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Preface 

 

The purpose of this thesis is to; i) explore the utility of indocyanine green (ICG) 

lymphography in the assessment of breast lymphoedema, and ii) investigate the lymphatic 

drainage pathways of the breast to determine if these pathways are altered following 

breast-conserving therapy for breast cancer.   

 

This thesis is comprised of four chapters.  To provide background relevant to the purpose 

of this thesis Chapter 1 gives an overview of the lymphatic system (anatomy and 

physiology) and lymphoedema.  It introduces terms and concepts that will be referenced in 

subsequent chapters.  Additionally, it describes breast lymphoedema, investigating its 

aetiology, incidence, and risk factors.  Chapter 2 discusses the current assessment 

methods used in breast lymphoedema as described in the literature.  It also introduces ICG 

lymphography as a potential assessment method.  Chapter 3 is a pilot study examining the 

viability of ICG lymphography in assessing breast lymphoedema.  This chapter is 

presented in the format of the manuscript which has been submitted to the Journal of 

Breast Cancer Research and Treatment, with table and figure numbering aligned to the 

thesis document.  The print version is accessible in Appendix 2.  Chapter 4 reviews and 

analyses the findings of this study with consideration to the clinical implications and future 

research directions.  Specifically, it explores the role ICG lymphography has in the 

assessment, management, and monitoring of breast lymphoedema.  References for 

Chapters 1, 2, and 4 are presented at the end of Chapter 4.  The references for the pilot 

study (Chapter 3) are included in the manuscript in the format requested by the journal. 
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Abstract 

 

Breast lymphoedema is a potential complication for women undergoing breast-conserving 

therapy for breast cancer.  It is characterised by chronic swelling and tissue changes in the 

breast, which can cause discomfort, increased susceptibility to cellulitis, and negatively 

impact the sufferer’s quality of life.  Despite this breast lymphoedema remains under-

recognised and under-reported.  This can be attributed, at least in part, to the lack of a 

standardised assessment method.  This thesis explores breast lymphoedema, specifically 

the current methods available to assess this condition and proposes a new method of 

assessment, indocyanine green (ICG) lymphography.  

 

ICG lymphography is a validated assessment method for breast cancer-related arm 

lymphoedema.  However, its use in breast lymphoedema has not been examined.  

Therefore, a pilot study recruiting two groups of participants (10 healthy controls, and 10 

breast lymphoedema participants) was undertaken to determine if ICG lymphography 

could be utilised as an assessment method for this condition.  Additionally, ICG 

lymphography was used to map the lymphatic drainage pathways of the breast in both 

participant groups to determine if these drainage pathways are altered following breast 

conserving therapy.   

 

In this pilot study, ICG lymphography detected morphological changes to the lymphatic 

vasculature diagnostic of lymphoedema (dermal backflow and collateral lymphatic 

drainage) in all breast lymphoedema participants and none of the healthy control 

participants.  Furthermore, lymphatic drainage pathways of the breast differed between the 

two groups.  In the healthy control group lymph drained exclusively to the ipsilateral axilla 

region.  In the breast lymphoedema group lymph drained to the: i) parasternal (6/10); ii) 

ipsilateral axilla (4/10); iii) contralateral axilla (4/10); iv) intercostal (3/10) and v) 

clavicular (2/10) regions.  
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These findings support the use of ICG lymphography in the assessment of breast 

lymphoedema.  Additionally, understanding the lymphatic drainage pathways of the breast 

will have clinical implications for breast lymphoedema management.  This pilot study 

serves to direct future research that examines the role of ICG lymphography not only in the 

assessment of breast lymphoedema but its diagnosis, management, and monitoring.   
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lymphoedema 
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1.1 Overview  

 

The lymphatic system comprises a complex network of lymphatic vessels and nodes which 

are found throughout the body.  Lymphatic vessels start as a dense interconnected network of 

small blind ended capillary vessels which coalesce into progressively larger vessels 

(precollector and collecting vessels), eventually forming lymphatic trunks.[1]  The lymphatic 

trunks connect to the venous system and therefore the wider systemic circulation through 

lympho-venous connections at the right and left subclavian veins.[2]  Lymph nodes are small 

kidney shaped structures situated along the lymphatic vasculature, usually in clusters where 

lymphatic vessels merge to form lymphatic trunks.[3]   

 

The lymphatic system transports fluid, macromolecules, immune cells, and products of tissue 

metabolism and catabolism[4] from the interstitial tissue to the systemic circulation.  Once 

fluid in the interstitial tissue enters the lymphatic system through its capillary network it is 

termed lymph.  The transportation of lymph is central to the maintenance of tissue fluid 

homeostasis within the body.[5]  Other functions of the lymphatic system include the 

transportation of lipids from the digestive system to the systemic circulation, and the 

production and transportation of immune cells giving the lymphatic system a role in adaptive 

immunity.[6]  Considering these functions, any lymphatic deficiency may therefore affect 

many vital processes in the body leading to a range of pathologies.  One significant condition 

that develops as a result of lymphatic dysfunction is lymphoedema.[7]  

 

Lymphoedema is the chronic swelling of a region of the body such as the arm or breast.  

Swelling develops when the lymphatic system’s capacity to transport lymph is reduced.  This 

leads to an imbalance between the volume of lymph to be transported and the transport 

capacity.[8]  Consequently, fluid accumulates in the interstitial tissue resulting in tissue 

oedema.  Lymphoedema is characterised as either primary or secondary.  Primary 

lymphoedema occurs from congenital or hereditary disorders of the lymphatic system.  

Secondary lymphoedema is acquired as a result of trauma to the lymphatic system.[8]  In 
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developed countries treatment for cancer is the most common cause of secondary 

lymphoedema.   

 

Breast cancer and its treatment may predispose patients to developing secondary 

lymphoedema of their arm and/or breast.[8]  While breast cancer-related arm lymphoedema 

(BCRL) is commonly reported in the literature, breast lymphoedema (sometimes referred to 

as breast oedema) is often overlooked.  However, like BCRL, breast lymphoedema causes 

significant issues for these patients.  For example, patients with breast lymphoedema are at an 

increased risk of developing cellulitis infections, suffer from negative body image, and have a 

reduced quality of life.[9]  Therefore, further research investigating this condition is 

warranted.  

 

This chapter on the lymphatic system and breast lymphoedema comprises four sections.  The 

first section (Section 1.2) provides an overview of the superficial lymphatic system.  

Secondary lymphoedema such as breast lymphoedema largely involves this system.  

Therefore, knowledge of its anatomy and physiology will facilitate an understanding of the 

lymphatics of the breast and the pathophysiological changes that may develop in breast 

lymphoedema.  The second section (Section 1.3) discusses the lymphatic anatomy of the 

breast in more detail, describing its unique characteristics, and exploring its relationship to 

the lymphatics of the anterior upper torso on which it sits.  The third section (Section 1.4) 

focuses on breast lymphoedema, its incidence, aetiology, and risk factors.  The final section 

(Section 1.5) takes a more pathophysiological approach.  It outlines the long-term 

pathophysiological consequences of secondary lymphoedema on the lymphatic vasculature 

and subcutaneous tissue architecture.  Additionally, it describes the morphological changes to 

lymphatic vasculature that can be used to identify lymphoedema.   

 

Within each of these sections attention has been drawn to the relevant literature.  Since the 

breadth of material related to this thesis is vast, it is impossible to cover it all in detail.  Thus, 
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the reader will be directed to relevant review articles, for further detail on a given topic, if 

required. 

 

 

1.2 Superficial lymphatic system 

 

The lymphatic system is typically divided into three systems.  Specifically, the deep, 

perforating, and superficial systems, which are illustrated in Figure 1.1.  The deep system, 

which is relatively separate from the superficial system, lies close to muscle and bone 

draining lymph from these sub-fascial structures.  The perforating system (not shown) runs 

alongside perforating arteries that travel from superficial to deeper tissue, perforating the 

deep fascia.[10]  These vessels transport lymph from the superficial tissues to the deep 

system while remaining completely separate from the superficial lymphatic system.  The 

superficial system lies just below the skin (epidermis).  It functions to transports lymph from 

the interstitial tissues back to the systemic circulation.[8,10]  In the context of this thesis the 

superficial system is most relevant because it is the system in which secondary lymphoedema 

typically manifests.[11]  For this reason the superficial system will be described in detail 

below.  
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Figure 1.1 Schematic diagram of superficial lymphatic vessels Adapted from Suami H, Pan WR, 

Mann GB and Taylor GI. The lymphatic anatomy of the breast and its implications for sentinel lymph 

node biopsy: a human cadaver study. Annals of Surgical Oncology. 2008;15:863 under a CC-BY-

NC.[12] 

 

 

1.2.1 Anatomy of the superficial lymphatic system 

The superficial system can be delineated by dividing it into lymphatic territories (Section 

1.2.1.1), or structurally in terms of its vessels and nodes (Section 1.2.1.2).   

 

 

1.2.1.1 Superficial lymphatic territories of the torso 

A lymphatic territory is an area of skin that drains to a specific lymph node or a lymph node 

region via the superficial lymphatic system.[13]  The concept of lymphatic territories were 

first described in the 1800s by an anatomist, Sappey.  Sappey depicted four territories of the 

torso (excluding the breast) and their drainage regions.  Two upper territories which drained 
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symmetrically to ipsilateral axillary lymph nodes and two lower territories which drained 

symmetrically to ipsilateral inguinal lymph nodes.[12]   

 

As shown in Figure 1.2 each territory was demarcated by a theoretical vertical midline that 

divided the torso in the sagittal plane and a horizontal line at the level of the umbilicus 

dividing the torso in the transverse plane.  These lines were termed Sappey’s lines.[14]  More 

commonly known as watersheds,[15] Sappey’s lines have been reported to be relatively void 

of lymphatic vasculature.  Therefore, the transport of lymph between lymphatic territories is 

considered to be limited.[13]  These findings have had implications on the management of 

lymphoedema such as the direction in which lymphatic drainage techniques are applied.  

However, the accuracy of these reports is questionable as later studies[13-16] have identified 

lymphatic drainage across these torso watersheds.  This suggests that non-conventional 

lymphatic drainage pathways of the torsos may exist which would have consequences on the 

management of lymphoedema in this area.   
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Figure 1.2 Sappey’s drawing (1874) of the superficial lymphatic system of the torso.  Edited to 

highlight the anterior territories of the torso, the lymphatic drainage of each territory towards 

corresponding lymph nodes (green arrows), and watersheds (blue dotted lines).  Adapted from Suami 

H, Pan WR, Mann GB and Taylor GI. The lymphatic anatomy of the breast and its implications for 

sentinel lymph node biopsy: a human cadaver study. Annals of Surgical Oncology. 2008;15:863 

under a CC-BY-NC.[12] 

 

 

1.2.1.2 Structure of the superficial lymphatic system 

The superficial lymphatic system, as shown in Figure 1.1, comprises three types of vessels 

(capillaries, precollectors, collecting vessels) and lymph nodes.  The main characteristics and 

functions of each are as follows. 

 

Lymphatic capillaries, commonly referred to as the initial lymphatics, are small blind ended 

vessels that form a dense interconnected lymphatic network just below the epidermis.  They 

are the primary site for fluid exchange between the interstitium and the lymphatic system.  

Their vessel wall comprises a single endothelial cell layer with a discontinuous basement 

membrane.[17]  Lymphatic capillary endothelial cells have a unique oak-leaf shape allowing 
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the formation of overlapping flaps between adjacent cells.  Discontinuous button-like 

junctions present on the sides of each flap maintain structural integrity of the capillary while 

allowing the entry of fluid and solutes from the interstitium through openings at the tip of 

each flap.[18]  These openings serve as the primary valves of the lymphatic system.  In 

normal conditions these valves ensure the unidirectional movement of lymph, preventing it 

from escaping back into the interstitium.[19]  Anchoring filaments which tether the 

endothelial cells to the surrounding interstitium additionally facilitate the opening of these 

primary valves in conditions of increased interstitial oedema by stretching the endothelial cell 

junctions.[20]  A further suggested method of fluid entry into the superficial lymphatic 

system is the transport of water across the endothelial cells (transcellular transport) via 

aquaporin-1 channels.[2] 

 

Precollectors are only found in the superficial lymphatic system.  As seen in Figure 1.1 they 

run vertically down from the capillaries (in the dermis) to collecting lymphatic vessels (in the 

subcutaneous tissue).  This aligns to their primary role which is to transport lymph between 

the lymphatic capillaries and collecting vessels.  In comparison to lymphatic capillaries, 

precollectors are larger in diameter and have a more developed vessel wall.  However, their 

vessel wall structure can vary along its length.  For example, some sections of a given 

precollecting vessel may have a single layer of endothelial cells (i.e. resemble a lymphatic 

capillary) whilst other sections may have a more developed structure with lymphatic valves 

every 2-3 mm,[20] similar to a lymphatic collecting vessel.  

 

Lymphatic collecting vessels run horizontally through the adipose layer of subcutaneous 

tissue towards regional lymph nodes.  Similar to veins (and arteries), the lymphatic collectors 

are more developed and consist of three coaxial layers.  The inner layer (intima) is lined by 

endothelial cells, the middle layer (media) consists of lymphatic muscle cells and the outer 

layer (adventitia) comprises connective tissue, vasa vasorum and nerves.[1]  
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Another important component of the lymphatic collecting vessel structure is the presence of 

bicuspid valves at semi-regular intervals (every 1 -3 mm).[19]  These valves are commonly 

referred to as secondary lymphatic valves.  Similar to the primary lymphatic valves, 

secondary lymphatic valves prevent the backflow of lymph.[1,17] Additionally, they divide 

the vessel into functional units called lymphangions.  Lymphangions have the ability to 

contract and therefore provide an intrinsic force that actively transports lymph proximally.[1] 

This is an important function of the lymphatic system that will be discussed in more detail in 

Section 1.2.2.   

 

Lymph nodes are situated throughout the human body.[20]  They are classified as either 

regional if located in clusters where lymphatic collecting vessels merge to form larger 

lymphatic trunks (e.g. axilla), or interval if they lie along a collecting vessel.[20]  Lymph is 

transported to and from lymph nodes via afferent and efferent collecting vessels and all 

lymph passes through at least one lymph node before it is returned to the systemic 

circulation.  Lymph nodes are composed of a number of compartments through which lymph 

is filtered.  Additionally, they house immune cells which contribute to the lymphatic system’s 

role in adaptive immunity.  Lymph nodes have their own blood supply enabling the direct 

reabsorption of water back into the systemic circulation.[2]  In diseases such as breast cancer, 

cancer cells may break away from the primary tumour and spread to other areas of the body.  

As cancer cells travel through the lymphatic system they typically spread to the lymph nodes 

first.  Therefore, lymph nodes are often targeted in cancer treatments such as surgery or 

radiotherapy.  

 

 

1.2.2 Physiology of lymph flow in the superficial lymphatic system 

The formation of lymph and its transport within the lymphatic system is influenced by forces 

that bear resemblance to those in the wider circulation.  For example, lymph moves centrally 

through progressively larger lymphatic vessels according to pressure gradients (e.g. from 

high to low pressure).  However, unlike the wider circulation, the lymphatic system does not 



10 

 

 

 

have a centralised pump (heart).  Instead pressure gradients are augmented by extrinsic forces 

(e.g. respiratory movements or skeletal muscle contractions) and intrinsic forces (smooth 

muscle contraction within lymphatic collecting vessels).  The role of each force in the 

formation and transport of lymph will be considered below.   

 

Pressure gradients are responsible for the formation of lymph at the lymphatic capillaries.  

When interstitial pressure becomes higher than capillary pressure the primary lymphatic 

valves open allowing the transport of fluid and solutes into the lymphatics.  Once pressure in 

the capillaries rises these valves close preventing the backflow of lymph.[2]  Lymph fluid 

that has accumulated in the capillaries is transported proximally down a partial pressure 

gradient.  Additionally, suction forces generated through the active contraction of the 

upstream lymphatic collecting vessels, termed the retrograde pump, aid in capillary lymph 

transport.[21] 

 

Extrinsic forces are external to the lymphatic system.  For example, respiratory movements 

can create variations in central venous pressure, which may augment the formation and 

transport of lymph.[2]  However, the influence of these forces depends on the location of 

lymphatic vessels within the body.  In the context of the breast, it is expected that due to its 

anatomical location, changes in central venous pressure as a result of breathing will augment 

lymph transport.  The influence of these forces may also be impacted by the precise central 

venous pressure.  For example, in patients who have an increased central venous pressure 

(e.g. patients with heart failure), the effect of these cyclical changes may be attenuated.  

Accordingly, this may impede lymphatic drainage.   

 

The above factors had several implications for the study design in Chapter 3.  For example, 

participants with heart failure were excluded from the study.  Additionally, although 

breathing was not measured, care was taken to ensure participants were in a resting state (in 

supine) throughout the study.  In other words, there was an attempt to minimise inter-

participant variations in lymphatic drainage due to breathing.  
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Another extrinsic force responsible for influencing lymph formation and transport is the 

contraction of nearby skeletal muscles.  Skeletal muscle contractions create cyclical tissue 

deformation that superimpose pressure gradients.[5]  While these forces are particularly 

relevant to limb lymphatic drainage, they would have less effect on the breast as it is not 

composed of any muscular tissue.  Exogenous extrinsic forces may however contribute to 

lymph formation and transport within breast tissue.  For example, intermittent direct external 

manual pressure, such as that applied by a lymphoedema therapist during manual lymphatic 

drainage (MLD) treatments, can aid lymphatic drainage of the superficial lymphatic system.   

 

Intrinsic forces play a significant role in the transport of lymph once it enters the relatively 

deeper aspects of the superficial lymphatic system.  In contrast to extrinsic muscle 

contractions evoked by skeletal muscle, intrinsic forces involve the active contraction of 

lymphangions in lymphatic collecting vessels.  Lymphangions are arranged in series along 

the vessel and act as individual but coordinated pumps that sequentially contract, propelling 

lymph proximally.[17]  Secondary lymphatic valves, which divide the lymphangions, 

compartmentalise lymph and thereby reduce the hydrostatic pressure within the lymphatic 

collecting vessel.  This aids the proximal transport of lymph against a net hydrostatic pressure 

gradient.[17]   

 

Lymphangions are capable of contracting due to a lymphatic muscle layer within the wall of 

the collecting vessel.  Lymphatic muscle has unique properties with similarities of both blood 

vessels (smooth) and cardiac (striated) muscle allowing it to function in both tonic and phasic 

contractions.[2]  Similar to blood vessels, lymphatic collecting vessels exhibit myogenic 

responses to changes in intravascular pressure.[1,17]  Additionally, they undergo rapid phasic 

contractions, similar to those of cardiac pacemaker cells and their contraction cycle is 

analogous to that of the cardiac cycle with periods of systole and diastole.[1]  Lymphatic 

muscle contraction strength, frequency, and amplitude are influenced by numerous inherent 

factors pertaining to the lymphatic vessel itself or endogenous substances that cannot be 

controlled for in the study undertaken in Chapter 3.  While it is beyond the scope of this 

thesis to discuss these in detail (see Scallan et al.[1], Breslin et al.[2], Chakraborty et al.[17]) 
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it is important to note that the relationship between these factors is complex and inextricably 

linked to allow coordinated, efficient contraction of lymphangions that are capable of 

adapting to changing lymphatic loads.   

 

 

1.3 The lymphatic anatomy of the breast 

 

The breast is situated on the anterior thoracic wall overlying the pectoralis major muscle.  It  

extends from the second to the sixth rib with medial and lateral borders at the edge of the 

sternum and mid-axillary line respectively.[22]  The breast consists of parenchymal, stromal 

(e.g. connective tissue), and adipose tissue.  The parenchyma includes 15-20 lobes and 

lactiferous ducts that function to transport milk to the nipple during lactation.[23]  Stromal 

tissue throughout the breast provides support to the parenchyma.  For example, Cooper’s 

ligaments run from the dermis of the skin through the breast parenchyma to the clavipectoral 

fascia giving support and shape to the breast.[22]  Adipose tissue surrounds the lobes of the 

breast and lies within the subcutaneous tissue largely determining the size of the breast.   

 

Overlying the subcutaneous tissue is the skin of the breast (dermis and epidermis).  Its 

thickness varies across the breast with an average dermal thickness of 1-1.5mm.[24,25]  The 

skin accommodates the nipple and areola.  The nipple contains the openings of the lactiferous 

ducts[26] and surrounding it the areola has openings to glands (Montgomery glands) which 

provide lubrication during breastfeeding.[23] 

 

Lymphatic vessels are present throughout the breast tissue.  A highly dense network of 

lymphatic vessels can be identified superficially in the subcutaneous and areola 

tissue,[13,26,27] while fewer lymphatic vessels are present in the deeper parenchymal 

tissue.[28]  Despite being an area of anatomical study since the 1700s, there continues to be 

aspect of the breast lymphatic drainage that remains unclear today.  Specifically, the 
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anatomical course that the lymphatic vessels take to regional lymph nodes and the way in 

which lymph is drained from the breast’s subcutaneous and parenchymal tissue. 

