral density of the most dominant peak 

(thus pulsation) that was extracted by using Welch’s power spectral density estimate, and 

from this all dominant peaks were plotted (Figure 3-13).  

 

Figure 3-11: Boxplot median of max lymph node saturation rate of Gata2 mice omitted one outlier - id 138 
(n=11),  median 0.002568 (max 0.01618, min 0.00044). Wildtype mice omitted one outlier- id 136 (n=8) 
median 0.0041471 (max 0.048631, min 0.001222). 
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Figure 3-13: Peak finding for lymph vessel pulsation. 

Figure 3-12: Example of power spectral density selecting most dominant pulsation. 
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Under optimal anaesthesia the heart rate is steady between 300 and 450 beats per minute 

(~7 beats per second), and breath rate is set to 55 – 66 breaths per minute (~0.9 per second) 

(15). Therefore, since the dominant frequency was much less than this it could be concluded 

that the detected pulsation is indeed lymphatic vessel pulsation. All Gata2 heterozygous mice 

could be included for the pulsation analysis (n=14), however two samples were omitted as 

they were outside of the 1.5 IQR range (n=12). The median pulsation rate was 0.15 beats per 

second in the Gata2 heterozygous mice (n=12) and 0.20 beats per second in the wildtype 

(n=9) (Figure 3-14). No statistical significant difference in pulsation rate between the Gata2 

heterozygous mice and wildtype mice (t-test, P = 0.133) has been found. 

 

Figure 3-14: Boxplot median lymph vessel pulsation rate (seconds / pulse). Gata2 heterozygous two samples 
omitted (n=12) median 0.14648 (max 0.32227, min 0.058594). Wildtype (n=9) median 0.19531 (max 0.023437, min 
0.068359). 
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3.9 Discussion and study limitations 

In this pilot study, we found a way to visualise lymphatic vessel transport function in real 

time in Gata2 heterozygous mice and their wild-type counterparts using ICG and near-

infrared imaging. Lymphatic imaging in mice gives the researcher a more controlled and 

sensitive option for exploring lymphatic morphology and function in detail. Despite these 

advantages, fluorescence imaging with ICG or any type of fluorescence imaging is 

complicated to quantify. This is due to potential bias caused by scattering of the fluorescence 

emission, absorption and by camera saturation. However, previous attempts have been 

successful in quantifying frequency and velocity of ICG bolus movements and pulse rates over 

time in small animals (11, 16, 17). 

Improved accuracy of detection of pulsation and potentially vessel diameter is still necessary 

to increase our understanding of lymphatic vessel function. A study recently published by 

Chong et al showed a technique with a focus on the lymphatic valves and contractility (18). 

Chong et al showed imaging of the actual lymphatic valves in real-time with a 

stereomicroscope camera. This is a technique we could replicate in the future with 

modification to our custom made imaging system.  

It is known that introducing a tracer will likely change transmural pressure in the mouse and 

this should be noted or adjusted for in the final analysis (18).  A limitation in this experiment 

was that we did not control for the exact quantity and exact pressure of administration of the 

ICG tracer. This could be prevented by introducing an automated infusion pump for the 

injections rather injecting by hand.  

As is seen in the observational reviewers results in this chapter, the subjective value of time 

to fluorescence of the lymph node can vary drastically between observers and conclusions 

should be drawn from such results with absolute care. But, the observed abnormalities in the 

Gata2 heterozygous mice compared to the wildtype mice showed varieties. Four Gata2 
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heterozygous mice showing “faint” appearing of the lymph node (Figure 3-6), one reported 

without ICG uptake at all, and another three with visible abnormalities such as enlarged 

popliteal lymph nodes, enlarged lymphatic vessels and lymphatic pooling (Figure 

3-5).However, this did not appear to affect lymphatic transit time or pulsation rate, since 

there was no significant difference in lymph node saturation time or pulsation rate in the 

Gata2 heterozygous mice versus the wildtype mice. This data was rather variable, perhaps 

due to the biologically variance in the mice, methodological limitations or a combination of 

these.  

Designing a computer generated algorithm to analyse fluorescence data from time to 

injection to area of interest would be more valuable than observational or subjective data. 

Such fluorescence analysis could potentially be with a kymograph approach which has been 

used for quantifying small moving objects in biological research such as in the field of 

neurology (12). Exploring and implementing kymograph analysis showed that such analysis 

is feasible in small laboratory animals.  

The lack of difference in measured lymphatic function between the wildtype and 

heterozygous mice is consistent with the physical appearance of the fairly aged mice (~13 

months old), which showed no visible oedema. Gata2 heterozygous mice did seem to have 

more adipose tissue which may indicate a dysfunction in the lymphatic system leading to 

adipogenesis (19, 20).  

These experiments have demonstrated that ICG imaging gives a good indication of lymphatic 

functioning in real-time in mice.  
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3.10 Chapter conclusions 

Real-time lymphatic imaging with ICG in Gata2 heterozygous mice is an effective and 

informative measurement to enhance our understanding of the consequences of gene 

mutation on lymphatic flow and function.  
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CHAPTER 4  
Human research materials and methods 

To improve our understanding of this peripheral lymph system and its response to injury, a 

trial was conducted with lower limb trauma patients. The lymph flow around the injured and 

reconstructed site, was monitored, together with the effect of the injury on the patients 

wellbeing. The custom made Indocyanine green based lymphatic imaging system, described 

in Chapter 2: Imaging the lymphatic system, was a core component of this trial. This chapter 

describes the materials and methods used to conduct the trial  

4.1 Materials and method of application 

The assessment equipment and study survey materials described in this thesis have been used 

in multiple research protocols and studies conducted within the Lymphoedema Clinical 

Research Unit in the Department of Surgery at Flinders University, South Australia. All 

equipment has been internationally validated with the tools acknowledged as oedema 

assessment tools by the International Society of Lymphology (Arizona, USA) (1).  

The lymphatic imaging camera was designed and built in conjunction with the Biomedical 

Engineering Department at Flinders Medical Centre. The design of the camera was based on 

the imaging requirements of the study and has been validated for: 

 Correct excitation wavelength and intensity 

 Correct fluorescence wavelength and intensity 

 Distance of camera versus object 

 Penetration depth of imaging 

 Optimal field of view. 
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These parameters were compared to the technical specifications for indocyanine green (ICG) 

lymphography as described in the literature (2-5).  

The following sections describe the equipment, the survey instruments, together with their 

use and application in the studies presented in this thesis.  

4.2 Patient surveys and demographic data collection 

The following surveys were administered to gain an understanding of each individual’s 

background, medical history related to the trauma, general health and functioning of the 

lower limb after the trauma.  

 General patient medical history form 

A form was created with questions related to the nature of the trauma, when it occurred, any 

pain they were experiencing and, if so, where and its severity, any medication, and any 

physiotherapy or other treatments related to the trauma. The form also contained questions 

about the individual’s general socio-demographic background (Appendix B). General patient 

information was obtained from the database kept at the Plastic and Reconstructive Surgery 

Department, Royal Adelaide Hospital, South Australia. The nature of the injury, surgical 

intervention, infection and any complications were noted on a generic patient medical 

history form from this database. The medical notes were consulted when additional 

information was needed, such as the duration of vacuum-assisted closure (VAC), the type of 

antibiotics administered or the details of a complication. The medical notes were requested 

with assistance from the Department’s administrative staff and a clinical plastic surgery 

registrar co-investigator. Upon enrolment in the study, participants were asked specific 

questions related to their injury according to the medical history form (Appendix B). 

Additionally, the participant’s height, weight, blood pressure and pulse were also recorded.  
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 General Health Short Survey Form (SF-12) 

The General Health Short Survey Form (SF-12) is used in a variety of settings to measure the 

health status of individuals or a population. The SF-12 is a self-rated and self-administered 

general health questionnaire consisting of 12 questions. The SF-12 has been implemented and 

validated nationally and internationally (6-9). However, only a few outcome studies have 

been published that have applied the SF-12 specifically for lower limb trauma patients (10-

13). One such study by Patel et al. has shown the successful administration of SF-12 to a cohort 

of 36 patients who had undergone reconstructive surgery of their lower extremity (13). 

The questionnaire has two components: the Mental Health Component Summary (MCS) 

score and the Physical Health Component Summary (PCS) score. A licence was obtained from 

QualityMetric™ to use their SF-12 version 1 and QualityMetric Health Outcomes™ Scoring 

Software 4.0 (Appendix C). 

The questions focused on the general health status of the participant. The questions were 

based on how the participant felt over the previous four weeks, and were specifically based 

on general physical performance and also on general mental performance. This questionnaire 

was self-administered on hard copy and later transcribed into Excel format for further 

processing and scoring with the QualityMetric Scoring Software. STATA 12.1 was used for 

statistical T-Test. 

 Lower Extremity Functional Scale (LEFS) 
 

The Lower Extremity Functional Scale (LEFS) is a questionnaire that is designed to focus on 

the functioning of the lower extremities after they have experienced a traumatic or invasive 

event(s). The questionnaire is self-administered and consists of 20 questions. This 

questionnaire has been validated and has also been tested for sensitivity to change compared 

to the General Health Questionnaire (SF-36) and has been deemed superior (14, 15). In this 

20-item questionnaire, the questions focused on the participant’s lower limb functioning. 
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The questionnaire has been successfully applied in previous studies of lower limb trauma 

population. The questions relate to movement restriction in the lower limb following the 

trauma and subsequent reconstruction. Questions cover most aspects of specific movement 

that are part of daily living. This questionnaire was self-administered on a hard copy 

(Appendix D) and later transcribed onto an Excel spreadsheet.  

4.2.1 Patient assessment  

To assess each patient’s general physical details, photographic images of the study and 

control leg, patient’s height, weight and the dimensions of the reconstructed area were 

collected.  

 Clinical photos  

Digital images were taken in 2014 with a Canon SX230 HS compact camera to establish the 

baseline measures. In 2015, the clinical photos were taken with a digital single lens Canon 

EOS camera. Photos of the lower limb were taken from four different angles with the 

participant standing upright when possible. The sides photographed were: anterior both legs, 

lateral side left, lateral side right and posterior both legs.  

 Height and Weight Watchers® Conair™ weight scale 

Height was measured in centimetres with a measuring tape fixed to the wall within the 

research space. Weight was measured in kilograms on a 3V DC battery-operated weight scale 

(Weight Watchers® Conair™ model WW60A). 

 Size of the flap 

The length and width of the reconstructed site were measured in centimetres (1–180 cm) with 

a BSN Medical JOBST® generic measurement tape.  
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The tape was applied across the reconstructed area to measure the size of the reconstructed 

site (the scar area). The measurements recorded were from distal to proximal (in cm), from 

medial to lateral (in cm), and diagonal (in cm).  

4.2.2 Fluid measurement  

The following tools were used to obtain accurate details on the whole limb segmental fluids 

and site-specific fluids, limb volumes and skin integrity.   

 IMP™ SFB7 Bioimpedance Spectroscopy (ImpediMed Ltd, Queensland, Australia) 

Impedance measurements have been used to determine total body water (TBW) since the 

1970s. Bioimpedance has been validated to assess unilateral oedema with almost 100% 

specificity and sensitivity (16). The IMP™ bioimpedance portable measurement tool SFB7 

uses a single-channel, tetra-polar bioimpedance spectroscopy (BIS) approach. It scans 

256 frequencies between 4 kHz and 1000 kHz. The device utilises Cole-Cole modelling with 

the Hanai mixture theory to determine TBW, extracellular fluid (ECF) and intracellular fluid 

(ICF) from impedance data. The fat-free mass (FFM), fat mass (FM) and Body Mass Index 

(BMI) are then calculated based on standard algorithms (17). Disposable pre-gelled 

electrocardiogram (EKG)-style electrodes (ImpediMed Ltd, Queensland, Australia) were used 

to acquire a reading. The electrodes were affixed to the hand, wrist, ankle and foot (using 

standard anatomical locations) and the leads of the device were attached for the 

measurement of each segment. The patient remained in a supine position on a non-

conductive hospital bed during all measurements. 

