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ABSTRACT 

In primary lymphoedema, inherent drainage anomalies within the lymphatic system cause fluid 

accumulation in the dermis and subdermal tissues. Fluid accumulation progresses to fibrotic 

induration in both the dermis and subdermal tissues, which eventually become resistant to 

treatment, negatively impacting quality of life. However, no studies of primary lymphoedema have 

investigated dermal fluid accumulation, resulting in a lack of understanding of quantification and 

response to standard treatment. To better understand the dermis and subdermal tissues in 

primary lymphoedema, fluid distribution and tissue resistance in the leg and foot were explored in 

a cohort of 16 people with primary lymphoedema and compared to an age, gender and ethnicity 

matched group of 16 people with no lymphoedema. Objective clinical measures of 

lymphoedema—bioimpedance, percent water content, indurometry—provided subdermal 

information and circumferences provided a commonly used reference point. High frequency 

ultrasound (HFU) provided a measure of fluid specific to the dermis. The effect of a standardised 

dose of intermittent pneumatic compression on all measures was investigated and compared 

between groups.  

The aims of this research were firstly to describe differences in these measures in the foot and leg 

between people with (PLO) and without (NLO) primary lymphoedema. The second aim was to 

understand the impact of compression on fluid distribution in primary lymphoedema compared to 

those with no lymphoedema. The final aim was to explore correlation among measures, to 

understand the relationships between them and identify possible proxy measures that might 

replace the need for the inaccessible and expensive HFU and provide simple cost-effective 

information to clinicians about dermal fluid status. Preparatory work for data collection involved 

establishing a reliable method of using HFU to measure dermal fluid using echogenicity measures. 

In the observational study, significantly higher dermal fluid was observed in the foot in PLO 

compared to NLO. As well,  local percent water content (PWC) and extracellular to intracellular 

fluid ratio (ECF/ICF) throughout the foot and leg were significantly elevated in PLO compared to 

NLO. Clinically, high dermal fluid measures in the feet of people with primary lymphoedema 

indicate the need for treatment to reduce fluid in the dermis of the foot before chronic 

pathological fibrotic changes occur.  
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An interventional study with the same group of people then compared the within group and 

between group changes in these outcome measures before and after one standardised dose of 

intermittent pneumatic compression (IPC). Dosage for IPC was informed by a systematic review. 

No significant change in dermal fluid occurred in response to IPC at any site in both groups, 

despite other fluid measures of ECF/ICF and PWC in PLO significantly decreasing after IPC, 

indicating that the effect of IPC on fluid distribution occurs deeper than the dermis. Lymphatic 

vessel anomalies in some forms of primary lymphoedema lead to delayed uptake of fluid from the 

dermis, which may account for the lack of change in the dermal fluid measures in this study. 

However, as no significant change was observed in dermal fluid in those with no lymphoedema, it 

appears that IPC does little to promote fluid uptake in the dermis. In addition, there was no 

response to IPC in the foot, demonstrated by all measures in both groups. Clinically, it appears 

that the foot requires an alternative and more effective strategy than IPC as applied, to manage 

the pathological changes commonly seen in the foot due to fluid accumulation in lymphoedema.  

In the third investigation, moderately strong significant correlation was found between 

bioimpedance and percent water content in the leg. Tissue resistance was measured by the 

Indurometer, which indicated high tissue resistance by a low reading, and was the only measure to 

significantly correlate with two other measures. Firstly, there was moderate significant negative 

correlation between indurometry measures (IU) and PWC at the foot, indicating high tissue 

resistance (low IU) where percent water content was high. Secondly, a negative correlation was 

found between IU and the echogenic measures of dermal fluid at the posterior calf. This indicates 

lower tissue resistance (high IU) where there was low dermal fluid. As the Indurometer appears to 

be influenced by underlying tissue, and confidence intervals generated by bootstrapping were 

wide, further investigation is required prior to drawing any conclusions about correlation between 

the Indurometer and fluid measures. 

This study demonstrates three original contributions to knowledge. High distal fluid accumulation 

was quantified by dermal and subdermal fluid measures in the foot and leg in people with primary 

lymphoedema compared to those with no lymphoedema, for the first time. This is consistent with 

lymphoscintigraphic descriptions of the distal fluid distribution in primary lymphoedema and 

supports treatment to the dermis and subdermal tissues in the foot in primary lymphoedema. The 

second original contribution was the observed lack of response to a single application of 

compression in the dermis at any site, based on the dosage applied. This raises important clinical 
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questions about the effect on the initial lymphatics of less than an hour at 60 mmHg pressure as 

applied by IPC. Fluid uptake in the dermis is known to be influenced by variable pressure, which 

may not be optimally applied by IPC when supine. Furthermore, anomalous fluid uptake in the 

initial lymphatics in primary lymphoedema may have influenced the response to compression in 

PLO. The third original contribution was the lack of response to a single standardised dose of IPC in 

all measures in the foot. These findings  warrant further investigation due to the high level of 

impact this may have on clinical practice. If IPC is ineffective in changing fluid accumulation in the 

foot, alternative evidenced treatment strategies are required and clinical practice adapted 

accordingly.  

A focus for future research is to explore the dermal fluid response to other types of compression 

and other lymphoedema treatment modalities. In particular, investigation of modalities that move 

the skin, causing variable pressure in the dermis, may identify a treatment mode to reduce dermal 

fluid. Mapping the movement of fluid in the foot during IPC by ICG lymphography may assist in the 

development of optimal IPC dosage parameters to address fluid reduction in the foot, particularly 

in primary lymphoedema, in whom fluid uptake and pathways vary. Future dermal investigations 

of primary lymphoedema could benefit by additional baseline stratification by imaging or genetic 

abnormality. Determination of the baseline vessel anomaly or underlying fluid transport issues in 

future investigations may progress understanding of the dermal response to treatment in primary 

lymphoedema.   
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GLOSSARY 

For the purposes of this work, the dermis will be referred to in its entirety, describing its 

appearance or function in lymph drainage and its properties as illuminated by different measures. 

The term skin will be used in the context of the organ, which is seen and felt, and upon which the 

interactions of treatment occur.  

 

Glossary and abbreviations 

Term Description 

PLO Participants with primary lymphoedema. 

NLO Participants with no lymphoedema. 

UniPLO Participants with unilateral primary lymphoedema. 

BiPLO Participants with bilateral primary lymphoedema. 

Skin The organ which covers the body, which is seen and felt and upon 

which the interactions of treatment occur. 

Dermis Comprises the reticular and the papillary dermis, but will be referred 

to as a whole for the purposes of this thesis. 

SkiPL Skin in Primary Lymphoedema. Short form name for study project. 

HFU High Frequency Ultrasound 

LEP Low Echogenic Pixels 
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SFB7 Device for measurement of impedance or resistance to a passage of 

current in bioimpedance measurements. 

R0, Ri, Rinf Resistance measured by the SFB7, according to the frequency 

approximating zero (R0), or infinity (Rinf). R0 is the resistance 

representative of extracellular fluid. Rinf is the resistance 

representative of total body water. Ri is calculated from R0 and Rinf, 

and is the resistance representative of intracellular fluid. 

ECF Extracellular Fluid. 

ECF/ICF Ratio of extracellular to intracellular fluid. May also be represented as 

Ri/R0 

PWC Percent Water Content  

TDC Tissue Dielectric Constant 

MMD and MMDC MoistureMeterD and MoistureMeterD Compact. Devices for 

measurement of PWC. 

Indurometry An electronic form of tonometry measured by the Indurometer. 

IU Induration Units. Measured by the Indurometer and equivalent to the 

distance in increments of 0.01mm travelled into the skin using a force 

of 200g. 

Circumference Measurement taken at regular intervals around a limb to document 

change in lymphoedema. May be used to calculate limb volume. 

Tonometry The measurement of tissue resistance to compression. 
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CHAPTER 1  
INTRODUCTION 

Lymphoedema of the extremities is recognisable by enlarged limbs due to inadequate fluid 

transport which leads to fluid accumulation. It is classified as either primary or secondary 

lymphoedema (International Society of Lymphology, 2020).  Primary lymphoedema arises due to 

an inherent anomaly in the lymphatic system, which commonly presents as swelling of a body part 

at birth, in the early years of childhood, or adolescence (International Society of Lymphology, 

2020). Prevalence of primary lymphoedema is acknowledged to be low (Maclellan et al., 2015; C. 

Moffatt et al., 2019), or unknown (Vignes et al., 2021). Secondary lymphoedema is more common, 

and is provoked by damage to the lymphatic system, which, in first world countries, is most 

frequently seen following treatment for cancer.  

Recently it has been accepted that secondary lymphoedema is an expression of a primary 

weakness in the lymphatic system (Peters & Mortimer, 2021; Rockson, 2019; Rockson et al., 2019). 

This blurs the historic distinction between these two groups and raises the importance of 

understanding primary lymphoedema, as underlying the secondary condition. In primary 

lymphoedema, known anomalies occur in the lymphatic vessels (Sarica et al., 2019) which arise in 

the dermis, that part of the skin which houses both blood capillaries and lymph vessels, resulting 

in fluid accumulation in both the dermis and subdermal tissues. The nature of primary fluid 

transport insufficiency that underpins secondary lymphoedema is unclear, and has been described 

as a ‘constitutional weakness’ predisposing to lymphoedema (Peters & Mortimer, 2021). What is 

known is that dermal backflow occurs in both (Yamamoto, Narushima, et al., 2011): better 

understanding of the fluid accumulation in the dermis and its response to compression in people 

with primary lymphoedema will inform and benefit the management of both primary and 

secondary lymphoedema.  

For the purposes of this work, the term ‘dermis’ includes the upper papillary and lower reticular 

layers  as a whole, describing the appearance or function of the dermis in lymph drainage and its 

properties as illuminated by different measures. The term ‘skin’ includes the dermis and epidermis 

and is used in the context of the organ as a whole, which is seen and felt, and upon which the 

interactions of treatment occur.  
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Pathological changes in the skin and tissue fibrosis (International Society of Lymphology, 2020) as 

well as inflammation (Ly et al., 2017) accompany fluid accumulation in lymphoedema. Fluid 

accumulation and fibrosis thicken the dermis (Arrive et al., 2018; Ly et al., 2017) and cause skin 

pathologies (Fife et al., 2017). Subcutaneous tissue that is overloaded with fluid in lymphoedema 

also leads to inflammation, fibrosis and adipose deposition (Jiang et al., 2018). Such adipose 

deposition is seen (Brorson et al., 2009; Dayan et al., 2020; Tassenoy et al., 2016) and may be 

quantified by MRI (Sen et al., 2018). However, there is no standard objective method to measure 

the relative fluid or fibrotic nature of the dermis (Coutts et al., 2016; Johnson et al., 2014; 

Sanderson et al., 2015; Tassenoy et al., 2016).  

Staging of the severity of lymphoedema, as determined by the International Society of 

Lymphology (ISL) relies on the subjective description of swelling—whether or not swelling resolves 

overnight—and tissue changes—a visual description of skin pathologies (International 

Lymphoedema Framework, 2006; International Society of Lymphology, 2020). Stages of 

lymphoedema correlate with dermal backflow (Yamamoto et al., 2013), which, together with 

delayed fluid uptake in the initial lymphatics,  occurs in lower limb primary lymphoedema (Sarica 

et al., 2019).  

The stage of lymphoedema, and the associated state of the skin, informs treatment decisions, as 

the skin is the interface for treatment of lymphoedema. Over time the skin becomes stiff (Gerber, 

1998), hard (Bagheri et al., 2005) or thickened (Goss & Greene, 2019) and resistant to compression 

(Ramsey & Mortimer, 2015), a key treatment for lymphoedema. The lack of a standard objective 

method to measure fluid in the dermis limits assessment of change due to treatment such as 

compression (Rockson, 2020). It is unknown how fluid distribution in the dermis responds to 

compression. This is the case both in the healthy dermis and in primary lymphoedema.  

Existing clinical assessment tools provide information regarding fluid within a limb, or at a single 

point on a limb. Bioimpedance spectroscopy provides a relative measure of extracellular fluid 

within a whole limb or limb segment.  The tissue dielectric constant provides access to the percent 

water content to a certain depth at any one point on a limb.  However, neither of these measures 

are specific to the dermis and it is not understood what relationship they have to the composition 

of the dermis and in particular, fluid distribution in the dermis.  

Fluid is overtaken by fibrosis as the more dominant feature in the clinical presentation of 
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lymphoedema as stiffening and fibrosis increase in the dermis (International Lymphoedema 

Framework, 2006; Ly et al., 2017). A third clinical tool, the Indurometer, has been used in research 

to provide a measure of tissue resistance (Pallotta et al., 2011). Again, it is not known what 

relationship tissue resistance measures have to the composition of the dermis. 

High frequency ultrasound, used for over thirty years by dermatologists for dermal assessment 

(Olsen et al., 1995; Serup, 1992; Tan et al., 1982; Waller & Maibach, 2005), is able to provide a 

relative measure of fluid in the dermis (Gniadecka, 1996; Suehiro, Morikage, Yamashita, Harada, et 

al., 2017). The balance between resolution and depth of field in high frequency ultrasound results 

in a superficial focus (Serup et al., 2006) to depict the dermis clearly (Iker et al., 2019; Nedelec et 

al., 2016; Schuetzenberger et al., 2019). Fluid in the dermis has low echogenicity, reflecting very 

little ultrasound, and therefore appears to be black on the ultrasound images. Consequently, fluid 

is distinct from fibrous or heterogenous tissue content, which reflects sound to differing degrees 

and thus appears brighter, having higher echogenicity (Serup et al., 2006). Hence measurement of 

black areas of low echogenicity gives an estimate of fluid within the dermis.  

However, due to its price high frequency ultrasound is not readily available to clinicians and is 

rarely found in small or rural and remote clinics. Understanding if there are other clinical measures 

of fluid distribution or tissue resistance that are correlated to the dermal fluid measure could 

provide an affordable and accessible proxy measure of dermal fluid.  

This research follows 14 years’ clinical practice by the investigator treating all forms of 

lymphoedema in a public clinic. During this time, the lack of information regarding the 

physiological basis of primary lymphoedema, the effect of compression on the initial lymphatic 

drainage in the dermis and the measurement of change in dermal fluid distribution in relation to 

interventions has restricted the ability to target assessment and intervention. Measurement and 

understanding of the physiological and physical changes in the dermis will underpin targeted 

treatment. 

In summary, the dermis is the site of the initial lymphatic vessels, which are commonly anomalous 

in primary lymphoedema and a primary lymphatic ‘weakness’ also underpins the expression of 

secondary lymphoedema. Despite change in the dermis, from fluid to fibrosis, being known to 

impede treatment, measurement specific to the dermis is not clinically available. Stanley Rockson, 

Founding Chair of the Lymphatic Education and Research Network and Director of the Stanford 
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Centre for Lymphatic and Venous Disorders at Stanford University, recently summarised the lack 

of information about the dermis: 

. . .despite the well-recognized cutaneous stigmata of the more advanced stages of 

lymphedema, the degree of cutaneous change, which reflects the response of the end 

organ of damage in lymphedema, has not been a consistent target for disease 

quantification or for assessment with regard to treatment response. This likely reflects the 

historical absence of investigative tools that are suitable for this purpose. (Rockson, 2020) 

The foundational premises on which this thesis stands include: 1) Fluid accumulation (N. Liu et al., 

2021; Ricci et al., 2021) and fibrotic changes (Di et al., 2016; Sun et al., 2017) occur in the dermis in 

lymphoedema, both of which impact treatment outcomes (Bagheri et al., 2005; Ramsey & 

Mortimer, 2015; Tassenoy et al., 2009). 2) Differences in the dermis specifically in those with 

primary lymphoedema compared to those without lymphoedema are unknown. 3) High frequency 

ultrasound provides an objective measure of fluid accumulation specific to the dermis. 4) The 

response of the dermis to compression, a key treatment, is unknown. Understanding the 

behaviour of fluid in the dermis in response to compression in people with and without primary 

lymphoedema will provide important information for targeted and effective treatment. 

1.1 Research Aims  

 Fluid Distribution and Tissue Resistance in Primary Lymphoedema 

Aim one: To describe and compare the fluid distribution and tissue resistance in the lower limbs of 

people with and without primary lymphoedema, addressing the research question:  

What are the differences in fluid distribution and tissue resistance between people with primary 

lymphoedema (PLO) and those without lymphoedema (NLO)? 

Observational study. This study involved the following measures, taken in both PLO and NLO:  (1) 

low echogenic pixels (LEP) from high frequency ultrasound for dermal fluid, (2) extracellular fluid 

(ECF) from bioimpedance for limb and segment fluid, (3) percent water content (PWC) from the 

MoistureMeterD Compact for point fluid, and (4) tissue resistance (induration units: IU) from the 

Indurometer. It was hypothesised that PLO would show higher fluid measures and stiffer tissues 

than NLO. 
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 Response to Compression  

Aim two: To measure and compare fluid distribution and tissue resistance before and after the 

application of a standard dose of intermittent pneumatic compression in people with primary 

lymphoedema. 

Does compression change fluid distribution or tissue resistance in either PLO or NLO and if so, is 

there a difference in response to compression between PLO and NLO? 

Intervention study. Fluid distribution and tissue resistance were measured before and after a 

standardised application of intermittent pneumatic compression (IPC) in both PLO and NLO. It was 

hypothesised that there would be a decrease in fluid measures and an increase in tissue resistance 

following IPC in PLO but no change in NLO.  

 Convergent Validity  

Aim three: To investigate the relationship between different measures of fluid distribution and 

tissue resistance.  

Is there convergent validity between clinical measures of echogenicity from high frequency 

ultrasound, induration units from indurometry, percent water content from the tissue dielectric 

constant and segmental measures of extracellular fluid from bioimpedance?  

Convergent validity analysis. It was hypothesized that there would be some degree of 

equivalence between fluid measures, and that where fluid measures were high, there would be 

inverse correlation with tissue resistance measures.   
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1.2 Thesis Outline 

Chapter 2 contains a review of the literature, including the skin in lymphoedema, the current 

assessment tools of clinical practice, and the use of high frequency ultrasound in assessing the 

fluid content of the dermis. The effect of lymphoedema treatment by compression is described 

and intermittent pneumatic compression explored. A systematic review of intermittent pneumatic 

compression dosage for children and adults with lymphoedema, relevant to this chapter, was 

published in Lymphatic Research and Biology in 2019 and is found in Appendix B. 

Chapter 3 describes a pilot study to investigate and establish a reliable method for using high 

frequency ultrasound for assessment of the fluid content of the dermis in people with and without 

primary lymphoedema. The methodology for high frequency ultrasound developed in this pilot 

study was published in Skin Research and Technology in 2020 and is found in Appendix C. As well, 

the reliability of the investigator in using the Indurometer and in circumferential measurement is 

investigated.  

Chapter 4 describes the methodology for the study, including ethical approval, a description of the 

participants, recruitment process, equipment used, procedure, and statistical analysis. Study 

documents including ethics approval and the study protocol are found in Appendices D-K. 

Chapter 5 reports the results. Supplementary results tables are found in Appendix L. 

Chapter 6 discusses and interprets the differences between people with and without primary 

lymphoedema. The extent to which clinical tools correlate is discussed with reference to the tissue 

properties described.  

Chapter 7 analyses the response to compression of each group, which underpins discussion of the 

difference in response between people with and without lymphoedema. The limitations of this 

research are included here.  

Chapter 8 brings together the conclusions of this work with the implications for future research 

and for clinical practice.   
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CHAPTER 2  
LITERATURE REVIEW: THE LYMPHATIC SYSTEM AND THE SKIN; 
PRIMARY LYMPHOEDEMA; ASSESSMENT AND TREATMENT IN 

LYMPHOEDEMA  

This chapter firstly describes primary lymphoedema, its prevalence and what is known of primary 

anomalies in the dermis. Secondly, the lymphatic system and the role of the dermis in lymph 

transport is outlined, before pathological changes that occur in the dermis due to lymphoedema 

are described. The third major section describes clinical tools for assessment of fluid content and 

tissue resistance in lymphoedema highlighting the lack of a measure specific to the dermis. High 

frequency ultrasound is introduced as an objective means to measure fluid in the dermis. The 

relationship is explored between current clinical measures and clinical staging of lymphoedema 

with its reliance on visual assessment and subjective tissue description. Lastly, treatment and 

compression are discussed; particularly, what is known of the response to compression, and the 

use of intermittent pneumatic compression. 

2.1 Lymphoedema  

Lymphoedema is a chronic condition with few effective medical or surgical treatments. It 

therefore requires lifelong conservative management. It affects quality of life, physical function 

and psychological health (Moffatt et al., 2017; Okajima et al., 2013), social and emotional well-

being (Dunberger et al., 2013), financial security (Boyages et al., 2017; Dean et al., 2019) and 

results in poor health outcomes (Deng et al., 2015; Moffatt et al., 2017). The high impact of 

lymphoedema on health-related quality of life (Moffatt et al., 2017), has also been identified 

specifically in primary lymphoedema (Deng et al., 2015; Doubblestein, 2020; Río-González et al., 

2021).  

Primary lymphoedema most commonly affects the lower limbs. The low quality of life reported by 

those with lower limb lymphoedema (Noh et al., 2015; Saito et al., 2015) is further complicated by 

skin conditions in primary lymphoedema (Okajima et al., 2013). Skin hardening  and dryness is 

common in lower limb lymphoedema, and contributes to poor quality of life to a greater degree in 

primary than in secondary lymphoedema (Stolldorf et al., 2016). Furthermore, fluid accumulation 

in lymphoedema of the lower limbs is exacerbated by factors such as unavoidable gravity 

(Taniguchi et al., 2021), and obesity (Costello et al., 2021; Dean et al., 2020; Warren et al., 2007). 
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Standard conservative treatment for lower limb lymphoedema produces less improvement in 

vitality, social function and mental health in primary than secondary lymphoedema (Noh 2015).  

2.2 Primary Lymphoedema 

 Characteristics of Primary Lymphoedema 

Early descriptions of primary lymphoedema relied on age of onset alone for classification (Greene, 

2015; B. B. Lee et al., 2013; Lee et al., 2010): congenital, within two years of birth; praecox, during 

adolescence; or tarda, later in life, usually over the age of 35 years (Szuba & Rockson, 1998). In 

contrast, there is a wide range of phenotypes now recognised to express primary lymphoedema 

(Gordon et al., 2021) (see Appendix A). The term primary lymphoedema covers most forms of 

lymphatic anomaly: syndromic, systemic, congenital or late onset, all resulting in poor lymph 

drainage and most commonly involving the extremities (Gordon et al., 2020; Schook, Mulliken, 

Fishman, Grant, et al., 2011; Watt et al., 2017). Increasing numbers of genetic abnormalities 

associated with distinct phenotypes are being identified (Gordon et al., 2020); however, although 

the phenotype may be described, the specific anomalies within the lymphatic system associated 

with each genetic abnormality have not yet all been identified.  Consequently, the underlying 

cause of poor lymph drainage leading to tissue fluid accumulation is commonly unknown. The end 

product of the abnormality, swelling, indicates the body part affected by fluid backlog, but this 

may be some distance from the underlying vessel abnormality. Regardless, even if the vessels 

within the dermis are not anomalous, fluid pressure backlog caused by poor function downstream 

(Ramsey & Mortimer, 2015) results in dermal backflow (Yamamoto, Narushima, et al., 2011). 

Primary lymphoedema is more common in lower limbs than upper limbs, and bilateral lower limb 

lymphoedema is marginally more common than unilateral lymphoedema, with roughly equal 

numbers of left and right lower limbs being unilaterally affected (Bourgeois, 2021; Schook, 

Mulliken, Fishman, Grant, et al., 2011; Watt et al., 2017). However, where lymphoedema is 

unilateral, the seemingly unaffected leg may not have normal lymph drainage. This has been 

demonstrated by lymphoscintigraphy, and reported in those with chronic unilateral lower limb 

lymphoedema of mixed cause (Burnand et al., 2012; de Almeida et al., 2017), as well as in those 

diagnosed with primary lymphoedema later in life (over 35 years old) (Bourgeois, 2021). Unilateral 

lymphoedema is seen in those who first present with primary lymphoedema at adolescence, but, 

in one cohort of 138 people, 23% of those progressed to bilateral lymphoedema (Schook, 
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Mulliken, Fishman, Grant, et al., 2011). This indicates abnormal lymphatic drainage may occur 

without clinical signs yet present, which has recently been dubbed ‘latent’ lymphoedema (Peters 

& Mortimer, 2021). Therefore, the ‘unaffected’ lower limb may not be a useful control or indicator 

of normality in those with primary lymphoedema.  

There are differences in fluid distribution between primary and secondary lower limb 

lymphoedema at initial presentation and in early stages, even though once established the 

presentation of chronic lymphoedema is similar, regardless of the underlying cause. The anomalies 

and area affected in overt primary lymphoedema are distinct from the area and part of the 

underlying lymphatic system known to be altered in secondary lymphoedema. In primary lower 

limb lymphoedema, the distal leg and foot are commonly first and most affected (Sarica et al., 

2019), whereas in secondary lower limb lymphoedema, proximal thigh presentation is common 

(Yamamoto, Matsuda, et al., 2011). In Milroy’s disease, one form of primary lymphoedema, the 

area affected is generally below the knee (Sarica et al., 2019) and more likely to be bilateral 

(Schook, Mulliken, Fishman, Grant, et al., 2011). Common forms of primary lymphoedema such as 

Milroy’s disease present at birth or shortly thereafter, whereas Meige’s disease and lymphoedema 

distichiasis both occur after the age of one year (Gordon et al., 2020), often presenting late in 

childhood or in adolescence (Mortimer, 2010; Watt et al., 2017). The progression observed in 

primary lymphoedema (Schook, Mulliken, Fishman, Grant, et al., 2011) indicates the detrimental 

effect of having lymphoedema over a long period. Despite this, studies investigating change over 

time in primary lymphoedema are rare. No association was found between duration of lower limb 

primary lymphoedema and type of abnormality seen on imaging (indocyanine green fluoroscopy), 

although the type of abnormality was associated with age of onset (Yamamoto et al., 2015), as 

later confirmed with lymphoscintigraphy (Sarica et al., 2019).  

Gravity is a factor, as increased dermal reflux is seen in the foot during dependency in 

Lymphoedema Distichiasis (Mellor et al., 2011). Gravity has effect on all forms of lower limb 

primary lymphoedema, as understood by its influence on the movement of interstitial fluid (Baish 

et al., 2022). Primary lymphatic abnormalities such as incompetent valves lead to increased distal 

intra-lymphatic pressure under the influence of gravity, impeding drainage into lymph vessels 

(Mellor et al., 2011; Sarica et al., 2019).  
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 Prevalence of Primary Lymphoedema 

The global prevalence of primary lymphoedema is uncertain and remains underestimated (C. 

Moffatt et al., 2019; Peters & Mortimer, 2021), being unknown in some countries (Vignes et al., 

2021). Prevalence is thought to be low (Connell et al., 2009; Todd, 2010), with dated estimates 

varying from approximately 1.15 in 100,000 of those under the age of twenty in one town in USA 

(Smeltzer et al., 1985), to one in 6000 at one clinic in London, UK (Dale, 1985). Both these figures 

were reported nearly forty years ago and relate to the local geographical area of study and from a 

specialised clinic, limiting its generalisability to the wider population. In Sydney Australia, in a 

more recent review within two tertiary lymphoedema services over seventeen years, 80 of 86 

children (93%) diagnosed with lymphoedema had primary lymphoedema (Watt et al., 2017). These 

numbers provide little information regarding prevalence, as they were drawn from within 

specialised lymphoedema services. Furthermore, vessel anomalies causing primary lymphoedema 

may be more common than was previously evident, as increasing numbers of genetic mutations 

have been described and investigated in the varied phenotypes presenting with primary 

lymphoedema (Connell et al., 2013; Gordon et al., 2020). Identification of more affected genes 

may lead to increased numbers of people being diagnosed with primary lymphoedema.   In 

addition, recent advances in the study of secondary lymphoedema have potential to increase the 

prevalence figures for primary lymphoedema: the selective determinant for those who develop 

secondary lymphoedema is now accepted to be an underlying predisposition to primary 

lymphoedema (Leung et al., 2014; Peters & Mortimer, 2021; Rockson, 2019; Visser et al., 2018). 

Mild underlying drainage weakness in secondary lymphoedema causes the constitutionally 

vulnerable lymphatic system to develop fluid accumulation following lymphatic affront, explaining 

why only a proportion of people undergoing cancer treatment develop secondary lymphoedema 

(Kilbreath et al., 2016; Rockson et al., 2019). The prevalence figures for primary lymphoedema 

would be greatly increased if those who develop secondary lymphoedema on the basis of having 

latent primary lymphoedema were included. 

Prevalence of primary lymphoedema is considered to be higher than reported, due to poor 

recognition of the condition by health professionals (C. J. Moffatt et al., 2019; Todd, 2016). Delays 

in appropriate diagnosis experienced by people with primary lymphoedema (Doubblestein, 2020) 

complicate the reporting and hence the known prevalence of primary lymphoedema. Recognition 

of primary lymphoedema in children remains poor (Todd, 2016; Watt et al., 2017),  as conditions 
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such as vascular anomalies are confused with lymphoedema in children (Schook, Mulliken, 

Fishman, Alomari, et al., 2011). Such lack of recognition in children contributes to the general 

under-reporting of primary lymphoedema in adults (Moffatt et al., 2003; C. J. Moffatt et al., 2019).  

In Australia, poor understanding of primary lymphoedema has also led to misdiagnosis (Watt et 

al., 2017) and delayed diagnosis (Boughey et al., 2005; Watt et al., 2017). Historically, primary 

lymphoedema has taken up to nine years to be diagnosed, based on a review of Victorian services 

from 2003–2004 (Boughey et al., 2005). A more recent review of 86 children with lymphoedema 

across two tertiary paediatric hospitals in Sydney NSW found thirteen (15%) had been 

misdiagnosed and the time to diagnosis averaged nine months, but with a wide range from 0 to 

145 months (Watt et al., 2017). Diagnostic delay and misdiagnosis are possibly far greater than 

seen at these tertiary lymphoedema services, as many Australian cities and rural areas have 

variable access to lymphoedema services, particularly for children (Newsom et al., 2020), who 

mostly present with primary lymphoedema (Schook, Mulliken, Fishman, Grant, et al., 2011). An 

informal review of Australian lymphoedema therapists found only eighteen therapists in services 

providing care to children with primary lymphoedema across five states (Queensland, New South 

Wales, South Australia, Western Australia and Victoria) (Newsom et al., 2020). 

In summary, little data exists about the prevalence of primary lymphoedema in Australia. In 

conditions where prevalence is low and recruitment to a research study is expected to produce a 

small sample, people of the same age and gender from a healthy population may be recruited to 

‘match’ participants with the rare condition. Matching participants with healthy controls on key 

characteristics, helps to control some of the variation within a small sample (Portney & Watkins, 

2015, p. 172).  

 Tissue Information from Diagnostic Imaging  

Imaging methods such as lymphoscintigraphy and ICG fluoroscopy focus on fluid conductivity 

through the vessel architecture. Lymphoscintigraphy has been the imaging reference standard 

(Armer et al., 2013; Goss & Greene, 2019; Sarica et al., 2019; Williams et al., 2000) and is useful to 

confirm delayed fluid transport indicating primary lymphoedema when cause of swelling is 

uncertain (Goss et al., 2019; International Lymphoedema Framework, 2006; Szuba et al., 2003; 

Vignes et al., 2021; Watt et al., 2017). Functional lymphatic pathways are outlined and dysfunction 

within the lymphatic system is indicated by delay or failure of dye transport centrally (Williams et 
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al., 2000). However, interpretation of lymphoscintigraphy varies (Pappalardo & Cheng, 2020) and 

radiation exposure is a deterrent for use (Hara & Mihara, 2021; Suami et al., 2019). Although fluid 

distribution may be inferred from dermal backflow and obstructed pathways that are visualised by 

lymphoscintigraphy, this imaging provides little information about the condition of the skin or 

subdermal tissues.  

In contrast to lymphoscintigraphy, indocyanine green (ICG) fluoroscopy is a shorter test and has 

the advantage of being non-radioactive (Suami et al., 2019)and providing images of real-time 

lymphatic contractility (Rasmussen et al., 2010). ICG fluoroscopy depicts drainage pathways and 

vessel variation (Burnier et al., 2017; O'Donnell et al., 2017; Suami et al., 2019; Suami & Scaglioni, 

2018; Tashiro et al., 2016; Wigg & Cooper, 2017; Yamamoto et al., 2015; Yoshida et al., 2020), and 

so can indicate the lymphosome (anatomical area drained to specific lymph nodes) (Suami & 

Scaglioni, 2018) whose drainage may be compromised. The highest stage of lymphoedema as 

defined by ICG lymphography describes few patent vessels and severe dermal backflow (Garza et 

al., 2019). ICG lymphography demonstrates greater sensitivity than lymphoscintigraphy (Mihara et 

al., 2013) and identifies lymphatic vessels with a sensitivity of 90% compared to magnetic 

resonance lymphography (Yasunaga et al., 2021). Dermal backflow predisposes such areas to fluid 

accumulation and subsequent fibrotic changes. Identification of the lymphosome affected  by 

dermal backflow focusses attention on the tissues in the affected area and enables planning of 

alternative drainage pathways for manually assisted drainage techniques (Wigg & Cooper, 2017). 

However, ICG fluoroscopy does not quantify fluid accumulation.  

ICG fluoroscopy is not readily available and lymphoscintigraphy is not always carried out to 

confirm diagnosis (Sudduth et al., 2020), resulting in reliance on clinical presentation alone 

(International Lymphoedema Framework, 2006; International Society of Lymphology, 2020; Watt 

et al., 2017; Wigg & Cooper, 2017). Although dermal backflow may be identified, neither of these 

imaging methods provide a measure of fluid accumulation in the dermis. Furthermore, staging by 

ICG lymphography does not correlate well with ISL stages (Garza et al., 2019). This indicates that 

vessel abnormality identified by imaging does not reflect tissue change due to fluid accumulation 

and fibrosis which is described in ISL staging, so a different method is required to investigate and 

measure these aspects of lymphoedema. High frequency ultrasound is one such method, 

providing a discrete way to visualise and measure fluid specifically in the dermis. High frequency 

ultrasound is described in Section 2.7.   
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2.3 Lymph Transport in the Lymphatic System  

 Return of Fluid From Lower Limbs via the Lymphatic System 

Understanding normal lymph movement is the basis for understanding the impact of abnormal 

drainage on the dermis in lymphoedema. The lymphatic system comprises a system for one-way 

transport of capillary filtrate from the extremities back to the central circulation. Once the 

capillary filtrate, or interstitial fluid, enters the lymphatic vessel, it becomes known as ‘lymph’. The 

superficial lymphatic system consists of vessels that arise in the dermis, travel deeper to the 

subcutaneous tissue then drain to lymph nodes in the root of a limb (in the lower limb, at the 

groin), where filtering of lymph takes place (Suami & Scaglioni, 2018). Efferent vessels leaving the 

node drain to deep nodes and vessels in the trunk. Deep lymphatic vessels are associated with 

major arterial and venous circulation in the limbs, but there are few connections of the superficial 

lymphatics with the deep system in the limbs (Suami & Scaglioni, 2018). It is dysfunction of the 

superficial lymphatic system that is associated with lymphoedema. 

From the lower limbs, lymph predominantly drains anteromedially via numerous vessels and 

anastomoses to the inguinal nodes, before travelling deep to the pelvic nodes (Foldi et al., 2012, 

pp. 126-129). Variation may occur: ICG mapping has outlined a lymphatic pathway from the lower 

limb showing drainage occurs across the lower pelvis to the contralateral inguinal nodes 

(Yamamoto, Narushima, et al., 2011). It is unknown what percentage of lower limbs with primary 

lymphoedema may drain in that direction. Efferent vessels from deep pelvic nodes lead to the 

thoracic duct, which ultimately empties into the subclavian vein (Foldi et al., 2003, p. 23), thus 

returning the lymph to the central circulation. Variation may also occur in pathways from the feet, 

with four pathways draining the lower limb having been identified from initiating drainage in the 

foot: anteromedial, anterolateral, posteromedial, and posterolateral (Shinaoka et al., 2020). The 

anterior pathways are credited with draining the sole of the foot (Pan et al., 2013; Suami & 

Scaglioni, 2018): vessels interconnect from the anterior (plantar) to the posterior (dorsal) surface 

of the foot before travelling proximally (Foldi et al., 2012) (pp126) via one of the two anterior 

pathways from the leg (Shinaoka et al., 2020). Drainage from the foot varies between these 

pathways, so imaging depicting the active drainage pathway enables treatment to be targeted to 

the tissue area affected (Wigg & Cooper, 2017). Return of fluid from the lower limbs can be 

impeded by gravity, compromised venous return, and infection (Fife et al., 2017; International 

Society of Lymphology, 2020). 
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Return of interstitial fluid to central circulation is now understood to occur solely via the lymphatic 

system, in contrast to earlier models which attributed most interstitial fluid return to the venous 

system under Starling’s Law (International Society of Lymphology, 2020; Keeley, 2018; Levick, 

2004). Failure of the venous system increases intravenous capillary pressure, which causes greater 

filtration of fluid into interstitial spaces, and results in an increased fluid load in the tissues 

(Mortimer & Rockson, 2014). Accumulation of fluid due to venous disease is distinct from 

lymphoedema by its location on ultrasound images in the upper papillary dermis in contrast to 

throughout the dermis as in lymphoedema (Gniadecka, 1996).   