 

In the 1800s Sappey proposed that all lymphatics of the breast (subcutaneous and 

parenchymal) drained in a centripetal direction to a subareolar plexus located beneath the 

breast areola.  From the subareolar plexus lymph then drained exclusively to axillary lymph 

nodes via a few collecting vessels.[29,30]  In 1959 Turner-Warwick[31] disputed the 

exclusivity of the subareolar plexus in draining the lymph of the breast.  He reported 

observing lymphatic collectors of the breast that bypassed the subareolar plexus and 

concluded that Sappey had overemphasised the importance of this plexus.  These findings 

have been supported by others[12,28-31] including Pavlista et al.[30] (2005) and Suami et 

al.[12] (2008) who both topographically mapped the lymphatic drainage of the breast in 

female cadaver specimens.  They both observed a subareolar plexus and lymphatic collecting 

vessels that were also independent of this plexus.  In addition to these, Suami et al.[12] 

described perforating lymphatic vessels in the medial aspect of the breast that followed the 

course of the internal mammary artery.   

 

A key significant difference between these two studies (and other anatomical breast studies) 

was the locations of the injections used to investigate these lymphatic vessels.  The majority 

of studies (including Pavlista et al.[30]) investigating the lymphatic drainage of the breast 

have done so by performing injections directly into the breast.  While Suami et al.[12] 

performed similar injections they also injected the periphery of the anterior upper quadrant of 

the torso.  By tracing the lymphatic collecting vessels from these injections to their 

corresponding lymph nodes (ipsilateral axilla) they were able to demonstrate that breast 

collecting vessels that were independent of the subareolar plexus originated in the periphery 

of the anterior upper torsos (Figure 1.3).  In the majority of their specimens these collecting 

vessels ran superficially between the dermis and the breast tissue, however in some 

specimens collecting vessels also ran directly through the breast parenchyma.   
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The aforementioned findings have implications when considering assessment methods of the 

breast that utilise lymphatic tracers or dye to image breast lymphatics.  Rather than 

performing injections directly into the breast tissue, injections should be placed closer to the 

vessel origin in the anterior upper torso.  Furthermore, as the majority of these lymphatic 

vessels lie superficially in subcutaneous tissue, imaging techniques capable of penetrating the 

dermal and subcutaneous tissues should be adequate to assess the superficial lymphatics of 

the breast.   

 

 

Figure 1.3 Direct radio-opaque injection of the anterior upper torso of two female cadavers.  

Lymphatic collecting vessels were traced from their first tier lymph nodes distally.  These images 

demonstrate that lymphatics of the anterior upper torso travel from the periphery of this territory 

through the breast tissue to ipsilateral axillary lymph nodes.  Reproduced from Suami H, Pan WR, 

Mann GB and Taylor GI. The lymphatic anatomy of the breast and its implications for sentinel lymph 

node biopsy: a human cadaver study. Annals of Surgical Oncology. 2008;15:863 under a CC-BY-

NC.[12]  
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There are fewer reports in the literature pertaining to the lymphatics of the breast 

parenchyma.  This could be related to the difficulty faced in identifying and assessing these 

deeper lymphatics and the fact that there are less lymphatic vessels in this tissue. Grant et 

al.[27] described two lymphatic drainage pathways of the parenchymal tissue.  The first main 

group are the lymphatics of the lobules and ducts that drain to the subareolar plexus.  In this 

way the parenchymal lymph can be said to mix with the lymph of the superficial lymphatics.  

The second group drain the deep breast tissue close to the base of the breast at the pectoralis 

major muscle.  These lymphatics perforate through the pectoralis major muscle and drain 

only a small amount of lymph to both axillary lymph nodes and other regions such as the 

intercostal and intermammary lymph nodes.  The role of these lymphatic vessels in the 

development of breast lymphoedema is yet to be clarified.   

 

Ultimately, the lymphatic vessels of the breast (skin and parenchyma) drain to a number of 

regional lymph nodes.  These lymph nodes include the: ipsilateral axilla, internal mammary 

chain, intercostal, clavicular, liver, sub-diaphragmatic, and contralateral axilla.[26,29,30,32]  

Of these, the ipsilateral axilla has been shown to be the dominant drainage pathway and the 

internal mammary chain lymph nodes the second.[33-35]  The ipsilateral axillary lymph 

nodes are of particular interest in breast cancer treatment as they are the most commonly 

involved lymph nodes when breast cancer advances and spreads.[33]  Therefore, treatments 

such as surgery or radiotherapy frequently target these lymph nodes, which can disrupt the 

main lymphatic drainage pathway of the breast.   

 

 

1.4 Breast lymphoedema 

 

Breast lymphoedema occurs following breast cancer when treatment disrupts or damages the 

lymphatics of the breast.  It is characterised by an increase in breast volume or size, tissue 

fibrosis, and skin changes including; thickening, erythema, hyper-pigmented skin pores, and 

peau d’orange (dimpled texture of the skin due to cutaneous oedema).[36]  Women suffering 
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from breast lymphoedema report symptoms such as heaviness and erythema in the affected 

breast.[9]  Additionally, breast lymphoedema negatively impacts body image and quality of 

life.[36,37]  Following breast cancer treatment lymphoedema may delay wound healing, 

increase susceptibility to tissue infections and cellulitis, or adversely affect cosmetic 

outcomes.[9,38,39]  Despite this breast lymphoedema has received scant attention in the 

literature. 

 

The paucity of research in breast lymphoedema can be attributed to a number of factors.  

First, breast lymphoedema can be considered as a relatively new condition.  Traditional 

breast cancer treatments excised the entire breast tissue (mastectomy) thereby eliminating the 

risk of breast lymphoedema.  Advances in breast cancer diagnosis and treatment have led to 

earlier diagnosis of breast cancer and more targeted treatments.  Accordingly, treatments that 

conserve the breast tissue are now commonly employed in the management of breast cancer.  

While there are many advantages to these treatments (e.g. less extensive surgery) one 

potential treatment-related effect of conserving the breast tissue is the development of breast 

lymphoedema.  Second, the impact of breast lymphoedema has been under-recognised in the 

literature.  This is potentially due to a combination of factors.  Traditional breast cancer 

treatments placed patients at a greater risk of developing BCRL compared with breast 

lymphoedema.  Additionally, BCRL has been shown to have significant negative impacts on 

patients’ physical function and quality of life.[40]  Consequently, the majority of 

lymphoedema research pertaining to breast cancer has been done on BCRL rather than breast 

lymphoedema.  Moreover, a few studies assessing breast lymphoedema have suggested that it 

resolves with time (one to three years).[24,41]  These findings further reduce the clinical 

importance of this condition.  Other studies however contradict this, demonstrating the 

chronicity of breast lymphoedema with incidence rates of 65.4% and 26% at two to five years 

and six years respectively.[37,42]  Clearly there is a need for ongoing research to investigate 

breast lymphoedema and clarify its time course.  

 

A further reason for the paucity of research in breast lymphoedema is the inaccurate reporting 

of this condition.  The true incidence of breast lymphoedema remains unknown with a wide 
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incidence interval described in the literature (10% - 76%[37,41,43,44]).  This can be 

attributed, at least in part, to the lack of a standardised definition and agreed upon assessment 

methods.  Breast lymphoedema is defined by most as a secondary lymphoedema of the 

breast, implying it is an oedema of the subcutaneous tissues due to superficial lymphatic 

dysfunction.[11]  Wratten et al.[24] however refers to breast lymphoedema as having an 

additional component, parenchymal oedema.  They define parenchymal oedema as 

generalised oedema or enlargement of the whole breast.  Kwak et al.[45] also references the 

parenchymal tissue of the breast in their definition of breast lymphoedema, reporting an 

increased parenchymal density on mammogram as a defining characteristic.  The exact 

aetiology of parenchymal oedema however has not been determined and it is unclear if it is of 

lymphatic origin.[39]  Additionally, it has been suggested that parenchymal oedema may not 

be present in all cases of breast lymphoedema.[24]  In order to define breast lymphoedema 

further research is required to investigate parenchymal oedema and its relationship with 

subcutaneous tissue oedema.  Irrespective of this, subcutaneous tissue oedema is clearly a 

significant component of breast lymphoedema and the superficial lymphatics of the breast 

have a distinct role in the development of this condition.  Therefore, despite the lack of a 

standardised definition, identifying an objective assessment method that is capable of 

diagnosing and assessing breast lymphoedema on the basis of superficial lymphatic 

dysfunction would improve the accuracy of reported breast lymphoedema incidence rates.  

 

As a direct result of more targeted breast cancer treatments and the growing prevalence of 

breast cancer among women, it is likely that an increase in the incidence of breast 

lymphoedema will be observed.[25]  Breast-conserving therapy (BCT) is now routinely used 

for managing early-stage breast cancer.  It offers similar outcomes of overall survival and 

disease free survival when compared to mastectomy.[46-49]  While BCT has the advantages 

of being less complicated, achieving better breast cosmesis, and resulting in a more positive 

body image than mastectomy,[49] it presumably will lead to an increased incidence of breast 

lymphoedema.[25]  The growing prevalence of breast cancer in Australia is another factor 

that is also potentially contributing to expanding breast lymphoedema incidence rates.  In 

2019 breast cancer was estimated to become the most commonly diagnosed cancer with over 
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19,000 new cases.[50]  Moreover, Australia’s excellent survival rates (5 year survival of 91% 

in 2015 [50]) means that treatment related diseases such as breast lymphoedema will become 

an increasing health burden.  These factors highlight the need for more research to progress 

our understanding of this condition and determine the most effective ways to assess and 

manage it.  

 

 

1.4.1 Aetiology and risk factors 

Breast lymphoedema, like limb lymphoedema, occurs when the lymphatic load (volume of 

lymph) exceeds the lymphatic system’s capacity to transport lymph.[51]  As a result fluid 

accumulates in breast interstitial tissue and oedema develops.[8]  The lymphatic transport 

capacity of the breast lymphatics can be damaged or obstructed following BCT to manage 

breast cancer.  BCT involves breast-conserving surgery and radiotherapy treatment.  Each of 

these treatments can impact the development of breast lymphoedema, and influenced the 

study design, as follows.   

 

First, breast-conserving surgery involves the excision of the cancerous tissue in the breast.  

Axillary lymph nodes are also usually excised[33-35] to limit the spread of breast cancer to 

other areas of the body (metastases) and its recurrence.  Of these surgical interventions 

excision of the axillary lymph nodes is the major factor in determining the development of 

breast lymphoedema.[52]  In fact there appears to be no or minimal risk of developing breast 

lymphoedema when patients undergo excision of the breast tissue only.[9,24,41,52]  

Therefore, to be eligible to participate in the study undertaken in Chapter 3, breast 

lymphoedema participants were required to have undergone axillary surgery as part of their 

BCT.   

 

An additional consideration is the number of axillary lymph nodes excised.  A sentinel node 

biopsy (SNB) involves the removal of one or a few lymph nodes to which the breast cancer 
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drains first, while an axillary lymph node dissection (ALND) involves the removal of the 

majority or all of the axillary lymph nodes.  ALND requires more extensive surgery and 

contributes to a significantly higher risk of developing BCRL (ALND 23% compared to SNB 

6%).[51]  However, in breast lymphoedema the risk of each procedure is yet to be determined 

with conflicting reports evident in the literature.  Some studies suggest a greater risk for 

patients undergoing ALND compared with SNB.[24,41,44]  For example, Wratten et al.[24] 

reported an increased incidence of breast lymphoedema in patients undergoing ALND and 

minimal to no incidence in patients undergoing SNB unless they developed a post-operative 

wound infection.  In comparison, other studies report similar incidence rates between the two 

procedures.[9,43,52]  Boughey et al.[52] suggests similar incidence rates exist in the breast 

compared with BCRL because a SNB will always disrupt the dominant lymphatic drainage 

pathway of the breast.  Whereas the arm may have a different sentinel node and therefore this 

procedure may preserve its dominant lymphatic drainage pathway, reducing the risk of 

developing BCRL.  Considering these reports the type of axillary surgery and the number of 

lymph nodes excised during surgery were recorded from the medical records of each breast 

lymphoedema participant in the study undertaken in Chapter 3.  

 

Second, radiotherapy treatment is routinely administered following breast-conserving surgery 

for early-stage breast cancer to treat any residual microscopic disease in the remaining breast 

tissue.[49]  When breast cancer involves regional lymph nodes radiotherapy may also be 

delivered to these lymph nodes and has been shown to increase the overall survival rate in 

these patients.[53]  Lymph node irradiation nonetheless causes fibrosis of the lymph nodes 

and a reduction in their size.[54,55]  This impacts the function of both the lymph nodes and 

the downstream lymphatic vessels (afferent vessels) that drain into them.  For example, 

Jonsson and colleagues[55] suggested that lymph node irradiation increases lymphatic 

transport resistance in afferent vessels resulting in vessel dilatation.  The direct impact of 

radiotherapy on the lymphatic vessels however remains understudied.  While Avraham et 

al.[56] demonstrated that radiotherapy to lymphatic vessels depleted their number and caused 

lymphatic endothelial cell apoptosis in the animal model, further studies are needed to 

understand how radiotherapy may impact human lymphatic vessels.  Additional research also 
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needs to consider the impact radiotherapy has on the development of breast tissue fibrosis, 

which may externally constrict lymphatic vessels impeding lymphatic function, and its 

inhibitory nature on lymphatic vessel regrowth (lymphangiogenesis).[38]   

 

In addition to the pathophysiological changes that occur to the lymphatic system as a result of 

radiotherapy treatment, the type of radiotherapy, method of delivery, and treatment regimen 

can also influence the risk of breast lymphoedema.  It is however difficult to determine the 

specific treatment factors that contribute to an increased risk as a variety of radiotherapy 

types and treatment regimens have been employed in the literature.  When comparing types 

and delivery methods of radiotherapy, intensity modulated radiotherapy compared to wedge 

based radiotherapy[57,58] and hypofractionated rather than fractionated treatments[59] have 

been shown to reduce the incidence of breast lymphoedema.  Kelemen et al.[60] suggested an 

increased risk of breast lymphoedema when radiotherapy is delivered with increased 

irradiated breast volume, increased boost volume, use of a photon boost, or increased breast 

separation.  They did not find an association between breast lymphoedema and lymph node 

irradiation.  In contrast, Wratten et al.[24] did report an increase in breast lymphoedema in 

patients who had undergone an ALND and radiotherapy to their regional lymph nodes.  In the 

study undertaken in Chapter 3, the radiotherapy treatment details, including lymph node 

irradiation, were obtained from the medical records of the breast lymphoedema participants.   

 

There are some additional factors which may increase the risk of breast lymphoedema, 

although they are less well studied compared to axillary surgery and radiotherapy.  These 

factors include; post-operative complications of seroma formation[61] and infection,[44] a 

high body mass index (BMI),[37,43,44,52] and tumours of the upper outer breast 

quadrant.[43,52]  In addition to upper outer quadrant tumours Boughey et al.[52] noted an 

increased risk of breast lymphoedema for patients requiring central and lower inner quadrant 

incisions.  Conflicting results appear in the literature for factors such as bra cup 

size,[37,39,41,52,62] tumour size,[52,60] chemotherapy,[37,39,52] and hormonal 

therapy.[37,52]  Additionally, comparing the results of each study is challenging due to the 

heterogeneity of study design and the variety of assessment methods employed.  Therefore 
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the identification of a complete and accurate risk factor profile is difficult.  In order to 

determine a risk factor profile breast lymphoedema needs to be defined and a standardised 

objective assessment method is required to ensure accurate identification and assessment.  In 

the study undertaken in Chapter 3 these additional factors were also reported from the 

comprehensive medical history and demographic information collected for each breast 

lymphoedema participant. 

 

 

1.5 Pathophysiological consequences of secondary 

lymphoedema and its identification  

 

As discussed in earlier sections, secondary lymphoedema develops as a result of damage 

sustained to the lymphatic system.  Lymphatic dysfunction and a reduced transport capacity 

create lymph stasis.  Fluid accumulates in the interstitial tissue and oedema develops.  

Lymphatic dysfunction and chronic tissue oedema promote chronic tissue inflammation 

along with a number of complex pathophysiological processes, many of which are yet to be 

classified.  As lymphoedema severity progresses, these processes lead to irreversible 

remodelling of the lymphatic vasculature and surrounding subcutaneous tissue architecture 

which further impedes lymphatic transport and progresses severity.[51,63]  

 

Remodelling of the lymphatic vasculature involves morphological and histological changes 

to lymphatic vessels.  The structure of the lymphatic vessels change becoming enlarged and 

hyperplastic.[17,64]  Enlarged, hyperplastic vessels are poorly functioning with elevated 

diastolic pressures and weak contraction ability.  Elevated endolymphatic pressures within 

collecting lymphatic vessels facilitate histological changes to the vessel wall.  Mihara et 

al.[65] investigated these histological changes in different stages of leg lymphoedema 

severity.  They classified these changes into three types (ectasia, contraction, and sclerosis) 

which they found correlated with lymphoedema severity stages (Figure 1.4).[65]  As 
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lymphoedema severity increased, progressive alterations to the lymphatic endothelial cells, 

lymphatic muscle, and collagen of lymphatic collecting vessels were observed.  Additionally, 

the microvascular networks of the collecting vessels were gradually lost.  This histological 

remodelling eventually resulted in a narrowing of the collecting vessel lumen, and fibrosis 

and sclerosis of the vessel wall.  These changes impede the vessel’s ability to actively 

contract and therefore obstruct the transport of lymph.   

 

Chronic tissue oedema also causes the remodelling of the subcutaneous tissue architecture.  

The accumulation of protein rich interstitial fluid in the subcutaneous tissue promotes 

inflammatory responses and stimulates fibroblasts, keratinocytes and adipocytes.[66,67]  

These responses play a critical role in the development of tissue changes such as fibrosis, 

skin thickening, and adipose tissue deposition.  Changes to the subcutaneous tissue 

architecture contribute to an increased lymphoedema severity.  For example, tissue fibrosis 

reduces the lymphatic transport capacity and lymphatic regeneration, and adipose tissue 

deposition causes permanent increases in tissue volume that can only be reduced with 

surgical interventions (e.g. liposuction[68]).  
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Figure 1.4 Changes to lymphatic collecting vessels according to lymphoedema severity.  Collecting 

vessels’ lumen was dilated in ectasia stage (mild lymphoedema), progressively becoming narrower 

and constricted in contraction and sclerosis stages (severe lymphoedema).  Lymphatic endothelial 

cells which protruded into the lumen in normal collecting vessels were flattened and smooth in ectasia 

stage.  The adhesion between these cells progressively deteriorated as severity increased exposing the 

collagen fibres of the vessel wall.  The smooth muscle layer increased in size in contraction and 

sclerosis type occluding the vessel lumen.  The proportion of different types of smooth muscle cells in 

the vessel wall changed as severity increased (increase in synthetic type compared to contraction 

type), resulting in increased collagen proliferation.  Reproduced from Mihara M, Hara H, Hayashi Y 

et al Pathological steps of cancer-related lymphedema: histological changes in the collecting 

lymphatic vessels after lymphadenectomy. PLOS ONE. 2012;7:e41126 under a CC-BY.[65] 

 

 

In order to prevent or limit the development of these pathophysiological consequences to 

lymphatic vasculature and subcutaneous tissue architecture, secondary lymphoedema needs 

to be diagnosed early at a subclinical stage.  To diagnose lymphoedema early it must be 

identified when lymphatic dysfunction first occurs, prior to the manifestation of clinical signs 

such as tissue oedema or skin thickening.  Early diagnosis enables timely management which 

can reduce lymph stasis within the tissue and associated inflammatory responses.[69]  The 

impact of early diagnosis and management in reducing lymphoedema progression and 
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severity has been well documented in BCRL studies.[40,70,71]  A retrospective study by 

Koelmeyer et al.[71] reported a significant reduction in both incidence and severity of 

lymphoedema for patients who were assessed within 90 days of undergoing breast cancer 

surgery when compared to patients assessed more than 90 days post-surgery.  Furthermore, a 

systematic review by Shah et al.[40] highlighted the importance of early detection of BCRL 

in subclinical stages prior to progression to clinical lymphoedema.  Consequently, it is now 

recommended practice that patients at risk of developing BCRL undergo a prospective 

surveillance model of care following their breast cancer treatment.[70] 

 

 

1.5.1 Identifying morphological changes to lymphatic vasculature in 

secondary lymphoedema 

Lymphatic imaging techniques have been shown to be able to accurately diagnose and assess 

clinical and subclinical secondary lymphoedema by identifying changes to the superficial 

lymphatic system as a consequence of lymphatic damage and dysfunction.  For example, they 

can identify morphological changes to the patterns and pathways of lymphatic 

drainage.[72,73]  To compensate for lymphatic damage associated with the development of 

secondary lymphoedema, the lymphatic system may attempt to re-route lymph from 

obstructed areas to working lymphatic regions.  Lymph can be re-routed via the dermal 

capillary network (dermal backflow patterns) or collecting vessels to unobstructed lymph 

nodes (collateral lymphatic drainage pathways).   

 

Dermal backflow is the retrograde movement of lymph from collecting vessels to the 

lymphatic capillaries and the transport of this lymph through the capillary network.  It occurs 

as a result of lymphatic collecting vessel obstruction and incompetency of the secondary 

lymphatic valves in both precollector and collector vessels.[74]  Suami and colleagues[75] 

have demonstrated that lymph in dermal backflow moves directionally through the capillary 

network from areas of obstruction towards functioning lymphatic vessels or lymph nodes.  

Therefore, dermal backflow acts as a bridge to bypass the obstruction.  Using lymphatic 
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imaging techniques such as indocyanine green (ICG) lymphography, dermal backflow can be 

identified as a reticular, honeycomb-like pattern[76] (Figure 1.5) and is considered a 

diagnostic sign of lymphoedema. 