The measured impedance in ohm (indicated by Z), is related to the volume of conductive 

fluid, total body water (TBW), within the body according to the following relationship: 

 𝑇𝐵𝑊 = ρ 
𝐿2

𝑍
 (4.1) 
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Where ρ is the specific resistivity of body fluids (ohm.cm), L is the distance between 

electrodes and Z is the measured impedance or resistance (ohm).  Consequently, a change in 

the magnitude of Z is inversely proportional change in the volume of TBW.  Impedance of 

body’s tissues is dependent upon the frequency (Hz) of the applied electric current such that 

at low frequency, ideally zero, the current cannot pass across cell membranes which act as 

biological electrical capacitors and, hence, the change in impedance is now inversely 

proportional to the change in extracellular water volume (ECW): 

 𝐸𝐶𝑊 = ρ 
𝐿2

𝑍𝑙𝑜𝑤
 (4.2) 

Were 𝑍𝑙𝑜𝑤 is the impedance measured at a low frequency. Impedance is a vector quantity 

comprising two components: reactance (Xc), the opposition to current flow due to the 

capacitive nature of cell membranes and resistance (R), the opposition to current flow due to 

the inherent resistance of tissue fluids: 

 𝐸𝐶𝑊 = ρ 
𝐿2

𝑅𝑙𝑜𝑤
 (4.3) 

where 𝑅𝑙𝑜𝑤 is the resistance of the extracellular fluid. Lymph is an extracellular fluid; 

lymphoedema, a condition in which lymph fluid accumulates in tissues, elicits an increase in 

ECW that is measured as a decrease in Rlow according to equation 4.3 (18). 

Research software, Impedimed Whole Body Impedance Processing Software version 5.2.2.0, 

was used for data recording, storage and processing. A 12-month follow-up measurement was 

taken, where all segmental measurements were repeated three times and an extra 

measurement was added to obtain specific fluid data of the area below the knee. This was an 

experimental measurement to investigate the presence of extracellular fluid within the 

reconstructed area only. This required the placement of one extra disposable electrode under 

the knee. For accuracy of the measurement outcome, the participant’s weight was recorded 
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with a standard weighing scale and height was recorded in centimetres with a measurement 

tape attached to the wall (Paragraph 4.2.1). 

 Moisture Meter D® (Delfin Technology Limited, Kuopio, Finland) 

The Moisture Meter D® is a small portable battery-powered measurement device that 

measures the tissue dielectric constant (TDC) via a probe that touches the skin surface (19). 

The medium probe used for this study is reported to have a penetration depth of 2.5 mm. The 

TDC reading can be converted to relative local tissue water (LTW) (20) with the following 

equation: 

 LTW% =
100(TDC − 1)

77.5
 (4.4) 

The Moisture Meter D® is validated and has a high inter-observability agreement (21). A 

higher TDC value and thus higher relative local tissue water is suggesting a higher fluid 

content between the probe on the skin and the superficial fascia.  

DelWin 4 software was used to store the repeated data during measurements, and to extract 

the mean and export it to Microsoft Excel 2010. Further statistical analysis (linear mixed 

effect model) was performed with Statistical Software STATA 12.1. 

The measurement was conducted in the middle of the flap as determined by observation with 

the same region on the other leg selected as a control measurement (Figure 4-1). Initially, the 

dorsal surface of the feet were included in the measurement protocol. However, in most cases, 

the probe was unable to be completely sealed on the skin and therefore those readings would 

not be reliable. This measurement location was therefore abandoned. 
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Figure 4-1: Placement of the Moisture Meter probe. 

 Vapometer® (Delfin Technology Limited, Kuopio, Finland) 

The Vapometer® is a hand-held, battery-operated, closed-chamber trans-epidermal water loss 

(TEWL) measurement tool. It measures the flux of water vapour diffusing through the skin. 

This water vapour is captured by a cylindrically shaped chamber that is placed on the skin 

and contains a Honeywell humidity sensor (HIH 3605-B) and a temperature probe. The 

device needs to be in contact with the skin surface to obtain a measurement. With the device 

in contact with the skin surface (an area of ~1.5 cm2), the skin will seal the chamber that 

contains the measurement probes. The Vapometer® measures the skin’s relative humidity and 

ambient temperature within the sealed chamber (22). The term ‘relative humidity’ means 

“the amount of water vapour present in air expressed as a percentage of the amount needed 

for saturation at the same temperature” (23). The flux of water vapour, which represents 

TEWL, is expressed as g/m2/h1 (the coefficient of capillary suction) of water. The 
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measurement of TEWL provides information about the skin surface and skin barrier function: 

more water loss or increased water-evaporation loss indicates damage to the skin resulting in 

a loss of its barrier function. The Vapometer® is reliable and has been validated and correlated 

along with other TEWL devices with open and closed chambers (24, 25). 

As with the Moisture Meter D®, DelWin 4 software was used to store the repeated data during 

measurements, and to extract the mean and export it to Microsoft Excel 2010. Further 

analysis for repeatability and statistically significance was performed with Statistical Software 

STATA 12.1 (96) (Paragraph 4.3.4).  

The measurement was conducted in the middle of the flap as determined by observation with 

the same region on the other leg selected as a control measurement. Initially, the dorsal 

surface of the feet was included in the measurement protocol; however, in most cases as with 

the Moisture Meter, the probe was unable to touch the skin which resulted in highly variable 

data or extremely low readings. This is consistent with other research which mentioned that 

this could be due to the thickness of the skin on the dorsal side of the foot 

 Tape measurement  

A BSN Medical JOBST® generic measurement tape (1–180 cm tape) was used. for 

circumference measurement of both legs at 4 cm intervals. Marks were set on the lateral side 

of the leg starting at 10 cm from the heel (in approximately the anatomical location of the 

lateral malleoli). For more accuracy in detecting smaller differences, measurement intervals 

of 4 cm were adopted up to 74 cm maximum. The obtained circumferential data were 

processed with a truncated cone formula (Formula 4.5). 

  The application of a measurement tape is a common way in which to determine the increase 

of size of a specific area. It has been argued that it is not sensitive enough in determining 

small changes and that it is susceptible to measurement errors but it is a user-friendly and 

quick measurement. The Australasian Lymphology Association (ALA) has included this basic 
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circumference measurement technique in their national guidelines to standardise 

measurement techniques: this technique is also included in the international consensus 

document in regard to tape circumference measurement (1, 26, 27). The techniques described 

in these documents are as follows:  

 Apply measurement board under the leg;  

 Start measurement point at the malleoli as the anatomical reference (this correlates with 

approximately 10 cm from heel to ankle);  

 From this starting point measure and mark every 10 cm until the top of the leg is reached.  

 

The participant was in supine position for circumference measurements, and volume was 

calculated in Excel with the truncated cone formula:  

 V =
1

3
πh(R2  + r2 + Rr) (4.5) 

were V is volume, R is major radius and r is minor radius. 

4.2.3 Lymphatic imaging  

A contrast agent and an imaging system were used to obtain information about lymphatic 

vessel location and functioning: 

 Contrast agent: indocyanine green (ICG) (Pulsion Medical Systems)  

Indocyanine green (ICG) is a water-soluble tricarbocyanine dye which has been used 

clinically for over 50 years for the imaging of cardiac output, hepatic function and retinal 

vascularisation (28). Now it is used to visualise the architecture and functioning of lymphatic 

vessels, ICG is recognised as being less invasive and an accurate lymph visualisation technique 

(4). After injection into biological tissues, ICG immediately binds to plasma proteins and the 

dye molecules are excited (~850 nm) from their ground state by tissue penetration of a near-

infrared excitation light (~780 nm). It is then captured by a camera that is sensitive to near-



Human research materials and methods 

89 

infrared imaging and that contains an ~830 nm filter between the lens and the camera unit. 

This filter is necessary to isolate the ICG fluorescence and avoid flooding of the image by the 

excitation light source of ~780 nm. Indocyanine green (ICG) has a low toxicity and it is 

entirely processed and excreted by the liver (29). No adverse events have been reported with 

the use of ICG for lymphatic imaging (4, 28, 30, 31).  

However, ICG is not generally approved by the Therapeutic Goods Administration (TGA) in 

Australia for administering in lymphatic imaging. An ‘authorised prescriber’ is allowed to 

prescribe and order the clinical test with ICG for a specific patient or it can be used within 

the boundaries of a clinical trial under a Clinical Trial Notification (CTN) scheme (trial 

number 2013/0049 protocol 121123).  

 Near-infrared imaging camera  

The camera that was used to acquire ICG images was custom modified by the Biomedical 

Engineering Department at Flinders Medical Centre and Flinders University. Custom-made 

cameras for the purpose of imaging the superficial lymphatic vessels with ICG have proven 

useful as reflected in previously published studies. The specifications required to non-

invasively image the superficial lymphatic vessels by means of ICG were available and seemed 

relatively easy to replicate (2, 5). 

Our custom-made apparatus consisted of: 

• a digital charge-coupled device (CCD) camera (Panasonic, WV-BP330) (32).  

• an aspherical infrared (IR) varifocal lens (Model number VIR 3080AS: Daiwon 

Optical, Korea) (33). 
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• an 850 nm longpass filter (Edmund Optics, Singapore) mounted behind the camera 

lens to ensure ICG emission spectra isolation by filtering out wavelengths below 

850 nm to prevent flooding of the image (34).  

• eight battery-operated Pulsar L-808S laser-diode flashlights (780 nm wavelength) 

(Pulsar, USA) attached to a mounting ring around the camera and acting as the 

excitation light source. This laser-diode is classified as a Class 1 laser which is safe in 

all conditions as the maximum permissible exposure cannot be exceeded (35). 

Indocyanine green (ICG) fluorescence has a unique absorption and emission spectrum in the 

near infrared (NIR) range. By using ICG fluorescence and the detectors in the NIR range, the 

vessels of interest can be visualised up to approximately 1.5 cm through the skin. 

The camera and laptop were tested to, and passed, Australian/New Zealand Standard 

(AS/NZS) 3551:2004 “Technical management programs for medical devices”, as Class 1 BF 

equipment. 

The indocyanine green (ICG) was obtained from Pulsion Medical Systems, Germany. One vial 

of 25 mg ICG was reconstituted with 5 mL water for injection. An amount of 0.1 mL per 

injection was administered intradermally twice with a 0.5 mL insulin syringe and a 30 gauge 

needle. The location of the two intradermal injections was into the dorsal space of both feet 

at the base of the toes near the first and fourth web space. The participants were offered an 

anaesthetic cream (EMLA, LMX4) to reduce the discomfort of the injection itself. The dermis, 

up to the epidermis, contains many nerve endings and any intradermal injection can be 

painful. The participant was in a supine position on an examination couch for the injection. 

After the injection, the participant remained in a supine position but was requested to wiggle 

their toes and move their ankle (if capable) to activate the calf muscle pump. In cases of slow 

lymphatic flow or limited uptake of ICG, visible as a light and diffuse pattern of lymphatic 
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vessels via the imaging system, the participant was asked to walk around within the research 

space (approximately 10 m2). The investigator in some cases needed to enhance the flow of 

lymph in the skin with light pressure on the injection site to assist the uptake of ICG, followed 

by stroking the dorsal side of the foot if needed up to the ankle region. Care was taken with 

these minor interventions as ICG is very easy to contaminate in the surrounding tissues and 

might cause fluorescence that is not related to the functioning of lymphatic vessels.  

In four selected cases with large muscle free flaps, ICG was injected within the flap or 5 mm 

distal from the scar tissue border. These selected cases are clearly identified in the results in 

Chapter 5 

For the initial imaging, the fluorescence in the lymph vessels was visualised in real time by 

the custom-made camera system (see Section 4.2.3). The camera was placed approximately 

50 cm from the leg for the best focus.  