 Lymph Drainage from the Dermis 

The skin consists of the outer epidermal layer, and the dermis, which lies directly beneath it. The 

dermis is divided into two layers. The thin, upper or papillary dermis, beneath the epidermis, is 

loosely structured, and interdigitates with the lower reticular dermis, which contains hair follicles, 

capillaries, and lymph vessels (Ribeiro et al., 2017; Ricci et al., 2021; Yousef et al., 2020). The initial 

lymphatic capillaries project up into the interdigitations between the upper and lower dermis 

(Ricci et al., 2021; Suami & Scaglioni, 2018) (see Figure 2.1). The dermis is the layer of the skin 

affected by fluid accumulation in lymphoedema of interest to this research.  

Drainage of lymphatic fluid from the extremities begins in the dermis, at the point where the initial 

lymphatic capillaries arise within the dermis before travelling deeper to empty into the collecting 

vessels in the subcutaneous layer (Suami & Scaglioni, 2018). The blind-ended initial lymphatic 

vessels consist of a single-cell layer of epithelium, which have areas of loose connection between 

cells that create gaps, allowing fluid to enter the lymphatic vessel (Breslin, 2014; Jamalian et al., 

2017; Jiang et al., 2018; Martin-Almedina et al., 2021). The forces driving lymph uptake are 

unclear. Previously it was thought that high interstitial pressure would drive fluid into the initial 

lymphatics (Guyton et al 1971, as cited in Jamalian et al, 2017); however, there is little evidence to 

support this (Breslin et al., 2018). Subsequently, fluid has been found to move from interstitial 

space to vessel with as little as 1mmHg difference between the two (Breslin et al., 2018; Schmid-

Schonbein, 1990a, 1990b). Current evidence points to the importance of transient pressure 

variation in the dermis facilitating the opening of endothelial gaps and uptake of fluid into the 

initial lymphatic (Michel et al., 2020; Mukherjee et al., 2018).  

In the healthy dermis, endothelial cell flaps act as primary valves during the process of fluid uptake 
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into the initial lymphatic vessel (Mendoza & Schmid-Schonbein, 2003). Anchoring filaments are 

tethered to a cell on one side of the gap, but not the other. When interstitial pressure rises, fluid 

may press onto the untethered cell, creating a gap, whilst the tethered one is held steady by the 

anchoring filament, thereby allowing fluid movement into the initial lymphatic capillary (Ikomi & 

Schmid-Schönbein, 1995; Suami & Scaglioni, 2018). Fluid is also prevented from reflux out of the 

capillary by the endothelial cell flaps, such that when the capillary is filled, the gap is held closed 

(Ikomi & Schmid-Schönbein, 1995; Mendoza & Schmid-Schonbein, 2003; Trzewik et al., 2001). 

Although fluid uptake at the level of the initial lymphatics is known to be defective in some forms 

of primary lymphoedema (Sarica et al., 2019), it is not yet clear what part of this process is flawed.  

 

Figure 2.1 Skin and Superficial Lymph Vessels 

(From Suami et al (2008), reproduced with permission.) 

 Factors that Influence Fluid Uptake and Lymph Transport From the Dermis 

From the initial lymphatic capillaries, lymph may move in either direction through the network of 

vessels, until it reaches the deeper collecting vessels (see Figure 2.1). In the walls of collecting 

vessels, smooth muscle contracts regularly, which assists lymph movement and valves at regular 



 

16 

intervals (Suami et al., 2008) ensuring one way flow (Martin-Almedina et al., 2021; Mortimer & 

Rockson, 2014; Suami & Scaglioni, 2018). These secondary valves divide the collecting vessel into 

smaller segments known as lymphangions.  

Lymph drainage is affected by changes in pressure within the dermis and subdermal tissues. 

Negative pressure is created in part by the contractions of lymphangions, and plays a role in 

drawing fluid into and deeper within the lymphatic system (Jamalian et al., 2017; Sloas et al., 

2016). The potential for high hydrostatic pressure within the column of lymph in the collecting 

vessels when standing upright is counteracted by the division of the collecting vessels into the 

smaller lymphangion segments, and the valves, which prevent back flow (Solari et al., 2020). Fluid 

movement in deeper vessels is promoted by changes in pressure due to breathing, arterial 

pulsation, and compression from skeletal muscle contraction (Breslin et al., 2018; Martin-

Almedina et al., 2021; Mukherjee et al., 2018; Solari et al., 2020). Gross application of external 

pressure around the outside of a limb, or compression, assists this fluid movement by working in 

tandem with muscle contraction and thus plays a key role in fluid management in lymphoedema. 

Compression provides an outer rigid wall which contains and increases the internal forces created 

by muscle contraction (European Wound Management Association, 2005; International 

Lymphoedema Framework, 2012; Mortimer, 2010). 

Fluid is subject to both osmotic and hydrostatic pressures at the capillary level. Low capillary 

filtration pressure in supine (Mortimer & Levick, 2004), decreases the rate at which lymph is 

formed (Breslin et al., 2018). Gravity is a factor, as increased dermal reflux is seen in the foot 

during dependency in Lymphoedema Distichiasis (Mellor et al., 2011). Gravity is likely to have 

effect on all forms of lower limb primary lymphoedema, given the influence of gravity on the 

movement of fluid through the interstitial space (Baish et al., 2022). Primary lymphatic 

abnormalities such as incompetent valves lead to increased distal intra-lymphatic pressure under 

the influence of gravity, impeding drainage into lymph vessels (Mellor et al., 2011; Sarica et al., 

2019).  

Variation in pressure superficially also assists uptake of fluid into the initial lymphatics. This occurs 

during intermittent skin stretching that occurs in exercise (Ikomi & Schmid-Schönbein, 1995; 

Mortimer, 2010), and also during treatment for lymphoedema using manual lymph drainage 

(Lopera et al., 2017), as seen under ICG fluoroscopy (Suami et al., 2019). Compression applied 
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externally increases interstitial pressure (Bates et al., 1992; Olszewski et al., 2011), which acts as a 

counter pressure to capillary filtration (Mortimer, 2010), reducing interstitial fluid accumulation. 

Therefore, the effect of exercise, gravity and skin movement on fluid in the dermis is eliminated by 

investigating the effect of compression in supine.  

 Disruptions to Lymph Drainage in Primary Lymphoedema 

The imperfect lymphatic system in primary lymphoedema commonly involves an anomaly in 

vessels originating in, or impacting, the dermis (Sarica et al., 2019). Vessel abnormalities in primary 

lymphoedema include smooth muscle disruption in walls of deeper vessels (Mortimer & Rockson, 

2014; Petrova et al., 2004) and collecting vessels that are sparse (Arrive et al., 2018; N. Liu et al., 

2021), or incompetent (Petrova et al., 2004), (as in Meige’s type of late-onset primary 

lymphoedema) (Mortimer, 2010). Dysfunctional valves, as in lymphoedema distichiasis (Petrova et 

al., 2004; Sarica et al., 2019) and dilated lymphatic capillaries may be present (Arrive et al., 2018; 

Pfister et al., 1990). Poor absorption of fluid by initial lymphatics has also been reported in Milroy 

Disease (Mellor et al., 2010; Sarica et al., 2019). Earlier, these vessels were thought to be absent in 

Milroy’s Disease (Bollinger & Amann-Vesti, 2007), but recent work on the FLT4 genetic mutation 

has distinguished two sub-types of Milroy’s Disease: one with absence of, and the other with poor 

absorption by, initial lymphatics (Liu & Gao, 2021). The vessel walls in primary lymphoedema 

become fibrotic, even from early stages, reducing vessel patency as vessels thicken and become 

sclerosed (as seen in histology of specimens taken during lymphatic surgery) (Barone et al., 2020).   

Fluid drainage in primary lymphoedema may therefore be impacted by abnormal vessel numbers 

(Arrive et al., 2018), vessel function (Sarica et al., 2019) or vessel fibrosis (Barone et al., 2020). 

Even if the initial lymphatics in the dermis are functional, disruption to drainage proximally (such 

as valve failure or fibrosis of vessels) can cause dermal backflow (Suami et al., 2019), resulting in 

fluid accumulation in the dermis. Pathological tissue and vessel conditions in primary 

lymphoedema, caused by underlying congenital abnormalities (Mortimer, 2010), are distinct from 

pathologies acquired in response to long term fluid accumulation, such as inflammation (Mikami 

et al., 2019; Mortimer, 2010).  

2.4 Effect of Fluid Accumulation on the Dermis in Lymphoedema  

 Pathological Changes in the Dermis in Lymphoedema 

Inflammation may be present in all types of lymphoedema (Jiang et al., 2018). Interstitial fluid 
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accumulation in lymphoedema causes progressive fibrosis in the dermis. Fibroblast and 

inflammatory cell activity are increased with fluid accumulation from early stage lymphoedema 

(Avraham et al., 2009; Hara et al., 2016; Herrada et al., 2019; Rockson et al., 2019; Yu et al., 2019), 

altering vascular permeability (Jiang et al., 2018). These changes occur in response to interstitial 

fluid accumulation, aggravating the fluid accumulation from delayed lymph transport that occurs 

due to vessel abnormalities in primary lymphoedema. 

Fluid accumulation and the early inflammatory changes associated with lymphoedema (Ly et al., 

2017) lead to increased collagen deposition (Karayi et al., 2020; Rutkowski & Swartz, 2007). These 

inflammatory changes  cause the dermal stiffening and fibrosis (Daroczy, 1995; Karayi et al., 2020; 

Ramsey & Mortimer, 2015) which are overt in later stage lymphoedema (International Society of 

Lymphology, 2020). As progression to later fibrotic stages of lymphoedema occurs, the changes in 

the dermis become chronic (Carlson, 2014; Daroczy, 1995; Dayan et al., 2018; Grada & Phillips, 

2017). Increased collagen disrupts drainage of fluid from the dermis, which continues the cycle by 

further increasing oedema (Daroczy, 1995; de Cock et al., 2009; Ly et al., 2017; Rutkowski et al., 

2010; Szuba & Rockson, 1997; Zaleska & Olszewski, 2017). Accumulated fluid in the dermis 

predisposes to infection in the dermis, i.e., cellulitis (Fife et al., 2017; International Society of 

Lymphology, 2020; Mortimer & Rockson, 2014), which also further aggravates both collagen and 

fluid accumulation (Dai et al., 2016; Jiang et al., 2018; Ly et al., 2017; Rockson et al., 2018).  

Pathological skin changes result from both primary and secondary lymphoedema, regardless of 

the underlying cause of lymphoedema (Brix et al., 2021). In primary lymphoedema, the foot and 

calf are affected by swelling to a greater degree than the thigh in early stages (Sarica et al., 2019). 

As primary lymphoedema commonly occurs early in life (Schook, Mulliken, Fishman, Grant, et al., 

2011), the foot and calf often exhibit the earliest pathological skin changes, seen clinically in many 

forms (Fife et al., 2017). Those with lymphoedema of longer duration are inherently at risk of 

developing cellulitis (Fife et al., 2017; Gordon & Mortimer, 2007; International Society of 

Lymphology, 2020; Martin-Almedina et al., 2021; Mortimer & Rockson, 2014).  

Fluid accumulated in the dermis over the long-term also results in gross pathological skin changes, 

such as skin fissures, papillomas and fibromas, ‘mossy foot’ (fine papillomatosis), dermal fibrosis, 

dermal lichenification (hyperkeratosis) and gross papillomatosis (wart-like outgrowths), 

lymphangiectasia (dilated lymph vessels) and lymphorrhoea (lymph leakage through the skin) (Fife 
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et al., 2017). Skin thickening and skin folds occur where lymphoedema has progressed to distort 

the limb shape (Fife et al., 2017; International Lymphoedema Framework, 2006; International 

Society of Lymphology, 2020), creating lobular outgrowths, which themselves become reservoirs 

for fluid accumulation (Fife et al., 2017), perpetuating the cycle.  

 Skin Changes Regardless of Lymphoedema Status 

It is important to distinguish lymphoedema-related dermal changes from differences related to 

age or other conditions, as fluid accumulation is not the only factor to affect the skin over time. 

The elastic and fibrous components of the dermis change with age over the life span (Smalls et al., 

2006). The skin thins with both sun exposure and age, particularly after the fifth decade (Caetano 

et al., 2015; Gniadecka & Jemec, 1998; Lasagni & Seidenari, 1995; Shuster et al., 1975). Other age-

related structural changes include the accumulation of water, seen as a subepidermal low 

echogenic band on ultrasound (Gniadecka, 2001).  

Dermal properties such as dermal thickness and collagen content vary not only with older age but 

also in the young. Information on dermal properties in children is sparse, as studies investigating 

dermal properties with age rarely include children (Waller & Maibach, 2005), focussing instead on 

the effects of aging. Changes in collagen structure are reported in the first years of life (Visscher et 

al., 2017) and children in those years are also reported to have thinner skin (de Rigal et al., 1989; 

Seidenari et al., 2000) than adults, as well as differences in the elastic and collagen components of 

the matrix (Adamsic and Fiser-Herman (1967), as cited in (Seidenari et al., 2000)).  Skin thickness 

can alter the echogenic appearance of the dermis, as thin skin can appear ‘denser’, or have higher 

echogenicity, due to the collagenous matrix (Olsen et al., 1995), whereas thick skin can have lower 

echogenicity on ultrasound due to fluid (Eisenbeiss et al., 2001). There is clearly an interplay 

between fluid distribution and collagen content in dermal thickness, both of which affect 

echogenicity and vary with extreme age, whether old (Gniadecka, 2001) or young (Seidenari et al., 

2000; Visscher et al., 2017). 

Swelling is also associated (Douglass et al., 2018) with venous disease, which is more common 

over the age of forty (Davies, 2019; Prochaska et al., 2021) and which is also linked with pregnancy 

(Rasmussen et al., 2020). Venous disease has some distinctions from lymphatic swelling, such as 

depositing haemosiderin in the skin and causing cutaneous sclerosis (Priollet, 2006) as well as 

other dermal changes such as ulceration, telangiectasia or atrophie blanche (Davies, 2019; Dean, 
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2018). Menstrual cycles are also associated with swelling (Douglass et al., 2018). 

Alterations occur in the skin due to conditions not related to lymphoedema. Fibrosis may occur in 

the skin due to scarring from trauma, radiation, or surgery that precedes the development of 

secondary lymphoedema. Pathological conditions or connective tissue disorders involving fibrosis 

or collagen, such as Marfan Syndrome (Meester et al., 2017; Neptune et al., 2003; Sano et al., 

2019) or Ehlers-Danlos (Bowen et al., 2017), also alter the composition of the tissue matrix. Other 

conditions such as eczema, psoriasis or dermatitis cause inflammatory tissue changes 

(International Lymphoedema Framework, 2006; Korman, 2020), as does rheumatoid arthritis 

(Chua-Aguilera et al., 2017). Differences in skin thickness and collagen content have been reported 

in the skin of people of different ethnic origin (Langton et al., 2014). The epidermis of African 

Americans is thicker than that of Caucasians and the low echogenic band associated with aging is 

less evident in African Americans (Querleux et al., 2009). Although differences in skin thickness 

between ethnic groups have been found in some body sites (for example, the skin of the thigh was 

found to be thicker in Caucasians than in Asians (Laurent et al., 2007)), yet others have reported 

no difference in dermal thickness between ethnic groups (Querleux et al., 2009). However, 

variation in age-related processes in the skin, as well as underlying structural differences, are 

evident between ethnic groups (Querleux et al., 2009).  

Therefore, to understand changes in the dermis due to primary lymphoedema alone, people with 

venous disease or other pathological skin conditions should be excluded and participants 

restricted to young people over five but under forty years from a single ethnic group. 

2.5 Lack of Objective Dermal Measures in Assessment of Lymphoedema  

Assessment of lymphoedema has historically focussed on the size of a limb using circumferential 

measurement, which continues to be a useful simple although gross measure of change. However, 

this form of assessment does not provide any information about tissue and fluid changes that 

occur in lymphoedema (Johnson et al., 2014; Niwa et al., 2021; Tassenoy et al., 2016) in the 

dermis.  

With such focus on limb size and volume (Belgrado et al., 2010; Vignes et al., 2021), little attention 

has been given to the condition of the skin (Rockson, 2020). Clinically the change from normal skin 

to mild stiffening to fibrosis and gross papillomata, may be visually described and photographed, 
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but its objective measurement remains limited (Hara & Mihara, 2018; Sanderson et al., 2015; 

Tassenoy et al., 2016; Yu et al., 2019). Two manual clinical tests are used to determine the 

presence of lymphoedema: the pitting test (International Lymphoedema Framework, 2006), and 

Stemmer’s sign (Goss & Greene, 2019; Vignes et al., 2021). During the pitting test, a finger is 

pressed into the tissues, causing an indentation when the test is positive, but it varies in its clinical 

application (Johnson et al., 2014; Sanderson et al., 2015). A positive Stemmer’s sign occurs when 

the skin is too thick to pick up between thumb and finger (Goss & Greene, 2019). Both tests lack 

standardisation (Sanderson et al., 2015), and are categorical, describing merely the presence of 

lymphoedema by positive results. They are indicators of physiological change, rather than 

providing a measure of the physiological change itself. There are no established methods of 

specifically measuring tissue changes in lymphoedema (Coutts et al., 2016; Johnson et al., 2014; 

Sanderson et al., 2015; Tassenoy et al., 2016) which indicate the transition from fluid to fibrosis 

whether in subdermal tissues or the dermis. This study provides the opportunity to explore those 

physiological differences in people with and without primary lymphoedema.  

Staging of lymphoedema rests on these categorical tests and visual assessment. The International 

Society of Lymphology (ISL) stages essentially describe the severity of lymphoedema based on 

clinical observations, which chart the transition from fluid accumulation to overt fibrotic changes 

in the tissues by palpation and visual description. ISL staging includes a pre-clinical stage 0 

(International Lymphoedema Framework, 2006; International Society of Lymphology, 2020; 

O'Donnell et al., 2017), where lymphatic system abnormality is noted, but is not visible clinically. 

Stage 0 may exist in the ‘unaffected’ limbs of those with unilateral primary lymphoedema, where 

abnormality is seen lymphoscintigraphically (Bourgeois, 2021) and lymphoedema may be latent 

(Peters & Mortimer, 2021).  

Fluid accumulation, or swelling, is noted in early stages by the presence of pitting (see Table 2.1, 

p41). By late stage II (known also as IIB), pitting may not be present due to skin and tissue 

stiffness, and fibrosis is assumed to be the cause. Determining when lymphoedema transitions 

from early to late stage II, particularly by use of the pitting test, is not consistent between 

therapists (Sanderson et al., 2015), resulting in variability of stage identification. By stage III, the 

skin has hardened, gross limb distortion and pathological skin conditions may be present 

(International Lymphoedema Framework, 2006; International Society of Lymphology, 2020).  

Hence, the progression from fluid to fibrosis first appears clinically during stage II, but the capacity 
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to measure this progression is at present limited (Johnson et al., 2014; Sano et al., 2019), except 

for noting the presence or absence of pitting. The skin changes seen in late stage II are reported to 

begin at the cellular level early in fluid accumulation (Avraham et al., 2009; Carlson, 2014; Jiang et 

al., 2018). An objective measure of dermal fluid may contribute to the understanding of this 

progression and to the reliability of correctly staging lymphoedema, particularly in distinguishing 

between early and late stage II. Relatively recently, since this study began, skin stiffness measured 

by the Skin Fibrometer has been found to correlate with ISL stages of lymphoedema, detecting 

significantly higher stiffness in higher stages of secondary lower limb lymphoedema (Sun et al., 

2017). This device potentially provides a means of objectively staging lymphoedema with a 

quantitative measure of skin resistance.  

Studies investigating fluid in lymphoedema do not always distinguish between early and late stage 

II in study participants, despite the variation in the balance between fluid and fibrosis within stage 

II lymphoedema. Recently fluid assessed on MRI was reported as variably present in women of the 

same clinical stage (II) with secondary upper limb lymphoedema (Niwa et al., 2020). A similar 

finding was earlier described by Suehiro et al (2016), also investigating women with upper limb 

lymphoedema, who reported the subcutaneous echo-free space (SEFS), indicating fluid 

accumulation on ultrasound, was found in only half (50%) of the arms examined, despite them all 

being stage II (Suehiro, Morikage, Yamashita, Harada, Samura, et al., 2016). Although Suehiro et al 

(2016) deduced that subcutaneous echogenic grading increased in all lymphoedematous limbs, 

due to fibrosis and chronic inflammation, the detection of fluid in only some of the stage II arms 

possibly indicated a difference between those with early stage II, with relatively more fluid, while 

others, with no SEFS and relatively greater echogenicity, may be late stage II, with relatively less 

fluid. However, such observations were of subcutaneous tissue, which undergoes other complex 

changes in lymphoedema such as the deposition of adipose tissue (Brorson et al., 2006; 

International Society of Lymphology, 2020). In contrast, thickening in the dermis occurs due to 

fluid (Mellor et al., 2004) or collagen deposition and disruption (Dai et al., 2016; Di et al., 2016), 

but little information is available on dermal fluid, particularly in lower limb primary lymphoedema.  

The earlier ISL stages have the least impact, oedema being reversible. Hence, the aim is to identify 

and begin treatment in these reversible stages in which fluid accumulation is dominant (Stout 

Gergich et al., 2008), before the longer-term chronic fibrosis becomes pervasive. However, there is 

no objective measure to detect changes in dermal fluid and on which to base treatment decisions. 
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Stage of lymphoedema, as indicated by tissue resistance or fibrosis, affects treatment response 

(Bagheri et al., 2005; Ricci et al., 2021). Treatment is difficult to evaluate when small study sample 

sizes result in lymphoedematous limbs of different stages being combined in the one study. In a 

study investigating dermal thickness and limb volume following five days of intensive treatment, 

participants varied in stage, from stage I (3%), to stage II (56.7%) and stage III (40%) with no 

stratification for stage (Hacard et al., 2014).  Furthermore, staging descriptions vary from study to 

study. The staging in Hacard et al (2014), appeared to be based on ISL staging (Hacard et al., 2014). 

In contrast, Zaleska and Olszewski (2018), investigating tissue change after IPC, described staging 

as ‘pitting oedema in the foot and lower half of the calf’ in stage II, whereas in stage III, all the calf 

is involved, as well as the skin being ‘hard in the foot and ankle area’ (Zaleska & Olszewski, 2018). 

Use of one universal staging system, to enable  comparison of research findings, could facilitate 

identification of an objective measure of lymphoedema stage. An objective measure of tissues in 

lymphoedema, such as dermal fluid or tissue resistance, could be added to ISL staging for specific 

classification of lymphoedema. Such categorisation based on objective measures could underpin 

treatment targeted to the tissue state.  

Table 2.1 ISL Stages of Lymphoedema Described by Swelling and Skin Change.  

Based on ISL stages of lymphoedema (International Lymphoedema Framework, 2006; International Society of Lymphology, 2020) 

Table 2.1 ISL Stages of Lymphoedema Described by Swelling and Skin Change 

Stage  Swelling Skin change 

Stage 0 At risk: no swelling  Nil 

Stage I Swelling subsides overnight May be pitting 

Stage II 

  Late stage II 

Swelling does not subside 

    May or may not be pitting 

Pitting is manifest 

     Tissue fibrosis more evident 

Stage III Pitting is absent Tissue is hard (fibrotic) 

 

2.6 Clinical Assessment Tools 

Among the many clinical assessment tools, those of specific interest to this study are measures of 

fluid and tissue resistance as they relate to the aims of this project. Current clinical assessments 

most commonly include circumferential measures which may also be used for volume calculation 
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(Australasian Lymphology Association; Neligan, 2016; Wang et al., 2017) and bioimpedance for 

early detection of lymphoedema and its progression (Koelmeyer et al., 2019; Shah et al., 2016). 

Circumferences provide a clinical reference point, used in the documentation of change due to 

treatment or progression. Measures of extracellular water, in three dimensional regions in the 

limbs or limb segments, are extrapolated from bioimpedance. Bioimpedance was included in this 

dermal study to provide the backdrop of extracellular fluid distribution in the leg and foot 

segments of the lower limb, as well as in the lower limb as a whole. 

Two tools provide further information regarding the fluid content and tissue resistance in 

lymphoedema. The MoistureMeter is a localised spot measure of percent water content of the 

tissues to a fixed depth beneath the probe, and the Indurometer provides a spot measure of tissue 

resistance. The Indurometer, being a research tool, is not commercially available but provides an 

objective measure of comparative change over time in tissue resistance (Piller and Birrell (2004) in 

(Pallotta et al., 2011). 

The use of ultrasonography is increasing in clinical studies of lymphoedema (Bok et al., 2016; Dylke 

et al., 2018; Hacard et al., 2014; Iker et al., 2019; Kim et al., 2021; Lee et al., 2020; Niimi et al., 

2014; Niwa et al., 2021; Tassenoy et al., 2011), having been used in dermatology for over thirty 

years (Agner & Serup, 1990; de Rigal et al., 1989; Doldi et al., 1992; Schmid-Wendtner & Burgdorf, 

2005; Seidenari et al., 1991; Serup et al., 2006). The following sections describe what is measured 

by each of these tools.  

 Circumference Measures  

Circumference measures are a gross measure of limb size. They allow comparison of affected and 

unaffected limb size (Australasian Lymphology Association; Kojima et al., 2019), and comparison of 

the size of an affected limb over time in those with lymphoedema (Australasian Lymphology 

Association; Fukushima et al., 2017; Karafa et al., 2020; Wu et al., 2021). As well, they are used in 

many settings to assess change in limb swelling in acute injuries and in healthy populations.  When 

used in long-term tracking, variation in body weight over time, and maturity from a child to an 

adult must be taken into consideration.  

When considering lymphoedema, a limitation of circumference measures is that they include all 

tissues within a limb:  bone, muscle, skin and subcutaneous tissues. Circumferences taken at small 

set intervals such as five centimetres can indicate the distribution of a size difference compared to 
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an unaffected limb. However, inter-limb differences are not specific to fluid as muscle and adipose 

tissue may contribute to that size difference. Circumferences therefore provide little information 

about the tissue size or location of fluid accumulation within specific tissues.  

Measures of circumference by tape measure may show high inter-operator reliability (Taylor et al., 

2006), but reliability must be established for each operator. An alternative measure, 

bioimpedance spectroscopy, is able to detect fluid accumulation with more sensitivity than 

volume calculated using circumferences (Ridner et al., 2022).  

 Bioimpedance Spectroscopy: A Measure of Fluid Distribution 

Bioimpedance spectroscopy involves passing a small current with a multi-frequency range of 4 kHz 

to 1 MHz through the tissues and measuring resistance to the passage of that current. Differences 

in impedance between bone, fat and muscle tissue enables bioimpedance to be used in the 

assessment of body composition, in the critically ill (Khalil et al., 2014; Price & Earthman, 2018), 

healthy populations (Mattila et al., 2007; National Institutes of Health, 1996) and those with 

lymphoedema (Sierla et al., 2018).  

Measures of resistance are inversely proportional to fluid in body compartments (Ward, 2019; 

Ward, Winall, et al., 2011): the more fluid present, the lower the resistance (or impedance). 

Currents at low frequencies do not pass through the cell membrane; therefore, measures of 

resistance to low frequency currents are an inverse representation of extracellular fluid (ECF) 

(Thomas et al., 1998; Ward, Winall, et al., 2011). As the fluid in lymphoedema accumulates in the 

extracellular space, bioimpedance therefore provides a method for quantifying that fluid 

accumulation (Cornish et al., 2002; Ward et al., 2009).  

Bioimpedance is a widely used clinical tool for lymphoedema measurement that has claims of 

being worthy of the gold standard measure (Ward, 2009). It provides a surrogate measure of fluid 

attributed to lymphoedema, not just within the dermis but in subcutaneous and other tissues 

within a whole limb (National Lymphedema Network, 2011b; Sierla et al., 2018), or a limb segment 

(Svensson et al., 2017). Bioimpedance has been particularly useful as a baseline measure to detect 

gross extracellular fluid changes in a limb or limb segment over time (Cornish et al., 2001; 

Koelmeyer et al., 2019; Suehiro, Morikage, et al., 2018a; Suehiro, Yamamoto, et al., 2019), or in 

response to external factors, such as therapy (Brix, Apich, Roessler, et al., 2020; Cho et al., 2020; 

Do et al., 2017; Donahue et al., 2017). In particular, bioimpedance has been important in early 
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detection of lymphoedema following surgery for cancer (Cornish et al., 2001; Koelmeyer et al., 

2019).  

Bioimpedance measurements are contraindicated in pregnancy or in the presence of a pacemaker. 

The presence of metal in the body, such as a joint replacement, is merely a precaution as, once 

introduced, it may affect the comparison of measures over time (ImpediMed Limited, 2016). 

Bioimpedance measures ideally require more than 30 minutes for stabilisation of extracellular 

fluid (Gibson et al., 2015), to allow for equilibrium to occur following the orthostatic response to 

the change in posture from standing to supine (Barantke et al., 2008). 

In lymphoedema, excess fluid indicated by bioimpedance has correlated significantly with 

circumferences (Cho et al., 2020), limb volume calculated from circumferences (Cornish et al., 

2002; Suehiro, Morikage, et al., 2018a) and volume measured either by perometry (Ward et al., 

2009) or other three-dimensional body scanning (Taniguchi et al., 2021). Compared to perometry, 

bioimpedance demonstrates a sensitivity of 73% and specificity of 84% for detection of 

lymphoedema in the upper limbs (Bundred et al., 2015). More recently, specificity of 97.4% was 

reported in detecting unilateral leg lymphoedema (Yasunaga et al., 2020). In the lower limbs, 

decrease in limb volume over time (Suehiro, Morikage, et al., 2018a) and in response to treatment 

is detected by bioimpedance with sensitivity (Coroneos et al., 2019; Do et al., 2017). Bioimpedance 

has been used to detect reduction in extracellular fluid following decongestive therapy for 

secondary lymphoedema in both upper and lower limbs. A far greater response was seen using 

bioimpedance (ECF) measures (48.3% reduction) than in limb volume calculated from 

circumferences (13.8% reduction) (Coroneos et al., 2019). It is this sensitivity to change that has 

led to the use of bioimpedance in early detection of fluid accumulation (Koelmeyer et al., 2019) 

and to assess limb change in response to therapy (Coroneos et al., 2019).  

High intra-rater reliability (ICC >0.999) was demonstrated using bioimpedance in healthy lower 

limbs of young people (8–21 years old) when tested three times on the same day (Douglass, 

Graves, & Gordon, 2017). Reliability was lower but acceptable in those with lymphoedema (ICC 

0.69) also when tested three times consecutively, with sensitivity of 66% and specificity of 99% 

compared to bioimpedance taken in healthy women (Fu et al., 2013). Bioimpedance is known to 

be less stable in certain situations: measures taken two weeks apart showed concordance of 0.517 

following exercise (Lin’s coefficient), and 0.628 following a drink of coffee (Timmer et al., 2019). 
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The highest reliability in the latter study was found between measures taken 10 minutes apart on 

the same day (Lin’s concordance coefficient 0.935) (Timmer et al., 2019). Hence studies taken on 

the same day have high reliability but must control for caffeine use prior to taking bioimpedance 

measures.  

 Bioimpedance Outcome Measures 

Measures of resistance across the range of frequencies are charted in a Cole plot, and the model 

extrapolates the resistivity to zero at the low end (R0), and to infinity at the upper end (Rinf) (Ward, 

2015) (see Figure 2.2). Representation of ECF is from low frequencies, ideally from a frequency of 

zero, which is instead inferred from modelling (Ward, 2015). Resistance measured at high 

frequencies (extrapolated to infinity on the Cole plot, Rinf) is representative of total body fluid 

(Ward, 2006, 2019). The resistance that represents intracellular fluid (known as Ri) may be 

calculated once R0 and Rinf are known (Steele et al., 2018).  

 

 

Figure 2.2 A Cole Plot Shows the Relationship between Impedance (Z), its Components Resistance (R) and 
Reactance, and Frequency. 

 
(Reprinted by permission from Springer Nature Customer Service Centre GmbH : Springer Nature, Breast Cancer Research and 
Treatment, S. L. York et al (2008). Single frequency versus bioimpedance spectroscopy for the assessment of lymphedema. Breast 
Cancer Res Treat, 117(1), 177-182. https://doi.org/10.1007/s10549-008-0090-6 ) 

Values of Ri and R0 may then be used in the ratio Ri/R0, or ECF relative to ICF, which represents the 

fluid accumulation in lymphoedema (Thomas et al., 1998; Ward, 2006; Ward, Winall, et al., 2011). 

Measures of ECF (R0) alone vary according to other factors such as limb volume, muscle size and 

hydration (Brantlov et al., 2017b; National Institutes of Health, 1996), although inter-limb ratios of 

R0 alone, investigated ten minutes apart, showed high reliability (Timmer et al., 2019).  

The ratio of ECF to ICF (Ri/R0) can be used for comparisons of differently sized limbs, such as 

affected to unaffected or upper compared to lower limb (Cornish et al., 2002; Dylke & Ward, 

https://doi.org/10.1007/s10549-008-0090-6
https://link-springer-com.ezproxy.flinders.edu.au/article/10.1007/s10549-008-0090-6/figures/1
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2020). As well,  the Ri/R0 ratio allows for comparisons between limb segments (Cornish et al., 

2002; Ward, 2006) and accounts for variations in individual fluid status, such as size and hydration, 

which can affect measures of resistance (Khalil et al., 2014). Greater variation over time occurs in 

Ri/R0 than in R0, but this was found over eighteen months of measures (Steele et al., 2018). Ri/R0 

ratios (ECF/ICF) in lymphoedematous lower limbs were significantly different from those in healthy 

lower limbs of similarly aged controls, regardless of limb dominance (Ward, Winall, et al., 2011). 

Limb dominance was also found to have little effect on bioimpedance in unilateral leg 

lymphoedema (Cornish, Eles, et al., 2000; Ward, Dylke, et al., 2011b). Therefore, comparative 

measures taken in the same body posture over a one-hour period reduce variability due to 

hydrostatic or electrolytic changes in body fluid. 

Bioimpedance ratios in normative data have been used to set thresholds for detecting 

lymphoedema against which those at risk for lymphoedema are compared (Steele et al., 2018, 

2019; Ward, Dylke, et al., 2011a). Bioimpedance measures for such thresholds commonly involve 

ratios between an affected limb and unaffected limb. Correspondingly, to detect unilateral lower 

limb lymphoedema in one lower limb, the mean inter-leg R0 ratio within a healthy sample is used 

as the comparator to that ratio in people at risk of lymphoedema, with minimal effect from gender 

(Ward, Winall, et al., 2011). However, reference to a ‘normal’ side is not possible where bilateral 

lower limb lymphoedema is present (Cornish et al., 2002; Steele et al., 2019; Ward, Winall, et al., 

2011).  

Bilateral presentation is common in primary lymphoedema (Watt et al., 2017). Even in unilateral 

lymphoedema, a seemingly unaffected limb may have abnormal drainage and consequently higher 

ECF than limbs in healthy controls, rendering it inappropriate as a comparator for establishing the 

presence of lymphoedema. Such limbs are described as having latent, or stage 0 lymphoedema 

(Yasunaga et al., 2020). For measurements of bilateral lymphoedema, ratios comparing a leg to 

the arm on the ipsilateral side (rather than to the other leg which is also affected) have been 

suggested for detecting fluid accumulation (Ward, Winall, et al., 2011). Confirmation of such a 

method has only recently been published (Steele et al., 2018, 2019).   

 Segmental and Whole Limb Bioimpedance Measurement  

Normative bioimpedance data utilise full limb measures, which are tested against secondary 

lymphoedema populations, to establish thresholds for lymphoedema identification (Steele et al., 
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2019; Ward, Dylke, et al., 2011b). Full limb bioimpedance measurement protocols incorporate the 

thigh and the leg, which is appropriate in secondary lower limb lymphoedema, given that the thigh 

is earliest affected (Sarica et al., 2019; Vidal et al., 2016; Yamamoto, Matsuda, et al., 2011). The 

distal leg is known to be affected in early primary lymphoedema (Sarica et al., 2019), but the foot 

is not included in full limb bioimpedance measurement protocols. Consequently, the 

measurement of the distal limb segments, the foot and the leg, are appropriate for comparisons 

involving early stage primary lymphoedema.   

Little has been published about bioimpedance in segments of the lower limb. In the upper limb, 

lymphoedema has been detected with more sensitivity in 10cm segments than in whole limbs 

(Svensson et al., 2017). High concordance (Lin’s correlation) was found between bioimpedance 

and volume, measured with perometry, in distal segments (rc=0.78) (Czerniec et al., 2011). Upper 

limb segmental studies have included the hand (Svensson et al., 2015), but lower limb segmental 

studies have reported only the calf and thigh (Suehiro, Morikage, Yamashita, Harada, Ueda, et al., 

2016; Taniguchi et al., 2021), not the foot. Established methods use anatomical landmarks for 

accurate placement of electrodes for whole limb bioimpedance. Using anatomical segments, 

electrode placement is standardised, and intra-operator variability minimised (Cornish, 2006). 