 

 

 

 

 

Collateral lymphatic drainage pathways are additional lymphatic vessels that serve to 

transport lymph from areas of obstruction towards working lymph nodes.[77]  It remains 

unknown as to whether collateral pathways are pre-existing, or represent lymphangiogenesis 

in the face of obstruction.[78]  A number of different types of collateral drainage pathways 

may exist including; connections between the superficial and deep lymphatic systems, 

lymphovenous shunts, and of particular significance to this thesis collateral drainage 

pathways of the superficial system.  It has been suggested that the utilisation of collateral 

Figure 1.5 Indocyanine green lymphography image of dermal backflow in the arm of a patient with 

breast cancer-related arm lymphoedema (left).  Close up image of dermal backflow showing lymphatic 

capillaries in the skin (right). 
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lymphatic pathways may have a role in preventing lymphoedema progression.[79]  Similar to 

dermal backflow patterns, collateral drainage pathways can be identified using lymphatic 

imaging techniques.  In the superficial lymphatic system, collecting lymphatic vessels are 

observed transporting lymph from areas of dermal backflow or bypassing obstructed areas, 

draining to lymph node regions other than the dominant drainage pathway.  For example, in 

BCRL superficial collateral lymphatic drainage pathways of the arm have been observed to 

drain to the ipsilateral clavicular, cervical, parasternal, and even across the midline watershed 

to the contralateral axilla region.[75,77,79]  

 

While the morphological changes to the lymphatic vasculature of the breast have not been 

directly studied, it can be assumed that due to similar pathophysiological mechanisms 

between BCRL and breast lymphoedema a number of similarities exist.  Therefore, similar 

morphological changes to the drainage patterns and pathways of the breast may develop in 

breast lymphoedema.  Identifying these patterns and pathways may aid in the diagnosis and 

assessment of breast lymphoedema, including early subclinical stages.   

 

 

1.6 Chapter summary 

 

In summary, this chapter has provided an overview of breast lymphoedema.  Specifically, it 

has highlighted the importance of progressing our understanding of this condition and of 

finding an assessment method that can identify breast lymphoedema early, before irreversible 

changes occur in the lymphatic vasculature and subcutaneous tissue of the breast.   

 

This chapter has also highlighted how understanding the anatomy and physiology of the 

breast lymphatics and the pathology of breast lymphoedema has impacted the study design.  

The next chapter will examine the assessment methods currently used in breast lymphoedema 

and explore a potential new assessment method, ICG lymphography.  
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Chapter Two: Assessing breast lymphoedema  
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2.1 Overview  

 

Accurate and reliable assessment methods are crucial to progress clinical knowledge and 

management of breast lymphoedema.  Chapter 1 highlighted the paucity of research and 

limited clinical knowledge (e.g. risk factor profile, time course and prognosis) that exists for 

breast lymphoedema.  Therefore, valid, assessment methods with good diagnostic accuracy 

are needed to facilitate future research.  Furthermore, an assessment method that can be 

utilised in clinical practice would; aid diagnosis, enable the monitoring of disease 

progression, guide appropriate treatment regimens, and permit the monitoring of treatment 

outcomes.   

 

A variety of assessment methods have been considered in the literature.  These range from 

fairly subjective methods such as breast lymphoedema questionnaires, to more objective 

methods of tissue dielectric constant (TDC) measures of breast tissue water, and medical 

imaging techniques.  This chapter will review these assessment methods, examining the 

advantages and disadvantages of each.  Additionally, it will highlight, where applicable, how 

these attributes influenced the study design in Chapter 3 (Section 2.2).  Finally, it will 

propose a new method of assessment for breast lymphoedema, ICG lymphography.  It will 

discuss this technique in detail and explore the potential benefits this lymphatic imaging 

technique may provide in the assessment of this condition (Section 2.3).  

 

 

2.2 Breast lymphoedema assessment methods 

 

Due to the shape of the breast tissue, lymphoedema assessment methods commonly 

employed in limb lymphoedema cannot be directly applied to the assessment of breast 

lymphoedema.  For example, volumetric measurements such as circumferential tape 

measurements determine the volume of the limb based upon a truncated cone formula[80] 
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and therefore cannot be utilised in breast lymphoedema.  While three dimensional volumetric 

scanners have been used to measure breast volume their accuracy can be compromised in 

patients with larger breasts.[81]  Additionally, volumetric measurements may not be the most 

appropriate assessment method in breast lymphoedema.  BCT and subsequent reconstructive 

procedures to either the affected and/or unaffected breast have the potential to significantly 

alter breast size and shape.  Therefore, it would be difficult to determine if a change in 

volume of the affected breast is due to tissue oedema or the structural changes as a result of 

these procedures.  Consequently, limb lymphoedema assessment methods need to be adapted, 

or alternative assessment techniques need to be considered when assessing breast 

lymphoedema.   

 

In the literature, the most frequently utilised breast lymphoedema assessment methods 

include; i) breast lymphoedema questionnaires, ii) physical examination, and iii) medical 

imaging techniques such as ultrasound, magnetic resonance imaging (MRI), and 

mammography.  Each of these methods will be discussed in detail below.  

 

 

2.2.1  Breast lymphoedema questionnaires 

Questionnaires offer a quick, inexpensive, readily accessible assessment method that does not 

require any specialised equipment or training.  They usually take the form of a self-

administered questionnaire, which can be performed alone or to supplement other physical 

assessment measures.   

 

A few studies have implemented questionnaires to investigate the incidence and severity of 

breast lymphoedema in women following BCT.  In a study by Adriaenssens et al.[37] a self-

devised questionnaire using Likert scales to rate the symptoms of breast lymphoedema was 

administered to determined its incidence and severity.  The questionnaire was composed of 

eight questions and included the following symptoms; heaviness, swelling, redness, peau 
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d’orange, numbness, tingling, stabbing pain, and skin twitching of the breast.  In another 

study by Degnim et al.[9] a similar self-devised questionnaire was administered but rather 

than determine the incidence of breast lymphoedema this study reported on the severity and 

number of symptoms in women with and without breast lymphoedema following BCT.  In 

comparison to the previous study similar scales were used to report symptom severity, 

however fewer questions and different symptoms of breast lymphoedema were included 

(heaviness, discomfort, redness, visible swelling, and associated distress). 

 

Although convenient to use, the present limitation in using symptom-related questionnaires is 

that an accurate symptom profile for breast lymphoedema is lacking.  This is highlighted in 

the studies above.  For example, aside from swelling, heaviness, and redness, each 

questionnaire utilised different symptoms.  Furthermore, to be able to use symptom-related 

questionnaires to determine incidence rates of breast lymphoedema the diagnostic capabilities 

of these symptoms needs to be investigated.  Another disadvantage of this method of 

assessment is the current lack of a validated and reliable questionnaire that is specific to 

breast lymphoedema.  Both questionnaires in the above studies were self-devised and neither 

was validated.  Therefore, while this assessment method may be appealing to clinicians for 

use in a busy clinical setting, further research is required to investigate the symptom profile 

of breast lymphoedema and to develop a valid and reliable questionnaire specific to this 

condition.  Recognising these limitations, we used symptom-related questions in the study 

undertaken in Chapter 3 but did so in conjunction with physical measures.   

 

 

2.2.2 Physical examination 

Physical examination of breast lymphoedema is the most frequently employed assessment 

method in the literature.  Similar to questionnaires, this assessment method is appealing to 

clinicians as it can be undertaken quickly in the clinical setting without the need for 

equipment or specialised training.  Physical examination involves the observation and 

palpation of the affected breast by a clinician to assess clinical signs of breast lymphoedema 
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(e.g. visible change in breast size, positive pitting, or peau d’orange).  In the literature 

physical examination has been used to diagnose breast lymphoedema,[9,52] report its 

incidence,[9,41,44] grade severity,[9,41] and evaluate risk factors.[52]   

 

Despite the frequent use of physical examination as an assessment method for breast 

lymphoedema several considerations exist when reviewing the literature.  First, detailed study 

methodology is often lacking.[9,24,44,52]  This limits reproducibility and comparison of 

study results.  Second, diagnosis and severity staging is relatively subjective and arbitrary.  

Breast lymphoedema is commonly diagnosed by individual clinician assessment as either 

present or absent and/or assigned a severity grade of mild, moderate, or severe without 

description of the diagnostic or severity criteria used.  One study undertaken by Clarke et 

al.[41] did quantify each severity stage.  They assigned breast lymphoedema that was 

asymptomatic with a minor increase in size as mild.  Moderate lymphoedema was a readily 

apparent disparity between breasts with some degree of peau d’orange, and severe 

lymphoedema had either poor cosmesis or significant symptoms such as pain.  Third, the 

majority of studies using physical examination do so as part of a broader assessment 

investigating the tissue toxicity side effects of radiotherapy.  These studies use validated 

toxicity assessment criteria such as the Radiation Therapy Oncology Group and European 

Organisation for Research and Treatment of Cancer (RTOG/EORTC) or the Late Effects 

Normal Tissue Task Force-Subjective, Objective, Management, Analytic (LENT-

SOMA).[60,82-90]  However, assessing breast lymphoedema is not the intended purpose of 

these assessment criteria and questions relating to it are limited.  Furthermore, the role of 

physical examination as an assessment method for breast lymphoedema is not the focus of 

these studies.   

 

In view of the above, physical examination was undertaken in the study in Chapter 3.  

However, it was not the focus of this study.  Physical examination was used as a comparator 

with subjective reports and also aligned to clinical practice.   
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2.2.3 TDC measure of breast tissue water 

Given that one of the main clinical signs of breast lymphoedema is interstitial fluid 

accumulation or oedema (Chapter 1) it is logical that measuring the tissue water of the breast 

provides an important assessment of breast lymphoedema.  Simple devices to use are the 

MoistureMeterD or MoistureMeterD Compact (Delfin Technologies Ltd., Finland).  These 

are hand held devices that provide a measurement of the water content of the skin and 

subcutis tissue to an effective penetration depth of 2.5 mm.[91]  When placed on the skin the 

device emits a high frequency signal that is absorbed or reflected by free and bound tissue 

water.  The reflected signal is used to calculate a TDC measurement providing information 

on the water content of the tissue.[91]  The MoistureMeterD Compact device automatically 

converts this TDC measurement to a water percentage (0-100%) which is displayed on the 

device screen.  These devices offer a relatively inexpensive, non-invasive, portable 

assessment method of oedema in the superficial breast tissue.  Additionally, measurements 

are quick and repeatable.   

 

To assess breast lymphoedema, analysis can be conducted on variations in the tissue water 

content of the affected breast over time and/or comparison with the tissue water content of 

the unaffected breast.  As individual differences in breast tissue water content exist between 

patients the use of a ratio of the TDC values between the affected and unaffected breasts can 

be used to account for these differences.  This provides a quantitative value that enables 

comparison of results between participants and studies.  Furthermore, a TDC ratio can 

provide a diagnostic threshold for use in breast lymphoedema.  Johansson and colleagues[92] 

proposed a TDC ratio diagnostic threshold for breast lymphoedema of 1.40 after examining 

the normal variation in TDC values in 15 healthy women.   

 

In a later study, Johansson et al.[93] performed repeated TDC measurements on 65 women 

undergoing BCT over a two-year period.  They demonstrated that the TDC device could be 

used to diagnose breast lymphoedema, determine its incidence, and assess its time course.  

TDC measurements may also have applications in the assessment of lymphoedema following 
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reconstructive breast surgery.  Greenhowe et al.[94] used the MoistureMeterD Compact to 

investigate changes in the mean water content of the breast following breast reconstructive 

surgery for breast cancer.  They reported significant increases in the mean water content of 

the native breast skin in the reconstructed breast with minimal changes in the unaffected 

breast.  These studies support the use of TDC devices in the assessment of breast 

lymphoedema.  However, there are a number of factors including age, BMI, gender, and 

race[95] that have been suggested to influence TDC measurements and their impact on the 

accurate assessment of breast lymphoedema needs consideration.  Additionally, owing to the 

limited penetration depth of the TDC device, the accuracy of results need to be investigated 

in breast lymphoedema patients with increased skin thickness and scar tissue.  Furthermore, 

Liang et al.[95] suggests that the use of diagnostic thresholds is debatable, therefore more 

research examining the diagnostic threshold proposed by Johansson and colleagues[92] is 

needed.  The study undertaken in Chapter 3 utilised the MoistureMeterD Compact as a 

comparative objective assessment method for ICG lymphography.  Additionally, the TDC 

ratio was used in the breast lymphoedema participant group to rank lymphoedema severity.   

 

 

2.2.4 Medical imaging 

Medical imaging techniques including ultrasound,[24,25,39,44,96] MRI,[42] and 

mammography[97,98] have been used in the literature to identify and assess breast 

lymphoedema.  These studies have reported the incidence and time course of breast 

lymphoedema based upon visualisation of its clinical signs (e.g. subcutaneous tissue oedema, 

parenchymal oedema, and skin thickening).  The simplest and most commonly investigated 

imaging method is ultrasound.   

 

Ultrasound is capable of identifying subcutaneous tissue oedema, and skin thickening of the 

breast.  When using skin thickness as a diagnostic sign of breast lymphoedema, ultrasound 

has been shown to have excellent specificity, sensitivity, and reliability (inter-image, inter-

rater, and intra-rater).[25,39]  Additionally, it provides a quantitative measure of breast 
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lymphoedema.  Adriaenssens et al.[39] and Ronka et al.[44] reported skin thickness of 2 mm 

to be diagnostic of breast lymphoedema, while Dylke and colleagues[25] described 

diagnostic thresholds of greater than 1.6 mm in the superior and lateral breast quadrants and 

more than 2 mm in the medial and outer quadrants.  In comparison with other imaging 

techniques ultrasound is inexpensive, readily available, non-invasive, and does not require 

the use of a tracer or expose patients to radiation.  Therefore, it is an appealing imaging 

method to use in breast lymphoedema.  

 

Sophisticated imaging such as MRI creates three-dimensional images of the breast tissue with 

high contrast.  Mammography which is an x-ray of the breast tissue constructs a two-

dimensional image.  Both techniques can visualise clinical signs of breast lymphoedema, 

however neither has been thoroughly studied in the literature to determine its validity and 

reliability in assessing breast lymphoedema.  One advantage of both imaging methods is that 

they can visualise the parenchymal tissue of the breast and parenchymal oedema.  

Parenchymal oedema can be observed as trabecular thickening (thickening of the Cooper’s 

ligaments and fibrous stroma), causing a diffuse increase in parenchymal density and reduced 

breast compressibility.[97]  Therefore, if parenchymal oedema is considered a component of 

breast lymphoedema these imaging methods could be used in combination with other 

assessment methods that are adept at assessing subcutaneous breast oedema to provide a 

comprehensive assessment of breast lymphoedema.  However, further research is required to 

understand both the role parenchymal oedema plays in breast lymphoedema and evaluate the 

effectiveness of these two techniques in assessing breast lymphoedema.   

 

A considerable disadvantage of MRI is its accessibility and cost.  This may limit its clinical 

use in breast lymphoedema, making prospective monitoring unrealistic.  In comparison 

mammography would be more accessible and affordable. Additionally, it is already used as a 

routine investigation in breast cancer.  Mammograms are regularly administered each year 

after breast cancer treatments and therefore could provide a method to monitor patients at risk 

of developing breast lymphoedema without additional imaging.  However, more regular 

imaging may be required to prospectively monitor patients at risk of developing breast 
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lymphoedema to ensure it is detected in early stages.  As mammography exposes patients to 

radiation, despite the dose being very low, more frequent imaging may not be realistic.  

Furthermore, due to the limitations of both imaging techniques the scope of using these 

assessment methods in the clinical setting to evaluate acute outcomes of breast lymphoedema 

treatment would be confined.  

 

In consideration of the aforementioned assessment methods it is evident that assessment 

methods for use in breast lymphoedema need to be easy to use, repeatable, minimally or non-

invasive, objective, valid and reliable, and clinically relevant.  In view of this, ultrasound and 

TDC measures of breast tissue water appear to have the greatest potential to accurately assess 

breast lymphoedema.  However, these methods assess breast lymphoedema based upon its 

clinical signs.  As discussed in Chapter 1, Section 1.5 the early detection of secondary 

lymphoedema is vital to limit disease progression and severity.  Therefore, a method of 

diagnosing and assessing breast lymphoedema early in subclinical stages, before clinical 

signs manifest, would provide significant benefits.  As secondary lymphoedema occurs as a 

result of damage and obstruction to the lymphatic system leading to a reduced transport 

capacity, an assessment method that can visualise lymphatic vasculature and lymphatic 

transport may enable subclinical diagnosis and early intervention.   

 

 

2.3 ICG lymphography 

 

ICG lymphography is a novel imaging technique that can evaluate the superficial lymphatic 

system in real time.  It allows direct visualisation of superficial lymphatic vessels and the 

transport of lymph within this system.  Additionally, it can identify changes to lymphatic 

vessel morphology indicative of lymphoedema (dermal backflow and collateral lymphatic 

drainage pathways).[73,75,99]  Therefore, ICG lymphography may allow the visualisation of 

the superficial breast lymphatics and this imaging technique should be considered as a 

potential method to assess this condition.   
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Since the 1950s ICG lymphography has been employed safely in other areas of medicine 

such as ophthalmology to examine blood flow within the eye, and cardiology to determine 

cardiac output.[99-102]  In 2007 Unno et al.[73] and Sharma et al.[103] explored its 

application in lymphatic imaging and lymphoedema.  Unno et al.[73] investigated secondary 

leg lymphoedema, reporting that ICG lymphography was safe to use and effective in 

detecting lymphatic disorders through the presence of dermal backflow.  Sharma et al.[103] 

visualised synchronised contractions of lymphangions and the propulsion of lymph in 

collecting vessels when using ICG lymphography in a swine model.  Their findings 

demonstrated the capabilities of ICG lymphography in assessing lymphatic transport in real 

time.  Since these initial investigations the use of ICG lymphography in lymphatic imaging 

has gained momentum and further research has proven it to be a valid and reliable assessment 

method for BCRL.[99,100]   

 

ICG dye is relatively safe with minimal side effects making it a good tracer to use in 

lymphatic imaging.  Moreover, it means that ICG lymphography is repeatable and could be 

used safely in longitudinal breast lymphoedema studies.  ICG dye is a tricarbocyanine water 

soluble dye[104] with iodide properties.  These properties mean that its use should be 

avoided in anyone with a known allergy to iodine, sodium iodide, or anaphylaxis to shell fish, 

an over-active thyroid or known benign thyroid tumour.[102]  In the study undertaken in 

Chapter 3 participants with any risk of a reaction to ICG were excluded.  Aside from this, 

ICG dye has few side effects and minimal risk involved in its use.  Severe allergic reaction is 

reported as very rare (less than 1 in every 10,000 patients).[105]  Additionally, unlike some 

other lymphatic imaging techniques, ICG dye does not expose patients to radiation.[104]   

 

Further advantages of using ICG dye in lymphatic imaging include; i) its affinity to bind with 

protein (albumin and alpha-1 lipoprotein)[106] which is readily transported in the lymphatic 

system, and ii) its fluorescence properties once bound to protein enabling visualisation of 

lymphatic transport and vasculature.  Bound ICG generates a strong fluorescence in the near-
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infrared wavelengths.  The peak excitation wavelength for ICG in blood is approximately 800 

nm and its peak fluorescence wavelength is approximately 840 nm.[106]  These fluorescence 

properties have the advantage of allowing deeper penetration of ICG lymphography imaging 

(up to 20 mm)[107] as the near-infrared wavelength avoids influence of autofluorescence by 

haemoglobin (absorbs light at wavelengths < 650 nm) and water (absorbs light at 

wavelengths > 900 nm) in the tissue.[106]  Additionally, the different wavelengths for ICG 

excitation and fluorescence emission enable a high contrast and clear image.[104]  

 

 

2.3.1 ICG lymphography technique 

ICG dye is unstable in solution therefore it is stored in a lyophilized form, protected from 

light and below 30°C.  Once reconstituted it must be used within 6-10 hours.[102]  Typically 

it is reconstituted with either distilled water or 0.9% sodium chloride and then this solution is 

injected intradermally or subcutaneously into the affected tissue.  A small volume of ICG 

solution (0.1 – 0.3 ml) is administered at each injection site. 

 

ICG lymphography injection sites are determined based upon anatomical knowledge of the 

superficial lymphatic system.  In particular, the origin of lymphatic collecting vessels and the 

normal drainage pathways of these vessels to lymph nodes.  In BCRL, injection sites are 

often located in the distal aspect of the arm close to the origin of collecting vessels. 

Additionally, as collecting vessels are fairly independent with few interconnections[10] 

injections are administered circumferentially.  For example, four injection can be 

administered in the arm at the webspaces of the first and fourth fingers and the medial and 

lateral aspects of the anterior wrist.[75]  This protocol enables a comprehensive assessment 

of the arm’s superficial lymphatic system and identification of lymphatic drainage patterns 

and pathways.  
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To visualise ICG fluorescence a near-infrared camera system (e.g. Hammamatsu PDE-Neo 

II, Hammamatsu Photonics, Japan) is scanned over the tissue.  The camera system is 

equipped with a light emitting diode to emit a near-infrared wavelength, different filters to 

both remove the fluorescent wavelength and the excitation light, and a charge coupled device 

to detect the emitted light and image.[104]  The Hammamatsu PDE-Neo II camera system 

was employed in the study undertaken in Chapter 3.  This camera system is relatively 

inexpensive, and its portability enables it to be use in a variety of clinical settings (e.g. 

outpatient clinics, or surgical theatres).  The camera system’s light emitting diode emits 

wavelengths centred at 760nm and uses a bandpass filter to block light from the charge 

coupled device at less than 820nm.[107]  This camera system consists of a; i) hand held 

camera unit, ii) controller unit, iii) digital video processor, and iv) remote control.   