For all follow-up data, the commercially available near-infrared camera, Hamamatsu Photo 

Dynamic Eye (Hamamatsu, Japan), was available for usage. Fluorescence images were directly 

comparable between devices with the small hand-held Hamamatsu camera being more user-

friendly.  

 Hamamatsu Photo Dynamic Eye (PDE Hamamatsu, Japan) 

The Hamamatsu Photo Dynamic Eye is a commercially available near-infrared (NIR) camera 

with a charge-coupled device (CCD) and an LED excitation light source. The LED light source 

does not require specific safety measures for the research participant or researcher (36). Since 

June 2014, it has been a TGA-approved device (Medical Device Class 1) supplied by SDR 

Scientific Pty Ltd, NSW. 

 Imaging processing and storage 
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All videos were recorded in real time with recording software (VirtualDub version1.14.10) on 

a CompaQ Presario CQ60 laptop (37). Uncompressed AVI video format and VirtualDub were 

used for post-recording processing, such as selecting still images. Freeware software ImageJ 

(version 1.49) was used to enhance images by reducing noise (38). The Java-run Lymphatic 

Vessel Analysis Protocol (LVAP) plug-in was used to count lymph branches, loops and 

lymphatic vessel density. Back-ups of all measurements were saved on a 1 terabyte (TB)-

Passport external hard drive. 

4.3 Recruitment method 

Patients were recruited from an existing lower limb trauma database kept by the Department 

of Plastic and Reconstructive Surgery at the Royal Adelaide Hospital, South Australia. 

Patients on this database had undergone reconstructive surgery on the lower extremity 

related to high-impact mechanical trauma between 2009 and 2015. This included patients 

who had suffered an injury on their lower limbs involving a car, motorbike or other motorised 

vehicle, or who had experienced falls from a height (>4 metres), attack from livestock or 

work-related accidents. The extent of their injury and its location required surgical 

reconstruction in order to salvage the limb. The reconstructive surgery included soft tissue 

reconstruction such as free muscle flaps for large defects with bone exposure or local tissue 

flaps for smaller and less complex defects. Free muscle flaps are technically demanding for 

the performing surgeon and are often only implemented with a trauma case that has 

significant soft tissue loss with a high risk of infection, bone exposure and a need for a 

reconstruction with a sufficient blood supply. Local tissue flaps often involve rotation of soft 

tissue to cover the defect without detaching the flap’s blood supply or a local flap can be a 

muscle that is fitted into the defect (e.g. the gastrocnemius muscle to cover a tibial defect). 

The database also includes patients who have received split thickness skin grafts or full 

thickness skin grafts that were used to cover a defect related to lower limb injury. The 
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database contains information about each individual’s trauma details, surgical intervention, 

infection and adverse events as well as basic socio-demographic data. This ongoing database 

is kept and regularly updated by the Department of Plastic and Reconstructive Surgery.  

After consulting the OACIS Clinical Information System / electronic health records on correct 

contact details, deceased status and residential address within South Australia, 86 patients 

received an information package via post. This package consisted of a letter of invitation 

signed by the Head of the Department of Plastic and Reconstructive Surgery; a detailed 

patient information sheet; a consent form; and an opt-out leaflet with a reply-paid envelope.  

All patients were informed in the patient information sheet that a follow-up phone call may 

occur two weeks after being posted the information package. Patients could opt out over the 

phone or, if the information had not been received at the time of the phone call, a new 

information package would be sent out. 

Recruitment from the Plastic and Reconstructive Surgery inpatient ward occurred when the 

principal investigator and thesis author was notified by the medical, administration or 

nursing staff of a new patient who had received reconstructive surgery related to lower limb 

trauma. These patients received information about the study verbally as well as receiving hard 

copies of the letter of introduction, participant information sheet, consent form and the opt-

out leaflet. The patient was invited to consider participating in the study and to discuss this 

with a family member or a friend. The anticipated measurement of the patients in this aspect 

of the study was set at the first follow-up appointment (approximately six weeks’ post-

reconstructive surgery). Given the early nature of the appointment after surgery and their 

inclusion in a research project, a patient could only be enrolled after the appropriate 

clearance from the treating surgical staff member.  

4.3.1 Inclusion criteria  

The following criteria had to be met for the patient to be included in the study: 
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 The patient had undergone bone (orthopaedic surgery) and soft tissue (plastic 

surgery) reconstruction for severe compound fractures hereinafter described as the 

‘surgical intervention’: ‘severity of compound fractures’ was as defined per the Gustilo 

open fracture classification system; 

 Surgical intervention had occurred between January 2009 and August 2015; 

 The patient was over the age of 18; 

 The patient had the ability to give informed consent based on their mental 

competence and ability to make their own decisions. 

4.3.2 Exclusion criteria  

Patients were excluded if : 

 They were under the age of 18; 

 They were unable to give written consent; 

 They were not being followed up in the Royal Adelaide Hospital Plastic and 

Reconstructive Surgery outpatient department. Generally, this meant that the person 

had moved interstate or overseas or had been imprisoned; 

 They required amputation (either as part of their immediate treatment or 

subsequently due to complications); 

 They were deceased (state-wide hospital records were checked prior to attempted 

contact through the Oacis Hospital Management Information System [HMIS]); 

 They had a known or perceived reaction to the contrast agent indocyanine green 

(ICG) or to contrast agents in general or had an allergy to iodides; 

 They were pregnant. 

Follow-up 

To measure any change over time, the cohort of patients who participated in the study in 

2014 were invited by phone to return for a 12-month follow-up measurement at the Royal 
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Adelaide Hospital Department of Plastic and Reconstructive Surgery. Participants were 

reminded of the protocol with a verbal explanation or, if requested, the participant 

information sheet was sent via post or email (the latter if requested specifically by the 

participant).  

Participants had the opportunity to verbally opt out of the ICG imaging measurement but 

still could participate in the remaining measurements. 

All the measurements that were performed in 2014, as indicated earlier in this chapter, were 

repeated in the same order and under the same conditions.  

4.3.3 Additional information 

The protocol stated that if persistent local or general leg swelling (oedema or lymphoedema) 

was identified, the participant needed to be referred back to the treating physician for further 

diagnostic tests or management. Three participants were identified with significant swelling 

and ongoing problems relating to lymphoedema. These cases were discussed with the 

treating specialist and a referral for a diagnostic test (a lymphoscintigram) was organised by 

staff of the Plastic and Reconstructive Surgery Department. It was verbally explained to 

participants that this diagnostic test itself was not part of the research project. However, 

results of the test provided additional, valuable information regarding their deeper lymphatic 

vessels and therefore participants were asked for their approval to use their scan results in 

the research results. The participants receiving further medical care signed an additional 

patient information sheet and consent form to have their data included in any reports, 

publications or scientific meetings. 
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4.3.4 Statistical analysis 

All data was transcribed in Excel database and imported into STATA 12.1 for further statistical 

analyses. All data was checked for normality using histogram distribution and a fitted curve. 

The statistical significance level was set at 5% (α = 0.05).  

Descriptive statistics was used to compare the study participants with the complete lower 

limb database (Chapter 5.2). Also descriptive statistics was used on reporting circumferential 

measurements and it is calculated volume with the truncated cone formula (Formula 4.2), 

the Indocyanine Green lymphatic imaging, and the general patient medical history. 

Inferential statistics were used to test the significance of differences between the affected or 

reconstructed limbs and the contra-lateral control limbs. This was tested at baseline and at 

the 12 month follow up.  

 IMP™ SFB7 Bioimpedance Spectroscopy (ImpediMed Ltd, Queensland, Australia). 

Descriptive statistics of the patient demographics was used next to a paired T-Test to test the 

significant difference of the mean extra-cellular fluid (R0) in the affected limb versus the 

contra-lateral control limb. The T-Test would be most appropriate in testing pairs that are 

spatial and to analyse statistically meaningful difference between the two sample means 

(affected and control leg respectively).  

All measurements at baseline were single measurements and the measurements at follow up 

were the average of 3 repeated measurements. 

 Moisture Meter D® (Delfin Technology Limited, Kuopio, Finland) 

The values of the Moisture Meter are expressed in tissue di-electric constants or TDC values. 

A more meaningful way is expressing the values in local tissue water (LTW) when applying 

formula 4.4. All Moisture Meter mean TDC data points (3 repeated measurements) were 

adjusted for the individuals BMI (assuming no change of coefficients). The data of affected 
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limb was compared to the contra-lateral control limb and tested for statistically significant 

difference with the linear mixed effect model. This model was chosen for random effect and 

fixed effects in the data.  As fixed effect we selected the participant ID and BMI as both are 

expected to be an effect. With this model we could explore a wide variety of correlation 

patterns. The quantitative outcome is the mean score of the 3 repeated measurements within 

subject ID. 

 Vapometer® (Delfin Technology Limited, Kuipio, Finland) 

The Vapometer data was subjected to a covariance of variance analysis to examine for the 

reliability of measurement before further analysis was made.  If reliability was met a linear 

mixed effect model with ID and age as fixed effect would be used for determination of 

statistically significance.  

 General health questionnaire (SF-12) 

The mean difference of the mental component summary (MCS) and the physical component 

summary (PCS) at baseline was compared to the mean MCS and mean PCS at follow-up. A 

paired T-Test was chosen to be suitable to compare the two sample means between baseline 

and follow up.   

 Lower extremity functioning scale (LEFS) 

The mean difference of the lower extremity functioning scale (LEFS) at baseline was 

compared to the mean LEFS at follow-up. A paired T-Test was chosen to be suitable to 

compare the two sample means between baseline and follow up.   
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CHAPTER 5  
Human research results 

This Chapter will provide the results obtained in the human trial that took place at the Royal 

Adelaide hospital (RAH), Department of Plastic and Reconstructive Surgery. In summary, 

investigating the effect of lower leg injury on the functioning of the lymphatic system and 

patient wellbeing, revealed that whilst acute injuries generally healed well, lymphatic system 

regeneration was poor and patient functioning was low. Tissue reconstruction sites were seen 

to have little or no functional superficial lymphatic vessels.  

5.1 Background 

The Department of Plastic and Reconstructive Surgery treated over 90 patients between 2009 

and 2014 with lower limb soft tissue reconstruction. 86 patients of these were identified with 

Gustilo IIIB compound fracture and were included in a comprehensive database. 

Demographic data of 83 of these patients was extracted from medical notes by clinical 

research staff (recruitment database, Table 5-1). 23 out of 83 agreed to take part (Table 5-1). 

The flowchart of the recruitment process is outlined in Figure 5-1. 

5.2 Results: comparing study participants with overall lower limb trauma recruitment 
database. 

This lower limb trauma recruitment database of 83 patients consisted of 82% (n=68) males 

and 18% (n=15) females, with the mean (±SE) age of 47 (±2.1) years (range 20 to 97). Fracture 

of the left leg was slightly more common than the right leg with (53%, n=44) with the mid 

tibia fracture being the most common site of injury (39%, n=32).  35% (n=29) of lower limb 

trauma was associated with falls, followed by motorbike accidents (MBA) (30%, n=25), motor 

vehicle accidents (MVA) (23%, n=19) and lastly crush injury (12%, n=10).  
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Table 5-1 Description of study participants (n=23)  and the recruitment database (n= 83)  ± Standard Error. 
Fracture lower limb; most common fractures, Adverse event; most common adverse event, Outcome upon 
discharge; bone union at 3 month follow up (3/12), Mean time; relevant time related data in days (D) and hours 
(H), Soft tissue reconstruction; vacuum assisted closure (VAC) in days (D). 