Anatomical landmarks used as boundaries of limb segments enable proportionate comparison 

(Ward et al., 2009). Both of the above-mentioned segmental studies of leg and thigh used 

anatomical landmarks for boundaries of these segments (anterior ankle, upper edge of patella or 

lateral condyle at the knee and groin or anterior superior iliac spine) (Suehiro, Morikage, 

Yamashita, Harada, Ueda, et al., 2016; Taniguchi et al., 2021). Although bioimpedance measures in 

the foot have not been reported, the hand was measured in its entirety, and, despite its irregular 

shape, had excellent test-retest reliability (ICC 0.967) (Svensson et al., 2015).  

 Tissue Dielectric Constant: A Measure of Fluid   

The tissue dielectric constant (TDC) provides a measure of skin and tissue water at a specific site 

and is more sensitive in detecting localised fluid changes in lymphoedema than limb volume 

assessment by water displacement (Karlsson et al., 2019) and bioimpedance (Lahtinen et al., 

2015).  TDC is measured using the MoistureMeterD or its Compact version, in which an 

electromagnetic wave of 265 MHz is emitted from a co-axial probe of 20mm diameter which rests 

on the skin. Most energy is absorbed by tissue water, so the TDC depends on the water volume in 

the tissues beneath the probe (Mayrovitz et al., 2013). A measure of TDC is produced at the depth 
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at which much of the energy has dissipated, dependent on the size of the probe (Mayrovitz, 2015). 

The penetration depth of the MoistureMeterD Compact is between 1.5 and 2.5mm (Mayrovitz, 

2015), or approximately 2mm (Mayrovitz et al., 2019), although it is reported as 2.5mm depth in 

the manufacturer’s manual (Delfin Technologies, 2016). TDC measured by the MoistureMeterD 

Compact (MMDC) will therefore incorporate both the dermis and some of the subcutaneous tissue 

in the lower limbs, where total skin thickness (epidermis and dermis combined) in healthy adults 

measures less than two millimetres (Nedelec et al., 2016). 

TDC is a dimensionless measure dependent on both the permittivity and conductance of the 

tissue. However, as the conductance contributes little to this value, the dielectric constant is 

influenced mainly by the permittivity, which is dependent on the water molecules in the tissues, 

relative to that of a vacuum (Mayrovitz, 2015). Where no water is present (as in a vacuum), TDC 

would be one, whereas the TDC of pure water would be 78.5 (Nuutinen et al., 2004). Significant 

difference in TDC has been reported between healthy and early stage 0 lymphoedema at depths 

up to 2.5mm, indicating sensitivity to fluid in the dermis and upper subcutaneous tissue 

(Mayrovitz et al., 2008).  

Much information regarding the variability of this TDC measurement technology in lower limbs has 

arisen from investigations using the MoistureMeterD (MMD) (using a 23mm diameter probe to 

2.5mm depth). The MMD produces TDC values of approximately 5.6% less than those produced by 

the MoistureMeterD Compact (MMDC, 20mm diameter probe, to 2mm depth) (Mayrovitz, 

Weingrad, Brlit, et al., 2015). Information from the MMD which is pertinent to the MMDC includes 

the behaviour of TDC technology in the lower limbs, particularly around superficial tendons and 

bones in the foot.  

Investigations in the healthy lower limb have shown low standard error of measurement (SEM) at 

the posterior calf (SEM 1.7) of TDC using the MMD (Jönsson et al., 2019). Test-retest reliability of 

the MMD is high (Hidding et al., 2016), demonstrated by intra-class correlation coefficient (ICC, 

single measure) of 0.945 (95% CI: 0.792-0.991) at the lateral leg, taken on five participants a week 

apart by two raters (Mayrovitz, 2015). Reliability was slightly lower being 0.887 (95% CI: 0.615-

0.982) and 0.923 (0.720-0.988), at 1.5 and 2.5mm depths respectively, on the dorsum of the foot, 

for measures taken one week apart (Mayrovitz, 2015). Intra-rater reliability of repeated measures 

taken on the same day approximately an hour apart was higher (ICC(2,1) of 0.996 (95%CI: 0.960-
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1.000) (Mayrovitz, 2015). TDC measures close to bones and tendons were found to have lower but  

acceptable reliability in women (ICC(2,1): 0.63-0.93), whereas results were more variable in men 

(ICC(2,1): 0.21-0.89 (Jönsson et al., 2019). In the latter study, although measures were taken at 14 

points across the lower limb, no measures were taken on the dorsum of the foot (Jönsson et al., 

2019).  

On the dorsum of the foot, there is a relative paucity of subcutaneous tissue and high 

preponderance of blood vessels, tendons and bone. The latter structures, which have variably 

higher permittivity than skin (Gabriel et al., 1996), have been suggested as a cause for lower 

reliability in the foot. A slight change in the angle of the probe on the antero-dorsal surface of the 

foot would result in different structures being measured (Jensen et al., 2012). A pressure sensor in 

the compact version contributes to the consistency of the MMDC (Mayrovitz et al., 2019), by 

showing when pressure is correct before the measurement is taken. Few studies report percent 

water content (PWC) measures in the foot, instead combining measures from several lower limb 

sites to produce a mean lower limb value for comparisons (Sun et al., 2017; Yu et al., 2019).  

TDC values have been found to vary based on race, with significantly lower values found in the 

lower limb of Asian compared with Caucasian females (Mayrovitz, Mahtani, et al., 2017). Variation 

is also found according to anatomical site around the body (Mayrovitz & Luis, 2010) including with 

the MMDC (Mayrovitz, 2019a). Significantly higher measures were found in a healthy cohort in the 

antero-dorsal foot (mean TDC 37.8, SD 5.5), than in the medial ankle (TDC 29.0, SD 3.1), or lateral 

lower leg (TDC 30.5, SD 3.9, p<0.001) (Jensen et al., 2012). Where lymphoedema is present, TDC or 

PWC values are higher than in healthy lower limbs (Mayrovitz, 2019a). However, care must be 

taken when comparing different body sites, as the absolute TDC value may be higher in normal 

limbs at some anatomical sites, than in lymphoedematous limbs at other sites. This was 

demonstrated by the TDC on the dorsum of the foot in healthy limbs (mean 37.8, SD 5.5) (Jensen 

et al., 2012) being similar to that found in lymphoedematous upper limbs (mean 41.1, SD 8.8) 

(Mayrovitz et al., 2009).  

To account for variation between individuals and body sites within individuals, an inter-limb TDC 

ratio was suggested to be more practical than absolute values for comparisons between 

individuals (Yu et al., 2019) and for detection of change against a threshold (Mayrovitz, Weingrad, 

& Lopez, 2015). However, although this applies in healthy people or unilateral lymphoedema, 
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differences in lymphatic function between the two lower limbs in primary lymphoedema limit the 

usefulness of inter-limb ratios for comparison against a lymphoedema threshold reference range 

(Mayrovitz, 2019a). Furthermore, absolute values were found to have higher reliability than 

interlimb ratios (Mayrovitz et al., 2019).  

 The MoistureMeterD Compact (MMDC)  

The MoistureMeterD Compact (MMDC) converts the TDC to a percentage of water content (PWC) 

in the calculation:   

PWC (%) = 100 x (measured dielectric constant − 1)/ 77.5 (Delfin Technologies, 2016; Nuutinen et 

al., 2004).  

The accuracy of the MMDC is reported to be approximately 3% with a coefficient of variation of 

less than 5% (Delfin Technologies, 2016). On testing the device against the known standards for 

water and ethanol, variation has been reported to be closer to 2.5% (Mayrovitz, Corbitt, et al., 

2017). The manufacturer recommends calibration tests each two years (Delfin Technologies, 

2016), in which the device is tested against the established values for ethanol and water. Any 

percentage adjustment made to the device may be applied to previous measures and recalculated 

for consistency across the calibration period (Juha Pärnänen, Delfin Technologies, personal 

communication, October 9, 2020).  

Triplicate measures are advised when using the MMDC for lower limbs (Mayrovitz, 2019b), as the 

MMDC shows greater variability in PWC in the lower than the upper limb (mean coefficients of 

variation: 3.22% (foot) and 4.59% (lateral leg), compared with 2.64% (palm of the hand) 

(Mayrovitz et al., 2019). A standardised position is advised for measures in the foot; the widest 

area of muscle tissue between bones is between the metatarsals, particularly the first inter-

metatarsal space, which avoids bones and major vessels (Mayrovitz, 2019b).  

Considering both the depth of the dermis and the depth of penetration of the MMDC is important 

in understanding what tissue is being measured when using the MMDC. Structures influencing TDC 

measures vary according to the depth measured, and whether or not lymphoedema is present. 

Skin thickness varies dependent on body site (Nedelec et al., 2016). The posterior calf was 1.3mm 

and dorsum of the foot 1.49mm in healthy females (aged 24-41 years, determined using high 

frequency ultrasound) (Olsen et al., 1995). The skin in lymphoedema is thicker than unaffected 
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skin (Mellor et al., 2004). Lymphedematous lower limbs show greater average total skin thickness 

(2.17mm) than in contralateral limbs (1.14mm, using magnetic resonance imaging) and no 

difference between primary and secondary lymphoedema (Idy-Peretti et al., 1998). Two 

millimetres has been deemed a threshold for lymphoedema (Arrive et al., 2018), but the threshold  

varies with site (Dylke et al., 2018). Hacard et al (2014), having examined both upper and lower 

limbs, reported a range of dermal thickness of 1.1 to 1.3mm in healthy limbs and 2.6 to 2.9mm in 

the foot and leg below the patella in lymphoedematous limbs.    

Given that the MMDC measures to approximately 2mm depth (Mayrovitz et al., 2019) or 2.5mm 

depth , the tissues being measured will differ between people with and without lymphoedema 

due to differences in dermal thickness. Therefore, the MMDC is likely to penetrate beyond the 

dermis to subcutaneous tissue in healthy people, just as the MoistureMeterD (2.5mm depth) is 

known to do (Nuutinen et al., 2004). In those with lymphoedema in whom the dermal thickness is 

unknown except that it is greater than in the healthy dermis (Mellor et al., 2004), and the 

penetration depth of the MMDC is uncertain, the tissues measured are assumed to include 

relatively less subcutaneous and more dermal tissue than in healthy people.   

The relative contribution of dermal fluid to TDC is unclear, but may be inferred from studies 

measuring TDC at different depths and the relative influence of the adipose content of 

subcutaneous tissue. Adipose tissue has low water content (Mayrovitz, 2019c), so subcutaneous 

tissue shows relatively low TDC values (Nuutinen et al., 2004). The relative contribution of the 

subcutaneous tissue to TDC is greater at depth (Jensen et al., 2012), as indicated in the decreasing 

TDC values seen at greater depth (Mayrovitz et al., 2008). However, in the lower limb (foot, ankle 

and lateral calf), BMI has not affected TDC values in healthy people, perhaps due to the low 

proportion of subcutaneous tissue measured relative to the dermis at these sites (Jensen et al., 

2012). In people of high total body fat, TDC measured to a depth of 2.5mm was lower than the 

median value by 3.3% to 5% in the upper limb (Mayrovitz, 2019c). From this it appears that 

although BMI did not affect TDC measures, subcutaneous tissue may affect TDC when measured 

to a depth over 2mm. Given the lack of clarity around the measurement depth of the MMDC 

(Mayrovitz, 2015) and the variation in dermal thickness dependent on anatomical site and 

presence of lymphoedema, the exact tissues measured by the MMDC is uncertain.  

Age has been found to have little impact on TDC at depths greater than 2mm (Jensen et al., 2012; 
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Mayrovitz, Grammenos, et al., 2017), whereas at depths up to 1.5mm, TDC increased significantly 

with age (Mayrovitz, 2010). Depths to 1.5mm may include the dermis alone dependent on site 

(Nedelec et al., 2016) and increased TDC at such depths is consistent with increased fluid in the 

dermis seen by ultrasound in those of greater age (Gniadecka, 2001). Therefore, measures taken 

in a young population and using the MMDC to a depth of 2-2.5mm avoids the effect on TDC of 

increased dermal fluid with age.   

 The Indurometer: A Measure of Tissue Resistance   

The Indurometer is an electronic hand-held instrument which produces a measure of ‘Induration 

Units’ (IU) (Flinders University Biomedical Engineering, 2013; Pallotta et al., 2011). A six-

centimetre disc sits on the tissues; on downward pressure by the operator, a small plunger 

protrudes through the disc into the tissues, until the standardised force of 200g is reached. The 

device requires daily calibration to a 200g mass (Flinders University Biomedical Engineering, 2013). 

The lower the IU, the less distance into the tissue the plunger has travelled, equating to stiffer 

tissue, whereas a high IU reading indicates softer tissues. The pressure of the Indurometer is not 

held for long enough to cause a pitting-like indentation, but may have effect on subsequent 

measures (Douglass, Graves, & Gordon, 2017).  

The mean coefficient of variation of the Indurometer investigated in lower limb primary 

lymphoedema was 7.5% and 6.7% in the normal population (Phillips & Gordon, 2016). Further, the 

intraclass correlation coefficients (ICC) of repeated measures taken on the same day by the same 

operator were generally good to excellent in both primary lymphoedema (range 0.893 to 0.971) 

and healthy lower limbs (0.844 to 0.976). Although there were only three people under 45 years of 

age in the latter study cohort, Douglass, Graves and Gordon (2017) reported excellent reliability in 

the posterior calves of healthy adolescents in Australia and Myanmar also for measures taken on 

the same day. (Comparative results for the posterior calves of both studies are in Table 2.2).   
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Table 2.2 Indurometer Reliability Studies  

 

Table 2.2 Indurometer Reliability Studies 

Study / 

population 

Douglass et al  
(2017) 

Healthy adolescents 
n=34 

Mean age 15y 

Phillips & Gordon  
(2016) 

LL Primary n=16 

Mean age 47y 

Phillips & Gordon (2016) 

Healthy population  

n=14 

Mean age 38y 

CoV  

Mean 
(range) 

30.1% 
7.5% (Range: 5.4 – 9.9) 

dependent on site 
6.7% (Range: 5.3 – 9.7) 

dependent on site 

ICC (95%CI) 0.937 (0.901, 0.972) 
Dominant calf 

 
0.921 (0.877,0.965) 
Non-dominant calf 

0.893 (0.746, 0.961) 
Posterior calf (R) 

 
0.925 (0.826, 0.972) 

Posterior calf (L) 

0.877 (0.697, 0.957) 
Posterior calf (R) 

 
0.844 (0.618, 0.946) 

Posterior calf (L) 
CoV, coefficient of variation; ICC, Intraclass correlation coefficient. 

 As lymphoedema progresses, fluid accumulation is associated with fibrosis and disrupted collagen 

matrix (Rockson, 2001, 2010), which causes concomitant tissue stiffness (Sano et al., 2019). Lack of 

indentation in tissues may result from the unimpressionable ‘toughness’ of the skin due to fibrosis, 

but fluid filled structures can also be a cause of stiff tissues (Belgrado et al., 2010). This suggests 

that an Indurometer would indent less into lymphoedematous tissues, whether fluid-filled or 

fibrotic, but previous studies show conflicting results. Sano et al (2019) hypothesised that as the 

stage of lymphoedema progressed (and tissue induration or fibrosis progressed) so an 

‘Indentometer’ would indent less into the tissue. However, the reverse was seen in their study 

cohort of mainly women (84%) mostly with secondary lymphoedema (72%), where there was a 

tendency for an Indentometer to indent further into the tissue of the anterior thigh in more 

advanced stages of lymphoedema. Furthermore, there was no association between stage and 

indent distance, despite the decreased number of elastic fibres identified histologically in 

lymphoedematous skin (Sano et al., 2019). However, Sano et al (2019) used an index of thigh to 

forearm to indicate induration, in contrast to an earlier study which reported a positive association 

between skin stiffness and stage of lymphoedema (Sun et al., 2017). Sun et al (2017) used the 

mean of 20 sites across the lower limb as the indicator of skin stiffness using a Skin Fibrometer, an 

alternative form of indentation, in a cohort of ISL stages I, II and III secondary lymphoedema. The 

inclusion of so many sites across the limb may have contributed to this significant finding, 
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particularly as 12 of 20 sites were below the knee, where tissue resistance is greater than in the 

thigh (Douglass et al., 2018). Tissue resistance measured by indentation, or indurometry, remains 

unclear in primary lymphoedema, particularly the response of indurometry to compression. 

2.7 High Frequency Ultrasound  

High frequency ultrasound (HFU) has been used extensively by dermatologists (Olsen et al., 1995; 

Serup, 1992; Tan et al., 1982; Waller & Maibach, 2005) to provide a quick and non-invasive 

assessment of skin condition and its pathologies specific to dermis or epidermis. Although HFU is 

not common in lymphoedema therapy practices (Mander et al., 2019), ultrasound has been useful 

to identify differential patterns of fluid distribution within the dermis in different conditions (Iker 

et al., 2019; Liu et al., 2017; Naouri et al., 2010). Ultrasound is increasingly being advocated for 

investigation of the tissues in lymphoedema (Cavezzi, 2018; Johnson et al., 2015; Ricci et al., 2021), 

to assist diagnosis (Erdinc Gunduz et al., 2021), measure the dermis and subcutaneous tissues 

(Mander et al., 2019; Mellor et al., 2004; Suehiro et al., 2013) and assess response to treatment 

(Hacard et al., 2014). HFU at 20MHz focuses superficially, producing images that are particularly 

useful for measuring the dermis (Schuetzenberger et al., 2019; Serup et al., 2006), in contrast to 

those using lower frequencies (e.g., 7.5MHz) which examine the subcutaneous tissue (Kim et al., 

2021). A water-based gel is used as an interface between the skin and the ultrasound probe, and 

may be applied in a spacer, standardising the distance from the skin and therefore the depth of 

focus (Serup et al., 2006).  

Where tissue changes in density, sound is reflected to different degrees. In HFU images, this is 

displayed as areas differing in brightness or echogenicity (Serup et al., 2006). This results in the 

dermis being distinct from the epidermis above and the subcutaneous tissues below (see Figure 

2.3). Fluid has little variation in density thus its low echogenicity may easily be detected on HFU 

images (Gniadecka, 2006; Gniadecka & Quistorff, 1996), showing as black. In contrast, tissue which 

changes in density, for example where collagen is present, echogenicity becomes variable or 

speckled (Kleinerman et al., 2012).  The relative uniformity of the echogenicity of fluid, appearing 

black, facilitates its measurement. In Figure 2.3, it may be seen that the uniformity of the 

subcutaneous tissue results in a consistent black appearance, whereas in contrast, the variable 

density of collagen in the dermis gives it a speckled appearance. 

The dermis of people with lymphoedema show greater fluid representation on ultrasound images 
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compared with dermal images of people without lymphoedema (Gniadecka, 1996). Measures of 

echogenicity have been used to identify lymphoedema (Iker et al., 2019) and the distribution and 

relatively greater fluid content in the dermis in lymphoedema enabled lymphoedema to be 

distinguished from lipoedema in a blinded ultrasound image assessment (Naouri et al., 2010).  

 

Figure 2.3 Image of Dermis in Healthy Skin Using the DermaScan C High Frequency Ultrasound 

The DermaScan C is a 20MHz ultrasound used in many dermatological studies (Caetano et al., 

2015; Gniadecka, 2006; Seidenari, 2006; Serup et al., 2006), in which echogenicity is allocated a 

measure of brightness on a spectrum from 0-255. Consequently, the area (in pixels) of a chosen 

echogenicity or brightness may be measured, such as the echogenicity representative of fluid. 

However, echogenicity varies with many factors other than the presence of fluid: mechanical 

factors (such as ultrasound gain setting, see Figure 2.4) (Seidenari et al., 1994; Serup et al., 2006), 

age (Gniadecka, 2001; Lasagni & Seidenari, 1995; Lee et al., 2016; Seidenari et al., 1994) and 

differences in body tissue, dermal thickness and site (Nedelec et al., 2016; Olsen et al., 1995).  

Age-related changes in echogenicity may be variably present, dependent on whether the site is 

sun exposed or not (Gniadecka & Jemec, 1998). Proteoglycans, glycosaminoglycans and collagen 

fibres vary in sun-exposed dermis (Crisan, Lupsor, et al., 2012; Lee et al., 2016), which all affect 

echogenicity (Crisan, Crisan, et al., 2012). Both inflammatory changes and increased dermal 

collagen fibres have been seen in the dermis in lymphoedema (Di et al., 2016; Domaszewska-

Szostek et al., 2016; García Nores, Ly, Cuzzone, et al., 2018; Hara et al., 2016; Ly et al., 2017) and 

episodes of cellulitis can change the structural nature of the dermis and hence ultrasonic 

properties (Dai et al., 2016). Variations in echogenicity between the upper and lower dermis 
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become more pronounced after the fourth decade (Gniadecka, 2001). As well, variations occur 

according to body site (Nedelec et al., 2016; Olsen et al., 1995). For example, dermal echogenicity 

is lower on the dorsal foot compared with posterior leg in young healthy people (24-41 years) 

(Olsen et al., 1995).   

   

Figure 2.4 Variation in Echogenicity at the Same Site Using Different Gain Settings. 

 Left: low gain. Right: high gain. 

Echogenicity has also been found to vary over the course of a day, although this appears to be 

associated with the effect of gravity. The dermis was found to decrease in echogenicity over a day 

in the leg and thigh of young people (aged 17-27yrs) (Tsukahara et al., 2001). However, no change 

in echogenicity was found in a control group lying supine for 12 hours (Gniadecka, Serup, et al., 

1994). Therefore, echogenicity is expected to remain stable with respect to gravity during 

measurements taken in supine. 

 Echogenicity Outcome Measures 

Studies investigating dermal fluid have used low echogenic pixels (LEP) alone (Gniadecka & 

Quistorff, 1996; Gniadecka, Serup, et al., 1994) or as part of a ratio of LEP to total pixels in the 

dermis (giving the area representative of fluid out of the total area of the dermis) (Gniadecka & 

Jemec, 1998; Gniadecka et al., 1998; Schou et al., 2004). The first method, the LEP count from the 

whole dermis imaged has been commonly used in studies using the DermaScan C (Crisan, Crisan, 

et al., 2012; Crisan, Lupsor, et al., 2012; Gniadecka, 2001; Gniadecka, Serup, et al., 1994; Seidenari 

et al., 1994). However, dermal thickness varies from person to person which affects the area-

based comparative measures of LEP from the whole dermis (Gniadecka et al., 1998; Schou et al., 

2004). To account for differences in area, Gniadecka and colleagues used two other methods, 1) a 

ratio of LEP against the total pixel count (Gniadecka & Jemec, 1998; Gniadecka et al., 1998) and 2) 

divided the dermis into equal halves longitudinally and used a ratio of LEP in the upper to LEP in 

the lower dermis (Gniadecka, 2001). Both methods involve outlining the dermis, a process that 

was found to have variable reliability when using HFU, due to the uneven nature of the subdermal 
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boundary (Naouri et al., 2010; Seidenari et al., 1994). 

A fourth method involves setting a standardised area, or region of interest (ROI), and extracting 

the low echogenic pixels (LEP) in that ROI. The average intensity can also be extracted from the 

total area of the ROI, which represents the echogenicity in the rest of the dermis. These two 

measures have been used as a ratio of the segmented LEP to the total ROI intensity (Tsukahara et 

al., 2001; Veen et al., 2001). However, the echogenicity in the total area of the ROI would vary 

between individuals due to variation in collagen and such factors as aging (Crisan, Lupsor, et al., 

2012; Gniadecka, 2001), photo-damage from sun exposure (Gniadecka & Jemec, 1998) and 

anatomical site (Ploin et al., 2011; Seidenari et al., 1994), as previously discussed. This would affect 

the denominator of such a ratio to a greater extent than LEP, which is set to a known range that is 

attributed to fluid. Therefore, even when controlling for HFU settings and personal factors such as 

age, both of which may affect echogenicity (Crisan, Lupsor, et al., 2012; Gniadecka, 2001; 

Seidenari, 2006; Seidenari et al., 1994), a range of echogenicity is seen in different people. This 

would affect the total intensity of the dermis, but not the segmented area. Hence, a measure of 

LEP from a segmented ROI provides opportunity to compare echogenicity related to dermal fluid 

between groups, with the least potential variation due to unrelated factors. 

 Utilising High Frequency Ultrasound in Lymphoedema 

Previous ultrasound investigations of lymphoedema in the leg have examined the subcutaneous 

tissues (Lee et al., 2020; Niimi et al., 2014; Suehiro, Morikage, Ueda, Samura, Takeuchi, Nagase, 

Mizoguchi, & Hamano, 2018; Suehiro, Morikage, et al., 2018a, 2018b; Suehiro, Morikage, 

Yamashita, Samura, et al., 2017) and mixed primary and secondary lymphoedema, in which 

primary lymphoedema is in the minority (Hacard et al., 2014; Lee et al., 2020; Suehiro et al., 2013; 

Suehiro, Morikage, Yamashita, Harada, et al., 2017; Suehiro, Morikage, Yamashita, Samura, et al., 

2017). Other studies do not report the cause of lymphoedema (Iker et al., 2019; Naouri et al., 

2010).  

No HFU studies have previously reported echogenicity in the dermis specific to primary 

lymphoedema. The dermis is known to show low echogenicity in the distal lower limb, when 

comparing the ankle, calf and thigh to corresponding sites in the healthy dermis (Iker et al., 2019; 

Naouri et al., 2010). However, neither of these studies specify what type of lymphoedema was 

investigated and the foot has not been included (Iker et al., 2019; Naouri et al., 2010). In an earlier 
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study of dermal echogenicity, neither the site nor the type of lymphoedema were described 

(Gniadecka, 1996). Yet fluid is known to accumulate in the dermis of the foot in primary 

lymphoedema specifically (Sarica et al., 2019). As well, the presence of fluid in the dermis of the 

foot relates clinically to the presence of skin changes in the foot, such as the Stemmer sign (Goss & 

Greene, 2019) and the disruption caused by fluid to the extracellular matrix, collagen and elastic 

fibres (Carlson, 2014; Daroczy, 1995; Eisenbeiss et al., 2001; Rockson, 2001, 2010; Szuba & 

Rockson, 1997).  

There is a similar lack of data on primary lymphoedema in studies using ultrasound to investigate 

the response to treatment. Studies utilising ultrasound to investigate the outcome of complex 

decongestive treatment (CDT) report differences in echogenic response between the upper and 

lower limbs. Suehiro et al (2019) found that a subcutaneous echo-free space (SEFS), indicative of 

fluid accumulation, also indicated responsiveness to therapy which included compression, in the 

upper limb, compared to those with no SEFS (Suehiro, Morikage, et al., 2019). Responsiveness to 

therapy was measured by volume change after treatment with CDT for over a year. However, in 

the lower limb, lymphoedema reduction was not limited to those with SEFS, where volume 

reduction was found even in those without an SEFS (Suehiro, Morikage, Ueda, Samura, Takeuchi, 

Nagase, Mizoguchi, & Hamano, 2018). Consequently, only studies investigating response to 

treatment in the lower limb are described here.   

Changes in in response to treatment of the lower limb have been investigated using HFU following 

various aspects of complex decongestive therapy (CDT) in either secondary lymphoedema 

populations (Niimi et al., 2014) or a mix of primary and secondary (Hacard et al., 2014; Suehiro, 

Morikage, Ueda, Samura, Takeuchi, Nagase, Mizoguchi, & Hamano, 2018). Multiple treatment 

strategies of CDT have been applied to a limb over periods varying from days (Hacard et al., 2014) 

to a month (Niimi et al., 2014). The subcutaneous tissues are commonly the focus for outcome 

measures (Niimi et al., 2014; Suehiro, Morikage, Ueda, Samura, Takeuchi, Nagase, Mizoguchi, & 

Hamano, 2018). When the skin is the focus, outcome measures commonly include thickness 

(Hacard et al., 2014).   

Dermal thickness is associated with fluid accumulation in lymphoedema (Mellor et al., 2004; 

Rockson et al., 2018), so a reduction in dermal thickness may indicate reduction in the fluid 

accumulation in the dermis. Hacard et al (2014) report a mean reduction in dermal thickness of 
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15.1% (SD 12.3) following five days of intensive treatment (manual lymphatic drainage, pneumatic 

compression and bandaging). However, this was a mean value across sites and included both 

upper and lower limbs with primary or secondary lymphoedema (Hacard et al., 2014).  

Therefore, little is known about fluid in the dermis in lower limb primary lymphoedema and there 

has been no measure of the actual physiological impact of treatment on the fluid content of the 

dermis.  

2.8 Correlation Among Measures of Lymphoedema 

No studies have investigated primary lymphoedema exclusively for correlation among measures. 

Significant associations have been found between fluid measures in mixed groups of primary and 

secondary, where primary is very much in the minority, or secondary lymphoedema alone. 

Correlation between bioimpedance (ECF/ICF) and grade of echogenicity (subcutaneous echo-free 

space, SEFS) grade, (r=0.67, p<.05) were reported in the thigh and leg in lymphoedema cohort of 

which only 4 of 68 were primary (Suehiro, Morikage, Yamashita, Harada, et al., 2017). However, 

grading of echogenicity in subcutaneous tissue appears to be reliant on subjective assessment of 

ultrasound images (Suehiro et al., 2013), and no blinding of assessors is described in the early 

establishment of this method (Suehiro et al., 2014).  

Although no conclusions can be drawn about correlations with SEFS until reliability of this method 

is established, further observations of SEFS are relevant. Fluid is associated with both SEFS (which 

is not seen in healthy limbs) and a raised ECF/ICF ratio, yet Suehiro and colleagues (2017) noticed 

an association of raised ECF/ICF with SEFS grade 0 (which should indicate healthy limbs, or normal 

subcutaneous tissue fluid), in the thigh of those with lymphoedema. Suehiro and colleagues 

surmise that this rise in interstitial fluid may result from an inflammatory component, as yet 

untested. If so, fibrotic changes from that inflammatory component may affect tissue resistance 

from early in lymphoedema development, as noted in a cohort infected with lymphatic filariasis 

but showing no other signs of lymphoedema (Douglass, Graves, Lindsay, et al., 2017). Further 

investigation by the same group showed significant associations between lower limb volume and 

bioimpedance in predominantly secondary (44 of 49; five were primary) lower limb lymphoedema 

(r=0.67) (Suehiro, Morikage, et al., 2018a).  

A strong correlation between volume change and ECF (R0) change in the leg of healthy participants 
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was found over a six-hour period of normal activity (sitting, reading) (r = −0.79, p<0.001) 

(Taniguchi et al., 2021). Interestingly, no changes in the volume of the thigh were observed over 

the same period, suggesting a gravitational effect. The distribution of extracellular fluid in the leg 

compared to the thigh has been attributed to gravity by bioimpedance in both lymphoedema and 

healthy limbs (Suehiro, Morikage, Yamashita, Harada, Ueda, et al., 2016). 

Similarly, moderate to good correlations have been identified between local tissue water 

measured by TDC and dimensional measures: inter-arm TDC ratio with inter-limb volume 

difference (r = 0.644, p=0) (Y. Liu et al., 2021). Reductions in PWC (TDC) and circumference 

measures at the calf following complex decongestive therapy (CDT) were also correlated (r=0.71, 

p=0.002) (Tugral et al., 2018). However, the above dimensional associations contribute little to 

understanding dermal fluid distribution in primary lymphoedema.  

 Correlation of Lymphoedema Measures with Stage of Lymphoedema 

Objective measures of tissue alterations in lymphoedema that relate to the stage of lymphoedema 

are missing (Johnson et al., 2014; Tassenoy et al., 2016). This lack of a measure of the relative 

contribution of fluid or fibrosis means there is no method to track the gradual change in severity 

of lymphoedema, as fluid accumulation increasingly converts to fibrosis. The stage of 

lymphoedema which classifies the fibrotic change in lymphoedematous tissues and is accessible 

and applicable clinically (International Lymphoedema Framework, 2006), lacks quantification by a 

physiological measure, instead relying on visual assessment and palpation.  Various measures of 

lymphoedema provide information of quantified physiological difference between limbs with and 

without lymphoedema. Correlation between such assessment measures and the stage of 

lymphoedema elucidates the relative contribution of fluid or fibrosis in the tissues which relates 

clinically to the severity of lymphoedema.  

Fluid accumulation has long been identified in the early stages of lymphoedema (ISL stages 0, I and 

early II) by bioimpedance measures of extracellular fluid (ECF) (Cornish, Chapman, et al., 2000; 

Koelmeyer et al., 2019), but objectively measuring tissue fibrosis has been challenging. The 

beginning of fibrotic tissue change is described in ISL Stage II, dividing this category into two: early 

and late Stage II (International Lymphoedema Framework, 2006). To identify this change with an 

objective measure of tissue resistance or fluid distribution in the dermis would be useful clinically. 

Once identified, treatment methods may be adapted to address tissue resistance or fluid 



 

43 

accumulation.   

Clinical staging of lymphoedema (ISL) has been compared with inter-limb volume difference, 

showing a moderate correlation of r=0.579 (p<0.001) (Garza et al., 2019). Interestingly, ISL staging 

had weak correlation with ICG lymphography staging (based on vessel patency and dermal 

backflow) r=0.254 (p<0.001) (Garza et al., 2019), suggesting that vessel abnormality is not an 

indicator of tissue change. Consistent with the latter findings, no correlation was found between 

ICG lymphography staging and inter-limb volume difference (Coroneos et al., 2019).  

Localised tissue water (TDC) showed moderate significant correlation with ISL stage (r=0.571, 

p=0.000) in a cohort of early stage upper limb lymphoedema (Y. Liu et al., 2021). In contrast, weak 

correlation of localised tissue water (percent water content, PWC) with ISL stage (rho=0.25) was 

found in a mixed cohort of upper and lower limb secondary lymphoedema, despite finding 

moderately strong correlations of the clinical stage of lymphoedema with the excess ECF 

(rho=0.60) as well as with skin stiffness (rho = 0.63, using a Skin Fibrometer) (Yu et al., 2019). 

However, differences in the distribution of intracellular and extracellular fluid have been described 

between the upper and the lower limb (Suehiro, Morikage, et al., 2018a), which suggests that a 

limb-specific study is appropriate when investigating extracellular fluid using bioimpedance. 

Nevertheless, the abovementioned study demonstrated the association of PWC with stage of 

lymphoedema weakened in later stages of secondary lymphoedema, suggested to be due to PWC 

measuring relatively less as fluid accumulation progressively affects deeper tissue (Yu et al., 2019). 

In contrast, the association of whole limb measure of bioimpedance with stage remained strong in 

later stage secondary lymphoedema (Yu et al., 2019). This appears to indicate that the measure of 

fluid accumulation by bioimpedance throughout the segment remains relative to stage, whereas 

the point measure of fluid accumulation by PWC may be limited by penetration depth. Similar 

descriptions of segmental fluid measures by bioimpedance and point measures of percent water 

content in primary lymphoedema are not available. 

An index of induration against age was devised between healthy forearm skin and lymphoedema-

affected skin in the lower limb, but no correlation was found with ISL stage (Sano et al., 2019). In 

the latter study, elasticity was also tested, using a suction device (lifting the skin), whereas 

induration was tested by a pressure device (indenting the skin). The elasticity to age index tended 

to increase with stage in lymphoedema-affected skin, but there was no change in the induration to 
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age index. The change in elasticity over time indicates a change in stiffness, which was not 

detected by indenting the skin. However, elasticity is rarely used, and is a measure for which 

currently there are no assessment tools used by lymphoedema therapists. The findings of the 

latter study may also be explained by the application of pressure to lymphoedematous tissues 

being affected by other factors than dermal properties alone, such as the resistance of underlying 

tissue (Douglass, Graves, & Gordon, 2017). 

Recently, a strong correlation was found between skin stiffness and stage in lower limb 

lymphoedema (r=0.9, p<0.01) (Sun et al., 2017), but combined, averaged values across five sites 

on the lower limb were assessed, masking the relative distribution of tissue resistance. As well, 

more than half of the cohort had more advanced (late stage II or stage III) lymphoedema, in which 

tissue changes are more marked. Staging was supported in the latter study by histologically 

prepared skin sections: greater collagen content was seen in those with lymphoedema than in the 

healthy dermis, and collagen content was also seen to increase with ISL stage (Sun et al., 2017).  

To detect local tissue changes in relative fluid versus fibrosis in the dermis, Liu et al (2021) 

suggested that a location-specific tool, that can detect fluid changes over small zones within a 

limb, may be needed. Tissue outcome measures from the DermaScan C HFU (echogenicity), the 

MoistureMeterD Compact (PWC) and the Indurometer (IU) provide such location-specific 

information to different depths. (In contrast, bioimpedance (ECF) provides extracellular fluid 

information throughout all tissues in a limb or segment through which the current travels.) 

Association between such location-specific measures provide information about the degree to 

which they represent similar constructs. An association of a commonly used lymphoedema 

measure with a dermal fluid measure from high frequency ultrasound could provide information 

to clinicians about the relative fluid or fibrotic state of the dermis, with clinical implications for 

treatment of lymphoedema.  