 

The hand-held camera unit has a fixed focus at 15-25 cm allowing investigation of a 10 x 10 

cm2 field of view.[76]  Additionally, it has a focus ring for near focus and close up imaging of 

lymphatic vessels (Figure 1.5).  Control functions on the camera permit the user to switch 

between ICG fluorescent images (black and white or green colour images) and white light 

emitting diode images so that the lymphatic vasculature can be referenced to the patient’s 

surface anatomy.  The excitation light intensity can also be altered on the hand-held camera 

unit to improve visualisation of the lymphatic vasculature.  The controller unit enables image 

enhancement through the adjustment of contrast and brightness.  A digital video processor is 

connected to an external monitor so that the scanned image can be viewed in real time.  A 

remote control adds additional features such as still image photography of the lymphatic 

vasculature.  

 

During and after the scanning process images can be analysed to diagnose and assess 

lymphoedema.  Morphological changes to the lymphatic vasculature (dermal backflow 

patterns and collateral lymphatic drainage pathways) are common diagnostic and assessment 

characteristics used in ICG lymphography (Chapter 1, Section 1.5).  Dermal backflow 

patterns are further delineated into subtypes based upon their visual appearance and can be 

used to stage lymphoedema severity.  For example, Yamamoto et al.[99] classifies dermal 
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backflow patterns as splash, stardust, and diffuse.  A splash pattern, which is equivalent to 

subclinical lymphoedema, is described as scattered ICG dye in tortuous lymphatic vessels.  A 

stardust dust pattern is described as dimly luminous and spotted fluorescent ICG signals, and 

a diffuse pattern as widely distributed ICG dye without any twinkling or identifiable 

spots.[99]  As lymphoedema severity increases these dermal backflow patterns progress from 

a splash to diffuse pattern.  Alternatively, patent lymphatic vasculature with normal 

lymphatic function has been used to exclude a diagnosis of lymphoedema.[99,100]  Referred 

to as a liner pattern, it can be observed as longitudinal lines travelling from injection sites, 

through the tissue, to lymph node regions (Chapter 3, Figure 3.2).   

 

In comparison to other assessment methods used in breast lymphoedema, ICG lymphography 

may offer a number of advantages.  The main advantage is its ability to directly visualise 

lymphatic vasculature and the transport of lymph in real time.  Therefore, through the 

detection of early lymphatic dysfunction it may provide an objective assessment method 

capable of diagnosing breast lymphoedema earlier than other assessment methods.  In BCRL 

ICG lymphography has enabled early diagnosis at subclinical stages with high sensitivity and 

specificity.[101,108]  Moreover, Akita et al.[100] demonstrated reversibility of subclinical 

dermal backflow patterns (splash) to normal linear patterns and mild lymphoedema (stardust 

patterns) to subclinical (splash) or normal (linear) patterns on ICG lymphography in some 

patients with BCRL.  This finding has significant implications for patients with secondary 

lymphoedema as it suggests a potential reversibility when early intervention is performed.   

 

A second advantage of ICG lymphography imaging is that it can be used to map lymphatic 

drainage pathways.  As discussed in Chapter 1, the lymphatic drainage pathways in the 

‘normal’ breast drain predominately to the ipsilateral axillary lymph nodes.[12]  In breast 

lymphoedema however the lymphatic drainage pathways may be altered as a result of BCT.  

Lymphoedema treatments direct lymph from affected areas towards unaffected areas utilising 

these lymphatic drainage pathways.  Therefore, understanding these alterations may change 

current breast lymphoedema management and improve treatment outcomes for patients.   
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2.4 Chapter summary 

 

This chapter reviewed the commonly reported breast lymphoedema assessment methods.  

Considering the limitations of each, specifically their constraints in identifying early breast 

lymphoedema, a new assessment method ICG lymphography was proposed.  The unique 

characteristics and functions of this lymphatic imaging technique warrant the investigation of 

its use in the assessment of breast lymphoedema.   

 

To date no studies have examined the role of ICG lymphography in breast lymphoedema.  

Therefore, a pilot study was undertaken (Chapter 3) to explore the potential utility of this 

technique in the assessment of breast lymphoedema and to investigate if the lymphatic 

drainage pathways of the breast are altered following BCT.  Because the normal lymphatic 

drainage of the breast has not been previously reported using ICG lymphography, a healthy 

control group was required to allow comparison of these drainage pathways.  Moreover, in 

addition to ICG lymphography, assessment methods commonly performed in the clinical 

setting (symptom-related questions, physical examination, and TDC measures of breast tissue 

water content) were undertaken on each study participant to confirm and compare ICG 

lymphography findings of breast lymphoedema.   
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Chapter Three: Assessing breast lymphoedema following 

breast cancer treatment using indocyanine green 

lymphography   

 

 

 

 

 

 

 

 

 

 

This chapter is the exact format of the manuscript which has been submitted to Breast Cancer 

Research and Treatment with the exception of the tables and figures.  These have been 

incorporated into the manuscript and numbering aligns with the thesis format.  
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Abstract 

Purpose: Breast lymphoedema is a largely unrecognised survivorship issue for women 

following breast cancer treatment.  While a few objective methods have previously been 

applied to assess breast lymphoedema, none are capable of imaging breast lymphatics or 

identifying lymphatic morphological changes indicative of breast lymphoedema.  The 

purpose of this study was to determine if indocyanine green (ICG) lymphography, a validated 

assessment technique in breast cancer related lymphoedema), can visualise breast lymphatics 

and identify breast lymphoedema.  Additionally, ICG lymphography was utilised to 

investigate lymphatic drainage pathways of the affected breast following breast-conserving 

therapy.  

 

Methods: Twenty female participants (10 breast lymphoedema and 10 healthy controls) were 

recruited for this pilot study.  All underwent a medical history, physical breast assessment, 

tissue dielectric constant measures of breast water content, and ICG lymphography. 

 

Results: ICG lymphography identified lymphatic morphological changes in all breast 

lymphoedema participants (dermal backflow patterns=10, collateral lymphatic drainage=9) 

and none in the control group.  The dominant lymphatic drainage pathway to the ipsilateral 

axilla was observed in all control participants but in only four breast lymphoedema 

participants.  Collateral drainage pathways in the breast lymphoedema group were to: 

parasternal (6/10); contralateral axilla (4/10); intercostal (3/10); and clavicular (2/10) regions. 

 

Conclusion: These findings suggest ICG lymphography, through the identification of 

morphological lymphatic changes, is a potential qualitative objective assessment technique 

for breast lymphoedema.  Furthermore, in this group of breast lymphoedema patients it 

identified changes to the normal drainage pathway of the breast.  Understanding these 

changes will have implications for clinical management.  
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Abbreviations:  

BCRL Breast cancer-related lymphoedema  

BCT Breast-conserving therapy 

BMI Body Mass Index 

ICG Indocyanine green 

MLD Manual lymphatic drainage 

TDC Tissue dielectric constant 
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Introduction 

Breast conserving therapy (BCT) involving breast-conserving surgery, and radiotherapy, is 

routinely used for managing early-stage breast cancer.  BCT offers equivalent survival 

rates to mastectomy and is often the recommended treatment for this patient population.[1]  

However, despite these benefits, BCT can impede or obstruct breast lymphatic drainage 

causing breast lymphoedema.[2]  

 

Breast lymphoedema is characterised as persistent breast swelling and localised secondary 

tissue changes such as skin thickening and tissue fibrosis.  Swelling occurs as lymphatic 

dysfunction leads to fluid stasis within the breast subcutaneous tissue.  Chronic fluid stasis 

induces inflammatory tissue responses, and alters both lymphatic vessel histology and 

surrounding subcutaneous tissue architecture, further impeding lymphatic function.[3-6]  

Breast lymphoedema has other untoward effects including a predisposition to 

cellulitis[2,7,8] and negative impacts on body image and quality of life.[9]  Despite this, 

breast lymphoedema, unlike breast cancer-related arm lymphoedema (BCRL), has received 

scant research attention.  Given the preference towards BCT for managing early-stage 

breast cancer, the prevalence of breast lymphoedema may be increasing.[10]  Therefore, 

further studies investigating this condition and the impact BCT has on the lymphatic 

drainage of the breast are warranted.  

 

The true incidence of breast lymphoedema is unknown, with a wide interval presented in 

the literature (9 -70%).[8,11-15]  One reason contributing to the paucity of research and 

varied incidence rates is the lack of a standardised method of assessment.  The majority of 

studies assess breast lymphoedema using patient reported symptoms (e.g. breast pain, 

heaviness) and physical examination of clinical signs (e.g. swelling, erythema).[8,15-17]  

Whilst these methods are useful in the busy clinical environment, they are inherently 

subjective.  A few studies have used more objective methods including tissue dielectric 

constant (TDC) measurements to measure breast tissue water[14,18] and conventional 

diagnostic imaging (e.g. mammography,[19] MRI,[20] and ultrasound[2,10,16,21]).  These 

methods are better for quantifying breast swelling and subsequent tissue changes; however 

they don’t allow direct visualisation of the lymphatic system.  This is important as 
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abnormal lymphatic morphology suggestive of lymphatic dysfunction precede the clinical 

signs of lymphoedema.[22]  

 

Indocyanine green (ICG) lymphography offers a potential method for visualising breast 

lymphatics and identifying abnormal morphologies which could facilitate earlier diagnosis 

and intervention.  In the area of breast cancer, ICG lymphography has gained momentum 

as a valid and reliable tool in assessing and monitoring BCRL.[23,24]  In this technique, a 

lymphatic specific tracer (ICG dye) is injected intradermally where it binds to albumin,[25] 

and is absorbed into lymphatic vessels.  When excited with diode light, ICG emits near-

infrared fluorescence which is filtered and recorded with a charge-coupled video camera, 

thereby allowing real-time imaging of lymph flow and lymphatic vasculature.  In patients 

with BCRL, lymphatic morphological changes are characterised by dermal backflow 

patterns, indicating retrograde movement of lymph to capillary vessels,[26] and/or 

collateral drainage pathways that function to re-route lymph from areas of obstruction 

towards functional lymphatics.[27]  

 

Since the fundamental mechanisms of lymphoedema are similar in the arm and breast, ICG 

lymphography was considered to offer a promising minimally-invasive technique for 

assessing breast lymphoedema.  To our knowledge, no studies have used ICG 

lymphography to do this.  Thus, the purpose of this study was to determine if ICG 

lymphography could be used to visualise the pattern and path of lymphatic drainage in 

patients with breast lymphoedema.  We hypothesised that patients with breast 

lymphoedema would show dermal backflow.  We also hypothesised that lymphatic 

drainage pathways of the breast may be altered in breast lymphoedema patients, since the 

primary lymphatic drainage pathway of the breast to ipsilateral axillary lymph nodes[28] is 

targeted during BCT. 
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Methods 

Study participants  

Twenty female participants in two groups (10 breast lymphoedema and 10 healthy 

controls) aged 19 to 81 years, were included in this pilot study.  Women with breast 

lymphoedema were recruited from breast cancer clinics at Macquarie University Hospital 

or local lymphoedema clinics.  Healthy control participants, with no history of breast 

cancer, were recruited from the wider community.  

 

To be included in the breast lymphoedema group, participants had to have: i) a single 

episode of unilateral, non-metastatic breast cancer; ii) axillary surgery (sentinel node 

biopsy or axillary lymph node dissection); iii) completed BCT at least 6 months prior 

(excluding Herceptin or hormonal therapy); iv) no active cancer; and v) current symptoms 

of breast lymphoedema.  Irrespective of group, participants were excluded if they: i) had 

any other medical conditions that may cause breast lymphoedema (e.g. congestive cardiac 

failure, or current breast infection); ii) had previous breast augmentation surgery; or iii) 

were pregnant or breast feeding.  Participants were also excluded if they had any 

contraindications to ICG dye such as hyperthyroidism or a benign thyroid tumour, and/or 

anaphylaxis to iodine or shellfish.[29]  

 

Experimental protocol 

Participants attended a two-hour session at the ALERT Lymphoedema Clinic, Macquarie 

University.  Participants completed questions about breast lymphoedema, general medical 

history, and anthropometric measurements including height and weight, from which Body 

Mass Index (BMI) was calculated.  Participants were then positioned supine to minimise 

the effects of extrinsic forces on the lymphatic system (e.g. gravity), and underwent: i) 

physical assessment of breast lymphoedema; ii) TDC measures of breast water content; 

and iii) ICG lymphography, as follows. 

 



 

49 

 

 

 

i) Physical assessment: Breast assessment, undertaken by an accredited lymphoedema 

therapist, involved breast observation and palpation.  Each breast quadrant (upper outer, 

upper inner, lower outer and lower inner) was assessed for swelling, erythema, and tissue 

fibrosis. 

 

ii) TDC measures of breast water content: A hand-held TDC device (MoistureMeterD 

Compact®, Delfin Technologies Ltd., Finland) was used to measure breast tissue water 

content.  The principle of this technique has been described by others.[14,30]  In brief, the 

device emits a high frequency (300 MHz) signal which is absorbed or reflected by tissue 

water to an effective depth of 2.5 mm.[30]  TDC measurements, which are calculated from 

the reflected signal, are automatically converted by the device into a tissue water 

percentage (0 – 100 %) and displayed on the screen.  TDC measurements were taken in 

triplicate in each breast quadrant.  We reported the: i) mean tissue water percentage at each 

quadrant; ii); whole breast tissue water percentage (average of each quadrant); and iii) 

whole breast TDC ratio in breast lymphoedema participants (ratio of affected to unaffected 

breast).  A previous study has reported a whole breast TDC ratio of ≥1.40 to be indicative 

of breast lymphoedema.[14]  

 

iii) ICG lymphography: ICG lymphography was performed by HS and AHW.  Both have 

extensive experience in this technique, completing more than 600 assessments of limb 

lymphoedema in the previous two years.  It was performed on the affected breast of breast 

lymphoedema participants and bilaterally in control participants to determine if any 

asymmetries existed between sides. 

 

The technique for imaging the breast was similar to that used in the arm.[31]  Injection 

sites were marked on the participant’s skin, specifically, the anterior upper torso (sites 1 

and 2), and the lower outer quadrant of the breast (site 3), as shown in Figure 3.1.  The 

anatomical basis of these injection sites was based on comprehensive three dimensional 

radiographic tracing of breast lymphatic anatomy in human cadavers (for details see Suami 
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et al[28]).  Prior to injection, to reduce discomfort we cooled each site using the 

CoolSenseTM device (CoolSense Medical Ltd., Tel Aviv).[32]  A small volume (0.1 – 0.3 

ml) of ICG dye (Verdye 25 mg, Aschheim-Dornach, Germany), reconstituted with 5 ml of 

0.9 % sodium chloride was injected (using a 30 gauge needle) intradermally at sites 1 and 

2.  Immediately following injections continuous lymphatic scanning with a near-infrared 

camera (Hamamatsu PDE-Neo II, Hamamatsu Photonics, Japan)[33] was conducted.  

Manual lymphatic drainage (MLD) massage was administered if lymphatic drainage 

pathways remained undetermined after 20 minutes.  If ICG did not extend to the breast 

following injections at sites 1 and 2, a further injection was administered at site 3.  Imaging 

was considered complete once lymphatic drainage pathways of the breast were identified 

and images became stable (no further extension of dermal backflow).  

 

 

 

 

 

Figure 3.1 ICG lymphography breast lymphoedema injection sites. Injection site 1 and 2: the mid-

point between the xiphoid process and umbilicus was identified.  The horizontal distance from this 

mid-point to the anterior axillary line was then divided into thirds.  The first injection site was 

marked at the distance of the first third, with the second at the second third.  Injection site 3: 

located at the outer edge of the lower outer quadrant of the affected breast. 
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Throughout the scanning procedure, felt pens were used to mark lymphatic vessels and 

areas of dermal backflow on participant’s skin.  Scanned images were captured using a 

digital video recorder (MDR-600HD: Ikegami Tsushinki Co., Ltd, Japan) and still 

photographs were taken using both the near-infrared camera system and a digital camera.  

Montage images of near-infrared photographs were created by HS using Photoshop CC, 

Adobe Systems.  Video recordings and images were stored securely for off-line analysis. 

 

The protocol for analysing ICG lymphography data was developed in our clinic by Suami 

et al.[31]  Analysis focused on identifying lymphatic vasculature, dermal backflow, and 

drainage pathways of the breast.  Lymph node regions relevant to the breast were termed; 

ipsilateral axilla, contralateral axilla, clavicular (supraclavicular and infraclavicular lymph 

node region), parasternal (internal mammary lymph node region), and intercostal (lateral 

upper torso of affected side).  Descriptive characteristics of ICG lymphography drainage 

pathways and area of dermal backflow were presented as individual data. 

 

Statistical analysis 

Demographic information, participant characteristics, and measures of tissue water 

percentage are presented as means ± standard deviation (or number and percentage).  For 

statistical analysis, social statistics package (SPSS version 25, Surrey, UK) was used.  

Significance was set at p < 0.05 for all comparisons.  

 

Demographic and anthropometric data were compared using an unpaired T-test.  A general 

linear model was employed to compare tissue water percentages between breast quadrants 

and sides (left and right, or affected and unaffected) for each group.  When significant 

side-by-quadrant interactions were observed, further analysis using post hoc contrasts 

(Bonferroni Dunn test) was undertaken to determine between-side and between-quadrant 

effects.  Tissue water percentage was further compared between quadrants and groups 

(affected breast versus control, unaffected breast versus control).  In this comparison, 
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control participants left and right quadrant data were averaged as no difference existed 

between the two breasts.  Post hoc contrasts were examined for significant group-by-

quadrant interactions.  

 

 

Results 

All participants completed the study and none experienced any adverse reactions.  

Participant characteristics are shown in Table 3.1 Participant characteristics.  Both 

participant groups were of similar age and BMI (pooled mean age 51 ±15 y and BMI, 26 ± 

4 kg.m-2).   

 

The breast lymphoedema participants’ pathology and treatment history is summarised in  

Table 3.2.  The majority (~70%) had T1, invasive ductal breast cancer involving the upper 

outer quadrant.  Chemotherapy treatment was received by 80% of participants, all of which 

included a Taxane.  All received whole breast radiation therapy (most with boost) and 50% 

underwent radiation to the regional lymph nodes.  All breast lymphoedema participants 

reported clinically confirmed swelling in their affected breast and frequently reported 

breast heaviness (70%) and/or discomfort (70%).  Fibrosis was palpated in the affected 

breast of most (80%), but erythema was not commonly seen (30%) or reported (20%).  

None of these signs or symptoms were evident or reported in the unaffected breast (breast 

lymphoedema group) or control group. 
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Table 3.1 Participant characteristics 

 Controls 

 (n = 10) 

Breast lymphoedema 

(n = 10) 

Age (y) 45 ± 11 (range 19-58) 58 ± 15 (range 36-81) 

Height (m) 1.65 ± 0.05 1.58 ± 0.06* 

Weight (kg) 69 ± 10 65 ± 14 

BMI (kg m-2) 25 ± 3 26 ± 5 

Dominant arm (right) 9 (90) 9 (90) 

Values are means ± SD (or %). BMI, body mass index. *, p < 0.05 compared to control group.  

 

 

The TDC measures of tissue water percentage are shown in Table 3.3.  There were 

significant side-by-quadrant interactions between the control group and affected breast, the 

unaffected and affected breasts in the breast lymphoedema group, but not between the 

control and the unaffected breasts.  Post hoc analysis revealed more tissue water in all 

quadrants of the affected breast, than unaffected and control breasts.  Higher tissue water 

content was also evident in the lower compared to the upper quadrants of the affected 

breast (e.g. mean tissue water was 55 ± 14%  and 44 ± 9%  in the lower outer and upper 

outer quadrant, respectively, p <0.05).  By contrast, water content was higher in the inner 

versus outer quadrants for both the control and unaffected breasts (e.g. mean tissue water 

was 39 ± 7% and 36 ± 6%  in the upper inner and upper outer quadrant, respectively, p 

<0.05).  The TDC ratio was  1.40 in half the breast lymphoedema group (Table 3.4).  

 

Representative ICG lymphography images of lymphatic drainage patterns and pathways 

for both groups are shown in Figure 3.2.  In all control participants, ICG dye, was injected 

at sites 1 and 2, and flowed in a linear pattern towards the ipsilateral axillary region.  No 

side-to-side differences or dermal backflow was observed.  
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For the majority of breast lymphoedema participants, ICG dye was injected only at sites 1 

and 2.  Three required an additional injection (site 3).  ICG dye flowed towards the 

ipsilateral axilla in 40% of participants, all of which had a lower TDC ratio (Table 3.4).  