Description Details Study participants 
23 

Recruitment 
database 

83 

Gender 

 

Male / female 

Mean age (Y) 

19 (83%) / 4 (17%) 

48 ±3.4 

68 (82%) / 15(18%) 

47 ±2.1 

Fracture lower 
limb 

 

Left / right 
Mid tibia 
Distal tibia & malleoli 

14 (61%) / 9 (39%) 
6   (26%) 
8   (35%) 

44 (53%) / 39 (47%) 
32 (39%)  
30 (36%) 

Cause of injury 

 

MBA 
MVA 
Crush  
Other (fall) 
 

8  (35%) 
5  (22%) 
5  (22%) 
5  (22%) 
 

25 (30%) 
19 (23%) 
10 (12%) 
29 (35%) 
 

Adverse event 

 

Soft tissue infection 

Partial necrosis 

Osteomyelitis 

Infected hardware 

9 (39%) 

6 (26%) 

8 (35%) 

3 (13%) 

22 (79%) 

  8  (30%) 

11  (41%) 

14  (52%) 

Outcome upon 

discharge 

 

Bone union 3/12 

Delayed union 

Infected non-union 

Non- weight bearing 

Partial weight bearing 

Non weight bearing 

6 (26%) 

5 (22%) 

3 (13%) 

8 (35%) 

7 (30%) 

3 (13%) 

23 (36%) 

23 (36%) 

12 (19%) 

32 (42%) 

34 (44%) 

32 (42%) 

Mean time 

 

Length of hospital stay (D) 

Accident -> theatre (H) 

Admission -> theatre (H) 

Internal fixation (D) 

Soft tissue coverage (D) 

29 ±4.5 

  8 ±1.1 

  4 ±0.7 

  5 ±1.8 

  7 ±1.2 

28 ±3.0 

  9 ±0.6 

  5 ±0.4 

  4 ±0.9 

  8 ±1.0 

Internal fixation 

Nail 

Plate 

Other 

4 (17%) 

8 (35%) 

6 (26%) 

36 (47%) 

29 (38%) 

24 (32%) 

Soft tissue 

reconstruction 

Mean VAC (D) 

Free muscle flap 

Local reconstruction 

  7 ±1.2 

14 (61%) 

  9 (39%) 

  7 ±1.0 

58 (48%) 

37 (31%) 
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Figure 5-1 Recruitment flow chart. 
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The study participants mirror the recruitment database with more males than females (83% 

versus 17%), a mean age of 44 years and left leg fracture being more common than right (61% 

versus 39%). The most common trauma in the study participants was MBA (35%) followed 

closely by MVA (22%) and a range of work related crush injuries (22%) (Table 1) 

Soft tissue infection was evident in 79% in the recruitment database and 39% in the study 

participants.  The high percentage of infection in the recruitment database can be explained 

by the fact that 55 patients had no information regarding soft tissue infection and 

subsequently this was counted as “missing” in the database. This resulted in a final total of 

28 of which 79% (N=22) was “yes” for soft tissue infection.  

Osteomyelitis was reported in 41% of the recruitment database and in 35% of the study 

participants. At the first follow up, 36% (n=23) had bone union. 36% (n=23) of patients in the 

recruitment database had delayed bone union and 19% were identified as infected non-union. 

Upon discharge it was noted that 44% (n=34) were able to partially weight bear but 42% 

(n=32) were non-weight bearing. 

In the recruitment database the overall mean (SE ±) length of hospital stay was 28 (±3.0) days 

(range 3 -170 days). The most common bone fixation was found to be nail (47%, n=36) 

followed by plate (38%, n=29) and (32%, n=24) other, such as Kirschner wire or K-wire.  

In the study participants group the overall mean (±SE) length of hospital stay was 29 (±4.5) 

days (range 7 - 97). Plate and screws (35%) for internal fixation were more often utilised 

rather than nail (17%). This may be due to the complexity of the fractures specifically in this 

study group. As it can be seen from the location and bones involved in the fracture; tibia and 

fibula are most evident in the study group (43%).  

Mean (±SE) days of Vacuum Assisted Wound closure device was found to be 7 days (±1.0) 

with a range of 0 to 53 days. Most patients received a free muscle flap reconstruction (48%, 
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n=58) and (31%, n=37) a local soft tissue reconstruction. This was consistent with the study 

participants group who had 61% free muscle flaps and 39% local flaps. 

5.3 Results: IMP™ SFB7 Bioimpedance Spectroscopy (ImpediMed Ltd, Queensland, 
Australia). 

Bioimpedance Spectroscopy (BIS) measurements were undertaken to measure extracellular 

fluid (ECF) in the lower extremities and record difference between the affected 

(reconstructed) leg with the contralateral leg acting as control. Electrodes were placed 

according to SFB7 instructions (Chapter 4.2.2), using wrist to ankle fixated electrodes with 

the participant in a supine position. Baseline measurements were taken, but logistical 

problems such as interference by metal implants, meant only 16 out of 23 participants had 

acceptable BIS measurements at baseline; an additional 4 datasets were not acceptable at 

follow up. General participant details such as gender, age, mean weight and height and mean 

BMI at baseline and at the 12 month follow up are summarised in Table 5-2. 

Table 5-2 : Summary of participants characteristics presented as mean, % percentage and ± Standard Error at 
baseline and follow up.  

Characteristics 
Baseline 

(male / female) 
Follow up 

(male only) 

Gender (male / female) 13 (82%) / 3 (18%) 13 (100%) 

Mean age (y) 44 ±4.7 / 54 ±9.2 54 ±3.7 

Mean weight (kg) 87.4 ±4.4 / 80.6 ±1.3 91.2 ±4.2 

Mean height (cm) 175.4 ±2.0 / 159.7 ±4.4 175.2 ±1.9 

Mean BMI 28.4 ±1.4 / 31.8 ±1.8 29.6 ±1.1 

 

The affected leg shows a significantly lower impedance value (R0 in units ohm) compared to 

the control leg at baseline and follow up (Table 5-3).  
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A “low resistance” value indicated a higher conductivity and thus a larger presence of 

extracellular fluid in the affected limb. The difference between the affected leg versus control 

at baseline and follow up was statistically significant (P<0.005 and P<0.05).  

A further BIS measure of the area below the knee was undertaken at follow up to identify if 

there was any increased extracellular fluid within this area (Table 5-4). Due to reduced 

number of participants in the follow up the mean age shifted from 44 years at baseline to 54 

years at follow up. The mean extracellular fluid was higher below the knee in the affected leg 

and this was statistically significant. 

Table 5-3 Bioimpedance spectroscopy R0 extracellular fluid affected leg versus control at baseline (n=16)  and 
follow up (n=13). Paired T-test. 

 

Table 5-4 Bioimpedance spectroscopy R0 extracellular fluid below the knee affected leg versus control at follow up 
(n=10). Paired T-Test. 

Bioimpedance 
(extracellular fluid below knee) 

Mean (Ohm) ±SE 
Follow up 

R0Affected below the knee 115.5 ±11.0 

R0 Control below the knee 144.5 ±10.5 

Mean difference 29.0 ±11.5 

P-value <0.05 

 

5.4 Results: Moisture Meter D® (Delfin Technology Limited, Kuopio, Finland) 

At both the baseline and follow up measurement, the tissue di-electric constant (TDC) values 

and local tissue water (LTW) percentage in the affected leg were significantly higher than the 

Bioimpedance 
(extracellular fluid) 

Mean (Ohm) ±SE 
Baseline (n=16) 

Mean (Ohm) ±SE 
Follow up (n=13) 

R0Affected leg 227.4 ±14.2 169.3 ±9.6 

R0Control 275.1 ±11.8 211.7 ±14.2 

Mean difference 48.1 ±8.2 33.1 ±10.0 

P-value <0.005 <0.05 
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non-affected leg (P<0.005). Using a linear mixed effect model adjusted for body mass index 

(BMI) the difference between the affected and non-affected leg remained significantly 

different (P<0.005) at baseline and follow up (Table 5-5).  Adjusting for BMI did not change 

any of the coefficients. 

Table 5-5: Moisture meter; Tissue Di-electric Constant and Local Tissue Water measured at baseline (n=19) and 
follow up (n=17). TDC data and standard error between control and affected leg adjusted for BMI with ±SE. Linear 
mixed effect model. 

Tissue Di-electric Constant 
(Local Tissue Water) 

 

Baseline mean ±SE 
(LTW% ±SE) 

Follow up mean ±SE 
(LTW% ±SE) 

Affected leg 41.7 ±1.4 (52.6% ±1.8) 41.3 ±1.4 (52.0% ±1.8) 

Control leg 27.7 ±1.4 (34.4% ±1.8) 30.1 ±1.4 (38.0% ±1.8) 

Mean difference 14.1 ±1.1 (18.1 ±1.4) 12.4 ±0.7 (14.5 ±1.2) 

P-value <0.005 <0.005 

 

The mean LTW percentage and standard error of the affected leg versus the control leg 

from baseline to follow up is indicated in brackets in Table 5-5. As expected, these findings 

are similar to the TDC values as it is merely a different unit of measurement of the same 

core parameter, but a unit more representative of the true difference in local tissue water 

between the affected area and control (1).  

5.5 Results: Vapometer® (Delfin Technology Limited, Kuipio, Finland) 

Measuring trans epidermal water loss (TEWL) on the reconstructed site and control leg 

presented some difficulties. These include hair growth, bulky scar tissue, scaly, dry or recently 

moisturised skin all of which resulted in a large fluctuation of the TEWL readings. The 

outcome results of 3 repeated measurements at follow up on the control leg and affected leg 

are indicated in Figure 5-2. 

The coefficient of variation for the Vapometer measurements ranged up to 1.9. Therefore, 

further analysis was not performed as the repeatability of Vapometer data proved to be poor. 
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5.6 Results: Circumferential measurements 

The circumference of both legs was measured every 4cm with a BSN Medical JOBST® generic 

measurement tape starting from 10cm from the heel up to the maximum length of the leg. A 

truncated cone formula was applied to the circumferential data to calculate the volume of 

the leg. Participants 6, 11, 16, 21 and 23 were lost to, or opted out, of follow up and therefore 

Figure 5-2: Baseline scatterplot with 3 repeated measurements by participant ID. 
Vapometer units represented as g/m2/h1. 
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have no follow up data. Participant 13 had an amputated control leg and was therefore not 

included in the circumference measurement. The general observation from this data was that 

the majority had larger volume in their affected leg compared to the control leg. At baseline, 

two participants (16 and 11) had a larger volume in the control leg than the affected leg; 

therefore, a negative value is depicted (Figure 5-3). In one participant (11) the whole control 

leg (measured from ankle to hip) volume was greater than the affected leg, but there was a 

higher volume in the affected leg below the knee compared to the control leg. Participant 1 

showed a higher volume in her affected leg below the knee at baseline, however at follow up 

it seemed that both the whole leg and below the knee of the control leg indicated a higher 

volume than the affected leg. In participant number 7 at baseline, the affected whole leg 

contained over 692ml more volume than the control leg, and the below the knee volume was 

also greater (379ml difference, Figure 5-3). At the 12 month follow up, this participant had 

gained 6 kilos’ and also started a new job which involved more standing resulting in both legs 

having more volume, but the control leg having 1861 mL more volume than the affected leg.  
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Figure 5-3: Volume difference (DIF) in mL between affected leg and control. Whole leg at baseline and follow up and 
below the knee volume at baseline and follow up. Data is for individuals specified by ID number. 
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5.7 Results: Indocyanine Green lymphatic imaging 

Out of the total 23 participants that were able to attend and complete the study assessment 

19 were eligible for Indocyanine Green (ICG) lymphatic imaging. Four participants were 

excluded from ICG imaging, due to flap location on the heel, active hepatitis B infection, 

neuralgia around the reconstructed site or a history of recurrent cellulitis. Of the remaining 

included participants that had reconstructive surgeries (Table 5-6); 10 participants received 

a free muscle flap reconstruction with split thickness skin graft, 1 free fasciocutaneous flap, 8 

local reconstructions. The local reconstructions cover; 1 full thickness skin graft, 6 local 

fasciocutaneous flaps and 1 local gastrocnemius rotation flap. 