2.9 Treatment 

Management of lymphoedema is aimed at promoting lymph movement and reducing lymph 

accumulation (International Lymphoedema Framework, 2006; Mortimer & Levick, 2004; Mosti & 

Cavezzi, 2019; Vignes et al., 2021). Reduced volume or circumference in the affected limb is the 

aim of treatment (Mosti & Cavezzi, 2019; National Lymphedema Network, 2011a).  
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Four main strategies are used for lymphoedema management: compression, manual lymph 

drainage, skin care and exercise (International Lymphoedema Framework, 2006; International 

Society of Lymphology, 2020). The first three of these strategies are applied directly to or via the 

skin. Skin care is aimed at reducing the risk of cellulitis due to breaches in skin integrity, such as in 

wounds or fungal infections that result in increased swelling (Armer et al., 2013; National 

Lymphedema Network, 2011a). Tough thickened and inelastic skin, as found in later stage 

lymphoedema, resists both compression and manual lymph drainage (Bagheri et al., 2005; Didem 

et al., 2005; Ezzo et al., 2015; McNeely et al., 2004; Ramos et al., 1999; Wozniewski et al., 2001). 

Limb elevation is advised (International Lymphoedema Framework, 2006), and even supine lying 

effectively ‘elevates’ both lower limbs by counteracting gravity, lowering capillary filtration 

pressure (Mortimer & Levick, 2004). Lymphangion pumping in supine continues the necessary 

propulsion of lymph centrally, even though the pumping rate of lymphangions is lower in supine 

lying than in the upright posture (Olszewski & Engeset, 1980). The effect of elevation in decreasing 

dermal oedema has been demonstrated in venous oedema: a 15.6% decrease in dermal oedema 

in the leg was found following three to four hours of leg elevation (Xia et al., 2004). In healthy 

aged adults, there is an increase in dermal fluid after being upright for two hours, and no change 

in dermal fluid over 12 hours of lying supine in a mixed age group (age 17-83; median age 18) 

(Gniadecka, Serup, et al., 1994). The dermal response in primary lymphoedema to either 

compression or elevation is unknown.  

Little data are available describing the effect of elevation on dermal fluid in any type of 

lymphoedema. Generally, elevation is described as reducing fluid accumulation in the limbs in 

stage I lymphoedema, has some effect in early stage II, but limited reduction is seen with elevation 

in late stage II and stage III (Gordon & Mortimer, 2018; International Society of Lymphology, 

2020). The lower capillary filtration pressure during elevation (Mortimer & Levick, 2004) influences 

osmotic pressure and lymph drainage (Solari et al., 2020), thereby reducing oedema formation 

(Gordon & Mortimer, 2018). When changing position from supine to upright, no change in intra-

lymphatic vessel pressure is seen in the healthy foot but the rate of lymphangion contraction 

increases (Olszewski & Engeset, 1980). The effect of this orthostatic change in primary 

lymphoedema is unknown, but may possibly cause increased dermal backflow due to impaired 

inter-lymphangion valves in some forms of primary lymphoedema. During investigation of dermal 

fluid in supine lying, the possible effects of orthostatic change on echogenicity are avoided.  
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A decrease in dermal backflow has been observed following decongestive therapy, along with a 

reduction in intra-lymphatic vessel pressure, but this was in in a mixed group of primary and 

secondary lymphoedema, after months of treatment (Franzeck et al., 1997). Pressure within the 

‘micro-lymphatic’ vessels is higher in primary lymphoedema (15.0+5.1mmHg) compared to that in 

healthy vessels (7.9+3.4mmHg, p<0.001) in supine (Zaugg-Vesti et al., 1993), but it is unknown 

what impact high intra-vessel pressure may have on response of dermal fluid uptake to 

compression.  

Change in the contralateral limb must be considered when assessing the effect of treatment, 

which may instead be at least partly due to elevation. A decrease in volume observed post 

treatment in a contralateral untreated limb could indicate that significantly less volume change in 

the treated limb should be attributed to treatment (Mayrovitz et al., 2007).  

  Compression 

Compression, which may be applied via bandages, adhesive wraps, garments, or pneumatic 

compression devices is applied in both the intensive reduction phase of treatment for 

lymphoedema, as well as for long-term maintenance of limb size (Armer et al., 2013; International 

Lymphoedema Framework, 2006; International Society of Lymphology, 2020; Vignes, 2015; Vignes 

et al., 2021). The modality chosen depends on the aims and phase of treatment, along with client 

characteristics (Bjork & Ehmann, 2019; International Lymphoedema Framework, 2006), such as 

the inability to tolerate bandaging resulting in use of the adjustable adhesive wraps, or the 

inability to don compression garments resulting in regular use of an intermittent pneumatic 

compression device. 

Compression takes effect by increasing interstitial pressure, thereby reducing the rate of capillary 

filtration from the circulatory system and promoting uptake of fluid into the initial lymphatic 

capillaries (Mortimer & Levick, 2004; Mosti & Cavezzi, 2019). Externally applied compression, 

enclosing the limb, combines with skeletal muscle contraction to further increase interstitial 

pressure (Mortimer, 2010).  

There is little previous work investigating the effect of compression on the dermis, particularly 

echogenicity in the dermis post-compression in lymphoedema. Change in echogenicity following 

treatment has been assessed mainly in the subcutaneous tissues (Niimi et al., 2014; Suehiro, 

Morikage, Ueda, Samura, Takeuchi, Nagase, Mizoguchi, & Hamano, 2018; Ueda-Iuchi et al., 2015) 
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whereas studies of the dermis have focussed on reduction in dermal thickness, as seen following 

five days’ CDT (Hacard et al., 2014). Hacard et al (2014) reported the mean dermal thickness 

decreased by 15.1% (mean percentage change across three sites: above and below the patella, 

and the dorsum of the foot). The corresponding mean 4% leg volume decrease indicated that a 

greater percentage change occurred in the dermis than in the overall leg volume. Although 

ultrasonic dermal thickness measures correlate with circumferential measures, which may assist in 

diagnosis (Erdinc Gunduz et al., 2021), some caution may be required in the use of ultrasound 

measures to assess post-treatment change, based on results from other types of oedemas. For 

example, in venous oedema, dermal thickness has been reported to increase significantly post-

elevation, in conjunction with decreased circumferences, with relatively increased echo density in 

the dermis, seen as increased echogenicity (Xia et al., 2004). This suggests a change similar to that 

which happens for instance to a rubber band, which, no longer being stretched around so great a 

circumference, resumes a shorter, but thicker appearance. Feasibly, if dermal thickening and 

corresponding increased echogenicity occurred in tandem with decreased circumferences post-

compression in lymphoedema, any decrease in fluid that may occur as a result of compression 

may be offset by the relative increase in echogenicity. However, the effect on echogenicity may 

not apply to lymphoedema, as venous oedema has different patterns of dermal echogenicity 

(Gniadecka, 1996) which may respond differently to compression. Similar skin thickening with 

compression has been observed under compression garments in upper limb lymphoedema 

(Karakashian et al., 2019). In contrast to the latter study, dermal thickness reduction was reported 

following treatment in upper limb lymphoedema; however, compression was combined with 

manual lymph drainage (Uzkeser et al., 2015), with its variable pressure and skin stretch, which 

possibly added extra effect on the initial lymphatics in the dermis. 

Decongestive treatment has been shown to reduce both intra-luminal pressure and the diameter 

of lymph vessels in a mixed group of primary and secondary lymphoedema (Franzeck et al., 1997). 

However, changes in vessel pressure and diameter were found after two weeks of intensive 

combined physical therapy which consisted not only of compression and exercise, but also manual 

lymph drainage which induces pressure variation in the dermis and increased lymph movement in 

collecting vessels (Lopera et al., 2017; Olszewski & Engeset, 1980). Tugral et al (2018) reported 

that thigh, leg, and ankle TDC measures decreased (p<0.01) post-treatment in lymphoedema of 

mixed cause (11 primary and six secondary). Treatment comprised skin care, MLD and exercise as 
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well as compression, and response was assessed after four weeks (Tugral et al., 2018) providing no 

information regarding the specific response to compression of fluid measures in primary 

lymphoedema.  

Studying the effect of compression is complicated by variability in application and type of 

compression. Pressure applied via bandaging or adhesive wraps is inconsistent. During bandaging, 

the amount of pressure applied varies between therapists (Hara et al., 2020; International 

Lymphoedema Framework, 2012), and few apply the pressure they are aiming for (Hara et al., 

2020). In addition, the shape of the limb affects the amount of pressure applied, depending on the 

curve of the anatomical site. A limb section with a small radius experiences greater inter-face 

pressure (applied by the bandage to the surface) than that experienced on a surface with a large 

radius (Chassagne et al., 2017). This is in accordance with Laplace’s Law which states that pressure 

exerted on a curved surface is inversely proportional in part to the radius of the curved surface to 

which it is applied (International Lymphoedema Framework, 2012; Troynikov et al., 2010). Further 

variability in bandaging is dependent on the elasticity of the bandaging material and the friction 

between its layers (Chassagne et al., 2020).  

Compression applied via garments also varies in the amount of pressure applied (Lurie & Kistner, 

2014; Ma et al., 2015). Compression garments are classed by the pressure they apply to a limb 

(graded in mmHg) across a range of pressures. The class of compression applied depends on the 

presentation and needs of the individual (International Lymphoedema Framework, 2006) and 

therefore will vary across a group with primary lymphoedema. As well, the stiffness of the material 

affects the garment’s ability to maintain its shape and pressure over time (Chassagne et al., 2020; 

Partsch, 2012). As is the case in bandaging, the shape to which a garment is applied also affects 

the pressure transmitted to the body (Karakashian et al., 2019; Troynikov et al., 2010), resulting in 

variable pressure depending on body shape. Even methods of care, such as how garments are 

laundered, can affect the compression applied by a garment over time (Australasian Lymphology 

Association, 2021).  

In contrast, pneumatic compression devices can be set to apply a consistent dosage of pressure for 

a set period of time. Pneumatic compression has been shown to increase fluid movement through 

superficial vessels, seen using ICG fluoroscopy and a transparent pneumatic sleeve (Adams et al., 

2010; Kitayama et al., 2017; Zaleska & Olszewski, 2017). Interestingly, Adams et al (2010) found 
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lymphatic activity increased on the untreated side as well as that under pneumatic compression, 

confirming the importance of attention to the untreated side (Mayrovitz et al., 2007).  

Drainage of fluid away from a congested limb is facilitated by a gradient of pressure over a limb, 

with the greatest pressure applied distally, reducing towards the root of the limb (European 

Wound Management Association, 2005; Flour et al., 2013; Xiong & Tao, 2018). Although not all 

compression garments deliver this gradient (Reich-Schupke et al., 2009), a graduated pressure is 

not as important when wearing compression garments during active movement—when muscular 

contraction generates high pressures (Partsch & Mani, 2019)—as it is in supine lying (Partsch, 

2012). Consequently, compression using IPC, which is commonly applied in supine, utilises a distal 

to proximal pressure pattern (International Lymphoedema Framework, 2006). 

Transmission of pressure during IPC has been measured in the subcutaneous tissues and 

associated lymph movement demonstrated under ICG lymphography (Zaleska & Olszewski, 2018). 

Variation in pressure within the subcutaneous tissues promotes lymph movement through 

collecting vessels, and allows for refilling of lymphangions during periods of less pressure 

(Belgrado et al., 2016; Ikomi & Schmid-Schönbein, 1995; Solari et al., 2020). Such variation in 

pressure is applied by  the inflation and deflation cycle of an intermittent pneumatic compression 

(IPC) device (Zaleska et al., 2013). Although less pressure was transmitted within the tissues than 

was applied externally, intermittent pneumatic compression was effective in reducing 

circumferences in lower limb lymphoedema (Zaleska & Olszewski, 2017). However, the effect of 

pressure transmitted by IPC on the dermis, and the impact on dermal fluid in particular, is not 

clear.  

Little is documented about the response of the dermis and subcutaneous tissues to compression 

in primary lymphoedema,  therefore the impact of the vessel and fluid drainage abnormalities of 

primary lymphoedema on treatment by compression is not understood.  Early investigations of the 

impact of compression on dermal echogenicity were reported in lipodermatosclerosis, where a 

decrease was found in dermal oedema following compression garment use over five days, 

measured using a 20MHz HFU (Gniadecka et al., 1998). Lipodermatosclerosis differs from primary 

lymphoedema in that there is venous stasis, extravasation of erythrocytes and haemosiderin-laden 

cells in the dermis in lipodermatosclerosis, as well as necrotic adipocytes in the subcutaneous 

tissues (Choonhakarn et al., 2016). Although fibrosis is present in both conditions, in 
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lipodermatosclerosis the pathological fibrotic changes result in the hardening of the dermis and 

subcutaneous tissues around the leg, narrowing this area in a characteristic ‘inverted champagne 

bottle’ appearance (Choonhakarn et al., 2016). In contrast, the leg and ankle are enlarged in 

primary lymphoedema (Sarica et al., 2019). Despite this chronic hardening of the dermis in 

lipodermatosclerosis, Gniadecka and colleagues (1998) demonstrated a decrease in dermal 

echogenicity, indicating decreased dermal fluid, following compression. This may indicate that 

compression has effect on the dermal uptake of fluid, but nothing has previously been reported 

about the effect of compression on dermal echogenicity in primary lymphoedema.  

It is widely accepted that lymphoedema responds more successfully to treatment early in its 

development when fluid accumulation is relatively greater than the fibrosis (International Society 

of Lymphology, 2020; Shah et al., 2016; Stout Gergich et al., 2008). Stiffness renders tissues 

resistant to conservative treatment (Bagheri et al., 2005; Brorson, 2012; Brorson, 2015; Warren et 

al., 2007; Yu et al., 2019). Although little is known about the mechanism (European Wound 

Management Association, 2005), compression is acknowledged to assist in softening tissues in 

lymphoedema (European Wound Management Association, 2005; International Lymphoedema 

Framework, 2012; Mosti & Cavezzi, 2019). As limb volume reduces, fluid in the subcutaneous 

tissues and dermis reduces (Grada & Phillips, 2017; Johansson et al., 2019; Mortimer & Levick, 

2004; Tugral et al., 2018; Zaleska & Olszewski, 2018; Zasadzka et al., 2018), as well as pain and 

discomfort (Desai et al., 2020), which is associated with primary lymphoedema (Okajima et al., 

2013). However, although a change in tissue stiffness was found in deep subcutaneous tissues 

following compression, along with volume reduction, there was little change in the dermal 

stiffness, except at the ankle (Zaleska & Olszewski, 2018). All participants had mid to high stage 

lymphoedema which was secondary to infection, suggesting a high degree of fibrosis or tissue 

stiffness at baseline (Zaleska & Olszewski, 2018). The contralateral limb was used as the ‘healthy’ 

comparator, and baseline measures showed little difference between limbs except at the ankle. 

Tissue fluid pressures appear to be relatively low (21-28mmHg) in the presence of such fibrosis, 

despite application of high pressure (120mmHg), as the force applied by IPC was dispersed within 

the tissues (Zaleska et al., 2017).  High IPC pressures (> 80mmHg) were recommended to 

overcome such tissue resistance (Zaleska & Olszewski, 2017). The  effect of lymphoedema stage 

and fibrosis within the study cohort was acknowledged (Zaleska & Olszewski, 2017; Zaleska et al., 

2017).  
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 Intermittent Pneumatic Compression (IPC) Dosage 

To determine an optimal standardised dose of IPC for this project, a systematic review was 

completed. The systematic review has been published and is provided in Appendix B.   

Phillips JJ, Gordon SJ. Intermittent pneumatic compression dosage for adults and children 

with lymphedema: A systematic review. Lymphatic Research and Biology. 2019;17(1):2-18 

10.1089/lrb.2018.0034  

Intermittent pneumatic compression (IPC) is an acknowledged component of the multi-modal 

treatment for lymphoedema that comprises complex decongestive therapy (CDT) (Armer et al., 

2013; International Lymphoedema Framework, 2006; International Society of Lymphology, 2020; 

Queensland Health, 2014; Shao et al., 2014). IPC comprises an air-filled sleeve applied around a 

limb attached to a small compressor device. The sleeve is made up of several chambers, which are 

sequentially inflated to a pre-determined pressure from distal to proximal, then deflated. The 

pressure and time IPC is applied for, the regularity of IPC use (International Lymphoedema 

Framework, 2006), as well as recipient factors such as the resistance of the tissues (Guan et al., 

2020; Zaleska & Olszewski, 2018; Zhao et al., 2020) all affect treatment outcomes. IPC used in 

home-based lymphoedema management has been associated with reducing episodes of cellulitis 

and reduced use of outpatient lymphoedema physiotherapy (Karaca-Mandic et al., 2015, 2017), 

emergency visits and hospital admissions (Maldonado et al., 2020).  

Few studies have investigated IPC alone. Instead, studies have used IPC with other treatment 

modalities of CDT compared with CDT alone, which limits the evidence for IPC (Franks & Moffatt, 

2015). Reduced limb volume and improved function has been found post-treatment, in studies 

where IPC has been used in conjunction with other modalities such as compression garments 

(Muluk et al., 2013) in the maintenance phase of lymphoedema (Desai et al., 2020). 

Adjustable features of an IPC device, which provide the ability to vary dosage, include the length of 

treatment time, the pressure applied and the type of compression cycle. The compression cycle 

can vary in the time for which each chamber is inflated and deflated, as well as the order and 

direction of inflation of each chamber. For example, inflation of the sleeve may begin by inflating 

the chamber at the foot, holding the pressure and successively filling all chambers until all 

chambers up the limb are inflated, then all the chambers are deflated at once. Or, in contrast, 

once the chamber proximal to the foot (chamber 2) is inflated, then the foot (chamber 1) may 
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deflate, and the next most proximal chamber (chamber 3) is inflated, and so on up the limb in 

peristaltic fashion. In addition, a preclearance cycle may be added, which aims to ‘decongest’ 

proximal areas of the limb before moving more distally, based on the clearance principles of MLD 

(Queensland Health, 2014). Not all features are adjustable in every IPC device. Optimal dosage 

parameters for IPC have not been agreed (Feldman et al., 2012; Maclellan, 2015; Tran & Argáez, 

2017; Zaleska et al., 2013), resulting in a lack of guidelines (Feldman et al., 2012).  

A systematic review was undertaken to ascertain optimal dosage, searching for studies assessing 

IPC independent from other treatments. Nineteen hundred and fifty-five records were identified 

from five data bases (Medline, Embase, CINAHL, Scopus and PubMed), and were screened, with 

122 full text studies assessed for eligibility, resulting in 16 that were qualitatively analysed. Studies 

investigating IPC alone (n=12) or IPC with ‘maintenance use’ of compression garments between 

IPC treatments (n=4), were included. Most studies were single case design (before/after) studies 

or comparative studies without concurrent controls, with only one being higher than NHMRC level 

III-3. In this controlled study from 1998, participants were not randomised to group, so it was 

rated Level II. The population characteristics of those studied included more upper limb (n= 338) 

than lower limb lymphoedema (151), with a mean age ranging from 37.8 (14-80) years 

(Modaghegh & Soltani, 2010) to 71 (54-83) years (Theys et al., 2015). Most were secondary breast 

cancer related lymphoedema and some included mixed populations of primary and secondary 

lymphoedema in upper and lower limbs (Bergan et al., 1998; Pohjola et al., 1995; Raines et al., 

1977). Three investigated lower limbs alone (McLeod et al., 1991; Modaghegh & Soltani, 2010; 

Zaleska et al., 2014). Only one study investigated the use of IPC in children, in a sample of nine, 

whose mean age was 13 years (range 5.5 to 17 years) (McLeod et al., 1991). Evidence for specific 

dosage was limited and dated, often based on retrospective clinical reviews of samples with a 

wide age range. Studies investigated devices that varied in the cycle and amount of pressure 

applied, as well as the number and style of chambers in the sleeve through which pressure is 

applied. 

No optimal pressure was identified, and in some studies the pressure was adjusted per participant, 

according to tolerance or comfort (Johansson et al., 1998; Pilch et al., 2009). High IPC pressures of 

up to 120mmHg have been advocated for lymph movement in lower limbs (Taradaj et al., 2015; 

Zaleska et al., 2013). Evidence for an optimal pneumatic compression pressure specific to the 

upper or lower limb is limited. Hydrostatic pressure, contributing to capillary filtration rate, is high 
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in the lower limb (International Lymphoedema Framework, 2012). Consequently, higher garment 

compression pressure is applied in the lower than the upper limb (Mosti & Cavezzi, 2019; Partsch 

& Rockson, 2018); as well, there is greater distance to travel from the lower limb to return to 

central circulation than from the upper limb.  The range of tolerated compression pressure, 

applied via bandages or garments, differs between upper and lower limbs (Damstra & Partsch, 

2009; Partsch et al., 2011). Similarly, studies utilising IPC have differed in pressure for upper and 

lower limbs. Higher pressures of 40–120mmHg have been applied for lower limb lymphoedema 

(Feldman et al., 2012) to generate tissue fluid flow (Zaleska et al., 2013). A recent lower limb study 

demonstrated increased lymph flow with higher IPC pressures (gradient of 120 mmHg at the foot 

to 96 mmHg at the groin) (Zaleska & Olszewski, 2018). However, those investigated had 

lymphoedema secondary to infection, who were late stage II or III (Zaleska & Olszewski, 2018). 

Possibly the more advanced staging of these participants, with stiffened skin and soft tissue due to 

fibrosis, may have influenced the pressure needed for fluid movement, as stiffness of tissues is 

known to affect the pressure transmitted to the tissues (Guan et al., 2020).  

High pressure applied by IPC is not always tolerated by all participants, resulting in the need to 

reduce pressure mid-treatment (Johansson et al., 1998; Pilch et al., 2009), which is not ideal for 

standardising dosage. Zaleska and Olszewski (2018) reported that the tissue pressure required for 

fluid flow was 25-30mmHg. The intra-tissue pressure has been found to be lower (20-40mmHg) 

than that applied within pneumatic sleeves (50mmHg), which prompted the recommendation that 

higher initial pressures are needed for IPC dosage (Zaleska et al., 2013). A recent review of the 

clinical effectiveness and guidelines for use of IPC concluded that the safe use and efficacy of high 

pressures in IPC had yet to be ascertained (Tran & Argáez, 2017). Moderate 40-60mmHg 

compression pressure is recommended for management of lower limb lymphoedema using 

bandaging or garments (Mosti & Cavezzi, 2019; Partsch et al., 2011), and low to moderate 

pressure, described as 30-60mmHg (Feldman et al., 2012; International Lymphoedema 

Framework, 2006), is clinically acceptable for adults. A recent review of guidelines for IPC reported 

pressures of 40-60mmHg were applied over a treatment time that varied from 30 minutes to two 

hours (Tran & Argáez, 2017). 

Clinical treatment programs for children and adolescents have shorter treatment time and lower 

pressure, consistent with their shorter limb length and smaller limb circumference. Treatment 

guidelines for children rely on the practitioner for appropriate adaptation of adult treatment 
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guidelines (Damstra & Mortimer, 2008). Lower pressure is used in compression garments for 

children and adolescents compared with adults (personal observation; J Newsom, Deputy Head 

Physiotherapist Children’s Hospital at Westmead, personal communication 2016). Care must be 

taken when applying pressure to limbs with small circumferences, due to the greater pressure 

transmitted over a curved surface of smaller than larger diameter (Chassagne et al., 2017; 

International Lymphoedema Framework, 2012). Limb circumference in children and adolescents 

will vary according to age and growth. Paediatric studies using IPC have had small sample sizes 

with a wide range of ages included (Hassall et al., 2001; McLeod et al., 1991) and optimal pressure 

and cycle time have not been definitive.  

Despite some caution about side effects in applying IPC (Boris et al., 1998), no adverse events have 

been reported in reviews of IPC use in lymphoedema (Feldman et al., 2012; Shao et al., 2014; Tran 

& Argáez, 2017). Contraindications to IPC use include uncontrolled cardiac, embolic, or thrombotic 

conditions and metastatic disease , although use is permitted with caution where conditions are 

controlled (International Lymphoedema Framework, 2006; Queensland Health, 2014). 

Compression may be used with care in the presence of arterial disease (Hedayati et al., 2015; 

International Lymphoedema Framework, 2006), which is more prevalent over the age of forty (Bąk 

et al., 2016). 

2.10  Investigation of Dermal Fluid in Primary Lymphoedema 

There is agreement that the dermal lymphatics are important in the initial uptake of fluid into the 

lymphatic system, and that this initial dermal fluid uptake is delayed or abnormal in some forms of 

primary lymphoedema. As the dermis is where lymphatic drainage begins, the measurement of 

dermal fluid load is essential to understanding changes in the composition of the dermis related to 

condition status and interventions. Treatment of lymphoedema necessarily involves strategies to 

address adipose and fluid accumulation in the subcutaneous tissue as well as reduction of overall 

volume of the body part affected. However, understanding changes in dermal fluid with treatment 

such as compression is essential to tailor treatment strategies to address the condition of the 

dermis. With no objective measure of the dermis, assessment and treatment of lymphoedema 

focus on the size of the limb. Common clinical assessment tools provide various measures of fluid 

within the limb, but none are specific to the dermis. The identification of a measure of dermal fluid 

could enable recognition of early changes indicating progression in stage of lymphoedema, 
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planning for targeted treatment and assessment of treatment response.  

Investigations have described some of the changes in the dermis and tissues as lymphoedema 

progresses, including the impact of tissue inflammation (Carlson, 2014; Di et al., 2016; García 

Nores, Ly, Savetsky, et al., 2018), biomechanical changes (Bustos et al., 2020; Polat et al., 2020), 

and change in lymphatic vessel densities, dimensions and functionality (Barone et al., 2020). 

Information in primary lymphoedema regarding the state of the dermis, methods to assess it and 

what changes in the dermis with conventional treatment strategies such as compression, remain 

limited (Johnson et al., 2014; Niwa et al., 2021; Tassenoy et al., 2016). 

This study provides the opportunity to explore physiological differences between people with and 

without primary lymphoedema. High frequency ultrasound is useful in dermal assessments 

utilising echogenic properties, although there is no established method for fluid assessment in the 

dermis using high frequency ultrasound images. Based on this literature review, the following 

decisions were made about the methodology of this study: 

1. A study was first undertaken to establish a method for assessing dermal fluid using HFU in 

participants with no lymphoedema and the intra-rater reliability of the investigator for that 

method. This reliability of this method was confirmed in the first ten participants with 

primary lymphoedema in the main study.  

2. Age, ethnicity and gender matching was utilised to minimise potential confounding factors 

of dermal variations associated with these parameters, due to the expectation of a small 

sample size. 

3. The age of participants was limited to between three and 40 years, due to the effect of age 

on the skin, and to avoid the possible impact of arterial or venous complications associated 

with older age.  

4. Recruitment was not restricted to adults or to a particular limb, as prevalence of primary 

lymphoedema is known to be low.   

5. Inclusion criteria for those with primary lymphoedema included a diagnosis from a 

lymphatic or tertiary assessment clinic.  

6. Exclusion criteria applied to both those with and without primary lymphoedema and 

included diseases that affected the skin or connective tissues, renal or cardiovascular 

system, infective or inflammatory diseases, malignancy and pregnancy.  
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7. Intermittent pneumatic compression was chosen as the mode of compression, with dosage 

of 60mmHg for 50 minutes, based on the evidence from a literature review of IPC. 

8. Anatomical landmarks were used as boundaries for segmental lower limb bioimpedance 

measures. 

The above review has highlighted the challenge to clinicians and researchers for a practical 

objective measure of dermal fluid change in primary lymphoedema. The following chapter 

describes the establishment of a method for use of high frequency ultrasound in assessment of 

dermal fluid in lymphoedema and the reliability of the investigator for that method.    
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CHAPTER 3  
RELIABILITY OF ASSESSMENT METHODS 

High frequency ultrasound (HFU) is used extensively in dermatology to assess the skin (Agner & 

Serup, 1990; Bagatin et al., 2013; Iyengar et al., 2018; Jemec et al., 2000; Kleinerman et al., 2012; 

Seidenari & Di Nardo, 1992; Serup et al., 1984; Wortsman, 2012) but rarely has it been used to 

assess the skin, or more specifically the dermis, in people with lymphoedema assessment. There is 

no established method for its use (Serup et al., 2006) and investigations of fluid in the dermis have 

used several different methods (Crisan, Lupsor, et al., 2012; Gniadecka, 2001; Gniadecka & Jemec, 

1998; Naouri et al., 2010; Schou et al., 2004; Tsukahara et al., 2001). Consequently, a study was 

undertaken to establish a reliable method for HFU image capture and measurement of the dermis, 

based on the manufacturer’s standard protocol (Cortex Technology, 2014). Intra-rater reliability of 

the investigator was then determined using these methods. The process of establishing this 

method and intra-rater reliability is described below (Section 3.1).  

A study was also undertaken to determine the intra-rater reliability of the investigator when using 

the Indurometer and undertaking circumferential measures, which is described in Section 3.2.  

3.1 Methodology and Reliability of High Frequency Ultrasound   

The HFU reliability study presented in this section has been peer reviewed and published:  

Phillips J, Reynolds KJ, Gordon SJ. Dermal thickness and echogenicity using DermaScan C 

high frequency ultrasound: Methodology and reliability testing in people with and without 

primary lymphoedema. Skin Research and Technology. 2020;26(6):813-823 (full paper in 

Appendix C). 

This study consisted of two parts; the first with people who did not have primary lymphoedema 

(NLO) and then with people who did have primary lymphoedema (PLO). The equipment described 

initially was used in all studies. 

 Equipment  

The DermaScan C (Cortex Technology, Hadsund, Denmark) HFU was used to assess dermal 

thickness and water content by echogenicity. It has a frequency of 20 MHz, penetrates to a depth 

of 13mm with 60 x 150-micron resolution (Cortex Technology, 2014) and has been validated 
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against MRI (Gniadecka & Quistorff, 1996) to determine both dermal thickness and echogenicity 

(Bagatin et al., 2013; Gniadecka, 2006; Gniadecka & Jemec, 1998; Laurent et al., 2007). The head 

of the probe is water-filled and covered by a fine plastic membrane held down by a plastic cap 

with a slot in it, through which the ultrasound beam is transmitted (see Figure 3.1a and b). The 

slot is filled with water-based gel providing contact between the probe and the skin with a 

standardised gel thickness for each image.  

a.  b. 

Figure 3.1 a. HFU Probe b. Probe Cap Showing the Slot Which has a Plastic Lining 

 Image Analysis and Outcome Measures 

Incorporated DermaScan software (DScan version 3 application software for Windows, advanced 

configuration) produces images in ‘A’ and ‘B’ mode. ‘A’ mode produces a graph of reflected sound 

across the image, showing the amplitude of sound echoes (Figure 3.2) and is useful for skin 

thickness measures (Waller & Maibach, 2005). B mode is a cross section of that amplitude graph, 

showing areas of brightness or intensity of reflected sound (Figure 3.3) which is commonly used 

for assessments of echogenicity (Bagatin et al., 2013; Caetano et al., 2015; Gniadecka & Quistorff, 

1996), although it may also be used to assess skin thickness (Alsing & Serup, 2020; Bagatin et al., 

2013; Gniadecka & Jemec, 1998). Being a two-dimensional representation, B-mode is considered 

more reproducible (Waller & Maibach, 2005). 
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Figure 3.2 DermaScan C HFU Image Showing the A-Scan of Peaks of Intensity (arrowed) 

 

 

Figure 3.3 DermaScan C HFU Image in B Mode. 

B mode is used for assessment of echogenicity. The blue and yellow lines demonstrate minimum and maximum total skin thickness.  

 Echogenicity  

The smallest picture elements, known as pixels, are differentiated on screen by a colour spectrum 

(see Figure 3.4) in images produced by the DermaScan C, from black through green, blue, red and 

yellow to white, according to the level of intensity reflected at that point (Gniadecka & Jemec, 

1998). Across this spectrum of intensity in the DermaScan C, numbers have been allocated from 0-

255. The lower intensity or darker (black) end of this spectrum represents fluid (Gniadecka, 2001; 

Gniadecka, Gniadecki, et al., 1994; Gniadecka & Jemec, 1998; Schou et al., 2004) and is described 

as low echogenic pixels (LEP) (Alsing & Serup, 2020) and is represented on the spectrum from 0 to 

30. LEP measured in the range of 0-30, accepted as representative of fluid, (Seidenari, 2006) may 

be measured within the dermis. 
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Figure 3.4 DermaScan C Screen Shot.  

Left side: 0-255 assigned colours. Right side: Four screens ready for scanning. 

 

 

Figure 3.5 DermaScan C Image  

The rectangular Region of Interest (ROI) with range of pixel intensity from 0-30 is highlighted in red.  

Intensity or echogenicity is affected by individual characteristics, such as aging (de Rigal et al., 

1989; Gniadecka, Serup, et al., 1994; Querleux et al., 2009) and type of tissue (dense collagen 

fibres versus high fluid content) (Gniadecka, Gniadecki, et al., 1994; Gniadecka & Quistorff, 1996; 

Lucas et al., 2014; Schmid-Wendtner & Burgdorf, 2005; Seidenari, 2006). As well, device 

characteristics such as the gain setting, which increases the intensity of the image for clearer 

viewing (Bagatin et al., 2013; Seidenari, 2006) can alter the measurement of dermal thickness and 

echogenicity. These characteristics, by their effect on echogenicity, can therefore cause variation 
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in measures of dermal thickness and relative fluid content within an HFU image (Jemec et al., 

2000; Serup et al., 2006) and decrease reliability for comparison of images.  

 Study One: Reliability Study Method in NLO 

The aim of this study was to identify a method that resulted in high intra-rater reliability and 

repeatability for both image capture and measurement of dermal echogenicity. The site of image 

capture was standardised and a variety of images with different gain settings were taken and then 

measured, to determine the most reliable and repeatable method for the main study. 

Ethical approval was granted for the reliability study by the Royal Children’s Hospital (RCH) Human 

Research Ethics Committee (HREC) (HREC/16/RCHM/136). Local governance approval 

(SSA/16/RCHM/ 142; local reference 36273) for RCH and MCRI (Murdoch Children’s Research 

Institute) was granted at the same time.  

 Participants  

Ten healthy NLO volunteer participants (eight females and two males, aged 17 to 54) provided one 

lower limb each. Participants were sourced from among friends and colleagues with no 

lymphoedema (NLO), who provided verbal and written consent. 

 Measurement sites 

Measurement sites were marked on the dorsal foot, posterior calf and posterior thigh of the lower 

limb as described in Table 3.1. A tape measure attached to a Jobst measuring board, according to 

clinical guidelines (Australasian Lymphology Association, 2004), a water-based body-marking 

pencil and a cardboard template (approximately 6x3cm, just large enough for the head of the HFU 

probe) were used to outline the measurement site. Participants lay supine on a plinth while 

repeated images were taken on the foot and turned to prone for images taken on the posterior 

calf and thigh. A pillow supported the limb during measurements.   
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Table 3.1 Lower Limb Measurement Sites 

Table 3.1 Lower Limb Measurement Sites 

Measurement Site 

(Measures taken at 
site) 

Level marked 

Dorsum of foot 
measurement site  

(HFU, Ind, circ) 

Between the second and third metatarsals, just proximal to the 
metatarsophalangeal joint. Circumference level was marked on 
the lateral foot, with the foot on a Jobst measuring board, then 
marked medially. 

Posterior calf 
measurement site 

(HFU, Ind, circ) 

A point half-way from the lateral knee joint line to the level of 
the least ankle was marked medially and laterally with 
participant in supine. When prone, and using the tape from 
medial to lateral, the mid-point across the posterior calf was 
marked and outlined by the template. 

Knee joint line   Lateral knee joint line. Marked to enable measurement from 
knee to least ankle, so midpoint of calf could be positioned. 

Posterior thigh 
measurement site  

(HFU, Ind, circ) 

 

A point half-way from upper thigh to knee joint line was marked 
medially and laterally with participant in supine. When prone, 
and using the tape from medial to lateral, the midpoint across 
the posterior thigh was marked and outlined by the template. 

Upper thigh line (circ)
   

 

Level just distal to greater trochanter at maximum girth of thigh. 
Marked laterally to enable measurement from top of thigh to 

lateral knee joint line, so midpoint of thigh could be established 
laterally. 

*HFU=High Frequency Ultrasound; Ind= Indurometer; circ= circumference 

 HFU Image Capture  

Water-based gel (Dane-Gel R1, Rohde Produits, Holte, Denmark) was applied to the slot in the 

head of the probe to maintain contact with the skin. A smear of gel was added to the skin as per 

manufacturer’s instructions (Cortex Technology, 2014) and care taken to ensure there were no air 

bubbles within the gel which would cast ‘shadows’ on the image. The probe was held parallel to 

the skin (see Figure 3.6) and images were taken with several different gains, to establish the 

clearest image. After four images were captured and saved, gel was reapplied to the probe and a 

repeat set of four taken. Three sets of four were captured at each site for each participant. Images 

were taken using a range of gain settings within a set of four and then repeated in the next set of 

four, to investigate inter-session reliability (removal of probe, reapplication of gel, and recapture). 
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Figure 3.6 Holding the HFU Probe Over the Dorsum of the Foot.  