Irrespective of whether breast lymphoedema participants drained to the ipsilateral axilla or 

not, 90% exhibited collateral drainage pathways to parasternal (6/10), contralateral axilla 

(4/10), intercostal (3/10) or clavicular (2/10) regions (Table 3.4).  Lymphatic drainage of 

the breast to inguinal regions was not observed in any participants.  Participants who had 

undergone axillary lymph node dissection (4/10) did not drain to the ipsilateral axilla, and 

three demonstrated lymphatic drainage to the contralateral axilla.  Drainage to the 

parasternal region was observed equally in participants with a whole breast TDC ratio 

above or below 1.40. Those with a TDC ratio  1.40 were more likely to drain to clavicular 

and contralateral axillary regions, while those with a TDC ratio < 1.40 to intercostal 

regions (Table 3.4).  All breast lymphoedema participants had dermal backflow in their 

affected breast.  This involved the entire breast in all participants with a high TDC ratio, 

and two participants with a low TDC ratio.  
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Table 3.2 Breast cancer pathology and treatment characteristics for breast lymphoedema group  

 

 

 Breast lymphoedema 

(n = 10) 

Pathology Type of cancer 

Invasive ductal 

Invasive lobular 

Other  

 

8 (80) 

1 (10) 

1 (10) 

 Tumour location 

Upper outer quadrant  

Upper inner quadrant 

Lower outer quadrant 

Lower inner quadrant 

Upper outer quadrant and Lower inner 

quadrant 

 

7 (70) 

                 0 (0) 

1 (10) 

1 (10) 

1 (10) 

 Tumour staging 

pT1 

pT2 

 

8 (80) 

2 (20) 

   

Nodal surgery Sentinel node biopsy 

Axillary lymph node dissection 

6 (60) 

4 (40) 

   

Adjuvant treatment Radiotherapy area treated 

WBI 

WBI + SCF + IMC 

WBI + SCF/ICF 

WBI + SCF/ICF + IMC+ axilla 

 

5 (50) 

1 (10) 

1 (10) 

3 (30) 

 Radiotherapy boost to primary 9 (90) 

 Chemotherapy  

Taxane based chemotherapy 

 

8 (80) 

8 (80) 

Data are number and percentage. Tumour staging reported using Tumour Node Metastases (TMN) 

staging for breast cancer. WBI, whole breast irradiation; SCF, supraclavicular fossa lymph nodes; 

ICF, infraclavicular fossa lymph nodes; IMC, internal mammary chain lymph  nodes. 
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Table 3.3 Comparison of mean breast tissue water percentage in control and breast lymphoedema 

participants 

Breast quadrant Control (n = 10)  

 

Breast lymphoedema (n = 10)  

 

Average for both breasts Unaffected Affected 

Upper outer quadrant      36 ± 6 32 ± 5 44 ± 9 

Upper inner quadrant      39 ± 7*   36 ± 5* 45 ± 8 

Lower outer quadrant      36 ± 6 33 ± 4    55 ± 14* 

Lower inner quadrant      41 ± 5   39 ± 5*T       53 ± 12* U 

Values are means ± SD; *, p <0.05 compared to upper outer quadrant; U, p <0.05 compared to 

upper inner quadrant; T, p <0.05 compared to lower outer quadrant.  
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Table 3.4 Breast lymphoedema participant treatment characteristics and objective assessment results ranked according to TDC ratio 

Case Lymph node treatment Whole breast 

TDC ratio   

Lymphatic drainage Dermal backflow in 

breast 

 Surgery Regional node irradiation  Ipsilateral 

axilla 

Parasternal Intercostal Clavicular Contralateral 

axilla 

 

1 ALND IMC + SCF (1.81) - - - + + Whole breast 

2 SNB Nil (1.77) - + - - - Whole breast 

3 SNB Nil (1.64) - + - - + Whole breast 

4 ALND IMC + ICF/SCF + Axilla (1.46) - + - + - Whole breast 

5 ALND ICF/SCF (1.45) - - - - + Whole breast 

6 SNB Nil (1.39) + + + - - Whole breast 

7 ALND IMC + ICF/SCF + Axilla (1.16) - - + - + Lower half 

8 SNB IMC + ICF/SCF + Axilla (1.15) + + + - - Whole breast 

9 SNB Nil (1.07) + - - - - Lower outer 

quadrant 

10 SNB Nil (1.03) + + - - - Lower half 

Breast lymphoedema cases listed in descending TDC ratio value. Dotted line delineates participants with a TDC ratio  1.40 which is reported by Johansson 

and colleagues as indicative of breast lymphoedema.[14] TDC, tissue dielectric constant; ICG, indocyanine green; SNB, sentinel node biopsy; ALND, axillary 

lymph node dissection; IMC, internal mammary chain; SCF, supraclavicular fossa; ICF, infraclavicular fossa; +, present; -, absent.
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Figure 3.2 Representative still photographs (left) and ICG lymphography montage images 

(right) in control and breast lymphoedema participants.  ICG lymphography images were 

taken at the end of the scanning procedure thus incurring some washout of ICG dye from 

collecting vessels. Still photograph images: injection sites 1 and 2 (Micropore tape), 

lymphatic collecting vessels (green) and dermal backflow (red) a Control participant 

demonstrating bilateral linear drainage to ipsilateral axilla regions. Torso lymphatics 

observed draining bilaterally to the abdomen and inguinal region. b Breast lymphoedema 

participant demonstrating collateral lymphatic drainage of breast to clavicular and 

parasternal regions. c Breast lymphoedema participant demonstrating collateral lymphatic 

drainage of breast to clavicular and contralateral axilla regions 
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Discussion 

This study is the first to utilise ICG lymphography to examine breast lymphoedema.  We 

report the following novel findings.  First, ICG lymphography identified dermal backflow in 

all breast lymphoedema, but no control participants.  Second, breast lymphatic drainage 

pathways differed between groups.  In the control group, lymph drained from the breast to the 

ipsilateral axilla region in 100% of participants.  In the breast lymphoedema group, only 40% 

drained to the ipsilateral axilla and 90% drained to other regions.  These findings support our 

hypotheses and demonstrate that ICG lymphography can be used to directly visualise the 

pattern and pathways of lymphatic drainage in individuals with breast lymphoedema.  They 

also have implications for clinical management, such as informing clinicians of patent 

pathways during manual lymphatic drainage (MLD).  

 

Methodological considerations 

As ICG lymphography has not been previously used to assess breast lymphoedema, there are 

no studies to which we can directly compare our findings.  However, ICG lymphography is 

known to be a valid and reliable technique for assessing BCRL.[24]  Our protocol for breast 

lymphoedema was modified from our published protocol for analysing arm lymphoedema 

(BCRL)[31] with careful consideration of breast lymphatic anatomy to determine injection 

sites.[28,34-36]  In the late 1800s, Sappey described the lymphatics of the breast draining 

exclusively via a subareolar plexus to axillary lymph nodes.[34]  This pathway has been 

confirmed by others and imaging studies using techniques such as lymphoscintigraphy have 

applied injections into this plexus to identify the sentinel lymph nodes in breast cancer 

patients.[36]  The significance and exclusivity of the subareolar plexus in draining the breast 

is however an area of debate.  Other researchers have identified lymphatic vessels of the 

breast that both bypass the subareolar plexus and drain to other lymph nodes including the 

internal mammary and intercostals.[28,35]  In cadaveric studies, Suami et al.[28] showed that 

superficial breast lymphatic vessels originate in the periphery of the anterior upper torso 

before travelling through the breast to the axillary lymph nodes.  Based upon these findings, 

injection sites 1 and 2 were positioned in the anterior upper torso.  

 



 

60 

 

A third injection site in the breast (site 3) was selected with knowledge that in cases of breast 

lymphatic obstruction, lymph drainage of the anterior upper torso may bypass the breast via 

collateral pathways (Figure 3.1).  As ICG dye has a high fluorescence intensity at injection 

sites, rather than injecting the subareolar plexus we placed site 3 at the periphery of the lower 

outer quadrant to ensure that the injection did not inhibit visualisation of breast lymphatic 

vasculature.  Moreover, anecdotal evidence from our clinical experience suggests lymphatic 

drainage of the breast in breast lymphoedema patients occurs in a lateral to medial direction.  

Accordingly, we were confident that these injection sites were sufficient to give a 

comprehensive analysis of breast lymphatic vasculature, drainage patterns and pathways.  

 

Drainage patterns and pathways in breast lymphoedema 

Our observation of linear drainage patterns in the control group and dermal backflow in the 

breast lymphoedema group was not unexpected.  In accordance with our findings, Yamamoto 

et al.[24] employed ICG lymphography to assess BCRL and reported linear drainage patterns 

in the unaffected arm, and dermal backflow in the affected arm of patients with significant 

lymphoedema.  Similarly, Akita et al.[23] visualised dermal backflow in patients with BCRL, 

while linear patterns were observed in patients without BCRL.  Linear drainage patterns 

represent normal unobstructed lymph drainage from the distal tissue, through patent collecting 

vessels, to upstream lymph nodes.  These patterns are visualised as longitudinal lines with 

ICG lymphography while dermal backflow, visualised as a reticular honeycomb pattern, 

indicate retrograde movement of lymph into microscopic dermal capillaries.[26]  This occurs 

due to obstruction in upstream lymphatic vasculature and is diagnostic of 

lymphoedema.[37,38]  Our observation of dermal backflow in the breast indicates the same 

diagnostic features seen in BCRL are present in patients with breast lymphoedema.  

Additionally, our findings suggest that through analysis of these patterns, ICG lymphography 

may be useful in monitoring patients at risk of developing breast lymphoedema and 

identifying patients without the condition.  

 

Our results showed that women with breast lymphoedema also displayed collateral drainage 

pathways, which differed according to the severity of lymphoedema.  Collateral pathways, 

like dermal backflow, become evident when lymph flow is obstructed.[39]  It remains 

unknown as to whether collateral pathways are pre-existing or represent lymphangiogenesis in 



 

61 

 

the face of obstruction.[40]  Irrespective of the mechanism, our results showed that as severity 

increased (TDC ratio  1.40), drainage to the ipsilateral axilla was impeded while collateral 

pathways external to the breast (e.g. contralateral axilla) were more likely.  This raises the 

possibility of a hierarchy existing within drainage pathways relevant to severity.  However, 

due to our small cohort we cannot make any conclusions regarding this and further studies are 

required to test this hypothesis. 

 

The TDC results identified a higher water content in the affected breast with suggestions that 

the distribution of water differs between affected and unaffected breasts.  The device however 

only detected breast lymphoedema with a whole breast TDC ratio  1.40 in half of the breast 

lymphoedema participants despite lymphoedema being identified with ICG lymphography in 

all participants.  This raises questions about the sensitivity of using a whole breast TDC ratio 

to assess breast lymphoedema, especially with patients that have localised swelling.  The role 

of breast quadrant rather than whole breast TDC ratios and the diagnostic threshold of this 

ratio should be explored further.  Additionally, given the potential association observed 

between TDC ratios and lymphatic drainage pathways of the breast, there may be value in 

using this device alongside ICG lymphography in future research.  

 

Limitations 

This study has some limitations.  First, the main limitation is the study’s small participant 

numbers. However, this was a pilot study, which served to direct future research.  A larger 

prospective longitudinal study recruiting at-risk breast cancer patients irrespective of breast 

lymphoedema symptoms would aid in determining the diagnostic validity of ICG 

lymphography.  Additionally, this study could progress our understanding of breast 

lymphoedema, identifying a risk factor profile and the time course of this condition.  Second, 

a recognised limitation of ICG lymphography is its limited penetration depth (20 mm).[33]  

While this impedes assessment of deep lymphatics and breast parenchyma, it nevertheless 

allows minimally invasive real-time imaging of the superficial lymphatics where secondary 

lymphoedema manifests.[41,42]  Third, MLD was applied after 20 min if drainage pathways 

remained undetermined.  This may influence the transit time of ICG dye as MLD facilitates 

lymph transport velocity.[43]  However, transit time was not a focus of this study and the 



 

62 

 

application of MLD served to reduce scanning time.  This makes ICG lymphography a more 

viable assessment method in a busy clinical environment and less onerous on participants.   

 

Finally, there are some practical considerations for using ICG lymphography in the clinical 

setting.  Though ICG lymphography has been approved for breast sentinel node biopsy in 

some countries, the current off-label use of ICG dye in lymphatic imaging may limit the 

accessibility of this technique.[44,45]  Additionally, whist some training is required to 

undertake ICG lymphography this is expected of any medical imaging tool.  Moreover, 

compared with other medical imaging techniques the cost is relatively low.   

 

Clinical implications 

Our findings have implications for the detection and monitoring of breast lymphoedema.  We 

have shown that ICG lymphography is capable of identifying lymphatic morphological 

changes in breast lymphoedema.  This is important because these changes often precede the 

clinical signs of lymphoedema and therefore ICG lymphography may facilitate earlier 

detection of breast lymphoedema.  Early detection allows earlier intervention, reducing 

chronic tissue oedema and the development of irreversible changes to lymphatic vessels and 

tissue architecture.  Akita and colleagues[23] demonstrated the effectiveness of ICG 

lymphography in diagnosing BCRL in patients earlier than conventional limb volume 

measurements.  Consequently, through early detection and management they were able to 

demonstrate reversibility of dermal backflow patterns and lymphatic dysfunction in some 

patients.  Moreover, an assessment method that is capable of identifying early breast 

lymphoedema would enable prospective monitoring of at-risk patients, especially high risk 

patients (e.g. patients who have undergone extensive axillary treatment).  These findings 

support the need for future research to investigate the role of ICG lymphography in early 

detection, monitoring, and intervention of breast lymphoedema. 

 

The high-resolution images and real-time feedback on lymphatic function provided by ICG 

lymphography have clinical implications on the management of breast lymphoedema.  ICG 

lymphography could be utilised to evaluate the acute and long-term outcomes of various 

treatments such as MLD, intermittent pneumatic compression, or compression bras.  
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Furthermore, understanding lymphatic drainage pathways of the breast following BCT is also 

important for the management of breast lymphoedema, specifically the manner in which 

MLD, a gentle massage that promotes lymph drainage from areas of congestion towards 

functioning lymphatics, is applied.  Traditionally MLD for breast lymphoedema is directed 

towards the contralateral axilla and the inguinal regions.  Our findings demonstrate other 

drainage regions which may also be utilised.  This could potentially optimise treatments and 

influence patient outcomes.  Additionally, the variability between drainage pathways 

identified in our breast lymphoedema group (Table 3.4) highlights a unique benefit of ICG 

lymphography.  It offers an assessment method capable of informing the patient’s therapist of 

patent lymphatic drainage pathways, thereby enabling the development of personalised 

management plans.  

 

 

Conclusion 

ICG lymphography is a potential qualitative imaging method for the identification and 

assessment of breast lymphoedema following BCT.  This pilot study supports the need for 

further research to investigate the role of ICG lymphography in diagnosing, monitoring, and 

managing breast lymphoedema.  Furthermore, it supports the utility of ICG lymphography in 

the armamentarium of breast lymphoedema assessment tools. 
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4.1 Overview  

 

This thesis explored the utility of ICG lymphography in the assessment of breast 

lymphoedema.  The original pilot study (Chapter 3) clearly demonstrated that ICG 

lymphography has a role in the assessment of this condition.  Additionally, ICG 

lymphography was shown to be capable of mapping the lymphatic drainage pathways of the 

breast and identified alterations to these pathways in participants with breast lymphoedema 

following BCT.  It is believed this is the first study to use ICG lymphography to assess breast 

lymphoedema.  The question is now posed as to whether ICG lymphography could be 

incorporated into the clinical setting as an assessment method for breast lymphoedema.  

Moreover, whether it could be used in the management and monitoring of breast 

lymphoedema.   

 

This final chapter will use a translational approach to explore how research utilising ICG 

lymphography in lymphoedema can be applied to the clinical area of breast lymphoedema.  

Specifically, it will use the study findings, in the context of the wider breast cancer-related 

arm lymphoedema (BCRL) arena, to explore the broader clinical implications of ICG 

lymphography in breast lymphoedema.  The discussion will be posed around three clinically 

relevant questions as follows.   

 

1. Can ICG lymphography be used to assess breast lymphoedema in the clinical setting? 

2. Can ICG lymphography be used in the clinical management of breast lymphoedema? 

3. Can ICG lymphography be used to monitor breast lymphoedema? 

 

At the end of this chapter several practical considerations will also be addressed. 
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4.2 Question 1: Can ICG lymphography be used to assess breast 

lymphoedema in the clinical setting? 

 

The assessment of breast lymphoedema requires methods which can objectively assess breast 

lymphoedema, measure its severity, and accurately identify the early subclinical stages of this 

disease.  Based upon the pathophysiology of secondary lymphoedema (Chapter 1, Section 

1.5), earlier detection requires assessment methods capable of identifying early lymphatic 

dysfunction and changes to the lymphatic system (e.g. alterations in lymphatic patterns and 

pathways) that precede the clinical signs of breast lymphoedema (e.g. oedema, skin 

thickening).  In clinical practice, assessment methods also need to be minimally or non-

invasive, safe to use repeatedly, cost-effective, and relatively easy to perform, albeit with 

some prior training.  In the assessment of secondary lymphoedema, ICG lymphography meets 

many of these criteria and therefore its application in the clinical assessment of breast 

lymphoedema should be considered.  To determine its capabilities in the clinical setting it 

needs to be examined if ICG lymphography can be used; i) to detect the presence or absence 

of breast lymphoedema (Section 4.2.1), ii) to assess the severity of breast lymphoedema 

(Section 4.2.2), iii) to detect subclinical breast lymphoedema (Section 4.2.3), and iv) as a 

composite tool in the assessment of breast lymphoedema (Section 4.2.4). 

 

 

4.2.1 ICG lymphography can be used to detect the presence or absence of 

breast lymphoedema 

The study undertaken as part of this thesis demonstrated that ICG lymphography is capable of 

visualising the lymphatic patterns and pathways of the breast.  This included those of normal 

lymphatic anatomy (linear patterns and dominant lymphatic drainage pathways), and those 

that are diagnostic of lymphoedema (dermal backflow and collateral lymphatic drainage 

pathways).   

 

Support for the use of ICG lymphography to detect the presence and absence of breast 

lymphoedema based on alterations in lymphatic drainage patterns is as follows.  First, the 
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study in Chapter 3 showed that dermal backflow was observed in all breast lymphoedema 

participants, whereas linear drainage patterns (and the absence of dermal backflow) were 

observed in all healthy control participants.  From these results, it would appear that ICG 

lymphography has the required resolution to identify the presence and absence of dermal 

backflow with 100% accuracy in the breast.  Whether this would have been the case in a 

larger population of participants requires further investigation.  Nevertheless, these findings 

offer promise for the ability of ICG lymphography to clearly detect the presence or absence of 

breast lymphoedema, based upon this feature.   

 

Second, ICG lymphography studies performed in body regions outside the breast have 

highlighted the importance of dermal backflow as a cardinal feature of lymphoedema.  For 

example, studies using ICG lymphography to assess secondary lymphoedema including 

BCRL, lower limb lymphoedema, and abdominal lymphoedema[73,99,108-110] have proven 

that dermal backflow patterns are diagnostic of lymphoedema.  Because the morphological 

changes to the superficial lymphatic system in secondary lymphoedema are similar across 

different limbs and body areas, it is reasonable to conclude that these changes can also be 

applied in the detection of breast lymphoedema.   

 

Further support for the use of ICG lymphography to detect breast lymphoedema comes from 

its ability to identify collateral lymphatic drainage pathways in patients with breast 

lymphoedema.  In the study undertaken in Chapter 3, collateral drainage pathways were 

observed in the majority (90%) of breast lymphoedema participants.  In contrast, the dominant 

lymphatic drainage pathway to the ipsilateral axilla (and the absence of collateral lymphatic 

drainage pathways) were observed in all healthy control participants.  These results imply that 

ICG lymphography can assess the lymphatic drainage pathways of the breast, detecting both 

normal lymphatic drainage and alterations to lymphatic drainage pathways that are diagnostic 

of lymphoedema.  Therefore, similar to lymphatic drainage patterns, these findings are 

encouraging and warrant the further study of lymphatic drainage pathways in the detection of 

breast lymphoedema.   
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It is recognised that previous ICG lymphography studies in BCRL have not routinely 

analysed lymphatic drainage pathways.  However, that is not to say these pathways are not 

worthy of investigation.  A potential reason for this is that ICG lymphography assessment 

criteria for lymphoedema has been modelled upon earlier lymphatic imaging techniques such 

as lymphoscintigraphy.  Lymphoscintigraphy has been used as an assessment method for 

lymphoedema since the 1950s and is considered the gold standard assessment method for 

limb lymphoedema.[63]  While dermal backflow is classified as a cardinal diagnostic feature 

of lymphoedema using lymphoscintigraphy, collateral lymphatic drainage pathways are 

considered an additional feature with less diagnostic accuracy.[63,111]  However, 

lymphoscintigraphy has poor resolution, creating two-dimensional images that are grainy in 

appearance.  Furthermore, real-time imaging is not possible with this technique.  

Consequently, it be could be hypothesised that ICG lymphography is better equipped to 

identify superficial collateral lymphatic drainage pathways and that the role of these pathways 

in the detection and assessment of lymphoedema has not been fully established.   

 

In the context of lymphatic drainage pathways, it is important to highlight ICG lymphography 

analysis also revealed unexpected lymphatic drainage pathways of the anterior upper torsos.  