The majority of ICG imaged patients were male (n=17, 90%). The mean age at presentation 

was 48 year (range 26-73 years). The mean follow-up time between accident and first study 

assessment was 32 months (range 2-62 months). Vacuum Assisted Closure (VAC) prior to the 

reconstruction was used for an average of 5 days (range 2-50).  

All participants showed functional differences between the affected and non-affected leg ICG 

images. On average, ICG fluorescence was observed to be slower in crossing from the 

injection site over the talus in the affected leg compared to this same pathway in the normal 

contralateral limb, suggesting a reduction in the transport capacity. Of the participants with 

free muscle flap reconstruction, 6 showed a dermal backflow pattern in the peri-

reconstructed area (Figure 5-4, 5-5, 5-6). The remaining 4 free muscle flap participants 

showed lymphatic vessels bypassing the reconstructed site. Interestingly no functional 

lymphatic vessels were noted within any of the free muscle flaps.  
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Table 5-6: Reconstruction type by patient ID, gender (Gen), age, mechanism of injury (Mech); motor vehicle accident 
(MVA), motorbike accident (MBA),follow up time from reconstructive surgery to baseline study assessment, internal 
bone fixation – intramedullary nailing (IMN) * external fixation, type of reconstruction infection, and time to final 
flap coverage in days and flap size if known (width by height in centimetres). 

ID Gen Age Mech 
Follow 

up 
Fixation Recon Infection Days Size 

1 F 70 MVA 36 
Plate / 
IMN* 

Local 
Gastroc 

No 4 5.5X6.5 

2 M 73 MVA 44 Plate* 
Ant Lat 
Thigh 

No 11 16X13 

4 M 34 
Metal 
Cable 

39 IMN 
Local 
flap 

Osteomyelitis 1  

5 M 68 Fall 39 IMN 
Local 
flap 

Soft tissue 3 14 

6 M 33 Crush 39 Plate 
Local 
flap 

No 4  

7 M 26 MBA 30 Plate* Gracilis Osteomyelitis 4 11.5X14.5 

8 F 38 MBA 31 IMN FT graft No 1 5.2X12.5 

9 M 33 MBA 31 Plate* 
Local 
flap 

No 8  

10 M 44 Fall 52 IMN 
Local 
flap 

Osteomyelitis 6 9.5X7 

12 M 65 Crush 29 * 
Local 
flap 

No 5 6.5X10 

13 M 28 MVA 62 Plate 
Lat 

Dorsi 
Osteomyelitis 18 25.5X12 

14 M 71 Fall 10 Plate Gracilis Soft tissue 15  

15 M 59 MBA 44 
IMN-
Plate* 

Lat 
Dorsi 

Osteomyelitis 8 19.5X17 

16 M 55 MVA 14 Plate Gracilis Soft tissue 19 13X14 

18 M 49 Fall 41 Plate Gracilis Osteomyelitis 9 16X20 

19 M 56 MVA 36 Plate 
Lat 

Dorsi + 
RFF 

Full thickness 
necrosis 

7 
13.5X16.5 
7.5X20 

20 M 37 Crush 26 Plate* 
Lat 

Dorsi 
Osteomyelitis 
+ soft tissue 

22 17.5X19.5 

22 M 28 MBA 2 IMN* 
Lat 

Dorsi 
No 8 9X24 

23 M 49 MBA 2 IMN Gracilis Osteomyelitis -  
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All local flaps, including the full thickness skin graft of one participant, had scar tissue that 

was largely devoid of visible superficial lymphatic vessels. The lymphatic vessels that were 

present appeared torturous, bypassing the scar tissue and the reconstructed area completely. 

In 2 cases lymph flow was diverted from the great saphenous vein area towards the posterior 

side of the leg to follow the small saphenous vein. This pattern of drainage might be expected 

when injection occurs near the Achilles tendon, however in these cases the injection was on 

the dorsum foot making the observed drainage pattern unusual. 1 case demonstrated 

retrograde flow towards the sole of the foot as the scar tissue and flap covered most of the 

ankle (Figure 5-6). 

Figure 5-4: Local reconstruction (ID 12): From the point of injection (blue X) on the dorsal foot proximal to the toes, uptake of ICG 
followed the anatomical lymphatic drainage pathway (green lines with red arrows representing direction).  Patches of dermal 
backflow are observed (red outlined boxes) distally from the knee and dermal backflow around the flap. No superficial lymphatic 
activity observed within the reconstructed site (6). 
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Figure 5-5: Free muscle flap (ID 22): From the dorsal foot injection site and the additional distal flap injection (blue X) the ICG uptake 
reaches mid tibia where the proximal flow ceases and shows, pooling of lymph in a stardust like pattern (red outlined box lateral to the 
muscle flap).  From the stardust pattern, two vessels emerge and continue following the great saphenous vein anatomy converging with 
a lymphatic vessel that seems to have followed the lateral side of the muscle flap (6). 
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At the 12 month follow up there was no observable change from the baseline lymphatic 

pattern. 

Participant 22 (Figure 5-7 a) who was initially imaged 2 months post his reconstructive 

surgery showed clinically visible swelling at baseline evidently caused by the surgery. The 12 

month follow up showed the same patterns of dermal backflow but smaller (Figure 5-7 b). At 

follow up the participant was weight bearing and returned to work with reduced hours. 

5.7.1 Additional lymphoscintigram data 

At the 12 month follow up, 3 participants (2, 17, 18) were identified as having clinically visible 

persistent swelling in the reconstructed leg consistent with lymphoedema. The ICG image in 

2 participants (1 excluded for the ICG imaging due to dark skin and active Hepatitis B) showed 

dermal backflow pattern in and around the reconstructed area. The participants were referred 

back to the treating specialist and were booked in for lymphoscintigram at the Royal Adelaide 

Figure 5-6: Free muscle flap (ID 15): From the point of injection on the dorsal foot proximal toes and distal flap (blue X) shows blockage 
of the superficial flow and dermal backflow patterns. From the distal flap injection site, one lymphatic vessel seems to be active within 
the flap but the flow returns distally after it reaches halfway into the muscle flap. It continues towards the sole of the foot (6). 
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Hospital Nuclear Medicine Department. Images were obtained with Lymph-Flo (Technetium 

[99m Tc] Colloidal Antimony Sulphide) injection with a near ideal particle size of 

approximately 10nm (2).  Intradermal injections were administered into the first web space 

of both feet and migration of the radio colloid was traced with a gamma camera at 30 minutes, 

120 minutes and in 1 case at 240 minutes. Participants were encouraged to walk as much as 

possible between imaging.  

The three participants had lymphoedema confirmed by the lymphoscintigram results. 

Participant 2 showed dermal backflow patterns consistent with his ICG image of dermal 

backflow and constriction of the large lymphatic collector around the popliteal area of the 

affected leg. Migration of the tracer into the lymph nodes in the iliac and inguinal region was 

slower in the affected limb compared to the contralateral control limb. The structure of the 

lymphatic system from the knee up appeared normal. Participant 17 showed dermal backflow 

below the knee, visualised as a “hotspot” of the tracer proximal of the flap reconstruction as 

well as 3 active popliteal lymph nodes in the affected leg. Overall the lymphatic collectors 

showed a slight abnormality even above the reconstructed area. Participant 18 (Figure 5-8, 5-

9) experienced discomfort from clinically visible swelling mostly in the reconstructed area 

but also in the whole region below the knee. The lymphoscintigram showed dermal backflow 

below the knee, a slow migration of the tracer in the affected leg with limited uptake in the 

iliac and inguinal lymph nodes at 120 minutes’ post injection (Figure 5-10).  
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a b 

Figure 5-7: Free muscle flap (ID 22). 7A lymphatic imaging pattern at baseline injection near the base of the toes (first and 
fourth web space) black square represents area of dermal backflow. 7B lymphatic imaging pattern at 12 months follow up 
with same injection location. Black square indicates area of dermal backflow which is similar area as 12 months prior but 
closer to the flap edge. 

Figure 5-8: Free muscle flap (ID 18). Clinically visible swelling in and around the reconstructed region. 
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a b c 

Figure 5-9: Free muscle flap (ID 18). 9A: Pitting oedema in the flap. 9B location of the flap and drawn ICG image in red. 9C ICG 
pattern from injection; deviating from the reconstructive area. 
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Figure 5-10: Lymphoscintigram details (ID 18). Clinically visible oedema 
confirmed by lymphoscintigram with obvious dermal backflow at distal end 
of affected leg around the reconstructed area (box). Also there is a limited 
uptake of the tracer into the lymph nodes on the affected side (arrow) after 
120 minutes. 
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5.8 Results: Qualitative data 

Two self-administered questionnaires were completed at the time of baseline assessment and 

at follow-up. These were a 12 question general quality of life or Short Health Form (SF-12) 

and the 20 question Lower Extremity Functioning Scale (LEFS).  

At baseline, all participants were asked a series of questions as part of a general medical 

history. A trend of functional problems over the 23 participants was seen in the questions 

regarding pain, and details of swelling. 78% (n=18) of participants reported having pain in the 

leg related to the trauma, 9% (n=2) reported no pain and 13% (n=3) reported discomfort or 

cramps in the affected leg. Prior to the clinical assessment, all participants were asked if they 

had experienced any swelling in the reconstructed area or leg; 96% (n=22) answered with 

“yes” and one “no”.  

With respect to the location of the swelling and its severity participants could select more 

than one answer. 74% (n=17) answered the swelling is “mostly in reconstructed area”, 52% 

(n=12) mentioned the swelling was “mostly below the knee”, and 9% (n=2) reporting to have 

swelling in the whole leg. The majority reported the “swelling is worse in the evening but 

resolves in the morning” (70%, n=16) and nearly half experienced “more swelling when it is 

hot” (48%, n=11). 

5.8.1 Results: short general health questionnaire (SF-12) 

From the data set of 23 patients (1 missing due to time restrictions) each received a SF12 

questionnaire that was self-administered. Patients were re-assessed after 12 months with a 

response rate of 77% (n=17).  

Data was scored with Health Outcome Scoring software available from Quality Metrics.  

Results of the initial assessment (n=22) was a mean Physical Component Summary (PCS) of 
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39.19 (±SE 1.8) with a range of 22.13 to 56.58.   The mean Mental Component Summary (MCS) 

was 48.30 (±SE 2.8) with a range between 22.61 and 67.13. 

At the 12 month follow up (N=17) the mean PCS score was 42.09 (±SE 2.4) with MCS score 

53.72 (±SE 1.77). No statistical significance was found between PCS baseline and PCS follow 

up (Paired T-Test, P= 0.5894) or MCS baseline and MCS follow up (Paired T-Test, P= 0.2876). 

These mean results are comparable with the known healthy South Australian population SF-

12 data which reported a mean PCS of 48.9 and mean MCS of 52.4 respectively (3, 4).  

5.8.2 Results: Lower Extremity Functioning Scale (LEFS) 

The LEFS is a validated measurement tool to score activity limitation in participants who have 

had lower extremity trauma. The score per question is from 0 (“unable to perform” or 

“extreme difficulty) to 4 (“no difficulty”) and the total score can be up to 80 with 80 

representing low level of activity limitation. From the dataset of 23 there was a 100% 

completion rate with the mean score of all patients at baseline being 42 (out of 80). The 

median score at the 12 month follow up was of 58 out of 80 (Table 5-7).  

Table 5-7 The mean score  ( ±SE) and percentage of maximum functioning of the lower extremity functioning scale 
(LEFS) at baseline (n=23) and follow-up (n=17). Self-administered questionnaire. 