 Image Measurement  

Images with a gain setting of mode one level 13 on the DermaScan C were used for low echogenic 

pixels (LEP) analysis, in accordance with advice from the manufacturers (P. Holm Pedersen, 

personal communication, May 2019). A long thin rectangular standardised region of interest (ROI) 

was established (Shape 1 of area: 6.894712mm2), which stretched from the top to the bottom of 

the screen along the whole image. The ROI was positioned consistently just below the entrance 

epidermal echo, just brushing the border of the epidermis, and aligned centrally (Derraik et al., 

2014) within the length of the image (12.1mm). The area of LEP was then selected for 

measurement by setting the range to 0-30 to highlight that area (Seidenari & Di Nardo, 1992; 

Serup et al., 2006) within the rectangle (see Figure 3.5, showing a smaller ROI). Four measures 

were generated by the DermaScan software: area (in mm2 and in pixels), the total intensity (%) 

and total intensity within range (%). 

 Statistical Analysis - Reliability 

Reliability was determined by intraclass correlation coefficient analysis for each site. The intra-

class correlation co-efficient (ICC), used to assess test-retest reliability, combines both correlation 

and agreement (Koo & Li, 2016; Portney & Watkins, 2015). ICC may be calculated several ways 

depending on which error components are included, and whether there are fixed or random 

effects of the independent variables (Portney & Watkins, 2015, p. 590; Weir, 2005). For this 

assessment, the third form of ICC was used, according to McGraw and Wong (1996) (McGraw & 

Wong, 1996), which is a mixed effects model, where the subjects are random and number of trials 

or the rater (in this instance) is fixed.  Single measures were used to investigate their relationship 
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to each other, with the aim of determining the degree of difference between them (McGraw & 

Wong, 1996). For a clinical tool, variation in repeated measures must be as close as possible to 

zero: hence, measures were investigated for absolute agreement, rather than consistency. In 

summary, SPSS version 25 (IBM Corp, 2017) was used to calculate ICC, with the three items of 

repeated measurement as the levels of independent variable, using 2-way model mixed effects, 

single score, and absolute agreement, denoted ICC (3, 1).   

Both the ICC and the 95% confidence intervals were considered in interpretation of reliability 

scores. ICC values over 0.90 are the preferred option for clinical measures, indicating excellent 

reliability (repeatability) whilst values above 0.75 indicate good reliability and those between 0.50 

and 0.75, moderate reliability (Portney & Watkins, 2015, p. 595),(Koo & Li, 2016). In a previous 

study on HFU measurement of dermal thickness in lymphoedema, scores above 0.80 were 

accepted, indicating good reliability (Dylke et al., 2018). However, given the current study aimed 

to investigate clinical measures, the standard of above 0.90 for excellent reliability was applied. 

Where the confidence interval extended below 0.75, even with a higher value ICC, the reliability 

was rated as a range indicating the lower limit (for example, an ICC of 0.92, where the lower limit 

of CI extended from 0.70, would be rated as good to excellent, not excellent). Scores between 0.50 

– 0.75 (rated as moderate reliability) could indicate the need to use repeated measures to 

generate a mean value for clinical situations.  

 NLO Reliability Results 

LEP intra-rater reliability was investigated applying the method described above to measure LEP 

on ten randomly chosen images from different sites, then repeating the measurements two more 

times with approximately two hours between each set of measurements so there was no chance 

of memory carryover.  

Intraclass correlation coefficients (ICC) for intra-rater reliability were excellent, and, although the 

lower limit extended below 0.9, the confidence intervals were narrow (see Table 3.2).  
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Table 3.2 Non-Lymphoedema Intra-Rater Reliability of Image Analysis for LEP Measurement 

Initial methodology of image analysis taking three repeated sets of measures, using images taken from a mix of lower limb sites in 
healthy people without lymphedema.  

Table 3.2 Non-Lymphoedema Intra-Rater Reliability of  

Image Analysis for LEP Measurement 

Measure N ICC* 

95% Confidence 
Interval Result** 

Lower Upper 

Segmented 
Area  

10 .991 .943 .998 Excellent 

Total Intensity 10 .993 .966 .998 Excellent 

Total Intensity 
Within Range  

10 .989 .925 .998 Excellent 

* ICC = Intraclass Correlation Coefficient  
** Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

LEP inter-session reliability was investigated by applying the method above to measure LEP on 

three images that were taken within five minutes of each other, with the same HFU gain setting 

but with the head of the probe lifted and gel re-applied in between each image capture. 

Inter-session reliability was lower, rating good (see Table 3.3).  

Table 3.3 Non-Lymphoedema Inter-session Reliability of LEP Measurement in Repeated Image Capture 

Initial methodology of image capture, taking three repeated images at the same site, with five minutes between each image 
capture.  

Table 3.3 Non-Lymphoedema Inter-session Reliability of  

LEP Measurement in Repeated Image Capture  

Measure N  ICC* 

95% Confidence 
Interval Result** 

Lower Upper 

Segmented 
Area  

57 .867 .804 .914 Good 

Total Intensity 57 .890 .836 .930 Good 

Total Intensity 
Within Range  

57 .727 .614 .817 Moderate 

* ICC = Intraclass Correlation Coefficient  
** Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90   
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 HFU Methodology Modifications Following Study One  

 Image Capture Modifications 

Further refinements to the methodology of image capture were made to increase site consistency 

following Study One, with the aim to increase inter-session reliability from ‘moderate to good’, to 

‘good to excellent’. A Fixomull adhesive template was used to mark the measurement sites 

(instead of body pencil) and marks were made on the screen monitor of the HFU (Serup et al., 

2006) to assist in keeping the probe perpendicular to the skin (by ensuring the image was in 

vertical alignment with the marks on the screen monitor). This visual check also served to highlight 

when gel thickness varied: the additional smear of gel on the skin was omitted and extra attention 

paid to ensuring no excess gel remained on the surface of the probe beyond the gel space. Gain 

setting mode two level 16 had shown most consistency for good image intensity in healthy NLO 

participants but gain mode one was advised for assessment of fluid. Uncertain if this would be the 

same in participants with primary lymphoedema (PLO), several gains (mode one, level 13 and 16, 

mode two, levels 16 and 19) were initially used in Study Two for image capture and reliability 

reassessment, to find the gain providing the clearest image for both populations.  

 Image Measurement Modifications 

For echogenicity measures, the smaller ROI (shape three: 2.287931mm2) was used, centred on 6.5 

on the vertical scale (see Figure 3.5). Low echogenic pixels (LEP) segmented within the ROI were 

obtained by the DermaScan software as previously described.  

 Study Two: Reliability Study in People with Primary Lymphoedema  

  Participants and method 

The first ten participants with primary lymphoedema (five each female and male, aged three to 

forty years) in the main (SkiPL) study provided images taken on their affected lower limb at the 

posterior calf and dorsum of the foot for this reliability study.  

LEP intra-rater reliability was investigated applying the method described above, to measure LEP 

in the smaller ROI on ten randomly chosen images from different sites. Measures were repeated 

two more times with approximately two hours between each set of measurements, as in Study 

One, so there was no chance of memory carryover.  

LEP inter-session reliability was investigated by applying the modified method described above to 

capture three images with the same HFU gain setting (mode one level 13), appropriate for 
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echogenicity evaluation. Images were taken within five minutes of each other but with the head of 

the probe lifted and gel re-applied in between each image capture. 

 Results  

With the modifications described, the intra-rater reliability and inter-session reliability improved 

compared with that in Study One with NLO (see Tables 3.4 and 3.5).  Each site was then assessed 

separately. Intra-rater reliability (Table 3.6) remained high: the measure of LEP (segmented area 

of low echogenic pixels) for both calf and foot were excellent. Inter-session reliability (Table 3.7) 

showed good to excellent reliability for three repeated images captured in the foot. Segmented 

area in the calf was lower although rated ‘good’, but with a wider confidence interval that 

extended from moderate to excellent (CI: 0.551-0.903).  

Table 3.4 Study One and Two Intra-Rater Reliability of Image Analysis for LEP Measurement 

Comparison of outcomes from amended methodology of primary lymphoedema (PLO) with initial methodology in non-
lymphedema (NLO) population, using images taken from both lower limb sites  
 

Table 3.4 Intra-Rater Reliability of Image analysis for LEP Measurement 

A. NLO Reliability Pilot B. PLO Reliability Pilot 

Measure N ICC 
95% CI 

Result* N ICC 
95% CI 

Result* 
Lower Upper Lower Upper 

Segmented 
Area  

10 .991 .943 .998 Excellent 10 .999 .998 1.000 Excellent 

Total 
Intensity 

10 .993 .966 .998 Excellent 10 1.000 .999 1.000 Excellent 

Total 
Intensity 
Within 
Range  

10 .989 .925 .998 Excellent 10 .997 .991 .999 Excellent 

  ICC = Intraclass Correlation Coefficient; CI = Confidence Interval 
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90   
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Table 3.5 Primary Lymphoedema Inter-Session Reliability.  

Repeated images were taken from two lymphoedema participants utilising two sites (dorsum foot and calf). 

Table 3.5 PLO Inter-Session Reliability 

Measure N ICC 
95% CI 

Result* 
Lower Upper 

Segmented Area 10 .917 .786 .977 Good to excellent 

Total Intensity 10 .892 .693 .970 Moderate to good 

Total Intensity Within Range  10 .916 .783 .976 Good to excellent 
ICC = Intraclass Correlation Coefficient; CI = Confidence Interval  
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

Table 3.6 Primary Lymphoedema Intra-Rater Reliability Specific to Site  

Table 3.6 PLO Intra-Rater Reliability 

Image Analysis by Site  

Measure Site N ICC 
95% CI 

Result* 
Lower Upper 

Segmented Area  
Calf 10 .992 .977 .998 Excellent 

Foot 10 .999 .998 1.000 Excellent 

Total Intensity 
Calf 10 .997 .992 .999 Excellent 

Foot 10 1.000 1.000 1.000 Excellent 

Total Intensity in 
Range  

Calf 10 .989 .968 .997 Excellent 

Foot 10 .999 .996 1.000 Excellent 
 ICC = Intraclass Correlation Coefficient; CI = Confidence Interval  
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

Table 3.7 Primary Lymphoedema Inter-Session Reliability Specific to Site  

Table 3.7 PLO Reliability Inter-Session Reliability by Site 

Measure Site N ICC 
95% CI 

Result * 
Lower Upper 

Segmented 
Area 

Calf 16 .767 .551 .903 Good 

Foot 16 .887 .765 .955 Good 

Total 
Intensity  

Calf 16 .765 .540 .902 Good 

Foot 16 .872 .737 .949 Good 

Total 
Intensity in 

Range  

Calf 16 .616 .332 .828 Moderate 

Foot 16 .811 .623 .922 Good 

ICC = Intraclass Correlation Coefficient; CI = Confidence Interval 
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  
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 Discussion and Implications  

This study has established a method of HFU image capture and echogenicity measurement in both 

healthy people and those with primary lymphoedema that results in reliable measurement of LEP 

within and between sessions by the investigator. Future HFU clinical and research studies can 

confidently use this method to determine individual reliability. 

 The aim of this study was to identify a method and outcome measure that could accommodate 

both groups. The method involved finding a gain setting appropriate for both PLO and NLO, to be 

consistent across groups. The range of echogenicity across both groups is wide, with the dermis in 

affected limbs of PLO participants having low echogenicity. Healthy skin in the feet showed high 

echogenicity, as previously reported (Olsen et al., 1995; Seidenari et al., 2000). The gain setting 

was chosen to be high enough for image evaluation in PLO participants but not too high for NLO 

participants. 

For measurement, consideration was initially given to using a ratio of the segmented LEP to the 

total ROI intensity (Tsukahara et al., 2001; Veen et al., 2001) as the outcome measure. However, 

the intensity in the total area of the ROI could vary due to previously mentioned individual 

characteristics such as age and tissue condition such as fibrosis as occurs in lymphoedema. These 

individual factors could vary to a greater extent than would LEP, affecting the denominator of such 

a ratio. The difference in thickness of the dermis between people with and without lymphoedema 

(Naouri et al., 2010) precluded measurement of LEP in the total dermis. The use of low 

echogenicity measures (LEP) taken from a standardised area within the dermis (ROI) limited the 

intensity variation between individuals, due to other causes such as photo-damage, that could 

arise if using ratios, and therefore allowed comparisons between sites and individuals.  

Based on these reliability studies, a segmented area of LEP within a standardised region of interest 

(ROI) in the dermis was chosen to investigate differences between those with and without primary 

lymphoedema for this research.  

 Limitations  

These reliability outcomes pertain to the specific population and the DermaScan C HFU used in this 

study; the small number of participants in this study limits conclusions to the population assessed 

and the one operator. The balance between the burden on participants (Shoukri et al., 2004) for 

repeated imaging and sample size for a repeatability study was in part addressed by taking 
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triplicate images (Watson & Petrie, 2010) on the same day. 

3.2 Intra-Rater Reliability for Circumferences  

Measurement of limb circumference is a clinical method of tracking change in lymphoedema, 

standardised to be repeatable (Australasian Lymphology Association, 2004), but it was important 

to establish intra-rater reliability as before and after measures were planned for the intervention 

study investigating compression.  

 Method  

Healthy people were recruited from among friends and colleagues without lymphoedema (NLO) to 

test the intra-rater reliability of the investigator in conducting circumferential measures. 

Participants lay supine on a plinth. Sites measured on the calf and foot are described in full in the 

measurement protocol for the HFU study (Section 3.1.3.1 & Table 3.1). Measurement sites were 

marked with reference to a tape measure attached to the footboard of a Jobst measuring board 

and circumferences were taken with a spring-tape measure, both in accordance with ALA 

guidelines for measurement (Australasian Lymphology Association, 2004). Marks were removed 

prior to the second set of measures. Circumferences were taken three times, successively 

measuring different points before taking repeated measures, so that previous measures at any 

one point were not recalled. The standard error of measurement and minimum detectable 

difference (MDD) was calculated according to the formula  

MDD= 1.96xSEMx√2 (Portney & Watkins, 2015, pp. 645-646),  

where SEM is the standard error of measurement. SEM is calculated by  

SEM=SD√(1-ICC) (Portney & Watkins, 2015, pp. 608-609). 

 Results  

Participants Six people without lymphoedema (three each female and male, aged 15 to 32 years) 

provided one or two lower limbs for measurement, resulting in ten sets of repeated 

circumferential measures at the two sites (foot and calf, as described in Section 3.1.3.1).  

Excellent intra-rater reliability was shown in lower limb circumferential measurement in healthy 

people (ICC (3,1) 0.984 and 0.997 for foot and calf measures respectively) (see Table 3.8). The SEM 

was 0.1cm at both the foot and the calf, and the MDD 0.3cm at the calf and 0.2cm at the foot.  
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Table 3.8 Non-Lymphoedema Intra-Rater Reliability of Circumferential Measures  

Table 3.8 NLO Intra-Rater Reliability of 

Circumferential Measures 

Measure 

site 
N  ICC 

95% CI Result* 

Lower Upper 

Foot 10 .984 .955 .996 Excellent 

Calf 10 .997 .993 .999 Excellent 
ICC = Intraclass Correlation Coefficient; CI = Confidence Interval 
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

3.3 Indurometer Reliability 

The Indurometer provides a measure of tissue compressibility, an indication of tissue resistance. 

 Equipment  

The Indurometer (Model BME 1563G) is an electronic hand-held instrument 

(Flinders Biomedical Engineering (BME), Flinders Medical Centre Bedford 

Park, South Australia 5042). The Indurometer (see Figure 3.7) has a plunger 

(of one-centimetre diameter) which protrudes through the disc onto the 

skin when downward pressure is applied by the researcher, until a force of 

200g is reached. A beep is heard, and a reading of resistance is produced, 

measured in induration units (IU), which are equivalent to the distance 

travelled into the skin using a force of 200g, in increments of 0.01mm, on a 

scale up to 15 (Flinders University Biomedical Engineering, 2013; Pallotta et 

al., 2011). High tissue compressibility is indicated by a high reading, as the plunger moves further 

into the soft tissues.  

This study sought to establish the reliability of the investigator to use the Indurometer in the foot 

and posterior calf of people with and without primary lymphoedema.  

 Method  

Friends and colleagues without lymphoedema (NLO) were recruited for an investigation of intra-

rater reliability of indurometry on the posterior calf and foot. Participants lay supine on a plinth, 

with a pillow under the leg for measures taken on the dorsum of the foot. Three repeated 

measures were taken at each site, alternating sides to allow for tissue recovery in between 

measurements. Measures were taken successively on alternate feet, until three were recorded for 

Figure 3.7 The 
Indurometer 
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each foot prior to turning prone, with a pillow under the leg, for measures to be recorded 

alternately on each posterior calf (site positions described in Table 3.1).  

 Results  

Participants Five people provided ten sets of repeated measures for the Indurometer taken 

bilaterally (four male and one female, aged from 23 to 32 years).  

Intra-rater reliability The intra-rater reliability of this researcher in using the Indurometer was 

excellent in the calf, based on the ICC (3,1). The foot, however, was lower (ICC (3,1): .662) with wide 

confidence intervals (Table 3.9). 

Table 3.9 Non-Lymphoedema Intra-Rater Reliability of the Indurometer  

Table 3.9   NLO Intra-Rater Reliability of the Indurometer  

Site N  ICC 
95% CI 

Result* 
Lower Upper 

Foot 10 .662 .309 .891 Moderate 

Calf 10 .910 .763 .975 Good - Excellent 
ICC = Intraclass Correlation Coefficient; CI = Confidence Interval  
* Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

 Implications and Modifications 

Lower than acceptable intra-rater reliability led to the use of repeated measures of IU on all NLO 

and PLO participants in the main study. Modifications were made to the positioning of 

participants, by moving the pillow to support the sole of the foot, to minimise foot movement 

during measurement. Further reliability analysis was planned, to inform the analysis required for 

the main study.   

 Results of Intra-Rater Reliability for Indurometry in the Main Study  

 Results of Preliminary Investigation of Intra-Rater Reliability in PLO 

The first eleven primary lymphoedema (PLO) participants in the main study provided IU measures 

for preliminary investigation. The intra-rater reliability improved, with a good ICC (over 0.75), but 

wide confidence intervals ranged from moderate to excellent for both the foot and the calf (ICC 

(3,1) 0.873 (CI:0.696-0.961) and ICC (3,1) 0.888 (CI:0.710-0.966) respectively). Capture of three 

repeated measures for each site was continued, and a mean value calculated as the outcome 

measure for each site.  
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 Results of Intra-Rater Reliability in All Matched Pairs of NLO and PLO  

Confirmation of reliability was carried out on completion of data collection in the main study. NLO 

and PLO pairs were matched for ethnicity, age and gender. For the healthy participants (NLO), one 

lower limb was designated ‘affected’ and the other ‘unaffected’ in accordance with the affected 

and unaffected limbs in their matched PLO participant. Participants included five male and fifteen 

female matched PLO and NLO pairs, aged three to forty years.  

Acceptable reliability was found in both PLO and NLO at all sites (see Table 3.10); with reliability 

now being excellent for both feet in NLO and the affected foot in PLO. Reliability in the calf varied 

between sides in NLO, but remained acceptably good in both PLO and NLO, reaching excellent in 

PLO.   

Table 3.10 Intra-Rater Reliability of the Indurometer in the SkiPL Study 

Table 3.10 Intra-Rater Reliability of the Indurometer in the SkiPL Study (all participants) 

 
Site N ICC 

95% CI 

Lower Upper 

PLO 

Affected foot 16 .919 .828 .968 

Unaffected foot 15 ꬷ .865 .715 .948 

Affected calf 16 .929 .815 .974 

Unaffected calf 16 .921 .828 .969 

NLO 

Affected foot 16 .936 .862 .975 

Unaffected foot 16 .902 .794 .961 

Affected calf 16 .856 .702 .942 

Unaffected calf 16 .939 .846 .978 
ꬷ One measure missing due time for one participant 
ICC = Intraclass Correlation Coefficient  
*Reliability rating based on Poor: ICC <0.5; Moderate: 0.5-0.75; Good 0.75-0.90 and Excellent >0.90  

The outcomes of all reliability studies indicate that the data collected and the LEP measurements 

by the investigator in this project were reliable for the observational studies, and repeatable for 

the intervention study.  
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CHAPTER 4  
METHODS 

This chapter describes the methodology— recruitment, equipment used, assessment procedures, 

intervention, data management and the statistical analysis—used to answer the research 

questions outlined in Chapter 1, in the study Skin in Primary Lymphoedema (SkiPL). 

4.1 Ethics 

Ethical approval was provided by the Human Research Ethics Committee (HREC) at the Royal 

Children’s Hospital (RCH) Melbourne nationally for RCH Melbourne, Victoria, and The Sydney 

Children’s Hospitals Network (incorporating The Children’s Hospital at Westmead, and Sydney 

Children’s Hospital, NSW) (National ethics approval HREC/16/RCHM/136) on 16th December 2016. 

Local governance approval (SSA/16/RCHM/ 142; local reference 36273) for RCH and MCRI 

(Murdoch Children’s Research Institute) was granted at the same time.  

Separate ethical approval for the same protocol was granted by Mercy Health HREC, Melbourne 

(R16-67) on February 14th, 2017. Board approval from Mt Wilga Private Rehabilitation Hospital 

was also received for that protocol in 2017. (All approval letters are attached in Appendix E).  

The approved protocol with amendment descriptions is provided in Appendix F. Amendments 

related to recruitment procedures. An additional letter was added to the recruitment procedure 

to trace people with primary lymphoedema if their last contact with a lymphoedema service was 

greater than two years and the number of data collection sites were increased to facilitate 

recruitment of people without primary lymphoedema.  

4.2 Trial Registration on ANZCTR   

This study was registered with the Australia New Zealand Clinical Trial Registry (ANZCTR) on 

February 2nd, 2018, with number: ACTRN12618000162213. Web address of trial: 

http://www.ANZCTR.org.au/ACTRN12618000162213.aspx    

4.3 Recruitment   

 Primary Lymphoedema Participants (PLO) 

Participants in Victoria with primary lymphoedema (PLO) were recruited through public 

http://www.anzctr.org.au/ACTRN12618000162213.aspx
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lymphoedema services at Mercy Health and The Royal Children’s Hospital (RCH) in Melbourne. 

Potential participants clinically diagnosed with primary lymphoedema were identified by staff of 

lymphoedema services at Mercy Health and the Children’s Private Medical Group, and via medical 

records at RCH in Melbourne. The electronic attendance system and data base at each site were 

checked for the status and most recent contact of those identified. Letters of invitation (see 

Appendices G.1 and G.2) with the study information statement (see Appendix H) were posted out 

to those who had been in recent contact with the hospital or lymphoedema service. Tracing letters 

were sent to those who had not been in contact for more than two years. Those who did not 

respond to initial contact after two weeks were followed up by phone to check their interest in 

participating.  

Private therapists working in Victoria were advised of the study in an email (see Appendix G.3), 

circulated by the secretary of the Lymphoedema Practitioners Education Group of Victoria. The 

email invited private therapists to provide study information and contact details to potential 

participants.  

Participants in NSW, recruited through Mt Wilga Private Rehabilitation Hospital Sydney, were 

invited by hospital staff if they were known to have primary lymphoedema, and were currently 

receiving or had in the past received services from the Lymphoedema Clinic. All potential 

participants replied directly to the primary investigator by phone or email. 

To facilitate participation by people with no lymphoedema, three further suburban sites (Surrey 

Hills Medical Centre, Vermont Health and Lifestyle, and Victorian Lymphoedema Practice) were 

approved for recruitment in Victoria (in protocol Version 8). 

 Inclusion and Exclusion Criteria 

Potential participants with primary lymphoedema were phoned to confirm their eligibility using a 

screening questionnaire (Appendix J) of inclusion and exclusion criteria. Inclusion criteria were a 

diagnosis of primary lymphoedema from a qualified lymphoedema therapist or doctor, and aged 

between three and forty years. Exclusion criteria included: pregnancy, due to the possibility of 

additional swelling of venous origin (Rasmussen et al., 2020); any skin condition such as dermatitis 

or eczema, due to their inflammatory effect on the dermis; uncontrolled cardiac, embolic, or 

thrombotic conditions, due to the risk of applying compression in such conditions, as well as the 

difference in the distribution of dermal fluid in swelling of venous origin; connective tissue 
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conditions such as Marfan’s Disease or inflammatory or infective conditions such as rheumatoid 

arthritis or cellulitis, due to their effect on the fluid and collagen content of the dermis; and active 

metastatic disease, due to safety concerns (contraindication for intermittent pneumatic 

compression) and possible effect on the dermis. The presence of a cardiac pacemaker excluded 

any participant from bioimpedance (ImpediMed Limited, 2016) but allowed inclusion for other 

outcome measures. Once eligibility was confirmed, people with primary lymphoedema were sent 

the information statement and consent form and were allotted an attendance time and date. 

Participants needed to attend once only. Written consent was provided by mail prior, or on the 

day of attendance. 

 Participants Without Primary Lymphoedema (NLO) 

The number of participants with primary lymphoedema was expected to be small, due to the low 

prevalence of primary lymphoedema, so case control matching by age, gender, and ethnicity with 

people without lymphoedema (NLO) was undertaken. Participants with primary lymphoedema 

were asked to invite a friend of the same age, ethnicity and gender with no lymphoedema to 

participate in the study as a ‘buddy’. If a PLO participant did not provide a buddy, the sourcing of 

NLO participants matched by age, gender and ethnicity was undertaken by word of mouth through 

colleagues, friends, and church networks of the primary investigator. 

Potential NLO participants who responded by phone or email to the primary investigator were 

screened for absence of lymphoedema, and to confirm matching for gender, ethnicity, and age 

within a year of the matched PLO participant.  The same exclusion criteria were applied as for the 

PLO participants. On receiving the full study information statement, NLO participants were given 

the opportunity to confirm or decline their interest in participating. Again, written consent was 

provided by mail prior or on the day of attendance.  

 Participant Home Preparation 

The presence of hair can affect adhesion of electrodes and clarity of ultrasound images. As well, 

the presence of gels, creams or soap can affect skin measures, particularly the MoistureMeter. 

Therefore, hirsute participants were asked to shave the testing and electrode sites the day prior to 

attendance using the lymphoedema shaving protocol (National Breast and Ovarian Cancer Centre, 

2013).  

On the day of attendance, participants were advised not to apply moisturiser to the skin, and for 
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two hours prior to attendance, not to exercise, or drink caffeine (coffee or tea, sports drinks such 

as Red Bull or cola), and for 12 hours prior, not to drink alcohol (if applicable). Participants were 

advised to wear light, loose-fitting clothing and bring something to do while lying down, such as a 

book, an iPod with music to listen to or an iPad with a movie to watch. Parents of children were 

reminded to bring snacks, favourite toys, or an iPad.   

4.4 Procedure for Assessment at Study Visit and Outcome Measures 

On arrival, participants were asked to visit the bathroom to establish baseline hydration status for 

bioimpedance measures, according to manufacturer’s instructions (ImpediMed Limited, 2016).  

Height, taken using a stadiometer and weight, taken without shoes on a portable scale (Centres 

for Disease Control, 2011), were recorded for all participants. PLO participants then removed any 

compression garments. Stage of lymphoedema was noted by visual assessment of the skin. The 

presence of pitting denoted early stage II and skin changes such as thickening or early fibrotic 

changes such as papillomatosis denoted late stage II; loss of pitting with marked skin changes 

denoted stage III. All participants rested in a supine position on an examination couch with a 

pillow under their head for 20 minutes prior to baseline measurements. During this resting time, 

they completed the Attendance Questionnaire (Appendix K), relating to matters such as history of 

cellulitis and measurement sites were marked on both legs (Section 4.5.1).  

Participants with primary lymphoedema (PLO) were asked to nominate which side was worse 

affected, as IPC was to be applied to that limb. If participants with bilateral PLO found it difficult to 

nominate which side was worse than the other,  the side with the largest foot by circumference at 

the dorsal foot site was chosen. IPC was applied in those with no lymphoedema (NLO) on the side 

corresponding to their matched PLO participant. Measures were taken on both lower limbs: 

monitoring the untreated limb provided a control comparison for orthostatic effects (Kushner et 

al., 1996).   
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 Sites for Outcome Measures  

To standardise measurement sites for HFU image capture, MoistureMeterD Compact (MMDC) and 

the Indurometer an adhesive template was applied following circumferential measurements (see 

Table 4.1). Measurement sites were marked medially and laterally with a water-soluble skin 

pencil, standardised along each side of the limb using the distance from the foot plate of a Jobst 

measuring board (see Figure 4.1) as per ALA measurement guidelines (Australasian Lymphology 

Association, 2004).  

 

Figure 4.1 Marking Leg on Jobst Measuring Board 

 Circumferences    

Circumference measurements were taken at 1) the dorsum of the foot, and 2) the posterior calf 

(described in full in Table 4.1). One plastic tape measure was used for all circumferential 

measurements. Reliability was assessed at these same sites, as reported in Chapter 3, Section 3.2.  
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Table 4.1 Measurement Sites and Levels for Circumferences 

Table 4.1 Measurement Sites and Levels for Circumferences 

Measurement Site  Marking of site 

Dorsum of foot * 

situated between the 

second and third 

metatarsals, proximal to 

the metatarsophalangeal 

joint (MTP). 

The circumference level was marked on the lateral edge of the 

foot, just proximal to the MTP joint. This level was noted 

against the Jobst board, then also marked medially.  

Least ankle line 

situated at the point of 

least circumference on 

the leg.   

The minimum ankle circumference line was marked on the 

affected leg laterally with reference to the Jobst board (to 

enable leg length measures and positioning of posterior calf 

measurement site). Distance from base of foot was noted and 

both the medial side and contralateral leg were marked at the 

same level. 

Posterior calf 

measurement site * 

Situated half-way from 

the knee joint line to the 

least ankle line, at the 

mid-point across the 

posterior calf. 

In supine, a tape measure was used to find the point half-way 

from the knee joint line to the least ankle, which was then 

marked medially and laterally. On turning prone, the mid-

point across the posterior calf site was marked.  

Knee joint line  
  

The knee joint line was located by manual palpation and 

marked laterally. A bioimpedance electrode was later placed 

at this lateral knee line. 
* Measurement sites for MMDC, Indurometer and HFU. Circumferences were also recorded at these levels. 

 MoistureMeterD Compact: Percent Water Content 

The MoistureMeterD Compact (MMDC; Delfin Technologies Ltd Kuopio Finland) is a small hand-

held instrument with a head of 20mm which is held against the skin (see Figure 4.2). The MMDC 

measures the tissue dielectric constant and displays it as a percentage water content (PWC): the 

higher the reading, the higher the percent water in the tissue. Correct and consistent application 

of the MMDC is facilitated by a pressure sensor which indicates high, low, or ideal skin contact.  

As per manufacturer’s directions the MMDC was rested on the skin for approximately five seconds 

at each measurement site, and measures with ideal skin pressure were recorded both manually 

and electronically. Three measures were taken immediately one after the other at each site, with 
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the participant in supine, beginning on the dorsum of the left foot, then the right foot. The 

participant then turned to prone. The adhesive template was then applied with reference to the 

marks on the posterior calf made during the marking procedure (Table 4.1) and measures were 

taken on the posterior calf.  

   

Figure 4.2 The MoistureMeterD Compact  

Left: PWC screen displays ‘ready’. Right: whole unit. During operation, the circular head at the left end is lightly rested on the 
tissues. 

 

  

Figure 4.3 Position of Template on the Dorsum of the Foot 

 



 

81 

 

Figure 4.4 Posterior Calf Template 

 High Frequency Ultrasound: Low Echogenic Pixels (LEP) 

The DermaScan C high frequency ultrasound (Cortex Technology, Hadsund, Denmark) was used to 

assess dermal fluid content (Cortex Technology, 2014). The gel used to maintain contact between 

the probe and the skin, Dane-Gel R1 (Rohde Produits, Denmark), was supplied with the 

DermaScan C. Distilled water was used in the probe as per manufacturer’s instructions and was 

replaced after each image capture session. Image analysis software within the DermaScan C was 

used to identify the region of interest, within which the dermal fluid content was measured. Area 

measures representative of low echogenicity in pixels (LEP) were extracted for analysis. One image 

of the same gain setting was captured at each site. Full methodology and reliability for image 

capture and measurement is described in the HFU reliability study (see Chapter 3, Sections 

3.1.3.3, 3.1.3.4 and  3.1.6; also (Phillips et al., 2020) in Appendix C ). 

Water-based gel was applied to the slot (see Chapter 3, Figure 3.1a and b) in the head of the high 

frequency ultrasound (HFU) probe. The probe was placed on the skin in the centre of the adhesive 

template at measurement sites. (  Alignment of the entrance echo with marks on the ultrasound 

screen monitor ensured the probe was held perpendicular to the skin. Images were captured on 

the posterior calf measurement site (described in Table 4.1) on both legs before the participant 

turned supine for images to be taken on the dorsum of the foot. For the foot image capture, a 

pillow was situated under the  leg so that the foot was as horizontal as possible (Figure 4.4). Gel 

was replaced after each time the probe left the skin. If image clarity was not acceptable due to the 

presence of bubbles or flaws causing ‘shadowing’, the gel was replaced in the probe, and a repeat 

set of images was captured.   
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 Indurometry : Induration Units 

The Indurometer (Model BME 1563G, see Figure 4.5) is a hand-held instrument (Flinders 

Biomedical Engineering (BME), Flinders Medical Centre, South Australia) which rests on the skin 

and, following downward pressure equivalent to 200g, produces a measure of tissue resistance in 

‘induration units’ (IU). A higher reading indicates greater compressibility and less tissue resistance, 

while a lower reading indicates less compressibility and greater tissue resistance. At the beginning 

of each day, the Indurometer was calibrated using the manufacturer-supplied 200g weight, in 

accordance with manufacturer’s instructions (Flinders University Biomedical Engineering, 2013). 

(See also Chapter 3, Section 3.3 Indurometer Reliability.) 

 

Figure 4.5 The Indurometer 

With the participant prone and a pillow under their leg three measures were taken alternately on 

the left and right posterior calf. The Indurometer was applied to each site alternating between 

sides for each reading until three measures had been taken for each site. The participant then 

turned to supine and three measurements were taken alternately on the dorsum of the feet. A 

pillow was rested against the sole of the foot to support the foot during the downward pressure of 

the Indurometer (see Chapter 3, section 3.2.2). Measures were recorded manually and later 

copied to an Excel spreadsheet. 

 Bioimpedance and Electrode Placement  

The SFB7 (Impedimed Limited, Unit 1 50 Parker Court, Pinkenba Qld 4008 Australia) was used in 

bioimpedance spectroscopy (BIS) mode to measure tissue bioimpedance in whole lower limbs and 

lower limb segments.  
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 Participant preparation 

Participants removed any jewellery from within the area to be measured (Ward, 2015) and during 

measurement, lay supine with legs apart.  

 Analysis of bioimpedance measurements 

The distinctive shape of the Cole plot indicates a valid measure has been captured (ImpediMed 

Limited, 2016) and this was inspected at the time of each measurement. If the Cole plot indicated 

a measure that was not valid, the participant’s position and the electrodes were checked for 

adherence and the measurement repeated. 

The resistance ratio of extracellular fluid to intracellular fluid (Ri/R0) was the outcome of interest. 

Both R0 and Rinf are produced in the SFB7 (ImpediMed Limited, 2016) and internal software 

calculations within the SFB7 provide the resistance (Ri) representative of intracellular fluid (ICF), 

using the formula:  

Ri = (R0 x Rinf)/(R0 - Rinf) (Steele et al., 2018). 

The SFB7 was calibrated each day by attaching electrode leads to a calibration cell and calibrated 

according to manufacturer’s instructions (ImpediMed Limited, 2016).  

 Electrode Placement for Limb Segments  

The skin was cleaned with alcohol wipes prior to electrode placement (ImpediMed Limited, 2016; 

Ward, Winall, et al., 2011) of Impedimed single tab gel-based electrodes, which should be used 

within an hour of application (ImpediMed Limited, 2016).  Electrode placement was developed in 

discussion with an international expert in bioimpedance spectroscopy and consultant to 

Impedimed Ltd (L. Ward, personal communication, July 20, 2018). 

Drive electrodes were placed on the foot on the distal phalanx of the third toe (affected side; black 

lead), and the wrist joint line of the contralateral hand (red) in accordance with manufacturer’s 

instructions (ImpediMed Limited, 2016) (see Figure 4.6).  

Measurement (sense) electrodes (blue and yellow) were placed at the boundaries of each 

segment and ensuring there was five centimetres between electrodes: 

Foot segment: Electrodes were placed on the metatarsophalangeal joint line (blue; over 

the 3rd-4th interosseous spaces) and the anterior ankle joint line (yellow) 



 

84 

Leg segment: Electrodes were placed on the anterior ankle joint line (blue) and the lateral 

knee joint line (yellow) 

 

 Electrode Placement for Whole Limb Measure  

Drive electrodes were placed as above: on the distal phalanx of the third toe (affected side) (black 

lead), and the wrist joint line of the contralateral hand (red).  

Measurement electrodes were placed on the affected leg, anterior ankle joint line (blue lead) and 

contralateral ankle joint line (yellow lead) in accordance with principles of equipotential (Cornish, 

Eles, et al., 2000; Cornish et al., 1999) (Figure 4.7). 