In the pilot study in Chapter 3, lymphatic collecting vessels were visualised draining lymph 

from injection sites 1 and 2 in an inferior direction in a number of participants of both groups.  

These vessels were observed travelling towards abdominal regions and across the horizontal 

watershed to inguinal regions (Figure 4.1).  The drainage pathways observed were variable 

between participants and even asymmetrical between sides in some control participants 

(Figure 4.1).  These finding are discordant with Sappey’s description of the lymphatic 

drainage of the torso territories.[12]  In the breast lymphoedema participants, it is possible 

that these lymphatic collecting vessels were collateral pathways that had developed through 

lymphangiogenesis to reduce lymphatic overload[77,78] of the anterior upper torso.  

However, their presence in the healthy control group suggests that these vessels form part of 

the normal lymphatic anatomy.  These findings are supported by others who also observed 

lymphatic collecting vessels of the torso draining in directions discordant with Sappey’s 

descriptions, across watersheds, and asymmetrically between sides.[13,14,16]  This suggests 

that the lymphatic anatomy of the torso is complex.  The variable nature of lymphatic 

drainage between individuals and between right and left sides of the same individual 

highlights the challenges in determining the normal lymphatic anatomy of this area and the 
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accurate identification of changes to lymphatic drainage as a result of lymphoedema.  

However, these findings do demonstrate that ICG lymphography is capable of visualising 

lymphatic vasculature in the upper torso and could be considered as a potential method to 

assess lymphoedema of this area.   

 

 

 

 

4.2.2 ICG lymphography could be used to assess the severity of breast 

lymphoedema 

The development of an ICG lymphography staging system would provide an objective 

measure to classify the severity of breast lymphoedema.  Currently breast lymphoedema 

severity is determined using physical examination and/or questionnaires that assess clinical 

signs and symptoms.[9,37,82]  As discussed in Chapter 2, these assessment methods are 

relatively subjective and the staging systems used vary between studies, or are not defined.  

This potentially limits the accuracy of results and reduces test-retest reliability. 

Figure 4.1 Control participant with asymmetrical inferior lymphatic drainage from left and right 

injection site 2.  Lymphatic drainage was to abdominal region (left side) and crossing horizontal 

watershed to inguinal region (right side).  Midline and horizontal watersheds marked on image 

(blue dotted lines). 
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The use of ICG lymphography to develop a staging system is not an entirely new concept as it 

has been employed successfully in the area of BCRL.  Utilising lymphatic patterns, 

Yamamoto et al. (Arm dermal backflow stage),[99] Chang and colleagues (M. D. Anderson 

lymphoedema classification),[112] and Nguyen et al. (modified M. D. Anderson 

lymphoedema classification)[113] have each outlined a staging system to assess the severity 

of BCRL.  Despite some differences between these staging systems, they all assign a severity 

stage of BCRL (e.g. stage 0 indicating no lymphoedema, stage 5 indicating severe 

lymphoedema) based upon the patterns observed in the arm (e.g. linear, splash, stardust, or 

diffuse), and the extent of dermal backflow.  These studies indicate ICG lymphography has 

the ability to detect subtle changes in the pattern of lymphatic dysfunction which relates to 

disease severity.  Accordingly, they demonstrate how dermal backflow patterns could be used 

to develop a breast lymphoedema severity staging system.   

 

Finally, and most recently, Suami et al.[75] not only used the patterns of dermal backflow 

(modified M. D. Anderson lymphoedema classification) but also analysed the lymphatic 

drainage pathways in BCRL patients to provide information relating to severity.  This 

retrospective cohort audit compared the lymphatic drainage pathways of over 100 patients 

with BCRL with their modified M. D. Anderson lymphoedema classification.  They found 

that 95% of patients with a severity stage of 1 (mild lymphoedema) continued to have a patent 

dominant lymphatic drainage pathway.  In regards to the collateral lymphatic drainage 

pathways of the arm, earlier stages of BCRL (modified M. D. Anderson stage 2 and 3) 

predominantly drained to the clavicular region.  In more severe stages of BCRL (modified M. 

D. Anderson stage 4), collateral drainage pathways to the parasternal and contralateral axilla 

regions were more likely.   

 

The study in Chapter 3 demonstrated that both dermal backflow patterns and lymphatic 

drainage pathways could be identified in the breast.  Therefore, based upon the 

aforementioned staging systems used to assess BCRL severity, there is potential to use both 

the patterns and pathways identified on ICG lymphography to develop a severity staging 

system for breast lymphoedema.  Whilst the pilot study in Chapter 3 was not designed to 

identify or analyse different patterns of dermal backflow, it is relevant to mention that patterns 
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similar to those observed in BCRL[99,112,113] were observed in the breast lymphoedema 

participant group.  For example, some participants demonstrated dermal backflow patterns 

similar to the diffuse pattern described in the BCRL literature.  Moreover, in the breast 

lymphoedema group, the ICG lymphography results demonstrated differences in the collateral 

drainage pathways observed in those with a high or low TDC ratio (see Chapter 3 and 

Section 4.2.4).  These findings support the undertaking of a larger study to confirm if ICG 

lymphography can detect subcategories of dermal backflow in the breast, and if lymphatic 

patterns and pathways of the breast can accurately assess breast lymphoedema severity.   

 

Similar to the staging systems described in BCRL, an ICG lymphography breast 

lymphoedema staging system could use a five point scale (0 – 4) to assign severity.  For 

example; stage 0 indicates no lymphoedema, Stage 1 describes subclinical lymphoedema, 

Stage 2 mild clinical lymphoedema, Stage 3 moderate lymphoedema, and Stage 4 severe 

lymphoedema.  By implication, having a scale like this would enable the early detection of 

breast lymphoedema.  The next section (Section 4.2.3) will specifically discuss how ICG 

lymphography could be used to detect subclinical breast lymphoedema.   

 

 

4.2.3 ICG lymphography could be used to detect subclinical breast 

lymphoedema 

A fundamentally important stage in lymphoedema severity and one that has immense clinical 

implications is subclinical lymphoedema.  As discussed in Chapter 1, Section 1.5, the early 

diagnosis and management of secondary lymphoedema is vital to limit disease severity and 

progression.  Detection of lymphoedema in its subclinical stage implies lymphoedema is 

diagnosed at the earliest possible stages of lymphatic dysfunction before clinical signs of 

lymphoedema manifest.  Consequently, management at this stage offers the greatest treatment 

outcomes, as irreversible changes to lymphatic vasculature and subcutaneous tissue 

architecture would be minimal or absent.  Although it is yet to be investigated in breast 

lymphoedema, it seems reasonable to suggest that early detection and management would 

have similar implications.  Therefore, assessment methods that enable the detection of 

subclinical breast lymphoedema would be beneficial in the management of this condition.   
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The study in Chapter 3 was not specifically designed to determine if ICG lymphography 

could detect subclinical breast lymphoedema.  Nevertheless, it was designed with this broader 

consideration in mind.  This exploratory pilot study served to determine if ICG lymphography 

could be undertaken in the breast to identify breast lymphoedema.  The next step would be to 

investigate if ICG lymphography can be used to not only to assess breast lymphoedema 

severity, but also early subclinical stages.   

 

Support for the role of ICG lymphography to detect subclinical changes in breast 

lymphoedema, earlier than more conventional assessment methods, again comes from limb 

lymphoedema literature.  A study by Akita et al.[100] demonstrated that ICG lymphography 

was able to detect BCRL in 50% of participants prior to any changes in limb volume 

measured using conventional limb volumetric assessments.  Furthermore, they demonstrated 

that early detection enabled earlier management of BCRL, which reversed dermal backflow 

patterns to splash or linear patterns in some patients.  Due to the chronicity of clinical 

lymphoedema, this finding is extremely important and highlights how crucial prospective 

monitoring, early diagnosis, and management are in secondary lymphoedema.  Accordingly, it 

is likely that ICG lymphography could have similar applications in breast lymphoedema.   

 

Support for the use of ICG lymphography in the assessment of early breast lymphoedema also 

comes from its known diagnostic accuracy in detecting subclinical secondary limb 

lymphoedema.  Akita et al.[108] reported ICG lymphography to have a sensitivity of 0.98, 

specificity of 0.55, and an accuracy of 0.82 in detecting secondary limb lymphoedema (leg 

and arm) when compared with the gold standard, lymphoscintigraphy.  Interestingly, they 

found that when subclinical lymphoedema (splash pattern on ICG lymphography) was 

reported as a negative result, sensitivity, specificity, and accuracy all improved (0.98, 0.93, 

0.95 respectively).  These results suggest that ICG lymphography may be better at detecting 

subclinical secondary limb lymphoedema compared to lymphoscintigraphy and support its 

use in the diagnosis of both clinical and subclinical limb lymphoedema.  Mihara et al.[101] 

also reported that ICG lymphography had a high sensitivity (1.0) and specificity (1.0) in 

diagnosing early stage arm lymphoedema.  While these results demonstrated even better 
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sensitivity and specificity, they may be slightly inflated because this study used physical 

assessment as a comparator test rather than  lymphoscintigraphy.   

 

Considering these findings in limb lymphoedema, it seems reasonable to conclude that ICG 

lymphography is able to identify early subclinical lymphoedema accurately and before more 

conventional assessment methods.  However, further investigation is required to verify if ICG 

lymphography could have similar applications in breast lymphoedema.  In order to address 

this clinical question, an adequately powered longitudinal prospective study involving two 

steps that monitors patients at risk of developing breast lymphoedema following BCT is now 

proposed.  The purpose of step one is to develop a severity staging system for breast 

lymphoedema.  As discussed in Section 4.2.2, the lymphatic patterns and pathways of the 

breast could be analysed in patients with breast lymphoedema to create a severity staging 

system for the breast.  Step two would involve undertaking the study itself.  The aim of step 

two is to determine if ICG lymphography can identify early subclinical lymphoedema of the 

breast.  This study would recruit patients diagnosed with breast cancer planning to undergo 

BCT.  Each patient would undergo a baseline ICG lymphography assessment prior to the 

commencement of BCT and then repeat ICG lymphography assessments at regular time 

intervals for a period of at least 12 months.  Follow up assessment times could be as follows; 

after surgery and prior to radiotherapy treatment, six weeks after completion of radiotherapy 

treatment (approximately three months after surgery), then six, nine, and 12 months after the 

date of surgery.  Based upon prior BCRL studies,[99,100] it is hypothesised that ICG 

lymphography would detect altered patterns of lymphatic drainage in patients with subclinical 

breast lymphoedema.   

 

 

4.2.4 ICG lymphography can be used as a composite measure of breast 

lymphoedema 

In the clinical setting, a range of methods are often employed to assess clinical lymphoedema.  

Undertaking a variety of assessments can provide a more comprehensive evaluation of this 

condition.  For example, a patient with advanced BCRL may have the following assessments; 

i) volumetric measurements with either a tape measure or Perometer to determine the volume 
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difference of the affected arm compared to the unaffected, ii) a measure of the extracellular 

fluid component of the arm (e.g. bioimpedance spectroscopy), iii) ICG lymphography to 

assess the lymphatic vasculature and lymphatic transport, and iv) an MRI to determine the 

amount of adipose tissue and skin thickening within the arm.[114]  Therefore, in clinical 

breast lymphoedema, ICG lymphography may be one of a few assessment methods utilised to 

complete a comprehensive assessment of this condition.  This raises the question as to which 

assessment methods would be most appropriate to use alongside ICG lymphography.  These 

assessment methods should be objective, repeatable, accessible, and able to quantitatively 

assess the clinical signs of breast lymphoedema.   

 

One method that could be used alongside ICG lymphography is the TDC device.  The benefits 

of the TDC device in assessing clinical breast lymphoedema have already been outlined in 

Chapter 2, Section 2.2.3.  Additionally, the TDC results from the study in Chapter 3, 

identifying a higher percentage water content in all quadrants of the affected breast compared 

with the unaffected breast and control participants (Chapter 3, Table 3.3), further support the 

use of this device in assessing breast lymphoedema.  As a composite measure with ICG 

lymphography, the findings in Chapter 3 highlight the potential of use of these two 

techniques in assessing breast lymphoedema severity.  Results from this study demonstrated 

that participants in the breast lymphoedema group who continued to have lymphatic drainage 

of the breast to the dominant pathway (ipsilateral axilla) had a lower whole breast TDC ratio 

(<1.40).  Furthermore, aside from collateral drainage to the parasternal region which was 

equally present in participants with a higher or lower whole breast TDC ratio, these 

participants had a tendency to have collateral drainage towards the intercostal region.  

Alternatively, breast lymphoedema participants with a higher whole breast TDC ratio (1.40) 

did not demonstrate patency of their dominant lymphatic drainage pathway, and collateral 

lymphatic pathways were more commonly observed to drain towards clavicular and 

contralateral axilla regions (Chapter 3, Table 3.4).   

 

Another potential assessment method that could be combined with ICG lymphography is 

ultrasound.  Ultrasound has excellent reliability in detecting dermal thickness of the breast[25] 

(Chapter 2, Section 2.2.4) and therefore could provide a quantitative, objective, repeatable 
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measure of skin thickening in breast lymphoedema.  As skin thickening is a common 

secondary tissue change of clinical breast lymphoedema,[24] its assessment in conjunction 

with the above-mentioned methods would further aid in evaluating breast lymphoedema.  

However, one disadvantage of this assessment method is that it is not as readily accessible as 

the TDC device in the clinical setting and requires more specialised training.   

 

Further assessment methods which should be considered as composite measurements of 

breast lymphoedema include MRI and mammography.  The advantage of these techniques, 

over and above the TDC device and ultrasound, is that these medical imaging techniques are 

capable of assessing parenchymal oedema (Chapter 2, Section 2.2.4).  If it is confirmed that 

breast lymphoedema does involve a component of parenchymal oedema, either of these 

assessment methods could be incorporated alongside ICG lymphography to provide a more 

comprehensive assessment of this condition.  

 

The use of ICG lymphography as a composite measure for breast lymphoedema is not limited 

to the clinical setting.  Combining assessment methods in the research setting may improve 

clinical knowledge of breast lymphoedema.  For example, ICG lymphography and the TDC 

device could be used in conjunction with a comprehensive medical and treatment history to 

identify a risk factor profile for breast lymphoedema.  While the study in Chapter 3 was not 

designed to identify a risk factor profile for breast lymphoedema, the medical history and 

anthropometric measurements for each breast lymphoedema participants was collected.  

Therefore, a comparison of the study findings with risk factors described in the literature 

(Chapter 1, Section 1.4.1) can be undertaken and will be discussed below.   

 

In the breast lymphoedema group in Chapter 3, dermal backflow was identified in all 

participants irrespective of the extent of axillary surgery.  This implies that both SNB and 

ALND pose a risk for the development of breast lymphoedema.  However, due to the small 

study numbers, it cannot be determined if there is a greater risk associated with ALND 

compared to SNB. Additionally, breast lymphoedema was identified in participants who had 

undergone an uncomplicated SNB procedure (Table 4.1).  This contradicts the findings of 
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Wratten et al.[24] who reported patients undergoing SNB were only at risk of developing 

breast lymphoedema if their procedure was complicated by a post-operative wound infection.  

 

Comparing other breast lymphoedema risk factors commonly discussed in the literature 

(Chapter 1, Section 1.4.1) with the study findings in Chapter 3, the following observations 

can be made.  All breast lymphoedema participants had whole breast radiotherapy.  The 

majority also had chemotherapy treatment, including Taxane (8/10), and had tumours in the 

upper outer quadrant, central, or lower inner quadrants (9/10).  Interestingly, when breast 

lymphoedema participants were ranked according to whole breast TDC ratio results, those 

with a higher TDC ratio (1.40) had more risk factors than those with a lower TDC ratio.  

Table 4.1 highlights these findings, demonstrating that the majority of participants with a 

higher whole breast TDC ratio (1.40) had complications following BCT such as infection, 

breast cellulitis, or seroma formation (4/5), a BMI 25 (4/5), and/or regional lymph node 

irradiation (3/5) compared to participants with a whole breast TDC ratio <1.40 (0/5, 1/5, 2/5 

respectively).  While it is acknowledged that larger studies are required to make conclusions 

about these findings, it suggests that these factors may contribute to the severity of breast 

lymphoedema.  Furthermore, it supports the composite use of ICG lymphography and the 

TDC device (in combination with a comprehensive patient medical and treatment history) to 

progress clinical knowledge of breast lymphoedema. 
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Table 4.1 Breast lymphoedema participant’s potential risk factors ranked according to whole breast TDC ratio  

Case Whole breast 

TDC ratio 

 

LN surgery WBI Regional LN 

irradiation 

BMI 

25 

Tumour 

UOQ/LIQ/Central 

Chemotherapy Hormonal 

therapy 

Post-op 

infection 

Cellulitis Seroma 

1 (1.81) ALND 

 
+ + + + + + + - - 

2 (1.77) SNB 

 
+ - + + - + - + - 

3 (1.64) SNB 

 
+ - + + - - - - + 

4 (1.46) ALND 

 
+ + - + + - - - - 

5 (1.45) ALND 

 
+ + + + + + - - + 

6 (1.39) SNB 

 
+ - - 

 
+ + + - - - 

7 (1.16) ALND 

 
+ + - + + - - - - 

8 (1.15) SNB 

 
+ + + + + + - - - 

9 (1.07) SNB 

 
+ - - - + - - - - 

10 (1.03) SNB 

 
+ - 

 

- + + + - - - 

Breast lymphoedema cases listed in descending whole breast TDC ratio value.  Dotted line delineates participants with whole breast TDC ratio  1.40.  

TDC, tissue dielectric constant; LN, lymph node; WBI, whole breast irradiation; BMI, body mass index; UOQ, upper outer quadrant; LIQ, lower inner 

quadrant; post-op, post-operative; ALND, axillary lymph node dissection; SNB, sentinel node biopsy.
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4.3 Question 2: Can ICG lymphography be used in the clinical 

management of breast lymphoedema? 

 

Lymphoedema therapists commonly employ traditional lymphoedema treatments such as 

compression, MLD, skin care, and exercise in the management of breast lymphoedema.  

However, there is a paucity of research investigating their effectiveness in the management 

of breast lymphoedema.  ICG lymphography could provide a method to evaluate the 

efficacy of these treatments.  Additionally, it could be used to inform and improve the 

clinical management of breast lymphoedema. 

 

 

4.3.1 Evaluating the efficacy of breast lymphoedema treatments 

The efficacy of traditional lymphoedema treatments in the management of breast 

lymphoedema has not been established.  The only studies evaluating breast lymphoedema 

treatment have investigated the role of additional treatments such as kinesiology 

tape[115,116] and deep oscillation therapy in combination with MLD.[117]  While these 

studies reported improvements in breast lymphatic drainage, further high powered studies 

are required to support their use.   

 

One of the challenges faced in evaluating breast lymphoedema treatments is identifying an 

appropriate assessment method that can be used to analyse treatment outcomes.  An 

assessment method that can objectively assess breast lymphoedema reliably over repeated 

measurements is required.  Considering the functionality of ICG lymphography in the 

assessment of lymphoedema (Chapter 2), this technique offers a feasible method to 

investigate and evaluate breast lymphoedema treatments.  Additionally, owing to its real-

time imaging capabilities, high resolution, and direct visualisation of lymphatic vasculature 

and transport, it offers unique benefits when compared to other assessment methods.  The 

potential uses of ICG lymphography in the evaluation of breast lymphoedema treatments 

include the; i) study of the long-term outcomes of treatment, and ii) study of the acute 

outcomes of treatment.  
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ICG lymphography is safe to perform repeatedly at regular time intervals and is therefore 

capable of investigating the long-term consequences of treatment.  This was demonstrated 

in a study by Akita et al.[100] who used ICG lymphography in a longitudinal prospective 

study to assess BCRL.  In this study, patients that developed clinical lymphoedema 

(stardust pattern) were provided conservative management (skin care, exercise, elevation, 

and compression garments).  By analysing changes to participants’ dermal backflow 

patterns at regular time intervals they were able to evaluate the outcomes of these 

treatments.  A similar study design could be employed in breast lymphoedema.   

 

As treatments can be performed during the ICG lymphography imaging procedure, the 

acute treatment outcomes of breast lymphoedema could also be studied.  The real-time 

imaging capabilities provide immediate feedback on the effects of these treatments.  

Moreover, the direct visualisation of lymphatic vasculature and transport would enable the 

investigation of the physiological impacts that treatments have on the superficial lymphatic 

system of the breast.  Assessing physiological features such as lymphatic contractility rate 

and velocity could provide quantitative measures to evaluate the effectiveness of breast 

lymphoedema treatments and should be considered in future research.  Assessment of these 

features have been explored in limb lymphoedema and show promising results.  In a study 

by Tan et al.[118] the contractile function of the lymphatic system was assessed using ICG 

lymphography to determine the efficacy of MLD in the lymphedematous limb.  They 

concluded that ICG lymphography could accurately quantify treatment-related effects on 

lymphatic function and that MLD increased lymphatic velocity and reduced lymphatic 

propulsion periods.  In another study by Adams et al.[119] the acute effects of intermittent 

pneumatic compression, a device which uses an inflatable sleeve to provide intermittent 

external pressure to the lymphedematous tissue, were investigated using ICG 

lymphography in control and BCRL participants.  This study reported an improvement in 

lymphatic function in both participant groups and demonstrated that ICG lymphography 

could evaluate acute treatment outcomes.   
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4.3.2 Informing and improving clinical management 

ICG lymphography has the ability to inform and improve breast lymphoedema treatments 

thereby influencing clinical management and treatment outcomes.  There are a couple of 

ways in which ICG lymphography could be applied in the clinical management of breast 

lymphoedema.  First, ICG lymphography could be used to improve treatment techniques.  