LEFS Mean score (± SE) Max functioning (%) 

 
Baseline total (n=23) 

 
45.3 ±3.8 

 
56.6% 

 
Follow up total (n=17) 

 
53.8 ±4.5 

 
67.2% 

Mean difference 4.2 ±2.4 24.7% 

P-value 0.1044 - 

 

At baseline 10 participants scored 40 or lower; with 6 between 40 and 60, and 7 with 60 or 

higher. At follow up 6 scored 40 or lower, 3 between 40 and 60 and 7 scored 60 or higher. 

Specifically most of the low scores (“unable to perform”, “extreme difficulty”) were identified 
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in the last few questions concerning the following items: “running on even ground”, “running 

on uneven ground”, “making sharp turns while running fast” , and “hopping”. 

The Paired T-Test did not show any statistically significant change between the baseline and 

follow up (P= 0.1044).  A few of the participants showed a greater than 9 points difference on 

the LEFS which represent a clinically detectable change (5). Participant 18 had worsening 

clinical symptoms of the swelling in the affected leg at follow up compared to baseline. 

However, the follow up result of the LEFS showed improvement of his functioning. It was 

noted that the last 5 questions were scored with 0 at baseline (“unable to perform” or 

“extreme difficulty”) and at follow up scored with 4 (“no difficulty”). There is a likely chance 

of the participant misunderstood the question/misinterpreted the answers. Participant 12 

showed LEFS improvement with 14 points and participant 22 was assessed at baseline only 2 

months post-surgery therefore an improvement of 18 point in the LEFS is expected at the 12 

month follow up (Figure 5-11). 

5.9 Discussion 

The clinical study showed that severe lower leg trauma has a significant impact on an 

individual’s appearance and function, as well as affecting extracellular fluid and lymphatic 

vessel function. There were measurable similarities and trends within the lower leg trauma 

group, including the lymphatic vessel structure and patterns seen with indocyanine green 

(ICG) lymphatic imaging, high extracellular fluid measured with bio-impedance and 

increased local tissue water within the reconstructed site measured with the moisture meter. 

However, there were also large variation within this pattern. These are important to 

investigate, on a case by case basis to highlight the individuality of each specific case in this 

cohort.   
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Figure 5-11 Individual scores of LEFS at baseline (blue diamond) and at follow up (purple cross). 

 

The self-reported pain and swelling at the initial general medical history interview showed 

that nearly all participant experienced swelling. Not all participants had visible swelling at 

clinical assessment, but perhaps the ‘feeling’ of the reconstructed site may come across as 

swelling whereas it also might be the bulkiness of the flap itself and/or the altered nerve 

sensation of the reconstructed area. Most participants also mentioned having severe swelling 

after the surgical intervention(s) for as long as 18 months which rapidly (in some) reduced 

when they were able to walk again  

Additional to those in the study group there have been phone conversations with patients 

who since the accident moved interstate and were therefore excluded. In conversations with 

these patients, the general themes were a “sensation” of swelling of the flap area (often 

referred to as ‘lump” on the leg) or the leg swelling in hot weather or at the end of the day. 
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Some of these patients were wearing a compression garment provided by their 

physiotherapist or one or two compression bandages (low compression tubular bandage) that 

were provided at time of discharge at the hospital.  

Missing Moisture Meter data was related to another trial using the equipment (n=6) or in 

case of the Bio Impedance, data were incomplete when large surface of metalwork such as 

metal tibial plates interfered with the Cole-Cole plot reading (n=7).   The low follow-up 

percentage was due a range of reasons, a patient in legal action that was advised not to be 

measured again. A patient with post-traumatic stress reliant on a wheelchair did not have the 

energy to come in for the research again.   Other participants opted in for the follow up 

measurement under the condition not to get the ICG imaging again due to discomfort they 

experienced with the injection (n=5). This could be explained as some participants had 

ongoing pain in general and/or hypersensitivity distal from the reconstructed site. And finally 

one participant was measured just before the closure of the study therefore a 12 month follow 

up was not possible. 

Although the physical and mental component summaries of the SF-12 did not show much 

deviation from the healthy South Australian population it was clear in the clinical study that 

some of the participants struggled to return to work, were trying to cope with pain and/or 

reduced mobility. This was also observed in the recruitment phase where participants were 

followed up by phone. Some verbally opted out based on being mentally traumatised by the 

accident or having undergone recurrent reconstructions of either the joints affected by the 

accident (such as hip or knee reconstruction) or soft tissue reconstruction itself. 

5.10 Chapter conclusions 

This research has specifically targeted patients with extensive soft tissue loss and 

reconstructive surgery.  
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It is clearly demonstrated in this clinical study that lymphatic flow is affected by 

reconstructive surgery following deep soft tissue injury. It is also clear that scar tissue is 

obstructive to normal lymphatic flow and that free muscle flaps seem to have no normally 

functioning lymphatic vessels. Fluid specific measurements show statistically significantly 

more fluid in the affected limb compared to the contralateral control limb. The lower 

extremity functioning scale showed that participants were at 56.6% of the maximum 

functioning at baseline with 67.2% of maximum functioning at the 12 month follow up. 

Differences between affected and control leg volume was observed with the majority having 

a larger volume in the affected leg. 
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CHAPTER 6  
Discussion and conclusion 

This Chapter summarises this research and discusses in detail the contribution of the 

previous chapters as well as the discussion of the study limitations, and future directions for 

research into the lymphatic system and its response to trauma.  

6.1 Summary 

This study explored the influence of trauma related lower limb reconstruction on the 

lymphatic system. A variety of measurement tools have been used to investigate the presence 

of local and general oedema, to objectively investigate the individuals’ general health and 

lower limb functioning after trauma. This research has contributed to a significantly 

improved understanding of the extent of damage to the lymphatics through soft tissue loss 

and in the subsequent reconstruction by applying real-time imaging and tissue fluid 

measurement tools. 

The lymphatic system with its translucent vessel walls and clear fluid still remains under the 

radar of medical research. Now, with relatively non-invasive imaging technique that allows 

improved visualisation of the delicate lymphatic capillaries and collectors. This in turn allows 

us to gain further knowledge of the importance of the lymphatics in health and disease, and 

of the structure and function of the lymphatic system. This technique, Indocyanine green 

(ICG) is a fast fluorescence emitting contrast agent ideal for lymphatic investigation due to 

its ability to quickly bind to plasma proteins (mostly albumin) within the tissue spaces after 

intradermal injection. Also, its water-soluble properties, rapid excretion and low toxicity 

make it a safe method to use for lymphatic imaging. Further, its small quantity and 

intradermal administration using a 30-gauge insulin syringe make it relatively non-invasive.  
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Commercially available imaging systems for ICG emitted fluorescence are costly and have 

been challenging to source within Australia. However, it is likely with increased breadth of 

use and improvements in technology that prices will reduce and access increase. Associated 

with the cost of commercially available technology, the development of custom made 

imaging systems has been explored by a number of research groups around the world. The 

creation of an imaging unit is facilitated on the principles, based on the parameters of ICG 

excitation and emission wavelengths. In collaboration with the Flinders Biomedical 

Engineering group we developed a low cost ICG imaging system that was validated with a 

variety of ex vivo and in vitro experimental studies including ICG fluorescence intensity 

standardisation, ICG fluorescence in scavenged porcine material to validate the technique in 

isolated animal tissues (Chapter 2).   This work continued with in vivo work in mice, where I 

tested ICG for its real-time lymphatic vessel tracking ability and exploring quantification 

methods (Chapter 3).  

Clinical human research into ICG lymphatic imaging was also applied in patients who have 

had severe soft tissue injury after compound fractures (Chapter 5). 

Soft tissue injury associated with severe compound lower limb fractures has the potential to 

cause significant soft tissue damage and disruption to the lymphatic system within, around 

and distal to the area. The extent of damage to the lymphatic system and subsequent risk of 

recurrent infections and chronic lymphoedema remained unstudied. The presence of 

inflammation-induced oedema has been linked to lymphatic dysfunction but the 

involvement of the lymphatic system has only been raised sporadically in research studies 

relating to soft tissue injury. Also as the wound healing progresses there is unavoidable scar 

tissue formation that can further restrict lymphatic flow, impair lymphatic function, and 

prevent or slow the formation of new lymphatic vessels and pathways.  
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The onset time of clinically detectable chronic oedema is variable, from immediately after 

injury to months or even years after the initial injury and apparent recovery.  In a lower limb 

that has suffered the multiple insults of high impact trauma and undergone multiple 

reconstructions of bone and soft tissue area on each occasion the transport capacity of lymph 

collectors may be diminished due to scar tissue formation and the need for rerouting and re-

cannalisation of the lymphatics.  

Utilising ICG and NIR imaging alongside local tissue water, extracellular fluid measurements, 

general health and lower extremity functioning questionnaires enabled a detailed picture of 

this at risk lower limb trauma population.    

This study has created an improved awareness and understanding of lymphatic disruption 

and regeneration in post lower limb trauma patients with soft tissue injury and subsequent 

reconstruction. This knowledge, and the outcomes should improve our detection of the early, 

perhaps sub-clinical signs of lymphoedema, indicate their risk level and inform further 

assessment and early intervention to halt or slow the development of further lymphatic 

changes and thus of lymphoedema. 

6.2 Challenges for standardisation of ICG lymphography 

ICG lymphography is a novel imaging technique for real-time imaging of superficial 

lymphatic vessels. It has the potential to be widely implemented in a variety of clinical and 

research settings. However, it has limitations. The limited penetration depth (1-2cm)  means 

that only superficial lymphatics are visualised, and the range of ICG patterns observed means 

potential discrepancy between operators and interpretation.  

Future research should be focussed on validation of ICG related near-Infrared imaging 

devices and on strategies for detailed observation of lymphatic patterns observed and 

evaluation through ICG fluorescence. Ideally, this should be done prior to ICG lymphography 
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being implementation in clinical practice. This is necessary in order to avoid errors in 

diagnosis of the general functioning of the superficial lymphatic system and/or misdiagnosis 

on the presence of chronic oedema or lymphoedema. ICG should also be seen as an addition 

to lymphatic imaging as there is still the deep lymphatic system that is not visualised with 

ICG, unless in a surgical procedure. Lymphoscintigraphy for example will provide more 

information on systemic lymphatic failure and the status of the lymph nodes.   

The commercially available ICG imaging systems are able to capture emitted fluorescence 

through the tissues of the area of interest  to a depth of 1 to 2cm (reportedly) into the skin (1). 

Such systems are currently used in clinical, surgical and research settings. However, the high 

cost associated with these systems and the often unclear exact device specifications 

(excitation light laser output, LED output or filter specifications) has resulted in research 

groups constructing their own systems. Many of these systems - including our own - must be 

investigated and tested to ensure an understanding of all parameters that lead to the ICG 

fluorescence and its behaviour within the tissue.  

Custom made ICG systems’ may be cheaper than commercial systems, but they could make 

it more complicated to reach a consensus due to different operating parameters, image 

presentation and interpretation. These include differences in working distances from the 

camera system to skin as well as discrepancies in tissue penetration, which may result in 

different detection patterns and thus inconsistent diagnoses.  Further, different injection 

depths have also been reported to result in different lymphatic ICG uptake patterns.   

Suitable standardised, custom-made ICG systems could potentially be useful in settings such 

as developing countries that have no access or funding for the commercially available 

machines. It should be noted that many of the core component materials are individually 

relatively cheap and their combination and construction relatively easy.  
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Standardising ICG usages and fluorescence image interpretation in general is a challenge, and 

will likely remain so. A standard platform for sharing such information with clinicians and 

researchers (who use ICG for different purposes), would allow us to discuss this challenge in 

designated consensus meetings. This would be a step toward using ICG lymphography to its 

full potential. 