Figure 4.6 Electrode Placements for Foot and Calf Segment Measurement of Bioimpedance 
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The distal segment on the affected side (the foot) was recorded prior to moving leads to measure 

the leg, then the full limb was recorded before measurement of the contralateral foot, leg 

segments and whole limb. Electrode positions were mirrored on the opposite side for the 

contralateral leg. The device was set to record three repeated measures. The Cole plot of each 

third measure was checked for shape indicating an acceptable measure as per manufacturer’s 

instructions (ImpediMed Limited, 2016) before moving to the next site; measures were repeated if 

the Cole plot was an unacceptable shape. R0 and Rinf (resistances at frequency approximating zero 

and infinity) were recorded manually as a back-up of the data. Electrodes were left in place during 

intermittent pneumatic compression and then bioimpedance measures were repeated 

immediately after. Electrodes were then removed.  

 Order of Measurements 

A specific order of measurements was followed, so that no measurement should potentially 

influence another taken at the same anatomical site. For example, the water-based gel of the HFU 

had potential to influence the percent water content of the MMDC, or the pressure from the 

Indurometer to influence the distribution of fluid in the dermis in HFU images. The order before 

intermittent pneumatic compression (beginning in supine) was: 

1. Circumferences of foot and calf, then the template was applied to the foot. 

Figure 4.7 Electrode Placements for Whole Lower Limb Measurement of Bioimpedance 
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2. MoistureMeterD Compact on the dorsum of the foot. 

3. Turn to prone: template applied to calf site; MoistureMeterD Compact on posterior calf. 

4. HFU image capture on posterior calf 

5. Indurometer on posterior calf 

6. Turn to supine: HFU image capture on dorsum of foot. 

7. Indurometer on dorsum of foot 

8. Electrode sites cleaned, then electrodes were applied. Bioimpedance of all segments, 

beginning with the affected foot, then the leg, then the whole limb, followed by the 

contralateral foot, leg, and whole limb.  

Following intermittent pneumatic compression: 

1. Bioimpedance measures were taken first, to minimise time the electrodes were on the skin 

(ImpediMed Limited, 2016) and followed the same order as prior to IPC: beginning with the 

foot, then the leg, then the whole leg, followed by the contralateral foot, leg, and whole 

leg. The electrodes were then removed. 

2. MoistureMeterD Compact on dorsum of foot. 

3. Turn to prone: MoistureMeterD Compact on posterior calf. 

4. HFU image capture on posterior calf 

5. Indurometer on posterior calf 

6. Turn to supine: HFU image capture on dorsum of foot. 

7. Indurometer on dorsum of foot 

8. Templates were removed before circumferences of foot and calf were taken.  

4.5 Intervention: Intermittent Pneumatic Compression (IPC) 

The same IPC unit, the LX9 

supplied by Medi-Rent Pty 

Ltd, Matraville NSW 2036  

and four chamber 

inflatable leg sleeve were 

used for all IPC 

applications.  No pressure 

setting assessments or 
Figure 4.8 Inflatable Four Chamber Leg Sleeve for the LX9 IPC Unit.  

(Photo used with permission of Medi-Rent.) Note a single leg sleeve may be applied. 
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calibration procedures were advised by the manufacturers.  

 Side of treatment  

If bilateral PLO was present, participants were asked to nominate which leg was the more 

affected, and the intervention was applied to that leg. This side was called the treated side and the 

lesser affected side called the untreated side. In those with unilateral lymphoedema, the side with 

lymphoedema was the treated side. The side treated in NLO was matched to their PLO 

counterpart’s treated side. 

After baseline measures, participants were positioned supine with a pillow longitudinally under 

the treated limb for application of intermittent pneumatic compression (IPC). As per standard IPC 

protocol, lymphatic drainage techniques were applied to all participants (NLO and PLO) (deep 

breathing, nodal massage over inguinal nodes) (Queensland Health, 2014). A participant-specific 

loose cotton liner was applied to the treated limb for hygiene purposes, over which the inflatable 

sleeve was applied. A rigid footplate was inserted into the inflatable sleeve under the sole of the 

foot, as per manufacturer’s instructions.  

 Dosage  

The pressure and time for treatment was chosen based on a systematic review of IPC dosage in 

lymphoedema which provided limited information on specifically applicable dosage (Phillips & 

Gordon, 2019) (see Appendix B); consequently, a conservative approach was taken in applying the 

lower end of the scale for the younger age group. Dosage was adapted for young adults by 

applying 10mmHg less pressure than in adults (Hassall et al., 2001; McLeod et al., 1991) (see Table 

4.2). The LX9 enabled the application of compression to only the distal three sleeve chambers for 

shorter limbs. 

The 50-minute treatment consisted of IPC Mode A (pre-clearance treatment cycle of the proximal 

before distal segment of the limb), before IPC Mode B (treatment cycle beginning distally, inflating 

successive chambers proximally along the limb until all were inflated, before all simultaneously 

deflating) (International Lymphoedema Framework, 2006; Queensland Health, 2014). The sixth 

setting for cycle timing of inflation and deflation on the LX9 was used, as it had the least deflation 

time, so provided the most continuous compression. 
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Table 4.2 Intermittent Pneumatic Compression Dosage 

Table 4.2 Intermittent Pneumatic Compression Dosage 

Age group Pre-clearance Treatment 

Adults 19-40 years* 10 minutes  
30 mmHg 

60 mmHg  
40 minutes  

Young adults 11- 18 years** 
 

10 minutes  

30 mmHg 

50 mmHg,  

40 minutes 
* Phillips & Gordon (2019). 
** Hassall et al (2001); McLeod et al (1991). 

All participants were monitored for comfort during IPC application. If IPC became uncomfortable 

for any participant at any time during the intervention, the device was paused. The limb was 

checked for signs of injury or excessive pressure, especially around the foot; the footplate was 

checked and the IPC restarted with monitoring, in discussion with the participant.  

Following IPC, all measures were repeated in the order specified in Section 4.4.7. 

4.6 Data Management   

 Accuracy Checking and Missing Data 

All data measures were twice copied onto Excel spreadsheets which were compared for accuracy. 

Errors identified were corrected against original data records. Data evaluation prior to analysis 

included screening for missing data, and outlier data that might indicate an error was checked 

against raw data. Missing data was examined and reported in the results of each analysis. Any data 

points missing for one participant (whether due to equipment malfunction or contra-indication) 

resulted in removal of the same data point for their matched pair. This ensured that all analyses 

included only matched pairs. Sensitivity analyses were carried out by re-running analyses on all 

available data to investigate the effect of the removal of non-matched data. There was no 

difference in significant outcomes using all available data compared to those where matches had 

been removed. 

 Data Management Within the PLO group  

The measures of the untreated (less affected) limb were taken at baseline, as a control to measure 

the potential effect of lying supine. However, as the PLO group included people with both 

unilateral and bilateral lymphoedema, there was potential for differences at baseline. The PLO 

group was sub-divided into bilateral (biPLO) and unilateral (uniPLO) and the difference between 
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groups was investigated on each side for each outcome measure. For outcome measures where 

significant difference was found between the two sub-groups, PLO were divided into uniPLO and 

biPLO for comparison against NLO.  

 HFU Data Management  

The segmented area measure of low echogenic pixels was the sole measure extracted from HFU 

images, as per the procedure in Chapter 3 (see Section 3.1.6 Image Capture Modifications). 

Measures were extracted from a single image following the high reliability established by the 

reliability study (Chapter 3). 

 Bioimpedance Data Management 

Raw bioimpedance measures were uploaded from the SFB7 using Bioimp software (Impedimed 

Ltd) into an Excel spreadsheet. Values of R0 and Ri from each set of three raw measures were used 

to calculate three ratios of Ri/R0 and the mean of the three measures was used for within group 

and between group comparisons of limb segments.  

 MoistureMeterD Compact and Indurometer Data Management 

The mean of three measures for each of the Indurometer and the MoistureMeterD Compact 

(MMDC) was used for analyses. The MMDC required calibration in August 2019, approximately 

halfway through data collection. The calibration certificate (see Appendix D) reported a pre-

calibration variation of 4% in the ethanol/water concentration test. Hence, data under 44 PWC 

that were measured prior to calibration were adjusted down by 4% (multiplied by 0.96), in 

consultation with the manufacturers (J. Pärnänen, Delfin Technologies, personal communication 

October 12, 2020) and the local engineer who carried out the calibration.  

4.7 Statistical Analysis  

All analyses were carried out using IBM SPSS version 25 (IBM Corp, 2017). Normality was assessed 

by scrutinising skewness and kurtosis, the Shapiro Wilkes statistic and noting outliers. Descriptive 

data of central tendency and spread was extracted. The raw data of outliers were investigated for 

error.  

 Group Information 

 Confirming the Effectiveness of Matching. 

Participants in the two groups (PLO and NLO) were matched on gender, ethnicity, and age. 
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However, given the small number of characteristics on which the two groups were matched, 

analysis of differences was carried out between the two groups, rather than of paired participants. 

Investigations for normality informed the choice of test of difference between groups. The Mann-

Whitney U Test was used to confirm the efficacy of matching based on age, expected to be non-

significant and to investigate between group differences in BMI.  

 Verification of Lymphoedema Status 

Thresholds for lymphoedema were used to verify lymphoedema status. To confirm the 

lymphoedema status of PLO, the group was divided into uniPLO (unilateral PLO) and biPLO 

(bilateral PLO) for comparison against appropriate bioimpedance thresholds for lymphoedema. 

The threshold for unilateral lower limb lymphoedema, established using R0 inter-leg ratios (and 

based on the mean plus 3SD), is 1.144 for male and 1.167 for female (Ward, Dylke, et al., 2011b). 

Calculating the mean less 3SD produces a range of (.844, 1.144) for males and (.831, 1.167) for 

females; unilateral PLO were compared against this range (see Table 4.3.) Inter-leg ratios of the 

affected to unaffected limbs were calculated for comparison against corresponding normative 

ECF/ICF (Ri/R0) data (Steele et al., 2018) for NLO and ECF (R0) for unilateral PLO (Ward, Dylke, et 

al., 2011b).  

Inter-leg ratios in bilateral lower limb lymphoedema provide little information; there is no 

published threshold for establishing lymphoedema in bilateral lower limb lymphoedema using 

inter-leg bioimpedance ratios. To establish the presence of lymphoedema in a bilateral lower limb 

lymphoedema population, the Ri/R0 ratio, which can be used for comparisons of differently sized 

limbs (Cornish et al., 2002; Dylke & Ward, 2020), was compared in the limb of interest between 

PLO and NLO. The difference between NLO and PLO groups was investigated by mixed ANOVA, 

using the full leg Ri/R0 for the more affected side in biPLO, the affected side in uniPLO and the side 

matched to their PLO counterpart in NLO, within factor of side and between factor of LO group. 

(The use of an arm-to-ipsilateral leg ratio for establishing lymphoedema in bilateral lower limb 

lymphoedema was published (Steele et al., 2018, 2019), after the methodology and data collection 

for this study.) 

In confirming the non-lymphoedema status of NLO, full limb impedance measures provided the 

mean inter-leg Ri/R0 ratio which was compared to the mean inter-leg Ri/R0 ratio in normative data. 

The mean (SD) normative inter-lower limb Ri/R0 ratio of 1.024 (0.183), established in the healthy 
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population, used the ratio of dominant lower limb: nondominant lower limb (Steele et al., 2018). 

However, as dominance has been found to have little effect in the lower limbs (Ward, Dylke, et al., 

2011b), the inter-limb ratio of affected to non-affected lower limb was compared, using the side in 

NLO that was matched to their PLO counterpart as the ‘affected’ lower limb.  

Table 4.3 Normative Inter-Leg Ratio and Threshold for Unilateral Lower Limb Lymphoedema 

Table 4.3 Normative Inter-Leg Ratio and Threshold for 
Unilateral Lower Limb Lymphoedema in Males and Females 

 Mean (SD) Range 
(Within 3SD) 

Normative Inter-leg ratio 
(Ri/R0) * 

 

1.024 (0.183) 0.910, 1.138 

Inter-leg (R0) ratio for 
establishing unilateral lower 

limb LO: Male ** 
0.994 (0.050) 0.844, 1.144 

Inter-leg (R0) ratio for 
establishing unilateral lower 

limb LO: Female ** 
0.999 (0.056) 0.831, 1.167 

* Steele et al (2018) ** Ward et al (2011b)  
 

 Investigating Differences Between Bilateral PLO and Unilateral PLO 

Within PLO group characteristics were explored between those with unilateral and bilateral PLO 

using a mixed ANOVA with within factors of side and leg-part and a between factor of 

lymphoedema status (unilateral or bilateral).  

 Demographics  

The independent T-test was used to investigate between group baseline differences in mean BMI. 

PLO participants were further described by their mean duration of lymphoedema, and the side 

‘affected’ by lymphoedema.  

 Fluid Distribution and Tissue Resistance of People With and Without Primary 
Lymphoedema  

The between group (PLO and NLO) differences were analysed for LEP, IU, and PWC measures for 

each site in the affected, less affected, and unaffected limbs. The difference within each group 

between sites and sides was also investigated. These comparisons were made using the mixed 
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ANOVA, within factors of site and side, and a between factor of group (PLO or NLO). Comparisons 

between three groups (NLO, uniPLO and biPLO) were made using univariate ANOVA. Analysis of 

the whole limb ECF/ICF (Ri/R0) was calculated in a mixed ANOVA separate from the ECF/ICF 

analysis of the foot and leg. Residuals were investigated for normality. As there are no non-

parametric versions of the mixed ANOVA, limitations of any violations of normality are discussed 

in the results.  

Multiple comparisons and small sample. The alpha level for statistical significance was set at 0.05. 

Given the small sample size and high number of comparisons planned, the Bonferroni adjustment 

was used a priori in all analyses using mixed or univariate ANOVA. Where the sample was divided 

into sub-groups of even smaller size, Tukey’s adjustment in post hoc analysis was applied (Field, 

2018) in univariate ANOVA. No adjustment was made for multiple comparisons: the more 

conservative Bonferroni adjustment was used in view of the small sample size and significance was 

discussed with reference to clinical meaning (Feise, 2002).  

Clinical significance was applied to interpret the clinical impact of statistically significant results. In 

measures where the reliability was known, the minimal detectable difference (MDD) was 

calculated by the formula  

MDD= 1.96xSEMx√2 (Portney & Watkins, 2015, pp. 645-646), where SEM is the standard error of 

measurement. SEM is calculated by  

SEM=SD√(1-ICC) (Portney & Watkins, 2015, pp. 608-609). The ICC(3,1) for each measure was 

sourced from the reliability studies of circumferential measurement, indurometry and HFU. The 

ICC(3,1) for PWC was calculated from the final data set, as three repeated measures were recorded. 

Clinical significance was deemed present where a difference was found beyond the threshold of 

the MDD, where MDD was available. Further impact of the difference was considered from the 

perspective of a therapist and person with lymphoedema, for example, where there was also a 

skin change that may be assessed clinically such as Stemmer’s sign (Goss & Greene, 2019) or that 

could make a difference to a person with lymphoedema. 

 Convergent Validity 

The relationships between echogenicity, extracellular fluid, percent water content and induration 

were explored visually by scatter plot. Outliers were investigated for data error. Baseline outcome 



 

93 

measures in both groups were investigated for the strength and direction of their relationship with 

each other using Spearman Rank Order correlation (rho) with 95% confidence intervals for 

correlation generated by bootstrapping in IBM SPSS. In acknowledgement of the small sample, 

resulting from the recruitment challenges of a rare condition, and the challenges of normality in a 

small sample size, Spearman’s rho was chosen as the conservative co-efficient of correlation 

(Field, 2018, p. 344). Based on the interpretation used in Portney and Watkins (Portney & Watkins, 

2015, p. 525), strength of association was rated as little or no relationship for rho values of 0.00 to 

0.25; fair, 0.25 to 0.5; moderate to good, 0.50 to 0.75; and good to excellent relationship for 

values above 0.75.  

 Analysis of Response to Compression 

The response to compression within each group was analysed by mixed ANOVA using a between 

factor of lymphoedema group (PLO/NLO) and within factors of side (treated and untreated) and 

time (before and after IPC). Analyses were calculated separately for the foot and leg.  

The difference between groups was investigated for both their response to compression (treated 

side) and resting supine (untreated side). Three groups (NLO, unilateral and bilateral PLO) were 

compared for changes in echogenicity and two groups (NLO and PLO) for changes in clinical tools 

(bioimpedance, percent water content, circumferences and indurometry), using univariate 

ANOVA. Results were taken from Tukey’s adjustment in post-hoc analysis given the smaller sample 

size that resulted from sub-division of PLO, resulting in samples of seven or eight (Field, 2018, p. 

657).  
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CHAPTER 5 RESULTS 

This chapter contains the results of recruitment, confirms the lymphoedema status of participants 

with (PLO) and without (NLO) primary lymphoedema and answers the core research questions: 

1. What are the differences in fluid distribution and tissue resistance between people with 

and without primary lymphoedema?  

2. Is there a difference in the response to compression in fluid distribution or tissue 

resistance between people with and without primary lymphoedema?  

3. Is there convergent validity between any clinical measures of fluid and tissue resistance?  

5.1 Results of Recruitment 

Invitations or contact tracing letters were sent to 136 potential PLO participants, comprising 19 

sourced from RCH, 88 from Mercy Health, eight from private therapists in Victoria, and 21 from Mt 

Wilga Private Rehabilitation Hospital, Sydney. Thirty-five people responded to the invitation and 

were sent further information. Of 29 screened (see Figure 5.1), one was excluded for Ehlers 

Danlos and local psoriasis, two for co-morbidities affecting pain perception, thermoregulation, or 

ability to communicate (intellectual disability), and one was of an ethnicity that could alter skin 

measures related to increased pigmentation. One presented with upper limb primary 

lymphoedema, and three were under the age of eleven. Due to links with The Royal Children’s 

Hospital, Melbourne, it was expected that more children with primary lymphoedema would be 

recruited. However, only three prepubertal children were enrolled, and, due to concerns about 

skewing the data, these three were excluded from analysis for this thesis. One with upper limb 

lymphoedema was excluded for similar reasons, as the total sample size was too small for 

stratification.  A case study of the matched upper limb pair was presented at the ALA Conference 

in May 2022 and results of the prepubertal matched pairs are planned for publication as a case 

series. Four people withdrew between the screening process and participation, leaving sixteen 

PLO participants. Two people without lymphoedema (NLO) participated as the outcome of a PLO 

buddy invitation; all others were sourced by word of mouth and through colleagues. Of the 21 

NLO screened, two were excluded due to ethnicity-related skin pigmentation, one for having a 

tattoo on the foot over the measurement site and two participants withdrew (due to time 

availability). 
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 Characteristics of PLO and NLO 

PLO participants Sixteen PLO were recruited, with median age 24 years: three males (11, 12 and 

16 years) and thirteen females (13–40 years). Their Body Mass Index (BMI) ranged from 17 to 42, 

with a median of 24.2 (IQR 6.7) and they had lymphoedema for a mean duration of 12 years (13 

months to 27 years). For four of the 16 PLO, the age of onset was at birth, although two of the 

four were not formally diagnosed until later in childhood. Unilateral lymphoedema (uniPLO) was 

present in eight participants (four on the left and four on the right), whereas eight were bilaterally 

affected (biPLO). Six each of uniPLO and biPLO were late onset. Fifteen PLO were early stage II  by 

ISL lymphoedema staging, with one PLO late stage II (small trace of papillomatosis on two toes) 

and all were Caucasian.  

NLO participants Matched NLO participants had a lower BMI (range 16 to 30, median of 22.4 (IQR 

4.8)) than PLO participants, however, the difference was not significant (p=0.287). Hence PLO and 

NLO groups were similar in age, gender, ethnicity, and BMI at baseline.  

5.2 Verification of lymphoedema status                                         

 Lymphoedema Status of NLO   

The mean (SD) inter-leg ECF/ICF ratio for NLO participants of 1.002 (.038) was within one standard 

PLO Invitations

RCH, MH, MtW (128)     

+ PP (8) = 136

Responded, received PICF    
(36)

Agreed to be screened  

(29)

Excluded with reason (9)   
withdrew (4)

PLO included 

n=16

NLO Invitations

PLO buddy (2)             

Word of mouth (22)

Responded, received PICF    
(24)

Agreed to be screened  

(21)

Excluded with reason (6) 
withdrew (2)

NLO included 

n=16

Figure 5.1 Recruitment Flow Diagram 

RCH=Royal Children’s Hospital; MH= Mercy Health; MtW= Mt Wilga Private Rehabilitation Hospital; PP= private 
lymphoedema practices 
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deviation of the expected normative mean and range values for healthy people (1.024 (SD 0.183); 

0.841, 1.207). This confirmed that all NLO participants did not have lymphoedema.   

 Lymphoedema Status of PLO 

 PLO participants were grouped by the presence of unilateral (uniPLO) or bilateral (biPLO) 

lymphoedema for comparison against appropriate bioimpedance thresholds to confirm 

lymphoedema status. This subdivision resulted in extremely small numbers for comparison, into 

six female and two male participants in the uniPLO sub-group and only one male and seven female 

participants in the biPLO sub-group. The mean (SD) inter-leg ECF (R0) ratio of female uniPLO 

participants lay outside the range of expected normative inter-leg ECF ratios, confirming the 

presence of lymphoedema in the female uniPLO sub-group. There was a small overlap of the male 

uniPLO inter-leg ECF (R0) ratio with the expected normative range (see Table 5.1).  

For the bilateral PLO group (biPLO), full leg impedance measures of R0 and Ri/R0 for the most 

affected side were compared to available normal mean values for healthy people. Both male and 

female biPLO participants overlapped with the range of normative values of R0 (see Table 5.2). A 

normative range for Ri/R0 was not available, but a normative mean Ri/R0 was calculated from 

published data for comparison with biPLO Ri/R0.  

The overlap of bioimpedance values for PLO participants with normative ranges is likely due to the 

measurement protocol to establish lymphoedema using bioimpedance excluding the foot. In this 

study, the clearest distinction between groups was at the foot. The distribution of fluid in PLO 

compared to NLO in ECF/ICF (Ri/R0), used for all subsequent comparisons, is demonstrated in 

Figure 5.2. 

The impedance values ECF/ICF (Ri/R0) for the most affected limb in the entire PLO group compared 

against those of the matched limb of NLO were significantly higher in PLO than NLO (p=.006) (see 

Table 5.3).   
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Table 5.1 Comparison of Normative and UniPLO Inter-Leg Bioimpedance Ratios 

Table 5.1 Comparison of Normative and UniPLO Inter-Leg Bioimpedance 
R0 Ratios 

UniPLO 
Mean (SD) 

Normative Range 
(3SD around mean) 

Female 
n=6  

Male 
n=2 

Female Male 

0.791 (0.187) 0.855 (0.023) 0.831, 1.167 0.844, 1.144 

 

 

Figure 5.2 Lower Limb ECF/ICF in PLO Compared to NLO 
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Table 5.2 Comparison of BiPLO Against Expected Normative Values 

Table 5.2 Comparison of BiPLO Against Normative Lower Limb Values   

Group  
Normative Limb 

Mean (SD) 
Range* 

BiPLO Limb 
(7F, 1M) 

 Male Female 
Male n=1 

Mean 
Female n=7 
Mean (SD) 

R0 
270.7 (39.2) 
153.1, 388.3 

301.0 (39.9) 
181.3, 420.7 

204.0 275.6 (56.0) 

Ri/R0  2.298** 2.426** 3.089 3.063 (1.750) 

* Range within 3 SD either side of mean  
** Calculated from Ward et al (2011b), using mean Ri and R0 values for dominant leg. 
 

Table 5.3 Comparison of PLO Most Affected Side With NLO and Normative Impedance Values 

Table 5.3 Comparison of PLO Against NLO and Normative Lower Limb Impedance Values 
Ri/R0 

Normative Limb 
Mean 

PLO 

(n=13) 

NLO 

(n=13) 
PLO - NLO  

Male Female 
Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 
Mean Difference 

(95% CI) 
p value* 

2.298** 2.426** 
3.151 

(1.484) 
2.582, 
3.720 

1.971 
(.334) 

1.402, 
2.540 

1.179  
(.375, 1.984) 

0.006* 

*Significant p-value <0.05 
** Calculated from Ward et al (2011b), using mean Ri and R0 values for dominant leg. 

5.3 Baseline Differences Between PLO and NLO 

This section provides the results for the first research question: What are the differences in fluid 

distribution and tissue resistance between people with and without primary lymphoedema.  

Significant baseline differences in LEP between the affected limbs of participants with uniPLO and 

biPLO supported sub-grouping for comparison with NLO (see Appendix L.2). For all other 

measures, no significant differences in baseline measures of affected limbs between uniPLO and 

biPLO were found. Hence for all analyses of these measures (ECF/ICF, PWC, IU), uniPLO and biPLO 

were grouped together for comparison with NLO.  
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For between group comparisons with NLO, only the affected side of uniPLO and the more affected 

side of biPLO were compared with NLO.  

 Baseline Differences in LEP Between UniPLO, BiPLO and NLO  

Both uniPLO and biPLO had significantly more LEP in the foot than NLO, indicating higher dermal 

fluid in the foot of both uniPLO and biPLO than NLO (see Table 5.4).  

The difference in mean LEP foot values between biPLO and NLO (LEP 993) was greater than the 

standard error of measurement (SEM 532) but was not greater than the minimum detectable 

difference (MDD: 1476). As well, there was a similar difference in mean LEP values between 

uniPLO and NLO (770 LEP). When considering the MDD, and the small samples size, some caution 

is cast over conclusions about the clinical relevance of these results. 

Table 5.4 Baseline Differences in Low Echogenic Pixels. 

Bilateral (more affected side) and unilateral PLO (affected side) compared with NLO 

Table 5.4 Baseline Differences in Low Echogenic Pixels (LEP) 

[p values given for comparisons with NLO] 

Group (n) Bilateral (7) NLO (15) Unilateral (8) 

 
Mean (SD) 
p value * 

Mean 
(SD) 

Mean (SD) 
p value* 

Foot  
2863 (173) 

<0.001* 
1870 (580) 

2640 (329) 
0.002* 

Posterior Calf  
1841 (421) 

0.063 
1335 (557) 

1410 (260) 
0.929 

* Significant p value <.05 compared to NLO. Tukey’s adjustment, post hoc tests.  

 Baseline Differences in ECF/ICF, PWC and IU Between PLO and NLO 

Significantly higher PWC and ECF/ICF were identified in the feet of PLO when compared to NLO. As 

well higher PWC was present in the posterior calf and higher leg ECF/ICF in the PLO group when 

compared to the NLO group. There was no significant difference between NLO and PLO groups in 

IU (see Table 5.5).  
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Table 5.5 Baseline Differences Between PLO and NLO in ECF/ICF, PWC, IU and Circumference 

Table 5.5 Baseline Differences Between PLO and NLO in ECF/ICF, PWC, IU and Circumference 

Group PLO NLO  

 Mean (SD) 95% CI Mean (SD) 95% CI 

Mean Difference 

(95% CI) 

p value* 

ECF/ICF (Ri/R0) (n=13) 

Foot 6.114 (1.349) 5.468, 6.760 3.702 (0.854) 3.056, 4.349 
2.412  

(1.498, 3.326) 
<0.001* 

Leg 3.096 (1.477) 2.480, 3.712 1.948 (.367) 1.333, 2.564 
1.148  

(0.277, 2.019) 
0.012* 

Whole Limb 
3.151  

(1.484) 
2.582, 3.720 

1.971 
(0.334) 

1.402, 2.540 
1.179  

(0.375, 1.984) 
0.006* 

PWC (n=16) 

Foot 44.4 (10.3) 39.8, 49.0 33.5 (7.5) 28.9, 38.1 
10.9  

(4.3, 17.4) 
0.002* 

Posterior Calf 46.7 (9.4) 42.5, 51.0 33.4 (7.0) 29.1, 37.6 
13.4  

(7.4, 19.4) 
<0.001* 

IU (n=16) 

Foot 2.8 (1.0) 2.4, 3.3 2.6 (0.9) 2.1, 3.2 
0.3  

(−0.4, 0.9) 
0.444 

Posterior Calf 3.5 (0.7) 3.2, 3.8 3.7 (0.5) 3.4, 4.0 
−0.2  

(−0.6, 0.3) 
0.425 

Circumference (cm) (n=16) 

Foot 22.7 (1.7) 22.0, 23.4 21.2 (0.9) 21.5, 22.9 
1.5  

(0.5, 2.5)  
0.005* 

Calf 36.0 (5.4) 33.8, 38.2 33.7 (2.9) 31.5, 35.9 
2.3  

(−0.9, 5.4)  
0.153 

* Significant p value <.05. 
** Minimum detectable difference at the calf was 0.2cm based on the NLO pilot group. There was variation in presence of 
lymphoedema in the calf of those with bilateral lymphoedema. 

5.4 The Effect of Compression in PLO and NLO 

This section presents the results of the second research question: Does compression change fluid 

distribution or tissue resistance in PLO or in NLO and if so, is there a difference in response to 
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compression between PLO and NLO? 

The results from fifteen matched pairs were available for post-compression analysis, given the 

withdrawal of one participant from IPC.  Seven pairs had IPC on the left and eight on the right. 

Fourteen pairs were analysed for circumferential measures (due to one missing foot measure). 

Twelve pairs for the foot and fourteen pairs for the leg were analysed for ECF/ICF (bioimpedance 

was contraindicated for one participant and two faulty foot measures were excluded). Fourteen 

pairs for the foot and thirteen for the posterior calf were analysed for LEP (one participant had no 

images and one posterior calf image was missing due to equipment fault). The untreated lower 

limb in both PLO and NLO was also investigated for change, as a control for the effect of supine 

lying during treatment time. 

 Response to Compression in NLO 

In the treated limb of NLO, significant decreases in leg and whole limb ECF/ICF, and foot and calf 

circumference were identified after compression (see Table 5.6).  However, a similar significant 

decrease in calf circumference also occurred in the untreated limb, possibly indicating that the 

circumferential decrease was due to positioning rather than IPC. The change in the treated foot 

did not exceed the standard error of measurement (SEM: 0.1cm for both foot and calf) and was 

unlikely to be clinically meaningful.  
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Table 5.6 Differences in All Measures Following IPC in NLO on Both Sides 

Table 5.6 Differences in All Measures Following IPC in NLO 

 
Treated Side (IPC) Untreated Side  

Pre Post  Pre Post  

Site (n) 
Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

ECF/ICF (Ri/R0) 

 Foot 
(12) 

3.733 
(.884) 

3.028, 
4.437 

3.524 
(1.039) 

2.750, 
4.298 

0.208 
(−0.110, 
0.527)  
0.189  

3.982 
(1.102)  

3.334, 
4.629 

3.837 
(1.004) 

3.190, 
4.484 

0.145 
(−0.073, 
0.363)  
0.181 

Leg 

(14) 

1.975 
(.369) 

1.247, 
2.703 

1.834 
(.338) 

1.136, 
2.533 

0.141  
(0.045, 
0.236)  
0.005* 

1.976 
(.417) 

1.219, 
2.734 

1.903 
(.357) 

1.203, 
2.603 

0.074 
(−0.034, 
0.182)  
0.173 

Whole 

Limb 

(15) 

1.975 
(.336) 

1.410, 
2.539 

1.856 
(.310) 

1.307, 
2.405 

0.118  
(0.027, 
0.210) 
0.013* 

1.986 
(.398)  

1.504, 
2.468 

1.935 
(.374) 

1.412, 
2.458 

0.051 
(−0.018, 
0.120)  
0.141 

LEP 

 Foot 

(14) 

1901 
(589) 

1646, 
2157 

1912 
(399) 

1713, 
2111 

−11  
(−248, 226)  

0.925 

1944 
(412) 

1667, 
2221 

1907 
(558) 

1596, 
2218 

37  
(−173, 247)  

0.719 

Calf 

(13) 

1345 
(491) 

1085, 
1605 

1276 
(443) 

994, 
1557 

69 
(−163, 301)  

0.544 

1411 
(462) 

1123, 
1700 

1225 
(342) 

969, 
1480 

187  
(−89, 463)  

0.175 

PWC 

Foot 

(15) 

33.4 
(7.8) 

28.5, 
38.3 

33.2 
(6.9) 

28.7, 
37.6 

0.2  
(−1.9, 2.4)  

0.820 

33.8 
(7.1) 

30.6, 
37.1 

32.8 
(5.9) 

29.6, 
36.1 

1.0  
(−1.2, 3.2) 

0.362 

Calf 

(15) 

33.9 
(7.0)  

29.4, 
38.3 

32.8 
(6.8) 

28.3, 
37.2 

1.1 
(−.6, 2.7) 

0.187 

34.1 
(7.8) 

30.0, 
38.3 

32.7 
(7.6) 

28.7, 
36.8 

1.4  
(−.5, 3.3) 

0.140 

IU 

Foot 

(15) 

2.65 
(0.91) 

2.16, 
3.14 

2.73 
(0.83) 

2.24, 
3.23 

−0.09  
(−0.32, 
0.14) 
0.434 

2.72 
(0.74) 

2.19, 
3.24 

2.67 
(0.78) 

2.17, 
3.18 

0.04  
(−0.24, 
0.32)  
0.760 

Calf 

(15) 

3.71 
(0.49)  

3.4, 
4.0 

3.71 
(0.49) 

3.4, 
4.0 

−.0  
(−0.2, 0.2) 

0.978 

3.96 
(0.55) 

3.62, 
4.30 

3.91 
(0.50) 

3.56, 
4.27 

0.04  
(−0.15, 
0.24)  
0.641 

* Significant p value <.05 
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Table 5.6 (continued) Differences in All Measures Following IPC in NLO 

 
Treated Side (IPC) Untreated Side  

Pre Post  Pre Post  

Site (n) 
Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

Circumference (cm) 

Foot 

(14) 

21.3 
(0.8) 

20.6, 
22.0 

21.2 
(0.8) 

20.6, 
22.0 

0.1  
(.03, 0.25)  

0.018* 

21.3 
(1.1) 

20.6, 
22.0 

21.2 
(1.0) 

20.5, 
21.9 

0.1  
(−0.06, 
0.20) 
0.261 

Calf 

(14) 

34.1 
(3.0) 

31.6, 
36.5 

33.7 
(2.9) 

31.3, 
36.2 

0.3  
(0.19, 0.47)  

<0.001* 

34.3 
(3.0) 

32.3, 
36.2 

34.0 
(3.0) 

32.1, 
35.9 

0.3  
(0.14, 0.48) 

<0.001* 
* Significant p value <.05 

 Response to Compression in PLO  

Due to baseline differences in posterior calf echogenicity (LEP) between uniPLO and biPLO , the 

response to compression for this outcome was analysed separately. For all other measures, there 

were no significant baseline differences between uniPLO and biPLO and the results are presented 

for the whole PLO group.  

 Echogenicity: UniPLO and BiPLO Response to Compression 

Neither uniPLO nor biPLO showed any significant change in LEP in response to IPC in the foot or 

the posterior calf (see Appendix L.3).  

 Clinical Measures: All PLO Response to Compression 

In the PLO limb treated with IPC, a significant decrease was seen in leg bioimpedance, PWC and 

circumference after application of IPC (see Table 5.7).  

A significant decrease in calf circumference of the same magnitude after application of IPC also 

occurred in the untreated limb, as was observed in the NLO group.  

The decrease in calf circumference of the treated limb of PLO (0.4 cm p<0.001) following IPC was 

also clinically meaningful, as the minimum detectable difference in the calf was 0.3cm (SEM 

0.1cm). However, the circumference of the untreated calf decreased by a mean 0.6cm, so the 

clinically meaningful change on the treated side following IPC cannot be attributed to IPC alone. As 

in NLO, this may indicate a change due to positioning rather than IPC. 
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There was a further global effect on the whole untreated limb in PLO. The bioimpedance ratio of 

ECF/ICF for the whole limb significantly increased on the untreated side. The magnitude of 

changes in bioimpedance have indeterminate clinical significance, given the paucity of information 

regarding leg segments, and the increase was so small that it is unlikely to be clinically meaningful. 

However, an increase was not expected and raises the possibility that the contralateral limb was 

impacted by IPC, based on the uncertain and variable drainage pathways in primary 

lymphoedema. No increase in circumference or discomfort were noted in the untreated lower 

limb of PLO, as this was monitored for adverse reactions. 

There was a statistically significant mean value decrease in PWC at the posterior calf of 2.3, which 

was greater than the SEM (1.0). However, the minimum detectable difference in PWC at the calf in 

PLO was 2.7, indicating the decrease of 2.3 was not clinically meaningful.  

However, both ECF/ICF and PWC are measures of fluid across more than just the dermis. The 

statistically significant reduction in PWC at the posterior calf, taken together with the significant 

reduction in ECF/ICF seen in the same segment, the leg, suggests that there was a clinically 

meaningful change in fluid distribution in response to IPC in the leg of PLO.  