Second, ICG lymphography could provide a personalised management plan for each 

patient.   

 

First, ICG lymphography may offer a significant advantage in improving the technique of 

MLD.  MLD is one of the main treatment methods utilised in the management of breast 

lymphoedema.  It involves gentle massage of the tissue to stimulate the contractile function 

of the superficial lymphatic system[118] and promote the movement of lymph from areas 

of congestion towards functioning lymphatics.  Various hand movements are performed to 

facilitate the uptake of lymph into the lymphatic system and to assist lymphatic transport 

through areas of dermal backflow to patent lymphatic drainage pathways and regions.  

MLD is regularly employed in managing breast lymphoedema as other conventional 

techniques such as compression are difficult to apply to the breast.  However, prior to ICG 

lymphography there was no way in which to visualise and assess the effectiveness of these 

hand movements on lymphatic transport.  Anecdotal evidence from clinical experience 

using ICG lymphography-directed MLD suggests that the pressure and speed in which 

MLD needs to be applied differs depending on the presence of dermal backflow and the 

patency of lymphatic collecting vessels in the breast.  Therefore, research investigating the 

hand manoeuvres, pressure, and speed of MLD in breast lymphoedema may improve this 

treatment technique.   

 

Another way in which ICG lymphography could improve and inform treatments such as 

MLD is by identifying the lymphatic patterns and pathways of the breast in patients with 

breast lymphoedema.  Dermal backflow patterns indicate areas of fluid accumulation and 

obstruction within the breast tissue.  Therefore, being able to demarcate the exact area of 

dermal backflow using ICG lymphography would enable the lymphoedema therapist to 

focus treatment on these areas.  Additionally, identifying the lymphatic drainage pathways 

of the breast would aid lymphoedema therapists as to which pathways to utilise in MLD 
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treatments.  For example, lymphoedema therapists are often taught to perform MLD of the 

breast away from the ipsilateral axilla and towards the ipsilateral inguinal and contralateral 

axilla regions.[13]  However, in the study presented in Chapter 3, lymphatic drainage of 

the breast to the ipsilateral axilla continued to be evident in four breast lymphoedema 

participants and no participants drained to the ipsilateral inguinal region.  While some 

participants did demonstrate lymphatic drainage to the contralateral axilla (4/10), the most 

frequently observed collateral pathway was to the parasternal region (6/10).  Additionally, 

collateral drainage pathways were observed to the clavicular (2/10) and intercostal (3/10) 

regions.  While the possibility of collateral drainage to the inguinal region cannot be 

excluded, these findings do suggest that the direction in which MLD is applied in breast 

lymphoedema should be reconsidered.  A larger study examining the drainage pathways of 

the breast in patients with breast lymphoedema would confirm the frequency of each 

pathway and could change and optimise current practice.   

 

ICG lymphography can also be applied to optimise other treatments, such as intermittent 

pneumatic compression, which are used instead of or in conjunction with MLD.  For 

example, different pressures applied during these treatments may increase or reduce 

lymphatic function.  The real-time feedback of ICG lymphography would enable the 

evaluation of different treatment pressures to determine which pressure has the greatest 

impact on improving lymphatic transport in the breast.  Zaleska and colleagues[120] 

investigated the role of ICG lymphography in assessing the effectiveness of various 

compression modalities including; intermittent pneumatic compression, and compression 

bandaging.  By combining ICG lymphography with pressure monitoring they were able to 

identify adequate pressures required to transport lymph in the lymphedematous tissue for 

each treatment method.  For example, a pressure of 80 – 120 mm Hg was considered to be 

the most effective pressure to evacuate oedema from the affected tissue when applying an 

intermittent pneumatic compression device.  Similar applications could be utilised in breast 

lymphoedema to advance and improve treatments. 

 

A second benefit of applying ICG lymphography in the clinical management of breast 

lymphoedema is its ability to provide personalised management plans for patients with 

breast lymphoedema.  Each breast lymphoedema participant in the study in Chapter 3 
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demonstrated individual variability in relation to the extent of dermal backflow and the 

lymphatic drainage pathways of their breast following BCT (Chapter 3, Table 3.4).  

Therefore, an ICG lymphography assessment prior to undertaking treatment could help to 

guide lymphoedema therapists in deciding which treatments to apply and the direction in 

which lymph from the breast should be moved.  The breast lymphoedema participants from 

the study in Chapter 3 were asked if they had previously undergone treatment for their 

breast lymphoedema.  While this was not reported in Chapter 3, it is interesting to note 

that four participants had undergone treatment that included MLD.  A comparison of the 

direction in which MLD was applied by their lymphoedema therapist to the direction in 

which lymph was observed to drain from their affected breast using ICG lymphography 

can be seen in Table 4.2.  The differences between the direction in which MLD was 

applied and the direction in which lymphatic drainage of the affected breast was observed 

highlights the benefit that a personalised ICG lymphography treatment plan would provide 

to optimise clinical management of breast lymphoedema.   

 

Table 4.2 Lymphatic drainage of the breast.  Comparison of the direction of MLD applied by 

lymphoedema therapists and the direction of lymphatic drainage observed using ICG 

lymphography 

Participant Direction of MLD Direction of ICG lymphography 

1 Parasternal 

Clavicular 

Contralateral axilla 

Clavicular 

Intercostal 

 

2 Contralateral axilla Ipsilateral axilla 

Parasternal 

Intercostal 

 

3 Inguinal Contralateral axilla 

 

4 Contralateral axilla 

Clavicular 

Ipsilateral axilla 

Parasternal 

Intercostal 

 

MLD, manual lymphatic drainage; ICG, indocyanine green. 
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In view of the points discussed above there are many research directions in which ICG 

lymphography could be employed to evaluate breast lymphoedema treatment modalities.  

Additionally, they demonstrate the substantial and unique benefits that ICG lymphography 

would offer in the clinical management of patients with breast lymphoedema.   

 

 

4.4 Question 3: Can ICG lymphography be used to monitor 

breast lymphoedema? 

 

Monitoring breast lymphoedema is an essential component of its assessment and 

management.  ICG lymphography can be used in the monitoring of breast lymphoedema to 

detect breast lymphoedema in at-risk patients and serve as an outcome measure to evaluate 

treatments.  Therefore this final question is not an isolated question but rather a natural 

extension of the previous two questions (Section 4.2, Section 4.3).  As the role of ICG 

lymphography in the monitoring of subclinical breast lymphoedema has already been 

discussed (Section 4.2.3), this section will consider its role in the monitoring of breast 

lymphoedema following diagnosis.   

 

In addition to evaluating treatment outcomes, ICG lymphography could also be applied to 

monitor the time course of breast lymphoedema.  The time course of the development and 

progression of breast lymphoedema remains unclear.  Conflicting reports exist in the 

literature, some state that breast lymphoedema improves with time (one to three 

years),[24,41,93] while others have observed persistent breast lymphoedema at least six 

years after BCT.[37,42]  For ethical reasons, a study monitoring the time course of breast 

lymphoedema left untreated could not be undertaken, unless a participant refuses treatment 

or treatments are contraindicated.  Therefore, a more likely scenario is that monitoring 

breast lymphoedema using ICG lymphography could be used to determine whether a given 

treatment changes the natural course of disease progression.  
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The study proposed to investigate this would be a longitudinal prospective study using ICG 

lymphography to monitor patients at risk of developing breast lymphoedema.  This study 

could serve to investigate not only the time course of breast lymphoedema but evaluate the 

role of MLD in the management of breast lymphoedema and identify risk factors 

associated with breast lymphoedema.  Therefore, the purpose of this study would be; i) to 

determine if breast lymphoedema resolves within two years, ii) identify a risk factor profile 

for breast lymphoedema, and iii) evaluate the efficacy of MLD (traditional MLD versus 

ICG lymphography-directed MLD) in managing breast lymphoedema.   

 

To evaluate the time course and potential resolution of breast lymphoedema this study 

would be required to be a three-year study.  The methodology for the study would be as 

follows.  Patients diagnosed with breast cancer planning to undergo BCT would be 

recruited at inception (i.e. prior to commencing any breast cancer treatment) and monitored 

at regular time intervals for a period of three years.  Similar follow-up times to those 

proposed for the study to assess subclinical breast lymphoedema could be used in the 

initial 12 months.  For the remaining two years, follow-up assessments would be 

conducted every six months.  Initial and follow-up assessments would include; a medical 

history (breast cancer pathology and treatment details), anthropometric measurements (e.g. 

height and weight to determine BMI, breast cup size) and ICG lymphography assessment 

of the affected breast using the protocol described in Chapter 3.  ICG lymphography 

results would be assessed to determine improvement, resolution, or progression of breast 

lymphoedema based upon observed patterns and pathways of lymphatic drainage.  

Additionally, when a patient is diagnosed with breast lymphoedema using ICG 

lymphography, a comparison with anthropometric measurements and the patient’s medical 

history could be undertaken to identify a risk factor profile for this condition.   

 

To evaluate the efficacy of MLD treatments, this study would be a three-armed study.  

Participants with no signs of breast lymphoedema (linear pattern on ICG lymphography) 

would continue to be monitored for the three-year period.  Patients that develop breast 

lymphoedema (dermal backflow patterns) at any time point would be randomly allocated 

to either traditional MLD treatment or ICG lymphography-directed MLD.  MLD 

treatments would be undertaken by a trained lymphoedema therapist weekly for a set 
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period of time (e.g. 12 weeks).  Following treatment intervention, patients would have a 

follow-up assessment either in line with their standard assessment timeline, or an 

additional assessment would be undertaken to evaluate the outcomes of treatment.  Further 

consideration would need to be applied to participants with persistent breast lymphoedema 

that did not improve following MLD treatment intervention.  These participants would 

require ongoing treatment that may involve MLD and/or another form of lymphoedema 

treatment such as a compression bra, and ongoing monitoring to evaluate the long-term 

outcomes of that treatment.   

 

 

4.5 Practical considerations 

 

Finally, before a firm conclusion can be made regarding the role of ICG lymphography in 

the assessment of breast lymphoedema in the clinical setting, a couple of practical 

implications need to be considered.  These include; the availability of ICG lymphography, 

training requirements, and the cost of undertaking this imaging.   

 

The current availability of ICG lymphography is a consideration that will have 

implications on its clinical use in breast lymphoedema.  Despite ICG dye being relatively 

safe to use in lymphoedema and lymphatic imaging, its use in this field is currently off-

label.  Therefore, until this changes its application is limited to specialist centres using ICG 

lymphography in the research setting.  However, future research could investigate ways in 

which ICG lymphography findings can be transferrable to the clinical setting.  One 

approach would be to investigate potential relationships between ICG lymphography and 

other more readily accessible objective assessment methods such as the TDC device.  A 

second approach could be to analyse associations between ICG lymphography results 

(patterns and pathways) and other breast lymphoedema factors that would influence 

management of this condition.  For example, which collateral lymphatic drainage pathways 

are the most frequently observed in patients with breast lymphoedema that have undergone 

ALND.  Identification of associations could enable extrapolation of research findings to 

the clinical setting.  
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Undertaking ICG lymphography and analysing the findings does require some training.  

Accurate interpretation of results relies on clinician experience and an adequate knowledge 

of lymphatic anatomy.  The ICG protocol developed in the study in Chapter 3 aimed to 

ensure consistency and improve reliability of ICG injections and imaging technique across 

participants in both groups.  This protocol could be utilised to aid clinician training.  

Additionally, the development of a standardised protocol for the analysis of ICG 

lymphography findings in breast lymphoedema would further assist in training, and 

increase intra-rater and inter-rater reliability of this assessment technique.  A final point for 

consideration is that a medical clinician with appropriate qualifications to undertake ICG 

injections and manage any potential adverse reactions is required to be present during the 

imaging procedure.  This may pose some restrictions on the use of ICG lymphography, 

limiting it to use in lymphoedema clinics where a multidisciplinary team operates.  As an 

alternative, similar to other medical imaging, tertiary centres could be set up to perform 

ICG lymphography.  Detailed reports of ICG lymphography findings and a personalised 

management plan could be sent to referring lymphoedema therapists to assist them in 

managing patients with breast lymphoedema.  

 

Aside from the initial start-up equipment costs, the cost of undertaking ICG lymphography 

is relatively inexpensive when compared to other medical imaging techniques.  Ongoing 

costs include the ICG dye and clinician appointment fees.  While these costs may be 

incurred by the patient, many patients are likely to be interested in having this assessment 

given the benefits a personalised ICG lymphography management plan could provide.   

 

 

4.6 Conclusion 

 

ICG lymphography should be considered in the armamentarium of breast lymphoedema 

assessment tools.  This thesis has demonstrated its utility in assessing the lymphatic 

drainage patterns and pathways of the breast to identify breast lymphoedema and map 

alterations to lymphatic drainage pathways following BCT.  Additionally, it has examined 
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the current breast lymphoedema assessment methods, highlighting benefits that ICG 

lymphography may contribute.  The most significant of these being the detection of early 

subclinical breast lymphoedema.  Furthermore, this thesis has explored the clinical 

implications of ICG lymphography in the assessment, management, and monitoring of 

breast lymphoedema.  While it recognises there are some practical considerations to the 

implementation of ICG lymphography in the clinical setting, the potential benefits to the 

assessment and management of breast lymphoedema warrant further exploration and 

investigation.   

 

The findings and recommendations raised in this thesis offer many future research 

directions.  Those considered of most immediate importance are as follows.  Determining 

the diagnostic accuracy and reliability of ICG lymphography in the assessment of breast 

lymphoedema, in particular the detection of subclinical lymphoedema.  The development 

of a severity staging system to provide an objective tool to clinically assess breast 

lymphoedema and compare research findings.  Finally, future research should employ ICG 

lymphography to evaluate and improve the efficacy of breast lymphoedema treatments, 

optimising patient outcomes.  

 

  



 

93 

 

References: 

 

1. Scallan JP, Zawieja SD, Castorena-Gonzalez JA, Davis MJ (2016) Lymphatic pumping: 

mechanics, mechanisms and malfunction. J Physiol 594(20):5749-5768 

 

2. Breslin JW (2014) Mechanical forces and lymphatic transport. Microvasc Res 96:46-54 

 

3. Baker A, Semple JL, Moore S, Johnston M (2014) Lymphatic function is impaired 

following irradiation of a single lymph node. Lymphat Res Biol 12(2):76-88 

 

4. Hansen KC, D’Alessandro A, Clement CC, Santambrogio L (2015) Lymph formation, 

composition and circulation: a proteomics perspective. Int Immunol 27(5):219-227 

 

5. Zawieja DC (2009) Contractile physiology of lymphatics. Lymphat Res Biol 7(2):87-96 

 

6. Padera TP, Meijer EFJ, Munn LL (2016) The lymphatic system in disease processes and 

cancer progression. Annu Rev Biomed Eng 18(1):125-158 

 

7. Munn LL, Padera TP (2014) Imaging the lymphatic system. Microvasc Res 96:55-63 

 

8. Lawenda BD, Mondry TE, Johnstone PAS (2009) Lymphedema: a primer on the 

identification and management of a chronic condition in oncologic treatment. CA: A 

Cancer J Clin 59(1):8-24 

 

9. Degnim AC, Miller J, Hoskin TL et al (2012) A prospective study of breast 

lymphedema: frequency, symptoms, and quality of life. Breast Cancer Res Treat 

134(3):915-922 

 

10. Suami H, Scaglioni MF (2018) Anatomy of the lymphatic system and the lymphosome 

concept with reference to lymphedema. Semin Plast Surg 32:5-11 

 

11. Lahtinen T, Seppälä J, Viren T, Johansson K (2015) Experimental and analytical 

comparisons of tissue dielectric constant (TDC) and bioimpedance spectroscopy (BIS) in 

assessment of early arm lymphedema in breast cancer patients after axillary surgery and 

radiotherapy. Lymphat Res Biol 13(3):176-185 

 

12. Suami H, Pan WR, Mann GB, Taylor GI (2008) The lymphatic anatomy of the breast 

and its implications for sentinel lymph node biopsy: a human cadaver study. Ann Surg 

Oncol 15(3):863-871 

 

13. Földi M, Földi E, Strößenreuther R, Kubik S (2012) Földi's textbook of lymphology: 

for physicians and lymphedema therapists, 3rd edn. Elsevier Health Sciences, Munchen 

 

14. Reynolds HM, Walker CG, Dunbar PR et al (2010) Functional anatomy of the 

lymphatics draining the skin: a detailed statistical analysis. J Anat 216(3):344-355 

 

15. Forbes G (1938) Lymphatics of the skin, with a note on lymphatic watershed areas. J 

Anat 72(Pt 3):399-410 



 

94 

 

 

16. Bonmarchand A, Coquerel-Beghin D, Duval-Modeste AB, Le Cloirec J, Duparc F, 

Auquit-Auckbur I (2018) Anatomy of the cutaneous lymphatic system of the trunk: a 

clinico-anatomical study of 90 cutaneous melanomas. Surg Radiol Anat 40(1):3-13 

 

17. Chakraborty S, Davis MJ, Muthuchamy M (2015) Emerging trends in the 

pathophysiology of lymphatic contractile function. Semin Cell Dev Biol 38:55-66 

 

18. Baluk P, Fuxe J, Hashizume H et al (2007) Functionally specialized junctions between 

endothelial cells of lymphatic vessels. J Exp Med 204(10):2349-2362 

 

19. Bazigou E, Wilson JT, Moore JE Jr (2014) Primary and secondary lymphatic valve 

development: molecular, functional and mechanical insights. Microvasc Res 96:38-45 

 

20. Lee B-B, Rockson SG, Bergan J (2018) Lymphedema: a concise compendium of 

theory and practice. Springer, Cham 

 

21. Sloas DC, Stewawrt SA, Sweat RS et al (2016) Estimation of the pressure drop 

required for lymph flow through initial lymphatic networks. Lymphat Res Biol 14(2):62-69 

 

22. Prendergast PM (2013) Anatomy of the breast. In: Shiffman MA, Di Giuseppe A (eds) 

Cosmetic Surgery. Springer, Berlin Heidelberg, p 47-55 

 

23. Ellis H (2010) Anatomy of the breast. Surg (Oxford) 28(3):114-116 

 

24. Wratten CR, O’Brien PC, Hamilton CS, Bill D, Kilmurray J, Denham JW (2007) 

Breast edema in patients undergoing breast‐conserving treatment for breast cancer: 

assessment via high frequency ultrasound. Breast J 13(3):266-273 

 

25. Dylke ES, Benincasa Nakagawa H, Lin L, Clarke JL, Kilbreath SL (2018) Reliability 

and diagnostic thresholds for ultrasound measurements of dermal thickness in breast 

lymphedema. Lymphat Res Biol 16(3):258-262 

 

26. Macéa JR, Fregnani JHTG (2006) Anatomía de la Pared Torácica, Axila y Mama. Int J 

Morphol 24(4):691-704 

 

27. Grant RN, Tabah EJ, Adair FE (1953) The surgical significance of the subareolar 

lymph plexus in cancer of the breast. Surg 33(1):71-78 

 

28. Tanis PJ, Nieweg OE, Valdés Olmos RA, Kroon BBR (2001) Anatomy and physiology 

of lymphatic drainage of the breast from the perspective of sentinel node biopsy. J Am Coll 

Surg 192(3):399-409 

 

29. Suami H, Pan WR, Taylor GI (2009) Historical review of breast lymphatic studies. 

Clin Anat 22(5):531-536 

 

30. Pavlista D, Eliska O (2005) Cutaneous and subcutaneous lymphatic drainage of the 

breast. Lymphol 38(2):92-102 

 

31. Turner‐Warwick R (1959) The lymphatics of the breast. Br J Surg 46(200):574-582 



 

95 

 

 

32. Hultborn K, Larsson L-G, Ragnhult I (1955) The lymph drainage from the breast to the 

axillary and parasternal lymph nodes, studied with the aid of colloidal AU198. Acta Radiol 

43(1):52-64 

 

33. Estourgie SH, Nieweg OE, Olmos RAV, Rutgers EJT, Kroon BB (2004) Lymphatic 

drainage patterns from the breast. Ann Surg 239(2):232-237 

 

34. Krag D, Weaver D, Ashikaga T et al (1998) The sentinel node in breast cancer - a 

multicenter validation study. N Engl J Med 339(14):941-946 

 

35. Uren RF, Howman-Giles R, Renwick SB, Gillett D (2001) Lymphatic mapping of the 

breast: locating the sentinel lymph nodes. World J Surg 25(6):789-793 

 

36. Verbelen H, Gebruers N, Beyers T, De Monie AC, Tjalma W (2014) Breast edema in 

breast cancer patients following breast-conserving surgery and radiotherapy: a systematic 

review. Breast Cancer Res Treat 147(3):463-471 

 

37. Adriaenssens N, Verbelen H, Lievens P, Lamote J (2012) Lymphedema of the operated 

and irradiated breast in breast cancer patients following breast conserving surgery and 

radiotherapy. Lymphol 45(4):154-164 

 

38. Meek AG (1998) Breast radiotherapy and lymphedema. Cancer 83(S12B):2788-2797 

 

39. Adriaenssens N, Belsack D, Buyl R et al (2012) Ultrasound elastography as an 

objective diagnostic measurement tool for lymphoedema of the treated breast in breast 

cancer patients following breast conserving surgery and radiotherapy. Radiol Oncol 

46(4):284-295 

 

40. Shah C, Arthur DW, Wazer D, Khan A, Ridner S, Vicini F (2016) The impact of early 

detection and intervention of breast cancer‐related lymphedema: a systematic review. 