6.3  The potential quantification of ICG lymphography 

Quantifying imaging would improve our understanding of lymphatic physiology. This in turn 

would improve our knowledge of the aetiology of its pathologies. However, if ICG 

lymphography is to be implemented as a diagnostic tool for lymphatic vessel functioning, 

there needs to be a level of quantification implemented.   Information that can be obtained 

from fluorescence imaging  can be spatial, such as distances and velocities, or intensity which 

is concentration based (2). In addition, quantifying fluorescence in biological tissues is 

relative and dependent on numerous, variable factors; the task of quantification is 

fundamentally a relative one. Fluorophore binding to proteins, absorption of excitation light, 

scattering of the fluorescence, biologically variability, camera light saturation levels and 

camera resolution are all important variable or calibrating factors that can differ between ICG 

lymphography systems. 

In the mice imaging study (Chapter 3) it was evident that lymph node saturation levels can 

be validated and quantified, provided the ICG fluorescence is within the camera’s light 

detection limits. 

Mouse models allowed for a controlled environment and kept biological variability to a 

minimum. We investigated the use of kymograph analysis for lymphatic imaging 

quantification. We found that we could observe the rate of ICG absorption by the popliteal 

lymph node, up to the limit of light saturation, and we were also able to detect lymph vessel 
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pulsation.  If lymph vessel pulsation can be quantified a detailed assessment of lymphatic 

vessel functioning can be made. This pulsation will vary among individuals but a relative 

assessment or guideline metric could still be developed. This should be investigated in more 

detail and cross correlated with other imaging analysis. 

6.4 Recruitment database; its importance and challenges 

The patient trauma database used in this study has been essential for determining the scope 

of lymph-related problems and understanding how they affect patients in general. Early and 

late-term adverse events were identified from the extracted data. However, interrogating and 

adding to the database proved difficult and highlighted a problematic systemic issue.  

Diagnostic coding for compound fractures is based on the Gustilo classification. Often the 

compound lower leg fracture has more than one code, as it involves other bones (tibia, fibula, 

malleoli or tibia shaft, fibula shaft) and contains further information about the break 

fragments themselves (comminuted, segmented or spiral). Therefore, a compound fracture 

of the lower limb is often represented by a combination of different diagnostic codes, which 

are not always clearly specified by the specialist. 

In addition, procedure coding includes bone fixation as well as soft tissue reconstruction, but 

does not necessarily consider any other injuries that are usually present in these high energy 

trauma patients.  

When there is a need to extract specific data for research purposes, funding allocation or 

hospital statistics a complex coding algorithm is required that includes the details of the 

compound fracture with soft tissue reconstruction, as well as a number of other relevant 

parameters. This is time consuming and very challenging.    
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The database accessed in this study specifically reported on treated cases for soft tissue 

reconstruction, and in fairness, it is a good attempt to maintain consistent accessible 

information. Full use of this database could not be completed, however, without consulting 

the medical notes of patients, making for a labour intensive task. The medical notes often 

were devoid of specific information such as the Gustilo classification, time from accident to 

ambulance, time from admission to operation, specific details of complication and more 

importantly information on union and weight-bearing status upon discharge or first follow 

up.   

The difference between bone union and (infected) non-union is a very important outcome 

measure, determining the long-term morbidity of the patient. But this is also valuable 

information for the treating specialist which in turn can reflect on the treatment provided 

and allow the specialist to adjust follow up care so as to achieve the best outcome.  

Data on time of specific intervention, such as the initial surgery, wound debridement or final 

soft tissue coverage, would facilitate prediction analysis that could change and improve 

standard practice (3). However, obtaining such accurate data with the different coding 

approaches is problematic.   

Investigation of coding discrepancies showed that close to half of the discharge summaries 

needed to be revised to ensure optimal epidemiological data, and that many data entities 

were missing. Regular review is recommended in the forms of clinical audit and frequent 

communication between coders and clinicians. This is crucial for epidemiology data, but also 

for funding allocation in research that targets improved outcome (4). 

The discrepancies and missing entities in the databases' medical records made it difficult to 

perform any rigorous analysis of demographic statistics, and determine the exact number of 

people affected by compound tibial fractures, along with their long term outcomes.  More 
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detailed analysis was available from the study sample as there were face to face meetings with 

the patients, and revision of medical notes and discharge summaries. 

With national and international efforts to ensure high quality data in all medical fields, plastic 

surgery being no exception, high quality evidence is expected and needs to emerge from 

collected data to inform and resolve clinical controversies. This can only improve patient 

outcomes and will optimize targeted funding allocation for translational medical research 

(5).  

6.5  Permanent damage of lymphatics after lower limb fractures and wounds 

The role of lymphatics in soft tissue wounds and in the subsequent wound healing process 

has been researched sporadically. Those research projects which do investigate lymph vessels 

in this context stress the importance of raising awareness of the lymphatic system (6-12). It 

is an established principle that rupture of the skin and soft tissue will damage and rupture 

the superficial lymphatics, whose invaluable function is to remove excessive tissue fluid, clear 

inflammatory mediators and maintain healthy tissue homeostasis. It has also been shown 

that if lymphangiogenisis is facilitated within a wound,  skin cell regeneration will accelerate 

(13).  Given this critical role in wound healing, it is puzzling that lymphatics are consistently 

neglected in wound healing research and medical textbooks (14, 15).  

A similar situation exists regarding bone fractures. Bone union is an important factor, crucial 

to a lower limb trauma patients’ outcome. Union should ideally occur within 3 months of 

discharge from acute management. The main cause of non-union seems to be infection which 

is a high risk in the long bones such as the tibia (16, 17).  Thus, understanding the role of the 

lymphatic system in large soft tissue damage is critical, given its pivotal role in the body’s 

immunological response to bacterial invasions. 
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Szczesny et al. initially studied the response of the lymphatic system to long bone fractures 

and subsequent healing in dogs (8). They later investigated the same response in humans 

using lymphoscintigraphy. This revealed enlarged lymph nodes and reduced lymphatic 

transport in patients affected by lower limb trauma. This study concluded that post trauma 

patients are at high risk for recurrent infection and chronic lymphoedema  (8, 9). Lohrman 

et al. supported these findings with their lymphography results, observing torturous 

lymphatic vessels and lymphoedema in patients with extensive lower limb soft tissue trauma 

(17).  

These studies emphasise that poor lymphatic repair, compromised immune system and 

subsequent infections need to be closely monitored to prevent lymph stasis and progressive 

development of lymphoedema.  

6.6   Reconstructive soft tissue surgery and lymphatic regeneration 

Soft tissue reconstruction, after compound lower limb fracture, can be the difference between 

limb salvage or its amputation, so tissue viability is paramount.  Arterial and venous flow 

within the flap reconstruction is extensively researched and frequently observed and 

monitored in clinical practice (18-21). However, those publications that identify the regrowth 

of blood vessels in flap reconstruction pay little or no attention to lymphatic vessel 

regeneration.  

It is known that lymphatic vessels in the dermis tend to regenerate from healthy tissue into 

the defect. If this does not occur this may well lead to long term lymphatic problems and 

persistent swelling. With ICG imaging, I did not find any clear re-canalisation between the 

transferred flap reconstruction and the recipient site surrounding tissue. However, we 

speculate that a fasciocutaneous flap harvested from areas with well vascularised lymphatic 

territories such as the medial thigh flap may facilitate bridging the lymphatic gap. With the 
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vascularisation of the included fascia, this area of harvest may yield more viable lymph vessels 

and/or greater presence of lymphatic endothelial cells (LEC) than current anterolateral thigh 

flaps. Bhattacharya et al. identified lymphatic vessels within the deep muscle fascia, 

suggesting that its incorporation in flap reconstructions may be responsible for a better 

outcome for flap vascularity (11). More detailed investigation is required before this 

theoretical assumption can be clinically implemented.  

Lymphatic regeneration that penetrates the barriers of scar tissue, skin grafts and burn 

wounds, has been observed in both human and animal studies, but the viability of 

regeneration varies with the wound environment. Research suggests that lymphatic 

endothelial cell (LEC) development remains absent from regenerating tissue for 

approximately 9-10 days. After this interval, with sufficient repopulation of LECs, the cells 

then grow together in a vasculogenesic like fashion to form new interconnected lymphatic 

networks (22).  Amann-Vesti et al. examined the application of split thickness skin grafts to 

chronic venous ulcers and the subsequent lymphatic regrowth. They used fluorescence micro 

lymphography, on average 71 months after the initial skin grafting. Successful fluorescence 

micro lymphography was observed in all 15 grafts but only 2 indicated re-established viable 

lymphatic vessels. The viability was based on the vessel diameter appearance and the 

apparently normal flow within the vessel (13). The authors concluded that functional micro 

vascular lymphatic regrowth remains questionable in meshed skin grafting for venous ulcers. 

It is important to note that chronic venous ulcers have a poor wound environment to start 

with so therefore poor lymphatic regrowth can be expected, given the knowledge that 

lymphatics don’t usually re-grow in poor perfused environments. 

In contrast, in a cohort of deep tissue burns patients, the same authors claimed complete 

lymphatic regrowth within 4 weeks following the burns. The follow-up at 6 and 18 months 
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suggested completely normal lymphatic functioning. It seems probable that better 

debridement in the burns cases was the cause of the improved lymphatic regeneration (14).  

These papers highlight the importance of preparation of the wound bed. Preparation is 

essential for facilitating normalised tissue homeostasis, creating optimal tissue granulation 

and thus establishing the best possible outcome.  In all these processes the lymphatics play a 

key role. 

In reconstructions involving free muscle flaps, vascularised autologous tissue will ensure limb 

salvage, fracture repair and soft tissue healing. Revascularisation (shown by perfusion 

studies) indicates a clinically successful outcome. The blood microvasculature within a well 

vascularised free muscle flap is known to regenerate rapidly (23). However, less information 

is known regarding the presence of lymphatic vessels within the muscle microcirculation and 

how they regenerate. In these free flap reconstructions, lymphatic vessels are likely to be 

disrupted whilst harvesting the flap from the donor site (raising the flap) and when inserting 

the flap into the defect (24).  

Our clinical study suggests that there were no viable superficial lymphatic vessels 

demonstrated within the muscle flap reconstructions after lower limb injury.  This could be 

attributed to the paucity of existing lymphatic vessels within the muscle flap. It is also likely 

that scaring on the muscle flap and along its edges may prevent the regrowth of lymphatic 

vessels from the healthy tissue surrounding the flap, into the flap itself. This hypothesis is 

supported by Suami et al. who reviewed scarring caused by prior graft surgery in a cadaver 

leg. Suami et al. explored lymphatic vessel disruption due to the scar and found unusual 

structured vessels between the scar and the surrounding tissue (25). These vessels were only 

statically investigated, due it being a cadaveric study, but there were still identifiable 

differences between scar and previously healthy tissue lymphatic vessel patterns. 
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In our study, the real-time lymphatic pattern between the free muscle flaps and healthy tissue 

was unusual compared to the healthy control leg.  When compared to the non-affected 

contralateral limb, the lymphatic vessel morphology seems to have adapted to go around the 

reconstructed site. Despite this being a significant finding, we still have to question our 

knowledge of the lymphatic anatomy of the individual since most of our current anatomical 

information is based on animal studies, human cadavers or anatomical books with drawings 

that are more than 100 years old. In my study, imaging the lymphatic vessels in real-time in 

soft tissue reconstructed lower limbs has increased our understanding of the function and 

adapting ability of the superficial lymphatics.  