Table 5.7 Differences in ECF/ICF, PWC, IU and Circumference Following IPC in PLO 

Table 5.7 Differences in ECF/ICF, PWC, IU and Circumference Following IPC in PLO  

 
Treated Side (IPC) Untreated Side  

Pre Post  Pre Post  

Site 
 (n) 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

 ECF/ICF (Ri/R0) 

 Foot 

(12) 1 

6.126 
(1.409) 

5.422, 
6.830 

5.933 
(1.505) 

5.158, 
6.707 

0.193  
(−0.125, 
0.512)  
0.221  

4.896 
(1.062) 

4.248, 
5.544 

5.012 
(1.152)  

4.365, 
5.659 

−0.116  
(−0.334, 
0.102)  
0.282 

Leg 

(14) 2 

3.291 
(1.838) 

2.562, 
4.019 

3.178 
(1.767) 

2.479, 
3.877 

0.113  
(0.018, 
0.208)  
0.022* 

2.985 
(1.905) 

2.227, 
3.743 

2.924 
(1.767) 

2.224, 
3.625 

0.061  
(−0.047, 
0.169)  
0.259 

Whol

e limb 

2.926 
(1.354) 

2.361, 
3.491 

2.857 
(1.320) 

2.308, 
3.406 

0.069  
(−0.022, 
0.161)  
0.131 

2.547 
(1.122) 

2.065, 
3.029 

2.619 
(1.237) 

2.096, 
3.142 

−0.072  
(−0.141, 
−0.003) 
 0.040* 
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Table 5.7 (continued) Differences in Clinical Measures Following IPC in PLO 

 
Treated Side (IPC) Untreated Side  

Pre Post  Pre Post  

Site 
 (n) 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
difference 
(95% CI) 
p value * 

 PWC 

Foot 

(15) 

44.7 
(10.6) 

39.8, 
49.6 

46.0 
(9.6) 

41.6, 
50.5 

−1.37 
(−3.50, 
0.77) 
0.200 

38.7 
(5.1) 

35.4, 
41.9 

39.6 
(6.3) 

36.3, 
42.8 

−0.9  
(−3.1, 1.3) 

0.411 

Calf 

(15) 

46.5 
(9.6) 

42.0, 
50.9 

44.1  
(9.8) 

39.7, 
48.6 

2.3  
(0.7, 4.0) 
0.007* 

43.0 
(7.8) 

38.9, 
47.2 

41.7 
(7.8) 

37.6, 
45.7 

1.4  
(−0.5, 3.3) 

0.147 

IU 

Foot 

(15) 
2.8 

2.3, 
3.2 

2.7 
2.2, 
3.2 

0.01  
(−0.22, 
0.24) 
0.930 

2.8 
2.3, 
3.3 

2.7 
2.2, 
3.2 

0.10  
(−0.18, 

0.38) 0.466 

Calf 

(15) 
3.5 

3.2, 
3.8 

3.5 
3.2, 
3.9 

−.02  
(−.22, .18) 

0.853 
3.6 

3.2, 
3.9 

3.5 
3.1, 
3.9 

.06  
(−0.14, 
0.25) 
0.558 

Circumference (cm) 

Foot 

(14) 

22.9 
(1.6) 

22.3, 
23.6 

22.9 
(1.6) 

22.2, 
23.5 

0.1  
(−0.1, 0.2) 

0.296 

22.3 
(1.6) 

21.6, 
23.0 

22.3 
(1.5) 

21.6, 
23.0 

0 
(−0.1, 0.1) 

1.000 

Calf 

(14) 

36.5 
(5.6) 

34.0, 
39.0 

36.1 
(5.6) 

33.7, 
38.5 

0.4  
(0.2, 0.5) 
<0.001* 

34.7 
(4.0) 

32.8, 
36.6 

34.2 
(3.9) 

32.2, 
36.1 

0.6  
(0.4, 0.7) 
<0.001* 

*p value significant at <.05  

 Differences Between PLO and NLO in Response to Compression 

No significant difference in LEP was found in response to IPC when comparing the treated limb of 

NLO, uniPLO and biPLO groups (see Table 5.8).  
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Table 5.8 Response to Compression in LEP of NLO Compared with UniPLO and BiPLO 

Table 5.8 Response to Compression in LEP of NLO Compared with UniPLO and BiPLO  

Site  
(n in respective 

groups) 

Treated Side (IPC) 

Mean reduction / increase ** 
(SD) 

 

Mean reduction / increase ** 
(SD) p value 

compared to NLO  

Mean reduction (SD)  
p value 

compared to NLO  

HFU NLO  uniPLO  biPLO 

Foot (14, 7, 7) −11 (567) ** 
-69 (263) ** 

0.955 
84 (168)  

0.886 

Calf (13, 6, 7) 95 (394) 
66 (271) 

0.987 
83 (527) 

0.998 

** Indicates an increase in LEP post compression. 
* Significant p-value (<0.05) compared to NLO 

No significant difference occurred on any measure (percent water content, tissue resistance or 

bioimpedance) at any site when the NLO and PLO groups were compared after IPC (see Table 5.9). 

Table 5.9 Response to Compression in PLO Compared with NLO  

Table 5.9 Response to Compression in PLO Compared with NLO  

 PLO NLO 
  

ECF (Ri/R0) 

Site (n) 
Mean reduction  

(SD) 
Mean reduction  

(SD) 
Mean difference (95% CI) 

 p value* 

Foot (12) 0.193 (0.675) 0.208 (0.334) 
0.015 (−0.436, 0.466)  

0.946 

Leg (14) 0.054 (0.184) 0.120 (0.076) 
0.066 (−0.053, 0.185)  

0.265 

PWC 

 PLO NLO  
Mean difference (95% CI)  

p value 

Foot (15) −1.4 (4.9) ↑ 0.2 (2.9) 
1.6 (−1.4, 4.6)  

0.285 

Calf (15) 2.3 (2.9) 1.1 (3.3) 
−1.3 (−3.6, 1.1)  

0.279 

IU 

 PLO NLO  
Mean difference (95% CI)  

p value 

Foot (15) 0.01 (0.46) −0.09 (0.41) ↑ 
−0.10 (−0.43, 0.23)  

0.538 

Calf (15) −0.02 (0.45) ↑ −0.00 (0.28) ↑ 
0.02 (−0.26, 0.30)  

0.911 
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Table 5.9 (continued) Response to Compression in PLO Compared with NLO 

Circumferences (cm) 

 
PLO 

Mean reduction  
(SD) 

NLO  
Mean reduction  

(SD) 

Mean difference (95% CI)  
p value 

Foot (14) 0.1 (0.2) 0.1 (0.2) 
0.1 (−0.1, 0.2) 

0.310 

Calf (14) 0.4 (0.3) 0.3 (0.2) 
−0.1 (−0.3, 0.1)  

0.558 

* Significant p-value (<0.05)  

5.5 Convergent Validity Between Measures of Fluid Distribution and Tissue 
Resistance  

Convergent validity was explored between clinical measures, to answer the third research 

question: Is there convergent validity between clinical measures of fluid distribution and tissue 

resistance in people with and without primary lymphoedema?  

When all data was analysed together (NLO and PLO) for correlation with LEP, there was a 

moderately good statistically significant correlation between LEP and Ri/R0 in the foot on the 

affected side (Table 5.10). PWC showed a fair correlation with LEP at the calf, with confidence 

intervals that crossed zero. Significant correlations were found only on the affected side, so 

further analysis of each group separately was undertaken. No correlations were found between 

any baseline clinical measures at any site, within the NLO group 

Table 5.10 Convergent Validity of LEP With Each Clinical Measure Using All Data 

 Table 5.10 Convergent Validity of LEP With Each Clinical Measure 

All Data (NLO and PLO together) 

Spearman’s Rho (95% CI) two-tailed p value 

LEP with: PWC (n=30) 
Ri/R0  

(Calf n=28; Foot n= 24) 
IU (n=30) 

Affected side: Foot 
.312 (−.042, .620) 

.093 

.550 (.207, .771) 

.005* 

.219 (−.192, .593) 

.244 

Affected side: Calf  
.373 (−.030, .683) 

.042* 

.296 (−.120,.627) 

.126 

−.134 (−.491, .278) 

.479 

Unaffected side: Foot 
.326 (−.043, .625) 

.079 

.073 (−.409, .516) 

.734 

−.020 (−.414, .373) 

.915 

Unaffected side: Calf 
.286 (−.122, .617) 

.125 

.098 (−.365, 490) 

.619 

−.346 (−.646, .023) 

.061 
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In the foot of PLO, there was a statistically significant moderate negative correlation between IU 

and PWC of r=−.511 (−.890, .049) p=.043 (see Table 5.11). This could indicate that high local tissue 

PWC in the foot, was convergently identified by low IU, indicating greater tissue resistance; 

however, given the confidence intervals cross zero, it was unlikely to represent a significant 

correlation. 

As well, in PLO, convergence was indicated by moderate to good correlation between ECF/ICF in 

the leg and PWC at the posterior calf of r=.600 (.060, .904) p=0.018 although confidence intervals 

produced by bootstrapping were wide. This indicates point measures of PWC are convergent with 

the segmental measure of ECF/ICF in the leg.  

Also at the posterior calf of PLO, IU showed significant negative convergence with LEP of r=−.539 (-

.840, .009) p=0.038), with similarly wide confidence intervals crossing zero. Clinically this indicates 

that greater fluid in the dermis (as denoted by LEP), is convergent with low IU indicating higher 

tissue resistance. However, wide confidence intervals, crossing zero in IU associations, indicate 

more investigation is needed.   
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Table 5.11 Convergent Validity of Clinical Measures of Fluid Distribution and Tissue Resistance  

Table 5.11 Convergent Validity of Clinical Measures of Fluid Distribution and Tissue Resistance  
Spearman’s Rho (95% CI)  

 NLO Foot PLO Foot 

Measure 

(n) LEP PWC (15) 
ECF/ICF 

(12) 
Ri/R0 

IU (15) LEP PWC (15) 
ECF/ICF 

(12) 
Ri/R0 

IU (15) 

LEP  1.0 

.011 
(−.596, 
.607) 
.970 

.147 
(−.676, 
.704) 
.649 

.450 
(−.153, 
.852) 
.092 

1.0 

−.238  
(−.762, 
.401) 
.393 

−.476  
(−.893, 
.152) 
.118 

−.155 
(−.727, 
.464) 
.580 

PWC  1.0 

.132  
(−.479, 
.697)  
.668 

.036  
(−.500, 
.527) 
.894 

 1.0 
.124  

(−.522, 
.668) .687 

−.511 
(−.890, 
.049) 
.043* 

ECF   1.0 
−.302  

(−.770, 
.311) .316 

  1.0 
.118  

(−.522, 
.686) .700 

IND    1.0    1.0 

NLO Leg PLO Leg 

 LEP PWC 
ECF/ICF 

(14) 
Ri/R0 

IU LEP PWC 
ECF/ICF 

(14) 
Ri/R0 

IU 

LEP 1.0 

.370 
(−.185, 
.788) 
.174 

.048 
(−.557, 
.646) 
.869 

.233 
(−.357, 
.786) 
.404 

1.0 

.236 
(−.336, 
.702) 
.398 

.323  
(−.339, 
.803) 
.260 

−.539 
(−.840, 
.009) 
.038* 

PWC  1.0 

−.425 
(−.701, 
.026)  
.114 

.234 
(−.313, 
.621)  
.384 

 1.0 
.600  

(.060, 
.904) .018* 

−.435 
(−.794, 
.115)  
.092 

ECF   1.0 

−.425 
(−.840, 
.209)  
.114 

  1.0 

−.250 
(−.690, 
.305)  
.369 

IND    1.0    1.0 

*P value significant at 0.05, 2-tailed  
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CHAPTER 6  
DISCUSSION: DIFFERENCES BETWEEN PEOPLE WITH AND WITHOUT 

PRIMARY LYMPHOEDEMA 

6.1 The Dermis in Primary Lymphoedema 

This is the first description of fluid in the dermis of the foot and leg specifically in primary 

lymphoedema. High fluid levels and low dermal echogenicity in people with primary 

lymphoedema compared to people without lymphoedema are consistent with low dermal 

echogenicity seen in lymphoedema of unspecified cause (Gniadecka, 1996; Naouri et al., 2010). 

High frequency ultrasound reliably demonstrated dermal fluid differences between people with 

and without primary lymphoedema and could be  of further value if it could distinguish between 

mild and more severe changes in the dermis, as a monitor for increasing severity or progression of 

lymphoedema. 

The influence of gravity (Baish et al., 2022; Mellor et al., 2011) over time is consistent with the 

distal high LEP in the foot of both uniPLO and biPLO in this study. The presence of higher dermal 

fluid distally in the lower limb has previously been demonstrated in the leg compared to the thigh 

in lymphoedema of unspecified cause (Naouri et al., 2010), and appears to be demonstrated here 

in the foot relative to the leg in primary lymphoedema. However, it must be recalled that distal 

fluid accumulation is a feature in some forms of primary lymphoedema (Mortimer, 2010; Sarica et 

al., 2019), consistent with functional abnormalities of lymph transport which have been 

demonstrated in the foot and the leg in those forms of primary lymphoedema (Sarica et al., 2019).  

Different forms of vessel anomaly may affect the dermis in different types of primary 

lymphoedema, given the many different phenotypes of bilateral and unilateral primary 

lymphoedema (Gordon et al., 2020), with effects on the lymphatic system which are not yet all 

known. Differences in lymphatic vessel function, such as delayed fluid uptake in the foot and valve 

incompetence in the leg, are demonstrated by different patterns of dermal backflow in Milroy’s 

disease (onset at birth) and in Lymphoedema Distichiasis (late onset) respectively (Sarica et al., 

2019). Although lymphatic vessel function was unknown in this study, potentially such differing 

vessel abnormalities may underlie differences in fluid distribution seen between biPLO and 

uniPLO. 
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There is no previous literature comparing the more affected lower limb of bilateral primary 

lymphoedema with the affected lower limb of unilateral primary lymphoedema. In a post hoc 

analysis in this study, LEP in the dermis of the posterior calf was significantly higher in the most 

affected biPLO limb than the affected uniPLO limb. This may indicate that the dermal changes in 

biPLO are more progressed than uniPLO, but requires study in a larger sample size to investigate 

such concepts as progression.  

Progression per se is beyond the scope of the cross-sectional study in this thesis, but is discussed 

as it pertains to severity. Progression may potentially occur in two different ways: progression 

within a limb or progression from one limb to two. The majority of the current cohort of PLO were 

described as early stage II, eight having bilateral and eight unilateral lymphoedema. Distally, both 

uniPLO and biPLO showed high LEP in the dermis of the foot compared to NLO.  As dermal 

backflow increases in lymphoedema over time (Yamamoto, Narushima, et al., 2011), the first 

possibility is that progression could occur from distal to proximal up the leg, and that the dermis of 

the leg is not yet affected in uniPLO in this relatively young cohort, but could become affected 

over time. At the foot, the similarity between uniPLO and biPLO in dermal echogenicity indicated 

that the dermis of the foot was equally affected in both. The presence of fluid in the foot of both 

uniPLO and biPLO, but greater in the leg segment only in biPLO, supports the theory of distal to 

proximal progression, starting from the distal effect reported in early primary lymphoedema 

(Sarica et al., 2019). 

In the second instance, progression can involve a previously unaffected limb (Burnand et al., 2012; 

Peters & Mortimer, 2021) and result in progression from unilateral to bilateral lymphoedema, as 

has been reported in unilateral late-onset primary lymphoedema (Gordon et al., 2020). Unilateral 

and bilateral forms of primary lymphoedema remain separate entities within the phenotypic 

algorithm for primary lymphoedema (Gordon et al., 2021).   However, based on the report by 

Gordon et al (2020), progression may be possible in the majority of PLO in this study, as 12 of 16 

PLO were late onset. At the time of the study, seven of the 12 were unilateral.  

The foot has been of interest due to the early manifestation there of primary lymphoedema.  In 

addition, the foot is subject to the accumulation of fluid under the effect of gravity (Baish et al., 

2022; Mellor et al., 2011) and dermal backflow increases with longer duration of lymphoedema 

(Yamamoto, Narushima, et al., 2011). Methodology developed in this study detecting high dermal 



 

112 

fluid in primary lymphoedema using HFU presents the opportunity to study the change over time 

in dermal fluid in primary lymphoedema, particularly in the foot, as well as the effect of treatment 

to reduce dermal fluid. Further investigation is needed to determine if HFU monitoring of the 

unaffected foot in uniPLO is able to identify early changes indicating progression of primary 

lymphoedema. Such a progression could involve either proximal spread from the foot into the leg 

within a limb already affected, or progression into a limb previously unaffected, i.e. from unilateral 

to bilateral. Duration of lymphoedema in biPLO (24 to 327 months) and uniPLO (13 to 234 

months), was similar in this study of only 16 PLO. A larger sample of people with primary 

lymphoedema, with genetic or accurate phenotypic profiling, is required to understand different 

lymphatic vessel abnormalities affecting fluid distribution in the dermis in primary lymphoedema. 

Progression, age and duration remain factors to consider in future research, due to the association 

of dermal backflow patterns with age of onset (Yamamoto et al., 2015).  

6.2 Fluid Measures in The Foot: Baseline Comparison of PLO to NLO 

The significantly higher ECF/ICF in the affected foot in PLO than NLO is consistent with previous 

studies which established higher extracellular fluid in limbs with lymphoedema of mixed cause, 

compared to those without lymphoedema (Steele et al., 2019). This study has confirmed the 

similarly elevated levels of ECF/ICF in primary lymphoedema compared to those without 

lymphoedema.  

The difference in ECF/ICF between PLO and NLO at the foot (2.412), more than double the 

difference seen in the leg segment (1.148), appears to indicate that the foot in primary 

lymphoedema has particularly high ECF/ICF. Previous studies of ECF/ICF in the leg segment 

reported a difference of 1.8 between lymphoedema of mixed cause and control groups (Suehiro, 

Morikage, Yamashita, Harada, Ueda, et al., 2016). However, there is a vast difference in 

anatomical structure and composition between the leg and the foot which may influence ECF/ICF 

measures in these segments; as well, the cohort in the latter study was predominantly secondary 

lymphoedema, so provides no comparison with primary lymphoedema. Further research in the 

normal population is required to establish a threshold of ECF/ICF in the foot segment for 

lymphoedema.  

This is the first report of PWC on the dorsum of the foot in primary lymphoedema. A previous 

report of PWC on the dorsum of the foot investigated secondary lymphoedema and included the 
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foot as one of five sites across the lower limb, which were aggregated to provide a mean PWC 

value of the lower limb for analysis (Yu et al., 2019), and so findings are not comparable.  

The high PWC, ECF/ICF and LEP measures in the foot in this study are consistent with the distal 

effect of primary lymphoedema seen lymphoscintigraphically, and with clinical observations of 

swelling on the dorsum of the foot commonly seen in young people with primary lymphoedema 

(Sarica et al., 2019). The large proportion of the primary lymphoedema phenotypes that have late 

onset in the St George’s algorithm (Gordon et al., 2020) was reflected in the majority of PLO 

having late onset in this study. It is interesting to speculate whether early detection and 

intervention might be possible in late onset primary lymphoedema and might prevent some of the 

dermal changes seen in the foot over time. 

6.3 Fluid measures in The Leg: Baseline Comparison of PLO to NLO  

The leg may vary in size substantially due to the relative size of the calf muscle, limiting the 

information regarding fluid distribution that may be provided by circumferential measures. This 

appeared to be the case in the large but statistically insignificant difference in calf circumference 

between NLO and PLO.  

The measures of ECF/ICF, PWC and LEP, discussed below, provide information specific to fluid with 

increasing tissue specificity; ECF/ICF indicates fluid throughout the tissues in a limb segment, PWC 

provides a point measure dependent on fluid in the dermis and upper subcutaneous tissue, 

whereas LEP is specific to the dermis.  

The presence of increased fluid in the lower limb has previously been established in lymphoedema 

of mixed cause using bioimpedance (Steele et al., 2019; Ward, Winall, et al., 2011) and in 

secondary lymphoedema using ECF and PWC, where five sites from foot to thigh were combined 

to provide an average lower limb measure (Yu et al., 2019). Increased fluid compared to the 

healthy lower limb is now confirmed specifically in the leg in primary lymphoedema in this study, 

as was evident in the statistically significant higher measures of ECF/ICF and PWC in PLO than NLO. 

Considered together with the lack of difference in the dermis (LEP) between NLO and either 

uniPLO or biPLO at the posterior calf, it appears that fluid accumulation in the leg in this cohort of 

primary lymphoedema occurred to a greater extent in the subcutaneous tissues, as measured by 

ECF/ICF, than in the dermis. This finding in the leg in primary lymphoedema is consistent with 
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previous knowledge of fluid accumulation in lymphoedema affecting subcutaneous tissues more 

than the dermis, assessed by echogenicity in lower limb lymphoedema of unknown cause (Iker et 

al., 2019) as well as in secondary upper lymphoedema (Mellor et al., 2004).  

However, the clinical implications of the small yet significant difference between NLO and PLO in 

ECF/ICF at the leg (1.148, p=0.012) are uncertain, given the paucity of bioimpedance data in 

segments of the lower limb. Suehiro et al (2016) have previously shown a significantly higher 

ECF/ICF (Ri/R0) of 1.8 (p<0.05) in the leg of mainly secondary (four of 48 were primary) 

lymphoedema compared to healthy legs from an older age group (31 to 88 years) (Suehiro, 

Morikage, Yamashita, Harada, Ueda, et al., 2016). The current findings now demonstrate a 

difference of similar magnitude in primary lymphoedema. However, the median age in this study 

was 24 years whereas the latter study compared normal limbs of median age 35 with 

lymphoedema of median age 70; comparisons of ECF/ICF between groups of different ages are 

limited, due to the increased ECF/ICF associated with older age (Ward, Winall, et al., 2011). As 

well, the difference in ECF/ICF between groups in the leg in the current study may have been 

blurred by the variable presence of lymphoedema in the leg segment of the affected limb in biPLO. 

(In some biPLO, the calf circumference of the more affected limb, which was based on the size of 

the foot, was less than that of the less affected limb.) Investigation of the anatomical segment 

from ankle to knee in a larger young healthy cohort could provide greater certainty of the 

significance of the current findings in lower leg segments in primary lymphoedema.  

6.4 Comparison of the Foot to the Leg in Fluid Measures 

The findings of this study, demonstrating that only the deeper tissue had high fluid accumulation 

in the leg in PLO whereas both dermis and deeper tissue were affected in the foot, are consistent 

with what is known lymphoscintigraphically of fluid in the dermis in specific forms of primary 

lymphoedema. The genotype of this PLO cohort was unknown but the presence of high dermal 

fluid in the foot is consistent with reduced lymph uptake or functional aplasia of the initial lymph 

vessels in the foot in Milroy’s Disease (Sarica et al., 2019). In addition, the finding of high dermal 

and deeper tissue fluid in the foot also appears consistent with increased intra-lymphatic pressure 

associated with valve incompetence in the leg in Lymphoedema Distichiasis (Mellor et al., 2011; 

Sarica et al., 2019).  

Fluid accumulation in both subcutaneous tissues and the dermis has been observed in the leg on 
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ICG lymphography in Lymphoedema Distichiasis (Sarica et al., 2019), but whether the dermis of 

the leg becomes affected by fluid accumulation over time following fluid accumulation in the foot, 

is unknown. This study of early stage PLO demonstrated that, in the leg, only the deeper tissue, 

not the dermis, had high fluid accumulation. There are few studies measuring fluid accumulation 

in the dermis in any type of lymphoedema. The possibility of progression in primary 

lymphoedema, of greater fluid accumulation in the foot prior to that in the leg, contrasts to that in 

secondary lymphoedema, in which a proximal to distal progression is reported (Yamamoto, 

Matsuda, et al., 2011) as dermal backflow increases over time (Yamamoto, Narushima, et al., 

2011).  

Possible distal to proximal progression in primary lymphoedema also contrasts with the proximal 

to distal fluid redistribution in the lower limb during the day under the influence of gravity 

(Taniguchi et al., 2021), which affects all lower limbs. The issue of progression over time in primary 

lymphoedema is unclear. If both the dermis and subcutaneous tissue become affected proximally 

in the leg in later stages of primary lymphoedema, this might account for the similar clinical 

presentation of both primary and secondary chronic lymphoedema. Future research may 

determine if dermal fluid accumulation begins in the foot and progresses to the dermis of the leg 

over time in primary lymphoedema. If so, the use of dermal fluid measures such as LEP could 

underpin the monitoring of dermal fluid and development of interventions to address dermal 

fluid.  

Within each group, PWC measures were of similar magnitude at the foot and posterior calf, in 

contrast to the distribution of measures of LEP (dermal fluid) and ECF/ICF (segmental fluid), which 

appeared to be of greater magnitude distally. This difference may be due to the fluid which is 

available to be measured by PWC—which is free and bound water molecules (Mayrovitz, 2015)—

in contrast to that measured by LEP and ECF/ICF, which are both measures not specific to water.  

Variation in ECF/ICF between foot and leg could be expected, based on their relative difference in 

size, shape and composition. The high distal fluid distribution seen in this study was consistent 

with that seen in the leg relative to the thigh in mainly secondary lymphoedema, which increased 

with gravity over time (Suehiro, Morikage, Yamashita, Harada, Ueda, et al., 2016). Although 

literature on ECF/ICF in thigh and leg segments of the leg is emerging in secondary lymphoedema 

(Suehiro, Morikage, Yamashita, Harada, Ueda, et al., 2016) and healthy limbs (Taniguchi et al., 
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2021), none to date have analysed the foot segment and none in primary lymphoedema.  

6.5  Clinical Implications of Bioimpedance Measurement in Primary 
Lymphoedema 

Establishing the lymphoedema status of each group at baseline using bioimpedance demonstrated 

an overlap of the range around the mean of the PLO sub-groups with the range around the 

published normative mean. One could infer from the overlapping ranges that there was not a clear 

difference established by bioimpedance between NLO and PLO. However, the bioimpedance 

method to establish this difference excluded a key segment for primary lymphoedema: the foot. 

The feet in PLO were demonstrably the most affected by lymphoedema, showing greater disparity 

in ECF/ICF with NLO at the foot than the leg. Yet the feet are not included in the standardised 

measurement of full limb bioimpedance on which the normative mean and thresholds for 

lymphoedema are based. Standard placement for electrodes in the lower limb typically measures 

from the ankle to the groin (ImpediMed Limited, 2016; Steele et al., 2018). Based on the results of 

this study, the foot could be considered for inclusion in assessments of early stage primary 

lymphoedema. Future research to develop normative bioimpedance values in the foot, leg and 

thigh segments could form the foundation for developing a threshold against which primary 

lymphoedema could be tested.  

Bioimpedance protocols to detect lymphoedema were mostly developed within those with 

secondary lymphoedema, detecting early fluid accumulation post-surgery and changes with 

treatment (Cornish et al., 2001; Cornish et al., 1998). Lower limb testing of bioimpedance 

protocols has likely involved both primary and secondary lymphoedema (Steele et al., 2019; Ward, 

Winall, et al., 2011). Where participants with primary lymphoedema were included, the advanced 

age of the cohort (Ward, Winall, et al., 2011) may feasibly have compensated for the lack of 

measurement of the foot. Over time, there is little difference in the clinical presentation between 

established or chronic primary and secondary lymphoedema, perhaps due to the effect of gravity 

over time seen even in the healthy lower limb (Taniguchi et al., 2021). Assessment of the thigh and 

leg is appropriate in a secondary population, in which progression of lymphoedema occurs from 

proximal to distal in the lower limb (Yamamoto, Matsuda, et al., 2011). However, the exclusion of 

the foot may render this bioimpedance test invalid from appropriate measurement of early stage 

primary lymphoedema. Based on the fluid distribution in limbs of PLO in this study cohort, in 
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which a greater difference in ECF/ICF between NLO and PLO was seen in the foot than the full limb 

(significance unknown), standard bioimpedance measurement protocols may need amendment to 

include measurement of the foot in primary lymphoedema. Evidence regarding the distal 

development of primary lymphoedema, from the foot and leg (Sarica et al., 2019), in contrast to 

the early proximal accumulation in the thigh in secondary lymphoedema (Yamamoto, Matsuda, et 

al., 2011), supports the concept that current bioimpedance protocols for measurement of the full 

limb may be inappropriate for assessment of early stage primary lymphoedema. Segmental 

measures have the potential for valid assessment of primary lymphoedema. However, segmental 

comparisons are limited until the range within the normal population for the foot and leg 

segments are known and a threshold for lymphoedema in each segment established. 

A further clinical implication of the fluid distribution in lower limbs with primary lymphoedema 

extends to the use of arm-to-leg bioimpedance (ECF) ratios, which are advocated to detect 

bilateral lower limb lymphoedema (Steele et al., 2019). It is questionable whether an arm to full 

leg ratio would be appropriate to assess ISL stage I and early II primary lymphoedema, due to the 

foot being excluded from the full leg measurement. Two modifications are suggested for use of 

this ratio in early primary lymphoedema. Firstly, the foot should ideally be incorporated in the 

lower limb bioimpedance measurement. Secondly, arm to leg ratios should be taken on both sides 

even in unilateral presentations, regardless of the site of overt swelling clinically, due to the 

uncertain nature of fluid distribution in the seemingly unaffected lower limb in unilateral primary 

lymphoedema. Such ratios could inform the relative status of the unilateral and bilateral sub-

groups in primary lymphoedema, particularly regarding risk of progression to a previously non-

symptomatic limb. In support of this, there was significantly higher ECF/ICF in PLO than NLO, on 

both sides, despite half of the PLO group having clinically unilateral lymphoedema (mean 

difference between NLO and PLO (less affected limb of biPLO and the unaffected limb of uniPLO) 

was 0.678 (0.073, 1.298) p=.030). Further implications of the differences between PLO and NLO in 

the foot and leg remain to be determined when more is known about segmental bioimpedance in 

the lower limbs. 

Primary lymphoedema commonly presents early in life, and a size discrepancy is generally the first 

sign noticed, either by parents during a child’s infancy or by an adolescent, becoming aware of 

body changes. By the time alteration in limb size is evident, dermal fluid accumulation with 

potential for subsequent skin changes will have begun. Possible future research could investigate 
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early detection of lymphoedema in late onset primary lymphoedema, such as Meige’s disease, 

which develops at puberty and is predominantly below knee (Mortimer, 2010), and the relative 

importance of using foot and leg segmental bioimpedance measure.  Interventional screening such 

as this could be intrusive and disruptive for a child or teenager yet may have a place for those 

wishing to allay fears based on family history, or be proactive in minimising potential 

lymphoedema. Particularly, those with late onset unilateral primary lymphoedema may be 

interested to screen for early signs of fluid accumulation in a seemingly ‘unaffected’ limb.  

6.6 Tissue Resistance (IU) 

In this study, fluid measures were more useful than IU for distinguishing differences between 

primary lymphoedema and healthy limbs. The clinical expectation is for lower tissue resistance 

where there is increased fluid accumulation (Sano et al., 2019). Conversely, tissue resistance may 

be greater in PLO than in NLO due to fluid accumulation with its associated potential for tissue 

fibrosis even early in lymphoedema (Hara et al., 2016; Herrada et al., 2019; Rockson et al., 2019). 

However, IU did not reflect fluid distribution despite significantly increased fluid measures of LEP, 

ECF/ICF and PWC in the underlying tissues in PLO.  

The lack of difference in IU between NLO and PLO at both the foot and the posterior calf may 

indicate that the potential effect of early fibrosis from fluid accumulation was insignificant in this 

cohort of mainly early stage II PLO. It is clear from the staging of lymphoedema (ISL) that fluid 

accumulation is present in the early stages of lymphoedema, whereas tissue changes resulting in 

fibrosis and tissue hardening becomes more evident in the later stages. The results of this study 

confirm the staging in PLO participants, of whom 15 of 16 were early stage II, in finding no 

difference in IU, and significantly greater fluid measures of ECF/ICF, PWC, LEP when comparing 

PLO to NLO.  

The early presence of primary lymphoedema in the foot (Sarica et al., 2019) may be a risk for early 

fibrosis; possibly, the prevalence of late onset or shorter duration in this PLO cohort impacted IU. 

However, study numbers in this cohort were too small to investigate the effects of duration of 

primary lymphoedema on IU.  In a longitudinal study with higher numbers of people with primary 

lymphoedema, the investigation of factors such as stage of lymphoedema and time since diagnosis 

(or duration) may illuminate the relationship between fluid distribution and tissue resistance as 

stage increases. 
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It is possible that underlying structures may have had an influence on indurometry (Douglass, 

Graves, & Gordon, 2017) in both the foot and the leg. Measurement sites were chosen to avoid 

the hard anatomical structures of bone and tendons in the foot. However, it is possible that the 

relative lack of subcutaneous tissue in the feet and the tension in the short inter-osseous muscles 

underlying the measurement site may have influenced measures in both groups. There have been 

no previous reports of indurometry in the foot for comparison. In the leg, efforts were made to 

limit the effect of the underlying calf muscle by positioning the foot so that the calf was in a 

position of low tension, but despite this, the force with which the Indurometer was applied 

(equating to 200g) may have resulted in a depth of penetration potentially affected by underlying 

muscle tension.  

In contrast to this study’s results, an investigation into tissue resistance in secondary lower limb 

lymphoedema showed that the skin was significantly stiffer than control skin (p<0.05) even in ISL 

stage I (Sun et al., 2017). However, the two study populations are not comparable, due to the 

possible effect on the skin of radiation or chemotherapy in secondary lymphoedema, with 

resultant inflammatory changes that are not present in primary lymphoedema. Furthermore, in 

the latter study a Skin Fibrometer of 2.5mm diameter indented the skin with a force of 0.16N, 

equating to approximately 16g, in contrast to the force applied by 200g with the Indurometer. 

6.7 Convergent Validity Among Clinical Measures 

The investigation of convergent validity brought some unexpected results, as correlation between 

measures varied with site and between groups.  

 Fluid Measures  

The moderate to strong correlation (r=0.60, p=0.18) between PWC and ECF/ICF in the leg in the 

current study shows the relationship in predominantly early stage II primary lymphoedema for the 

first time.  

The strength of this relationship is consistent with the strong correlation (r=0.62) between PWC 

and excess ECF reported previously in a mixed lymphoedema population (Yu et al., 2019). 

However, the latter results were found in a population of both upper and lower limb secondary 

lymphoedema, outcomes from five sites along the limb were pooled for a mean limb value for 

analysis, and the percent excess ECF of the affected limb relative to the unaffected were analysed, 
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so results are not comparable with this study.  

 Tissue Resistance  

The moderate inverse relationship between LEP and IU in the leg segment suggests that the more 

fluid in the dermis, the less the Indurometer could press into the tissues, in support of the 

observation that increased fluid content provides resistance (Belgrado et al., 2010). However, 

there was no such relationship seen between LEP and IU in the foot, where there was even higher 

LEP. Considering that there was no difference between PLO and NLO in either LEP or IU at the 

posterior calf, it appears that conversely, low LEP was associated with high IU, or softer tissue. IU 

was generally higher, indicating less tissue resistance, at the posterior calf than at the foot. This 

indicates that in the leg, it is likely that there was lower tension in the tissues (higher IU) 

associated with low LEP in the dermis.  

At the foot, the moderate inverse relationship between PWC and IU (r= −0.511, p=0.043) appears 

to indicate that the fluid component of oedema in the foot resides to a greater degree in the 

subcutaneous tissue than in the dermis and contributed to stiffer tissues. This was corroborated 

by the high ECF/ICF measures throughout the segment compared to NLO. The correlation of IU 

with LEP (leg) and PWC (foot) suggests that tissue resistance measured by IU was associated with 

the superficial fluid measures, but the association varied with site. The potential influence of 

different anatomical sites and their underlying tissue on IU may explain the variation in correlation 

of IU with different fluid measures dependent on site. Regardless, the wide confidence intervals 

crossing zero that were found in correlations involving IU mean that further investigation is 

required to confirm any such associations. 

In a recent study, a strong correlation of skin stiffness with lymphoedema stage was found across 

the lower limb in secondary lymphoedema (Sun et al., 2017). No such investigations of staging 

were possible in this small PLO cohort of nearly all the same fluid-dominated early stage 

lymphoedema. The latter study also reported significantly higher skin stiffness at all stages of 

lymphoedema than in healthy limbs. However, results from a cohort of secondary lymphoedema, 

with measures from the thigh and leg being combined for an average limb measure, are not 

comparable with individual site measures from primary lymphoedema. Notably, more than half of 

lymphoedema participants in the latter study had advanced stage (late stage II or stage III) 

lymphoedema, in contrast to the early ISL stage II of PLO participants in the current study.  
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In summary, the small numbers of this study limit the conclusions that may be drawn from 

correlation analysis. The combined group of NLO and PLO together provided a larger sample size 

more suitable for analysis of correlation, in which only one statistically significant moderate 

correlation was found, that of ECF/ICF with LEP at the affected foot. Given there is a degree of 

uncertainty regarding measures of bioimpedance in the foot until further testing can be carried 

out, this relationship requires further investigation.   

6.8 Conclusion  

The dermis in primary lymphoedema—unaffected by radiotherapy or other secondary influence—

showed distal sites to be more affected by fluid accumulation than proximal ones. This is 

consistent with current understanding of areas affected in common forms of primary 

lymphoedema (Mellor et al., 2011; Sarica et al., 2019). Clinically, high dermal fluid measures in the 

PLO foot indicate the need for treatment to reduce fluid in the dermis before chronic pathological 

and fibrotic changes occur. The finding of significantly higher measures of ECF/ICF and PWC in PLO 

compared to NLO is consistent with the predominance of fluid in the earlier stages of 

lymphoedema, demonstrated here in the distal segments of the lower limb in early stage II 

primary lymphoedema.  