Cancer Med 5(6):1154-1162 

 

41. Clarke D, Martinez A, Cox RS, Goffinet DR (1982) Breast edema following staging 

axillary node dissection in patients with breast carcinoma treated by radical radiotherapy. 

Cancer 49(11):2295-2299 

 

42. Li J, Dershaw DD, Lee CF, Joo S, Morris EA (2010) Breast MRI after conservation 

therapy: usual findings in routine follow-up examinations. Am J Roentgenol 195(3):799-

807 

 

43. Goffman TE, Laronga C, Wilson L, Elkins D (2004) Lymphedema of the arm and 

breast in irradiated breast cancer patients: risks in an era of dramatically changing axillary 

surgery. Breast J 10(5):405-411 

 

44. Rönkä RH, Pamilo MS, Von Smitten KAJ, Leidenius MHK (2004) Breast lymphedema 

after breast conserving treatment. Acta Oncol 43(6):551-557 

 

45. Kwak JY, Kim EK, Chung SY et al (2005) Unilateral breast edema: spectrum of 

etiologies and imaging appearances. Yonsei Med J 46(1):1-7 



 

96 

 

 

46. Jacobson JA, Danforth DN, Cowan KH et al (1995) Ten-year results of a comparison 

of conservation with mastectomy in the treatment of stage I and II breast cancer. N Eng J 

Med 332(14):907-911 

 

47. Fisher B, Redmond C, Poisson R et al (1989) Eight-year results of a randomized 

clinical trial comparing total mastectomy and lumpectomy with or without irradiation in 

the treatment of breast cancer. N Eng J Med 320(13):822 

 

48. Lagendijk M, Van Maaren MC, Saadatmand S et al (2018) Breast conserving therapy 

and mastectomy revisited: breast cancer‐specific survival and the influence of prognostic 

factors in 129,692 patients. Int J Cancer 142(1):165-175 

 

49. Tailby E, Boyages Am J (2017) Conservation surgery and radiation therapy in early 

breast cancer - an update. Aust Fam Physician 46:214-219 

 

50. Australian institute of health and welfare (2019) Cancer in Australia 2019. Canberra: 

AIHW. Available via https://www.aihw.gov.au/reports/cancer/cancer-in-australia-2019. 

Accessed 15 Dec 2019 

 

51. Shaitelman SF, Cromwell KD, Rasmussen JC et al (2015) Recent progress in the 

treatment and prevention of cancer-related lymphedema. CA: Cancer J Clin 65(1):55-81 

 

52. Boughey JC, Hoskin TL, Cheville AL et al (2014) Risk factors associated with breast 

lymphedema. Ann Surg Oncol 21(4):1202-1208 

 

53. Budach W, Bölke E, Kammers K, Gerber PA, Nestle-Krämling C, Matuschek C (2015) 

Adjuvant radiation therapy of regional lymph nodes in breast cancer - a meta-analysis of 

randomized trials- an update. Radiat Oncol 10(1):258 

 

54. Sherman JO, O'Brien PH (1967) Effect of ionizing irradiation on normal lymphatic 

vessels and lymph nodes. Cancer 20(11):1851-1858 

 

55. Jonsson K, Libshitz H, Osborne B (1978) Lymphangiographic changes after radiation 

therapy. Am J Roentgenol 131(5):803-806 

 

56. Avraham T, Yan A, Zampell JC et al (2010) Radiation therapy causes loss of dermal 

lymphatic vessels and interferes with lymphatic function by TGF-beta1-mediated tissue 

fibrosis. Am J Physiol Cell Physiol 299(3):C589-C605 

 

57. Harsolia A, Kestin L, Grills I et al (2007) Intensity-modulated radiotherapy results in 

significant decrease in clinical toxicities compared with conventional wedge-based breast 

radiotherapy. Int J Radiat Oncol Biol Phys 68(5):1375-1380 

 

58. Pignol J-P, Truong P, Rakovitch E, Sattler MG, Whelan TJ, Olivotto IA (2016) Ten 

years results of the Canadian breast intensity modulated radiation therapy (IMRT) 

randomized controlled trial. Radiother Oncol 121(3):414-419 

 

 



 

97 

 

59. Haviland JS, Owen JR, Dewar JA et al (2013) The UK standardisation of breast 

radiotherapy (START) trials of radiotherapy hypofractionation for treatment of early breast 

cancer: 10-year follow-up results of two randomised controlled trials. Lancet Oncol 

14(11):1086-1094 

 

60. Kelemen G, Varga Z, Lázár G, Thurzó L, Kahán Z (2012) Cosmetic outcome 1-5 years 

after breast conservative surgery, irradiation and systemic therapy. Pathol Oncol Res 

18(2):421-427 

 

61. Fu MR, Guth A, Cleland C et al (2011) The effects of symptomatic seroma on 

lymphedema symptoms following breast cancer treatment. Lymphol 44(3):134-143 

 

62. Pezner RD, Patterson MP, Robert Hill L, Desai KR, Vora N, Lipsett JA (1985) Breast 

edema in patients treated conservatively for stage I and II breast cancer. Int J Radiat Oncol 

Biol Phys 11(10):1765-1768 

 

63. Szuba A, Shin WS, Strauss HW, Rockson S (2003) The third circulation: radionuclide 

lymphoscintigraphy in the evaluation of lymphedema. J Nucl Med 44(1):43-57 

 

64. Rutkowski JM, Moya M, Johannes J, Goldman J, Swartz MA (2006) Secondary 

lymphedema in the mouse tail: lymphatic hyperplasia, VEGF-C upregulation, and the 

protective role of MMP-9. Microvasc Res 72(3):161-171  

 

65. Mihara M, Hara H, Hayashi Y et al (2012) Pathological steps of cancer-related 

lymphedema: histological changes in the collecting lymphatic vessels after 

lymphadenectomy. PLOS ONE 7(7):e41126 

 

66. Zampell JC, Yan A, Elhadad S, Avraham T, Weitman E, Mehrara BJ (2012) CD4+ 

cells regulate fibrosis and lymphangiogenesis in response to lymphatic fluid stasis. PLOS 

ONE 7(11):e49940 

 

67. Szuba A, Rockson SG (1997) Lymphedema: anatomy, physiology and pathogenesis. 

Vasc Med 2(4):321-326 

 

68. Koelmeyer LA, Kastanias K, Mackie H et al (2015) Liposuction for advanced 

lymphoedema - impact of liposuction on limb volumes. Surgical treatment results from 

Australia. Breast 24(3):302-307 

 

69. Ridner SH (2013) Pathophysiology of lymphedema. Semin Oncol Nurs 29(1):4-11 

 

70. Stout Gergich NL, Pfalzer LA, McGarvey C, Springer B, Gerber LH, Soballe P (2008) 

Preoperative assessment enables the early diagnosis and successful treatment of 

lymphedema. Cancer 112(12):2809-2819 

 

71. Koelmeyer LA, Borotkanics RJ, Alcorso J et al (2019) Early surveillance is associated 

with less incidence and severity of breast cancer–related lymphedema compared with a 

traditional referral model of care. Cancer 125(6):854-862 

 



 

98 

 

72. Narushima M, Yamamoto T, Ogata F, Yoshimatsu H, Mihara M, Koshima I (2016) 

Indocyanine green lymphography findings in limb lymphedema. J Reconstr Microsurg 

32(01):072-079 

 

73. Unno N, Inuzuka K, Suzuki M et al (2007) Preliminary experience with a novel 

fluorescence lymphography using indocyanine green in patients with secondary 

lymphedema. J Vasc Surg 45(5):1016-1021 

 

74. Suami H, Pan W-R, Taylor GI (2007) The Lymphatics of the skin filled by a dermal 

backflow: an obsevation in a scarred cadaver leg. Lymphol 40:122-126  

 

75. Suami H, Heydon-White A, Mackie H, Czerniec S, Koelmeyer L, Boyages J (2019) A 

new indocyanine green fluorescence lymphography protocol for identification of the 

lymphatic drainage pathway for patients with breast cancer-related lymphoedema. BMC 

Cancer 19(1):1-7 

 

76. Suami H, Chang D, Skoracki R, Yamada K, Kimata Y (2012) Using indocyanine green 

fluorescent lymphography to demonstrate lymphatic architecture. J Lymphoedema 7(2):25-

29 

 

77. Bruna J (2000) Collateral lymphatic circulation. Eur J Plast Surg 23(6):321-325 

 

78. Blum KS, Proulx ST, Luciani P, Leroux J-C, Detmar M (2013) Dynamics of lymphatic 

regeneration and flow patterns after lymph node dissection. Breast Cancer Res Treat 

139(1):81-86 

 

79. Tashiro K, Yamashita S, Koshima I, Miyamoto S (2017) Visualization of accessory 

lymphatic pathways in secondary upper extremity lymphedema using indocyanine green 

lymphography. Ann Plast Surg 79(4):393-396 

 

80. Tewari N, Gill PG, Bochner MA, Kollias J (2008) Comparison of volume displacement 

versus circumferential arm measurements for lymphoedema: implications for the SNAC 

trial. ANZ J Surg 78(10):889-893 

 

81. Coltman CE, McGhee DE, Steele JR (2017) Three-dimensional scanning in women 

with large, ptotic breasts: implications for bra cup sizing and design. Ergonomics 

60(3):439-445 

 

82. Wenz F, Welzel G, Keller A et al (2008) Early initiation of external beam radiotherapy 

(EBRT) may increase the risk of long-term toxicity in patients undergoing intraoperative 

radiotherapy (IORT) as a boost for breast cancer. Breast 17(6):617-622 

 

83. Cox JD, Stetz J, Pajak TF (1995) Toxicity criteria of the radiation therapy oncology 

group (RTOG) and the European organization for research and treatment of cancer 

(EORTC). Int J Radiat Oncol Biol Phys 31(5):1341-1346 

 

84. Vicini FA, Chen P, Wallace M et al (2007) Interim cosmetic results and toxicity using 

3D conformal external beam radiotherapy to deliver accelerated partial breast irradiation in 

patients with early-stage breast cancer treated with breast-conserving therapy. Int J Radiat 

Oncol Biol Phys 69(4):1124-1130 



 

99 

 

 

85. Back MF, Guerrieri M, Wratten C, Steigler A (2004) Impact of radiation therapy on 

acute toxicity in breast conservation therapy for early breast cancer. Clin Oncol 16(1):12-

16 

 

86. Johansen J, Overgaard J, Rose C et al (2002) Cosmetic outcome and breast morbidity 

in breast-conserving treatment. Acta Oncol 41(4):369-380 

 

87. Polgár C, Fodor J, Major T, Sulyok Z, Kásler M (2013) Breast-conserving therapy with 

partial or whole breast irradiation: ten-year results of the Budapest randomized trial. 

Radiother Oncol 108(2):197-202 

 

88. Barnett G, Wilkinson J, Moody A et al (2011) The Cambridge breast intensity-

modulated radiotherapy trial: patient-and treatment-related factors that influence late 

toxicity. Clin Oncol 23(10):662-673 

 

89. Toledano A, Garaud P, Serin D et al (2006) Concurrent administration of adjuvant 

chemotherapy and radiotherapy after breast-conserving surgery enhances late toxicities: 

long-term results of the ARCOSEIN multicenter randomized study. Int J Radiat Oncol Biol 

Phys 65(2):324-332 

 

90. Grann A, McCormick B, Chabner ES et al (2000) Prone breast radiotherapy in early-

stage breast cancer: a preliminary analysis. Int J Radiat Oncol Biol Phys 47(2):319-325 

 

91. Nuutinen J, Ikäheimo R, Lahtinen T (2004) Validation of a new dielectric device to 

assess changes of tissue water in skin and subcutaneous fat. Physiol Meas 25(2):447-454 

 

92. Johansson K, Lathinen T, Björk-Eriksson T (2014) Breast edema following breast 

conserving surgery and radiotherapy. Eur J Lymphol Relat Probl 25(70):1-5 

 

93. Johansson K, Darkeh MH, Lahtinen T, Bjork-Eriksson T, Axelssqn R (2015) Two-year 

follow-up of temporal changes of breast edema after breast cancer treatment with surgery 

and radiation evaluated by tissue dielectric constant (TDC). Eur J Lymphol Relat Probl 

27(73):15-21 

 

94. Greenhowe J, Stephen C, McClymont L, Munnoch DA (2017) Breast oedema 

following free flap breast reconstruction. Breast 34:73-76 

 

95. Liang ZY, Long X, Yu NZ, Huang JZ (2019) Diagnostic workup of lymphedema. Plast 

Aesthet Res 6:23-31 

 

96. Wratten C, Kilmurray J, Wright S et al (2000) Pilot study of high‐frequency ultrasound 

to assess cutaneous oedema in the conservatively managed breast. Int J Cancer 9(5):295-

301 

 

97. Kuzmiak CM, Zeng D, Cole E, Pisano ED (2009) Mammographic findings of partial 

breast irradiation. Acad Radiol 16(7):819-825 

 



 

100 

 

98. Mussari S, Della Sala WS, Busana L et al (2006) Full-dose intraoperative radiotherapy 

with electrons in breast cancer: first report on late toxicity and cosmetic results from a 

single-institution experience. Strahlenther Onkol 182(10):589-595 

 

99. Yamamoto T, Yamamoto N, Doi K et al (2011) Indocyanine green-enhanced 

lymphography for upper extremity lymphedema: a novel severity staging system using 

dermal backflow patterns. Plast Reconstr Surg 128(4):941-947 

 

100. Akita S, Nakamura R, Yamamoto N et al (2016) Early detection of lymphatic disorder 

and treatment for lymphedema following breast cancer. Plast Reconstr Surg 138(2):192e-

202e 

 

101. Mihara M, Hara H, Araki J et al (2012) Indocyanine green (ICG) lymphography is 

superior to lymphoscintigraphy for diagnostic imaging of early lymphedema of the upper 

limbs. PLOS ONE 7(6):e38182 

 

102. Reinhart MB, Huntington CR, Blair LJ, Heniford BT, Augenstein VA (2016) 

Indocyanine green: historical context, current applications, and future considerations. Surg 

Innov 23(2):166-175 

 

103. Sharma R, Wang W, Rasmussen JC et al (2007) Quantitative imaging of lymph 

function. Am J Physiol-Heart Circ Physiol 292(6):H3109-H3118 

 

104. Alander JT, Kaartinen I, Laakso A et al (2012) A review of indocyanine green 

fluorescent imaging in surgery. Int J Biomed Imaging. doi:10.1155/2012/940585 

 

105. Diagnostic Green (2016) United Kingdom package leaflet: information for the user. 

http://www.diagnosticgreen.com.row/product-information/. Accessed 10 Feb 2020  

 

106. Kusano M, Kokudo N, Toi M, Kaibori M (2016) ICG fluorescence imaging and 

navigation surgery, 1st edn. Springer, Japan  

 

107. Marshall MV, Rasmussen JC, Tan I-C et al (2010) Near-infrared fluorescence 

imaging in humans with indocyanine green: a review and update. Open Surg Oncol J 

(Online) 2(2):12 

 

108. Akita S, Mitsukawa N, Kazama T et al (2013) Comparison of lymphoscintigraphy and 

indocyanine green lymphography for the diagnosis of extremity lymphoedema. J Plast 

Reconstr Aesthet Surg 66(6):792-798 

 

109. Yamamoto T, Narushima M, Doi K et al (2011) Characteristic indocyanine green 

lymphography findings in lower extremity lymphedema: the generation of a novel 

lymphedema severity staging system using dermal backflow patterns. Plast Reconstr Surg 

127(5):1979-1986 

 

110. Mihara M, Hayashi Y, Hara H et al (2014) High-accuracy diagnosis and regional 

classification of lymphedema using indocyanine green fluorescent lymphography after 

gynecologic cancer treatment. Ann Plast Surg 72(2):204-208 

 

http://www.diagnosticgreen.com.row/product-information/


 

101 

 

111. Infante JR, García L, Laguna P et al (2012) Lymphoscintigraphy for differential 

diagnosis of peripheral edema: diagnostic yield of different scintigraphic patterns. Revista 

Española de Medicina Nuclear e Imagen Molecular (English Edition) 31(5):237-242 

 

112. Chang DW, Suami H, Skoracki R (2013) A prospective analysis of 100 consecutive 

lymphovenous bypass cases for treatment of extremity lymphedema. Plast Reconstr Surg 

132(5):1305-1314 

 

113. Nguyen AT, Suami H, Hanasono MM, Womack VA, Wong FC, Chang EI (2017) 

Long‐term outcomes of the minimally invasive free vascularized omental lymphatic flap 

for the treatment of lymphedema. J Surg Oncol 115(1):84-89 

 

114. Boyages J, Koelmeyer LA, Suami H et al (2020) The ALERT model of care for the 

assessment and personalized management of patients with lymphoedema. Br J Surg 

107(3):238-247 

 

115. Finnerty S, Thomason S, Woods M (2010) Audit of the use of kinesiology tape for 

breast oedema. J Lymphoedema 5(1):38-44 

 

116. Linnitt NL, Young H (2007) The complexities of managing breast oedema. Br J 

Community Nurs 12(11):513-517 

 

117. Jahr S, Schoppe B, Reisshauer A (2008) Effect of treatment with low-intensity and 

extremely low-frequency electrostatic fields (Deep Oscillation®) on breast tissue and pain 

in patients with secondary breast lymphoedema. J Rehabilit Med 40(8):645-650 

 

118. Tan IC, Maus EA, Rasmussen JC et al (2011) Assessment of lymphatic contractile 

function after manual lymphatic drainage using near-infrared fluorescence imaging. Arch 

Phys Med Rehabilit 92(5):756-764 

 

119. Adams KE, Rasmussen JC, Darne C et al (2010) Direct evidence of lymphatic 

function improvement after advanced pneumatic compression device treatment of 

lymphedema. Biomed Opt Express 1(1):114-125 

 

120. Zaleska MT, Olszewski WL (2018) Indocyanine green near‐infrared 

lymphangiography for evaluation of effectiveness of edema fluid flow under therapeutic 

compression. J Biophotonics 11:e201700150 

 

 



 

102 

 

Appendix 1: Macquarie University ethics approval 

 

Office of the Deputy Vice-Chancellor  

( Research)  
 
  

Research Services    
Research Hub, Building C5C East    
Macquarie University  

NSW 2109 Australia 

  T: +61 (2) 9850 4459 

  
https://www.mq.edu.au/research

ABN 90 952 801 237   /    
CRICOS Provider No 00002J 

  

  

16 May 2018    
  

Dear Dr Peebles  

Reference No: 5201800263  

  

Title:   Use of Indocyanine Green Fluorescence Lymphography (ICG-LG) to assess breast 
oedema and identify lymphatic drainage pathways of the breast after cancer treatment  
  

Thank you for submitting the above application for ethical and scientific review. Your 
application was considered by the Macquarie University Human Research Ethics 
Committee (HREC (Medical Sciences)).  
  

I am pleased to advise that ethical and scientific approval has been granted for this project 
to be conducted at:   
  

 •  Macquarie University  
  

Approval Date:  26 April 2018  

  

This research meets the requirements set out in the National Statement on Ethical Conduct 
in Human Research (2007 – Updated May 2015) (the National Statement).  
  

Standard Conditions of Approval:  

1. Approval is contingent on continuing compliance with the requirements of the 
National Statement, which is available at the following website:  
  

http://www.nhmrc.gov.au/book/national-statement-ethical-conduct-human-research   

  

2. This approval is valid for five (5) years, subject to the submission of annual reports. 
Please submit your reports on the anniversary of the approval for this protocol.  
  

3. Proposed changes to the protocol and associated documents must be submitted to 
the Committee for approval before implementation.   
  
It is the responsibility of the Chief investigator to retain a copy of all documentation related 
to this project and to forward a copy of this approval letter to all personnel listed on the 
project.   
  



103 

Should you have any queries regarding your project, please contact the Ethics Secretariat on 
9850 4194 or by email ethics.secretariat@mq.edu.au   

The HREC (Medical Sciences) Terms of Reference and Standard Operating Procedures are 
available from the Research Office website at:  

https://www.mq.edu.au/research/ethics-integrity-and-policies/ethics/human-ethics 

The HREC (Medical Sciences) wishes you every success in your research.   

Yours sincerely 

Professor Tony Eyers  

Chair, Macquarie University Human Research Ethics Committee (Medical Sciences) 

This HREC is constituted and operates in accordance with the National Health and Medical 
Research Council's (NHMRC) National Statement on Ethical Conduct in Human Research 
(2007) and the CPMP/ICH Note for Guidance on Good Clinical Practice. 



Appendix 2 of this thesis has been removed as it contains published material. Please 
refer to the following citation for details of the article contained in this appendix. 

Heydon-White, A., Suami, H., Boyages, J. et al. Assessing breast lymphoedema 
following breast cancer treatment using indocyanine green lymphography. Breast 
Cancer Res Treat 181, 635–644 (2020).
https://doi.org/10.1007/s10549-020-05661-y 