There have been studies that have reviewed the anatomy of the superficial lymphatic system, 

and investigated lymphatic recanalization after free flap reconstruction, as well as studies 

specifically targeting the development of chronic lymphoedema (15). Slavin et al. (1999) 

researched 8 lower limb participants with free flaps and investigated the functionality of the 

large lymphatic collectors. Technetium 99m-antimony trisulfide colloid was injected into the 

flap and visibility of the tracer and time of uptake was noted. The authors concluded that 

there was a barrier created by the existing scar tissue but normal lymphatic functioning 

seemed to be restored (5). The difference between the outcome of this study and ours may 

be due to the type of free flaps used in study of Slavin et al. Slavin et al. investigated 

reconstructions with musculocutaneous and fasciocutaneous flaps, but those in our study 

were mostly free muscle flap with skin graft and a free fasciocutaneous flap. The   

musculocutaneous flap that contains skin, subcutaneous tissue, fascia and muscle should also 

contain healthy lymphatic vessels and, as mentioned earlier, may thus facilitate reconnection 

with recipient lymphatic vessels.  
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6.6.1 Lymphangiogenisis and oedema 

We know that interstitial flow and its direction is important to stimulate the vessel formation 

and cell migration for lymphangiogenesis. Lymphatic endothelial cells (LEC) migrate and 

organise into lymphatic vessels along the direction of interstitial flow (26).Shear stress forces 

and hydrostatic pressure continues to stimulate further lymphatic vessel growth to match 

demand (27). 

There is interesting research on natural lymph venous anastomosis (or connections) in free 

tissue flaps that has relevance here. Using imaging technology, such as lymphoscintigram 

where a contrast agent suitable for lymphatic transport is injected, the authors were able to 

observe the contrast agent in the blood before it reached the thoracic duct. This implies 

natural lymph venous connections (LVC) outside of the subclavian vein (28).  LVC have been 

found distal to the obstruction as a compensatory mechanism (24).  It is evident that the 

venous pressure is crucial for opening LVC, however, levels of venous pressure in flaps are 

usually unreliable/unpredictable and overall transport volumes remain unknown.  

Oedema within the restorative flap is often seen after reconstruction of the lower limbs and 

relates to post-surgical inflammation. Excessive or prolonged oedema prior to the planned 

reconstructive surgery, or oedema that arises post-surgery, both compromise the healing 

process and potentially can cause compression of the venous outflow of the flap. Flap survival 

is not likely if the venous outflow is compromised. There is limited published human research 

detailing the interstitial hydrostatic pressure within a reconstructed flap, but it is measured 

in animal models and proved to be high. A disruption of lymphatic vessels in the dermal 

plexus and therefore reduction of lymphatic transport caused an increase in interstitial fluid. 

This can be even further elevated based on increased leakage of intravascular proteins 

associated with inflammation (29). The local oedema that then occurs within the flap further 

decreases the capillary filtration as a consequence of increasing intravascular resistance (29).  
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Further, the longer the oedema persists the more deposition of fat and fibrous tissue occurs 

(30).  

Experience has shown that flaps, mostly free muscle or free fasciocutaneous flaps, can be 

bulky, and cause discomfort and cosmetic issues for the patient and, in consequence, 

contouring or flap debulking with liposuction, laser or open excisions are procedures 

regularly used to address these issues. Fat or adipose tissue infiltrates where atrophy of the 

unused muscle is apparent in the free muscle flap (31). It should be noted that these debulking 

procedures run the risk of further damaging lymphatic pathways within the tissues, so 

perhaps flap debulking should be avoided until we know more about the relationship 

between lymphatic regeneration and fat tissue (24, 32). Given such complications, it is 

important we understand precisely where the increased interstitial fluid goes when the 

lymphatic vessels are not immediately reconnected within lower limb flaps specifically. 

6.7   ICG lymphography as a diagnostic tool in lymphatic dysfunction 

Despite its limited penetration depth and the lack of standardisation, ICG fluorescence 

lymphography is now increasingly used as a diagnostic tool for chronic lymphoedema. Unno 

et al. (2007) were one of the first research groups that explored ICG in patients with 

lymphoedema. In their follow up study in animals, the authors proposed a quantification 

method based on the ratio of ICG distance travelled versus time taken to bring standardising 

objectivity to an otherwise subjective assessment process (18, 19).   

One problem with this method, is that the ICG may not travel from point of injection to point 

of interest only via the superficial lymphatic system, it could travel through the pre-collectors 

into the collectors towards other locations or past the areas of interest without the operator 

noticing as it is too deep to detect fluorescence. This could potentially compromise the 

distance-versus-time metric. Perhaps a method to explore the outline of the lymph drainage 
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pathways, calculations of vessel diameter, flow dynamics, retrograde and anterograde flow, 

would be more valuable. These problems notwithstanding, at the conclusion of both the 

above mentioned studies, the authors recommended ICG usage as a diagnostic tool and 

emphasised that it is safe to use and less time consuming than comparable methodologies. 

With ICG lymphography, patterns of “dermal backflow” are distinctly visible, which means 

pattern recognition techniques can be applied to explore and classify lymph stasis. Yamamoto 

et al. (2011) proposed a direct correlation between lymphoedema severity and the ICG 

patterns in patients with lymphoedema (33). This standard has been adopted by other 

researchers, however opinions are still divided over the diffuse patterns (12). This is because 

the diffuse ICG pattern associated with the most severe stage of lymphoedema, can also be 

observed when the ICG has to penetrate a firm layer of adipose tissue.  

Nevertheless, our study demonstrated that ICG lymphography could locate the obstruction 

in lymph flow superficially, by showing dermal backflow patterns distal of the flap and scar 

tissue in participants who were referred for further diagnostic imaging.  This dermal backflow 

was also confirmed with lymphoscintigram. Any dermal backflow pattern or non-linear 

pattern of flow suggests lymphatic failure, as it shows ICG is leaking out of the lymphatic 

vessels rather than being moved centripetally. 

Further experience and publication of findings concerning ICG imaging will undoubtedly 

increase our understanding of the different ICG fluorescence patterns, and of their 

uniqueness for each individual.  

6.8  Post trauma physical and mental outcome studies  

The quality of life outcome after a traumatic experience directly impacts upon the long-term 

physical wellbeing of the person affected. In addition to the physical outcome, after lower 

limb trauma and reconstruction, the mental health of the patient must not be overlooked. 
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Many factors have been identified that contribute to a patient’s overall outcome, including, 

but not limited to, the ability to return to work, costs of health care and rehabilitation and 

post-operative complications, whether immediate or latent. These factors are recognised as 

playing a role in the overall mental coping with the trauma (34). Numerous general quality 

of life questionnaires has been developed over the last two decades focussing on physical and 

mental health with an increased interest in patient centred outcomes.  

There exists substantial research examining both the functional and the psychological status 

of patients after major lower limb trauma and reconstruction. In general, the long term 

outcome of such patients seems poor, commonly featuring chronic disability, loss of function 

of the affected limb, ongoing pain, recurrent infection and hospitalisation (35-37). The 

clinical outcomes obtained through our research are similar. 

Although all participants in our research reported swelling, it did not seem to affect them in 

their daily lives as much as the pain and the loss of function. This absence of concern could 

be a problem, as it may increase the risk of behaviour or accidents that aggravate the 

condition, causing intermittent swelling to develop into lymphoedema, which has a 

recognised significant impact on a person’s daily life (38). 

6.9  Limitations of the study 

Three limitations must be noted. 

First: The lymphatic imaging in this study was performed with the custom made imaging 

system, comprehensive video and still images were obtained. To progress such a custom 

made system to diagnostic situations, cross-validated with commercial ICG imaging system 

(e.g Hamamatsu Photo Dynamic Eye) should occur. 
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Second: The sample size for the clinical trial was smaller than ideal. Many of the patients 

contacted to participate in the study were either lost prior to follow up or were from 

rural/remote areas within South Australia or even interstate. A large number of people opted 

out, preferring not to volunteer in a study that would not be directly beneficial for them, or 

declined due to physical or mobility limitations caused by their accident. Some of these 

patients even mentioned in phone conversation that they were still traumatised by the 

accident and did not feel ready to come to the hospital for the study. Finally, some patients 

were still engaged in legal battles with insurance companies and received legal advice not to 

be assessed by anyone connected with the hospital.   

Third: The mice studies were aimed at assessing the baseline utility of  ICG in small animal 

research. Further study is required to better characterise the use in ICG in a wider range of 

animal (disease) models.   

6.10 Overall conclusion 

This study contributes to the knowledge of lymphatic imaging, lymphatic vessel structure 

and functioning in and around lower limb soft tissue reconstructions following severe high 

impact trauma.  

Specifically, this research demonstrates that:  

1. ICG lymphography is a feasible, relatively simple non-invasive technique for imaging the 

superficial lymphatic system.  

2. ICG real-time imaging can be used in animal models. 

3. ICG lymphography is useful for assessing post lower limb Gustilo IIIB trauma patients 

with subsequent soft tissue reconstruction. In particular, we observed that superficial 

lymphatic vessels were not visible in the lower limb free muscle flap reconstructions and 

that lymphatic vessels had an altered pathway which avoided scar tissue. The control limb 
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also showed faster uptake of the ICG dye compared to the affected limb. In the local 

reconstruction as well as the free muscle flap reconstruction group it was evident that 

scar tissue blocked the continuous flow of superficial lymphatics and seemed to caused 

local dermal backflow patterns. There were no viable or normal lymphatics within the 

free muscle or musculocutaneous flap. In all cases there was a block to lymph flow from 

the surrounding tissues, along the scar tissue edge. Lymphatic function in patients with 

lower limb trauma is negatively affected.  Long term or 12 month follow up in patients 

shows no change in the lymphatic flow or fluid in the leg. 

4. Lower limb trauma patients are at risk for recurrent infections, subsequent 

lymphoedema, and a reduced quality of life.  All affected limbs seem to have significant 

higher extracellular fluid, high local tissue fluid and larger limb volumes. 

6.11 Recommended directions for future research 

I have several recommendations that stem from the findings in this thesis.  

1. Establish consensus for ICG injection-imaging system.  

2. More research on quantifiable methods for ICG lymphography is needed. 

3. More flaps and flap types must be researched in detail and compared to each other in 

terms of the impact on the lymphatic pathways development, lymphatic function and the 

presence of lymphedema. The flaps to include and perhaps to compare are: free muscle 

flap, free fasciocutaneous flap, local hatchet flap, and local fasciocutaneous flap. 
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Equipment Specifications 
Cost (in AUS dollar - 
2013) 

Eight laser 
flashlights 

Pulsar , L-808S laser diode 
Wavelength: 780nm 
Lens diameter: 22mm 
Equivalent IR Power: 250mW 
Laser Class: Class 1 
Range of power adjustment (min/max): 
125-250mW 
Range of beam divergence: 4.5-7° 
Custom supply made (6V, 1.5 A nominal) 

$2000 ($250 each) 

Video Camera 

Panasonic, B/W WV-BP330 Series camera 

1/3” CCD 
Scanning Area: 4.9 (H) x 3.7 (V) mm 
Scanning System: 2:1 interlace 
Video Output 1.0V[p-p] EIA composite 
75W/BNC connector 

No cost- Department Asset 

Aspherical IR 
Varifocal Lens 

Daiwon Optical Co. Ltd, VIR3080AS 
Focal Length: 3.0-8.0mm 
Viewing Angle: 44.1°-118.7° diagonal 
Dimensions: 35mmØx48mm(L) 

No cost- Department Asset 

Long pass 
filter 

Edmund Optics Pty Ltd, LP 850nm 
Rejection Wavelength: 200-835nm 
Transmission Wavelength : 865-1650nm 
Diameter : 12.5mm 
Transmission: ≥ 91% average 
Cut-On Wavelength : 850nm 
Cut-On Tolerance: ± 1% 

$213.10 

Video Capture 
Software 

VirtualDub 
Video capture/processing utility for 32 & 
64-bit Windows platforms 

Free software 

Portable light 
source 

Battery operated 
Wide wavelength spectrum 

No cost- Department Asset 

Trolley and 
six linear 
bearings 

Standard hospital push trolley 
Trolley on loan- 
Bearings ~$480 ($80 
each) 

Total costs  $2693.10 
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