The lack of significant difference between NLO and PLO in IU suggests that fluid measures 

predominated over IU in this cohort of PLO, consistent with their early ISL stage II. Despite a 

moderate to good correlation in PLO between PWC and ECF/ICF in the leg, there was no 

correlation between the two measures in the foot, even though there were high measures of both 

PWC and ECF/ICF in the foot. The composition of the foot relative to the leg may contribute to 

differences in correlation but requires investigation of bioimpedance in the foot and leg segments 

of the healthy lower limb to clarify the relative influence of the anatomical structure of the foot 

i.e., relatively greater bone and less muscle on bioimpedance measures.  

Convergent validity among measures differed in the leg (ECF/ICF with PWC; IU with LEP) compared 

with that in the foot (IU with PWC), demonstrating site-specific variation in tissue condition in 

primary lymphoedema. However, the sample size was small and significant correlations between 

measures had very wide confidence intervals, requiring confirmation in a larger sample.  

These baseline tissue measures, along with the differences identified between PLO and NLO, 
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provided the foundation for investigation of the response of the tissues to compression in these 

groups, which will be discussed in the next chapter.   
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CHAPTER 7   
DISCUSSION: RESPONSE TO COMPRESSION 

This study presents the first report of the response to compression in primary lymphoedema. 

Despite baseline differences between NLO and PLO, there was no difference between these two 

groups in their response to compression in any measure. In this chapter, the effect of compression 

on fluid distribution in different leg segments is discussed with reference to each clinical measure 

in PLO and NLO. Previous investigations of compression in secondary lymphoedema provide 

contrast to the findings of this study of primary lymphoedema, highlighting the possible effects of 

primary lymphatic anomalies on the response in primary lymphoedema to this commonly used 

treatment.  

7.1 Response to Compression in the Leg  

From the lack of significant difference between PLO with NLO in the leg at baseline in both 

circumference and dermal LEP measures, it appeared that PLO had relatively little oedema in the 

leg at the posterior calf measurement site, despite PLO having significantly more ECF/ICF than NLO 

at baseline. NLO and PLO then responded in a similar manner to compression, both showing 

significant ECF/ICF reduction in the leg segment, which appears to indicate the deep effect of IPC 

in promoting venous return (Bickel et al., 2011; Gibbons et al., 2019; Koo et al., 2014).  

The clinical import of the significant reduction in ECF/ICF following compression in the leg in NLO 

(0.141, p=0.005) is not clear. The decrease following compression seen in the whole treated limb 

in NLO (0.118, p=0.013), was of similar magnitude to that in the leg, which is a change of 

approximately 7%. In contrast, the reduction in the leg in PLO (0.113, p=0.022) equated to a 3% 

change and was not matched by a significant reduction in the full leg. The magnitude of both 

changes is dwarfed by the 44.9% variation in full limb bioimpedance (female Ri/R0 inter-leg ratios) 

found in the normal population over 18 months (Steele et al., 2018). However, even such small 

percentage changes as 7% or 3% could be clinically meaningful given the short time frame of this 

study (one to two hours compared to 18 months). ,  

Comparison with the untreated limb, however, provided further relevant information. In the 

untreated limb of NLO, where no significant changes in ECF/ICF were seen over the same time, 

suggests that the change in the treated limb of NLO, was indeed due to compression.  
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Changes in the whole limb in ECF/ICF provide the context against which changes in the leg 

segment may be considered. No segmental measures were taken in the thigh, so conclusions 

about the relative contribution of the leg reduction to overall limb reduction are limited. However, 

the size of change in the NLO leg compared to that in the whole limb suggests that the leg 

contributed largely to the reduction in the whole limb. In contrast, the lack of significant change in 

the whole limb in PLO suggests that the statistically significant reduction in the leg was not 

sufficient to impact the whole limb and therefore was less clinically meaningful. The small change 

on the treated leg of PLO, however, contrasts with an unexpected statistically significant increase 

in whole limb ECF/ICF found in the untreated limb of PLO, which has clinical relevance. Although 

this change in PLO was small, there were no such changes in NLO and clinically, an increase in an 

untreated limb would not be expected, nor desired. Plausibly, this could indicate a shift in fluid 

from one limb towards the other, which could happen in the case of drainage pathways to the 

contralateral inguinal nodes in primary lymphoedema (Yamamoto, Narushima, et al., 2011). It is 

feasible that a small increase in fluid delivered to the contralateral inguinal nodes along such a 

pathway may be sufficient to cause transport overload on the contralateral side, which may 

already be abnormal (Aldrich et al., 2012; Bourgeois, 2021; de Almeida et al., 2017) or have ‘latent 

lymphoedema’ (Peters & Mortimer, 2021), even if swelling is not clinically manifest. In those with 

primary lymphoedema, drainage paths are unpredictable and frequently unknown, so an increase 

in ECF/ICF on the contralateral side raises questions over the suitability of applying compression 

by IPC to only one limb in primary lymphoedema, unless drainage pathways have been imaged 

and are known.  

Changes in the untreated limb were relevant to post-treatment analysis in more than one 

measure. A significant decrease in circumference was also evident in the untreated leg in the PLO 

cohort, which was seen to reduce by an even greater margin than the treated limb. The effect of 

elevation alone may have been enough to bring about this small circumferential change on both 

lower limbs, consistent with findings in venous oedema (Xia et al., 2004). Given that elevation 

alone is advised as a management strategy for lymphoedema and that reduction was seen in the 

untreated leg, the circumferential reduction in the treated leg could not be attributed solely to the 

effect of compression. Reduction of the untreated leg demonstrates the benefit elevation 

contributes to the effect in the treated limb. Furthermore, the reduction in circumference was 

seen in the untreated limb of PLO while the measure of ECF/ICF throughout the limb increased. 
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This highlights the misleading information that comes from relying on a non-specific measure such 

as circumference to describe fluid changes in a limb with primary lymphoedema, as well as the 

importance of monitoring both lower limbs.  

PWC was the only measure that showed significant change post-IPC in PLO that was not evident in 

NLO, as well as showing a baseline difference between PLO and NLO that was both statistically and 

clinically significant. As there was no difference detected between PLO and NLO in dermal LEP at 

baseline, and no change in dermal LEP in response to compression, one can only surmise that the 

MMDC penetrated to subcutaneous tissue in which there was significantly higher fluid, as 

indicated by ECF/ICF, in the leg of PLO compared to NLO.  

There are no previous studies of the response to compression in primary lymphoedema. However, 

in a study with a protocol similar to that of the current study, Zaleska & Olszewski (2018) 

investigated the response to 45 to 60 minutes of pneumatic compression in lower limb 

lymphoedema, and found only insignificant reduction (3-5%) in PWC, in the ‘upper parts of the 

limb’ (Zaleska & Olszewski, 2018), presumably the thigh. There are two differential factors that 

prevent comparison to the current study. Firstly, the participants in the latter study had stage II 

and III ‘post-inflammatory lymphoedema’, described as lymphoedema secondary to soft tissue 

infection, likely to have considerably greater tissue fibrosis causing resistance to compression, 

than the early stage II participants in the current study. Secondly, the latter study applied pressure 

up to 120mmHg, nearly double that applied in this study, and although flow in subcutaneous 

tissues increased, the effect of such pressure on fluid uptake in the dermis is unknown. High 

pressure up to 88mmHg was suggested to impede drainage in chronic lower limb oedema of 

unreported cause (Partsch et al., 2011). In contrast, pressure applied at 60mmHg in this study may 

have been sufficient to prompt fluid movement in the subcutaneous tissues, deeper than the 

dermis, based on the reductions in PWC and ECF/ICF seen in PLO.  

It was conjectured that differences in vessel functionality, seen in sub-groups of PLO of different 

genetic anomalies (Sarica et al., 2019), may affect the response to compression. However, the 

specific anomalies present in the PLO group were unknown, and the small numbers in this study 

prevented further analysis of uniPLO and biPLO. Future investigations of PLO subgroups based on 

genetic abnormality could provide more clinically relevant information. In the current study, as 

baseline investigations showed no significant difference between uniPLO and biPLO in PWC in 
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either the foot or the posterior calf, PLO were analysed as one group post-IPC for comparison with 

NLO. 

7.2 Response to Compression in the Foot  

The complete lack of response in the foot in the current study raises three possibilities 1) the 

application of pneumatic compression is not effective in the foot, or 2) the dosage of fifty minutes 

and 60mmHg compression is insufficient to bring about change, or 3) possible changes were not 

detected by the devices used. The latter option, that possible changes were not detected, is 

unlikely given the range of measurement methods used, with devices that detected small changes 

in the leg segment.  

The remaining possibilities—lack of efficacy in the foot, or inadequate dosage—involve the 

application of IPC, which aims to be effective by increasing fluid flow (Zaleska & Olszewski, 2018). 

However, assessment of IPC efficacy is commonly based on limb dimensions such as 

circumference or volume and dimensions of the foot are not scrutinised. A systematic review of 

the literature searched for IPC studies producing significant limb size reduction to identify optimal 

treatment timing and pressure dosage. In most studies, compression was applied over more than 

one treatment session, demonstrating a cumulative effect in limb size reduction. Reduction was 

shown by volume (water displacement) of the lower limb, which included the foot, or 

circumference of the leg and thigh, which did not include the foot. Due to the irregular shape of 

the foot and lower repeatability for measuring dimensional change in the foot (Henschke et al., 

2006), the foot may be excluded altogether from investigations into the effects of compression 

(Zaleska & Olszewski, 2018), or included within a mean measure for the entire limb (Hacard et al., 

2014). Reduction in the foot is not included in limb volume calculations (Williams & Whitaker, 

2015) and has been reported simply by being able to return to usual footwear (Williams, 2016).  

When volume calculations based on circumferences include the foot (Hacard et al., 2014), it is 

unclear how the shape of the foot is accommodated in calculations. 

During application of IPC, it is difficult to ascertain where the optimal pressure is delivered along 

the length of an IPC pneumatic sleeve due to the many factors that affect pressure delivery 

(Zaleska & Olszewski, 2018; Zhao et al., 2019), and indeed, debate continues over what is ‘optimal 

pressure’. The foot varies in radius of curvature as well as tissue resistance; pressure applied by 

the pneumatic sleeve around the foot may have varied from dorsum to sole and around the ankle 
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due to its irregular shape. The IPC sleeve appears to apply pressure consistently across the dorsum 

of the foot, whereas the sole of the foot was supported by a hard plastic insert, designed to keep 

the width of the foot from being compressed and thus guiding the compressive force to be applied 

on the dorsum and sole of the foot. The sole was therefore protected by this ‘foot plate’ insert, 

which did not conform to the shape of the foot, with the result that the surface of the sole was 

‘distanced’ from compression. If greater pressure resulted on the dorsum than the sole of the 

foot, it is possible that, in the presence of variable lymph drainage patterns (Shinaoka et al., 2020), 

an adverse gradient may impede lymph drainage, as it does in venous flows (Partsch & Mani, 

2019), and may contribute to the lack of response to compression in the foot.  

The mode or timing of IPC compression may also affect drainage from the foot. The IPC used in 

this study applied compression to the foot via a single chamber encompassing the foot, resulting 

in either pressure on or off (no peristaltic motion) and pressure was maintained for the entire 

duration of the cycle until all chambers were full before deflation. Possibly, the prolonged period 

of compression compared to a relatively short deflation time limited the time during which vessels 

may re-fill with lymph (Zaleska et al., 2013), impeding drainage. In addition, working on proximal 

areas is required prior to addressing distal areas when applying manual lymph drainage (McNeely 

et al., 2004) to ‘clear’ the fluid downstream and this concept was followed in the chosen mode of 

IPC application in this study. However, it is possible that there was not time for sufficient 

movement proximally to effect a change distally, which may also have contributed to the lack of 

change in the foot. 

As well as the anatomical and device-based limitations of applying IPC, there is also the possibility 

in primary lymphoedema that poor uptake of fluid into the initial lymphatic vessels (Sarica et al., 

2019) is a key factor affecting the response to compression in the foot. Lymph flow under IPC 

compression of the lower limb has been demonstrated by ICG fluoroscopy (Aldrich et al., 2016; 

Zaleska & Olszewski, 2018) which also reveals lymph movement under variable pressure delivered 

by MLD (Wigg & Cooper, 2017), but none of these studies examined the foot, nor primary 

lymphoedema specifically. Poor uptake of fluid in the initial lymphatic vessels of the foot in 

primary lymphoedema cannot be ignored as a key barrier to fluid reduction in the foot.  

Lack of response to compression by IPC in the foot measured by any device suggests that 

alternative treatment strategies must be considered for reduction in this segment. Future research 
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could include increasing the time for proximal clearance from the leg and/or thigh in the 

assessment of the foot segment response. This could allow time for negative pressure generated 

by downstream lymph flow to assist in drawing fluid into the initial lymphatics (Jamalian et al., 

2017; Sloas et al., 2016) particularly for those with primary lymphoedema, where there is delayed 

uptake in the foot. In addition, mapping by ICG could facilitate tailored MLD by identifying the 

direction of drainage pathways in the foot. Understanding of the dermal fluid response to pressure 

may be promoted by investigating pressure applied by MLD during which the dermis may be 

stretched and subjected to variable pressure.  

The foot is rarely investigated as a segment by itself. The cumulative effects of CDT are seen in the 

reduction of the size of the foot over time and pathological changes in the dermis are seen to 

reduce but remain, even during long-term compression use (personal observation). Further 

research is required to elucidate the optimal form of compression or treatment for fluid reduction 

in the foot in primary lymphoedema.  

7.3 Dermal Response to Compression 

The lack of response to compression in the dermis, seen in both groups at both sites, suggests that 

compression applied by IPC was not effective in reducing dermal fluid, as measured by LEP. The 

incompetence of lymphangions and dysfunctional initial lymphatics in the foot in primary 

lymphoedema (Sarica et al., 2019) immediately present possible reasons for lack of response in 

PLO, but the absence of response in the dermis also in NLO invites further scrutiny. 

A decrease in LEP (relative to total pixels) has previously been reported following five days of 

compression in a population with lipodermatosclerosis (Gniadecka et al., 1998). On the basis that 

all oedema is returned to central circulation by the lymphatic system (Mortimer & Rockson, 2014), 

all conditions might be expected to respond in a similar manner to compression.  However, 

lipodermatosclerosis is a condition of chronic inflammation associated with venous deficiency and 

tightly bound down skin (Choonhakarn et al., 2016) and as well, is distinct from lymphoedema on 

ultrasound. All oedema causes hypoechogenicity in dermal ultrasound images, but the 

concentration of LEP within the upper papillary dermis in lipodermatosclerosis contrasts to the 

distribution of LEP throughout the dermis in lymphoedema (Gniadecka, 1996), presenting the 

potential for a different response to compression. In addition, the function of the initial lymphatics 

(Sarica et al., 2019), and the fibrotic state of lymphatic vessels (Barone et al., 2020) in primary 
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lymphoedema both affect fluid uptake and therefore most likely, the response of the dermis to 

compression as well.  

A further contrast between the current study and that by Gniadecka et al (1998) is the potential 

effect of movement. In the study by Gniadecka et al, compression was applied using stockings and 

re-measured after five days. Movement (Fukushima et al., 2017), and changes of position, which 

occur during any study over more than one day, are known to assist in reducing lymphoedema. 

Increased lymph flow occurs due to the effect of both skeletal muscle contraction and increased 

lymphangion contraction in the upright position (Olszewski & Engeset, 1980; Scallan et al., 2016). 

Even the lift-and-pull effect of movement on the skin creates fluctuating pressure (Ikomi & 

Schmid-Schönbein, 1995) in the dermal interstitium, which facilitates fluid uptake into the initial 

lymphatics (Michel et al., 2020; Mukherjee et al., 2018). Such effects from movement were absent 

in the current study of response to IPC in the supine position.  

It appears that the relevance of pressure fluctuations in the dermis, to fluid uptake by the initial 

lymphatic vessels, is overshadowed in current treatment regimens by the focus on exercise to 

promote fluid flow and compression for volume reduction. Gaps in the initial lymphatics, which 

increase fluid uptake when open (Breslin et al., 2018; Ikomi & Schmid-Schönbein, 1995; Mendoza 

& Schmid-Schonbein, 2003), are not evident in the resting state (Mendoza & Schmid-Schonbein, 

2003; Trzewik et al., 2001), as in the current stationary supine study. Furthermore, pressures in 

the subcutaneous tissue are more like the sub-garment pressures than those in the dermis 

(Karakashian et al., 2019). Lack of dermal response in this study may indicate that fluctuating 

pressure in the dermal interstitium, necessary for the uptake of fluid into initial lymphatics (Ikomi 

& Schmid-Schönbein, 1995), was absent during one application of IPC. 

One further physiological feature of lymphatic flow may have impacted fluid uptake during IPC: 

the effect of position on dermal fluid uptake in primary lymphoedema. Negative intraluminal 

pressure in lymphatic collecting vessels increases fluid flow rate (Ikomi et al., 1997) but lower 

contraction rates in supine produce lower fluid flow (Olszewski & Engeset, 1980), thereby reducing 

the negative ‘pull’ of fluid flow downstream. Therefore, the lower lymphangion contraction rate in 

the supine position could have potentially further adversely affected fluid uptake in this PLO 

group.  

The requisite of pressure changes for fluid flow into an initial lymphatic capillary is consistent with 
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the findings of no decrease in dermal oedema following IPC applied in supine in the current study. 

No change in posture occurred, and pressure was moderately constant, particularly at the foot. 

Investigation into application of variable pressure to invoke fluid uptake in the dermis is a subject 

for future research.  

7.4 Tissue Resistance 

In this study, the lack of difference in IU between NLO and PLO, despite the stage II status of PLO, 

may have been the absence of an actual difference, or a limitation of indurometry due to the 

effect of underlying tissues. The equality between NLO and PLO in response to IPC argues that 

there was in fact no difference in superficial tissue stiffness between the two. However, the 

possible influence of underlying tissues on the Indurometer limits the conclusions that may be 

drawn about tissue resistance in response to compression.  

A previous study has reported different response to a single application of IPC between the 

superficial tissue or skin resistance and deep tissue resistance (Zaleska & Olszewski, 2018). Direct 

comparison of results with this study is not useful, as tissue resistance was measured at different 

tissue depths and in different study populations (‘post-inflammatory’ lymphoedema of stage II and 

III in contrast to the current study of early stage II primary lymphoedema). By-products of 

inflammation are factors of potential influence on tissue stiffness, which reduce following 

compression (Brix, Apich, Ure, et al., 2020). However, there are several useful points that emerge 

from examining the response of the tissues in each study, which add to our understanding of the 

tissue response to compression.  

Following one application of IPC at high (80-120mmHg) pressure, Zaleska et al (2018) found that 

superficial skin stiffness varied little, whereas subcutaneous tissue stiffness reduced, therefore 

deducing that fluid movement under the influence of IPC occurred in subcutaneous tissues rather 

than the dermis (Zaleska & Olszewski, 2018). This is consistent with the current findings in primary 

lymphoedema of decreased ECF/ICF throughout the leg segment, no change in dermal LEP, and no 

change in IU. It appears that the response of the dermis to compression applied by IPC remains 

unclear in both studies. 

In the latter study by Zaleska and Olszewski (2018), both skin stiffness and deep tissue tonometry 

were determined by the force of tissue deformation in Newtons. Subcutaneous tissues were 
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observed to reduce in stiffness following IPC at all levels along the limb from ankle to groin, as 

measured by deep tonometry. Baseline deep tonometry at the calf was reported to be 1200g/cm2 

force to indent the tissues to 10mm depth with a 10mm diameter probe (Zaleska & Olszewski, 

2018). In contrast, the Indurometer used in this study measures units of a standardised force 

equivalent to 200g, varying in penetration depth according to the tissue stiffness. This is a 

relatively superficial depth in comparison to the previously described deep tonometry, but even at 

this relatively superficial depth, it has been suggested that the Indurometer may be influenced by 

underlying structures (Douglass, Graves, & Gordon, 2017). Furthermore, the methods used by 

Zaleska et al (2018) included an invasive assessment of pressure, by the wick-in-needle technique 

to measure subcutaneous tissue pressure, which involves insertion of a needle into the tissue, and 

vasoconstrictors are injected to control bleeding at the needle tip. The effect of vasoconstrictors, 

as well as the invasive needle technique have the potential to alter tissue pressure, and provoke 

an inflammatory response.   

Skin stiffness was measured using a Skin Fibrometer of 2.5 mm diameter and much less 

penetration of 1mm; significant change in response to compression was reported only at the 

ankle, an area which showed the greatest stiffness at baseline (Zaleska & Olszewski, 2018). The 

ankle potentially has higher dermal fluid than the posterior calf, given the gravitational 

distribution of fluid in the lower leg (Suehiro, Morikage, Yamashita, Harada, Ueda, et al., 2016) and 

the increased thickness of the dermis at the lower third of the leg (Suehiro et al., 2021). In 

addition, greater fibrosis might be expected in the latter cohort given their advanced staging, and 

the increased hardness that has been associated with increased dermal thickness at the lower 

inner leg (Suehiro et al., 2021).  

In the current study, the lack of change in fluid in the dermis following compression, in the calf or 

the foot, may have influenced the response of tissue stiffness to compression. However, measures 

describing tissue resistance such as IU are influenced by several tissue layers and fail to describe 

the difference in physiology that causes increased resistance. Understanding the qualities of 

lymphoedematous tissues that contribute to its inherent resistance is limited by the ability to 

precisely measure and describe it, let alone its response to compression.   

7.5 Conclusion 

The lack of change in dermal oedema (LEP) suggests external IPC compression as applied in the 
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current study did not facilitate fluid uptake into the initial lymphatics in the dermis. Much is 

already known about the effect of external compression, which results in the reduction of limb 

circumference and volume (Damstra & Partsch, 2009; Gianesini et al., 2020) by reducing capillary 

filtrate (International Lymphoedema Framework, 2012) and intra-lumen lymphatic capillary 

pressure and diameter (Franzeck et al., 1997), increasing lymph flow (Adams et al., 2010; Kitayama 

et al., 2017; Zaleska & Olszewski, 2017). Ultimately, compression reduces subcutaneous tissue (J. 

H. Lee et al., 2013) and skin thickness (Hacard et al., 2014). But few studies have investigated fluid 

in the dermis in lymphoedema or its response to compression. Variation in pressure within the 

dermis is important to the uptake of interstitial fluid into the initial lymphatic (Michel et al., 2020; 

Mukherjee et al., 2018), the first step in reducing fluid within the dermis, yet it appears from this 

study of primary lymphoedema that conditions for uptake of fluid in the dermis were absent 

during the application of IPC in supine. Although compression acts to increase capillary uptake 

(Mortimer & Levick, 2004; Mosti & Cavezzi, 2019), this study has highlighted the lack of effect of 

compression as applied by IPC on the dermis in primary lymphoedema.  

Further research is required to investigate optimal methods to reduce fluid in the dermis, and to 

determine the effect of fluctuating pressure in the dermis. Such investigations could include the 

effect of exercise, changing posture and manual lymph drainage on dermal fluid or emerging 

technologies such as negative pressure therapy (for example, suction devices that lift and move 

the skin). Further investigation of the dermis in each of these conditions could form the basis for 

treatment development to reduce fluid accumulation in the dermis and its subsequent 

pathological changes. 

In addition, the lack of response to compression in the foot requires further investigation, 

particularly in primary lymphoedema. Factors for investigation include the length or style of 

compression application, including the amount and pattern of pressure applied by IPC. Varied 

drainage patterns from the foot in sub-types of primary lymphoedema may affect the response to 

compression. Sub-grouping cohorts of primary lymphoedema based on phenotype or genetic 

profile could allow investigation of the dermal fluid response to compression specific to the 

primary vessel anomaly which may affect fluid uptake in the dermis. Understanding the response 

of the dermis to compression according to the vessel anomaly in primary lymphoedema will form 

the foundation for targeted treatment. 
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7.6 Limitations  

 Participants 

Participants were matched for age and gender, however, there a difference of two in median BMI 

between groups. Although not statistically significant, this could constitute a clinical difference 

between groups, as lymphoedema has a known association with increased subcutaneous fat 

deposition (Brorson et al., 2009). Fat deposition occurs in the subcutaneous tissue (Tashiro et al., 

2017), not affecting the dermis. Bioimpedance measures penetrate throughout the limb, which 

may be influenced by BMI (Ward et al., 2000); however, the latter influence was associated with 

ethnic group which was constant in this cohort. More recently, BMI was reported to have no effect 

on ECF/ICF or TDC (Mayrovitz, Forbes, et al., 2020).    

A difference between groups in history of cellulitis was also noted. Although numbers were too 

small to investigate its effect on the outcomes of this study statistically, the greater occurrence of 

cellulitis in those with primary lymphoedema is consistent with the increased incidence of cellulitis 

in those with lymphoedema cited in previous literature (Burian et al., 2021; Deng et al., 2015; 

Dupuy et al., 1999; Keeley, 2008; Vignes et al., 2007).  

During data examination for normality, one NLO participant consistently presented as an outlier 

on LEP measures in the foot. This participant had a tattoo on the foot, not immediately under the 

HFU measurement site, but taken in consideration with the outlying LEP measures, it was deemed 

advisable to use the measures of an alternative matched NLO participant.    

 Lymphoedema Status of PLO Compared to NLO  

That PLO participants were not screened genetically or investigated lymphoscintigraphically to 

understand underlying abnormalities which may have contributed to differences between or 

within this group is a limitation of this study.  Instead, clinical measures were used to establish the 

state of each limb comparative to both its contralateral side and to the healthy group, which is the 

reality for many in clinical practice, where lymphoedema imaging is scant or unavailable.  

Bioimpedance was used to investigate between group differences as it is used to detect 

lymphoedema in clinical practice (Koelmeyer et al., 2019). The bilateral presentation of primary 

lymphoedema in the lower limbs of approximately half of the present PLO study cohort, along 

with the potential for abnormal drainage in the contralateral ‘normal’ limb (Bourgeois, 2021; de 



 

134 

Almeida et al., 2017) of uniPLO, precluded the present study from investigations based on inter-

lower limb ratios.  

Investigation of lymphoedema status was undertaken within unilateral and bilateral sub-groups 

(uniPLO and biPLO) as those with uniPLO could be compared to the normative interleg impedance 

ratio (Steele et al., 2018).  

The threshold for establishing bilateral lymphoedema requires an arm to leg ratio, and was 

published in 2019 (Steele et al., 2019), after data collection for this study had begun. To establish 

lymphoedema was present in the legs of those with biPLO, the mean ECF/ICF for the whole limb 

on each side was compared to normative values, which was limited by the exclusion of the foot. 

These limitations were addressed by comparing biPLO and NLO in each of the foot and leg 

segments and, although a difference in ECF/ICF was demonstrated between PLO and NLO in each 

segment statistically, these differences have yet to be tested in greater numbers to establish 

thresholds for lymphoedema in the foot and leg segments. The lack of previous published data 

also limited the conclusions that could be drawn regarding the clinical significance of the 

difference between PLO and NLO in the foot and leg.  

 Sample Size and Statistical Significance  

These results must be understood within the limitations of a small sample, where the distribution 

of data in many variables was a moderate or poor representation of a normal distribution.  

Consequently, the results provide an indication of possible differences, to provide a base for 

further investigation in a larger sample. 

The small sample size in this study was further reduced in comparisons of uni- and bilateral sub-

groups of PLO. Results were taken from Tukey’s adjustment in post-hoc analysis for the smaller 

samples when the PLO group was sub-divided, which resulted in samples of seven or eight (Field, 

2018, p. 657) .  In view of the multiple comparisons, the conservative Bonferroni adjustment was 

made in mixed ANOVA analyses, to avoid making a type I error (Feise, 2002).   

Due to insufficient power (Pallant, 2016, p. 210) as well as the conservative adjustment 

undertaken (Bonferroni), the greater risk may be in making a type II error, finding no significance 

where there is one (Feise, 2002). Statistical significance, as indicated by p-value, is a combination 

of effect size and sample size: where sample size is small and effect size is large, p value will be 
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small (Kalinowski & Fidler, 2010). Consequently, given the small sample size here, where the effect 

size is small, the p-value will be large, indicating an insignificant result where possibly the effect 

though small, may be clinically meaningful. To ensure that an effect is recognised where there is 

one in the population (avoiding a type II error), generally the sample size is increased. However, 

the low prevalence of primary lymphoedema led to recruitment challenges with the resultant 

small sample. To compensate for these challenges to some extent, the clinical significance is 

discussed for results of interest (Feise, 2002).  

 Missing Measures  

The removal of unmatched pairs resulted in even smaller sample sizes in some analyses, 

particularly uniPLO and biPLO groups. For example, one PLO refused compression, so no post-

compression measures were analysed for their matched NLO participant. Sensitivity tests were run 

to determine the effect of removal of unmatched data on the significance of results, but found no 

difference in statistical significance, so results were as reported, with even pairs, unless otherwise 

reported. 

 Devices and Outcome Measures  

There were limitations associated with each of the devices used in this study: 

 Bioimpedance  

Standard bioimpedance measurement protocols for the whole limb (from ankle to groin) may 

have been inappropriate to investigate difference between groups or post intervention, given the 

distal (foot and leg) fluid distribution in limbs of PLO in this study cohort and the protocol for 

measuring whole limb bioimpedance (incorporating the leg and thigh). It is possible that whole 

limb bioimpedance measures taken from ankle to groin may not detect significant differences in 

ECF/ICF in PLO. For this reason, the segmental measurements of leg and foot were included, 

despite the paucity of literature describing this method. Further testing of electrode placement for 

foot bioimpedance is needed, along with the assumptions and modelling for foot bioimpedance 

and its role in discerning between groups. Measurement of the thigh segment may have provided 

further information regarding the fluid distribution in the lower limb of this group. 

The resistivities of ECF and ICF are affected by electrolyte balance (Ward, Winall, et al., 2011). Use 

of the ECF/ICF ratio for comparisons, both between participants and following compression, relied 

on the assumption that the resistivity of these fluids remained constant over the study period 
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(four hours, whilst supine lying with restricted eating and drinking). 

 MoistureMeterD Compact  

TDC has been shown to decrease with temperature (Mayrovitz, 2015), which may have caused 

difference due to seasonal variation. However, in the clinical setting, temperature was postulated 

to have little effect when 15 minutes is allowed for stabilisation following removal of garments, 

based on results in a healthy skin (Mayrovitz, Berdichevskiy, et al., 2020). In the present study, it is 

possible that there was a seasonal temperature difference between groups due to the time of year 

during which data was collected in each group, which consequently may have affected TDC. 

However, this effect was limited by data collection being undertaken in temperature-controlled 

clinical spaces. Furthermore, possible seasonal variation would not affect the response to 

compression, as measures post-compression were taken on the same day, in the same 

temperature-controlled environment.  

As dermal thickness was not measured, the tissues which are measured by PWC are surmised from 

comparison to ECF/ICF and LEP and previous literature describing a thicker dermis in 

lymphoedema compared to healthy skin (Hacard et al., 2014; Idy-Peretti et al., 1998).  

 It is possible that the measurement site on the foot was influenced by underlying structures such 

as veins.  Ideal placement for the MMDC is between the first and second metatarsals (Mayrovitz, 

2019a), although good reliability is also reported at the mid-dorsum of the foot (Mayrovitz, 2015). 

In this study, the space between the second and third metatarsals, the second greatest space, was 

chosen as a flatter surface, to enable stable application of all devices, particularly the HFU and the 

Indurometer.  

 Indurometer  

Factors affecting fluid balance such as hydration and menstrual cycle have been found to affect IU 

(Douglass et al., 2018) as well as bioimpedance (Brantlov et al., 2017a; Douglass et al., 2018): the 

absence of information regarding menstrual cycle was a limitation in the present study. Efforts to 

control hydration factors, in accordance with bioimpedance requirements, included a bathroom 

visit to void on arrival prior to data collection, as well as the request not to exercise vigorously 

prior to data collection, nor to drink alcohol for 12 hours and caffeine for four hours prior to 

attendance.  
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 High Frequency Ultrasound  

Diurnal fluid variations may have occurred between participants measured at different times of 

the day. Diurnal variation in echogenicity has been reported where changes in LEP were observed 

over 12 hours from morning to evening in both the elderly (aged 75-100) and the young (aged 17-

27) (Gniadecka, Serup, et al., 1994). However, no change in echogenicity was seen in the latter 

study in those who remained supine over the same period, indicating that the change occurred 

due to gravitational stress. In this study, data collection occurred during supine lying, following 

approximately 30 minutes to allow for equilibrium, eliminating gravitational stress.   
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CHAPTER 8 CONCLUSION 

8.1 Summary Overview: Contribution to Knowledge 

This study demonstrates three original contributions to knowledge. High distal fluid accumulation 

was described by dermal and deeper tissue fluid measures in the foot and lower leg in young 

people with primary lymphoedema for the first time. This is consistent with lymphoscintigraphic 

descriptions of the distal fluid distribution in primary lymphoedema and indicates the need to 

address treatment to the dermis in the foot in primary lymphoedema. The second original 

contribution was the observed lack of response to compression in the dermis at any site. This 

raises important clinical questions about the effect of pressure applied by IPC on the initial 

lymphatics. Fluid uptake in the dermis is known to be influenced by variable pressure, which may 

not be optimally applied by IPC in supine. The third original contribution was the lack of response 

to IPC in all measures in the foot. These findings impact on clinical practice and warrant further 

investigation. If IPC is ineffective in changing fluid accumulation in the foot, alternative treatment 

strategies are required, and clinical practice adapted accordingly. 

The first original contribution of this research was evident in the foot, which, with the distal leg, is 

a segment particularly affected in primary lymphoedema. The demonstration of higher dermal 

fluid in the foot in people with primary lymphoedema, compared with normal tissues, forms the 

basis for future investigation to address skin changes in this understudied segment. In contrast to 

the foot, the dermal fluid in the posterior calf of PLO was not significantly different to NLO, despite 

lymphoedema measures of local percent water content (PWC) and extracellular to intracellular 

fluid ratio (ECF/ICF), being elevated in PLO compared to NLO throughout the foot and leg. 

Clinically, high dermal fluid measures in the PLO foot are consistent with pathological changes in 

the dermis observed in primary lymphoedema in the foot. The finding of high fluid content in the 

dermis of PLO supports and confirms in clinical measures the effect of lymph vessel anomalies 

seen by lymphoscintigraphy in the distal leg of primary lymphoedema. This highlights the clinical 

need for treatment to address increased fluid in the dermis in the foot. 

A second original contribution of this research demonstrated that applying pneumatic 

compression did not instigate measurable change in either fluid distribution or tissue resistance in 

the foot in people either with or without primary lymphoedema. This is a commonly used 

treatment and, subject to confirmation in further studies, has wide implications for treatment of 
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lymphoedema generally, especially for those with primary lymphoedema in whom the foot is 

particularly affected.  

The third original contribution demonstrated no response in the dermis at any site following 

compression with IPC. Fluid accumulation in the dermis leads to superficial evidence of 

pathological tissue alteration, observed in the skin as lymphoedema progresses, and yet a key 

treatment strategy for lymphoedema, compression applied by IPC, has been demonstrated in a 

single dose to have little effect on the dermis in people with primary lymphoedema.  

This study provides the first objective clinical evidence of fluid accumulated in the dermis in the 

foot in primary lymphoedema and furthermore, that it is not responsive to a standardised dose of 

a commonly used treatment strategy. This study sets the foundation for future research to 

confirm and widen understanding of the effect of compression on the dermis, particularly in the 

foot.  

Further research is needed, both to confirm these initial findings and to investigate methods that 

will reduce fluid accumulation in the foot and in the dermis. Possible areas for investigation 

include 1) IPC effectiveness: sufficient dosage, effective transfer of pressure from the sleeve to the 

foot; 2) treatment of the dermis: effect of variation in dermal pressure on fluid uptake; and 3) the 

effect of compression on the dermis in primary lymphoedema with known specific drainage 

anomalies.  

8.2 Implications for Clinical Practice 

 Primary Lymphoedema and the Foot  

The foot is the site for assessment of early skin changes by the Stemmers test, which is an indirect 

indication of tissue thickening, but provides no understanding of the physiological change that has 

taken place in the dermis or below. This study has demonstrated high fluid content in the foot in 

primary lymphoedema, particularly in the dermis, and flags the need to address treatment to the 

foot to reduce dermal fluid.   

 Use of High Frequency Ultrasound 

Staging of lymphoedema has been long been hampered by the lack of a quantitative measure to 

track the change in tissues from fluid to fibrosis. The use of high frequency ultrasound (HFU) in 

tandem with percent water content and bioimpedance has provided fluid measures in the dermis, 
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at a point and within the segment, offering some evidence towards understanding of fluid 

distribution in the distal lower limb segments in primary lymphoedema previously seen 

lymphoscintigraphically, and now demonstrated in clinical measures for the first time.  

A reliable method for dermal fluid measurement using the DermaScan C high frequency 

ultrasound has been established. 

 Segmental Bioimpedance in the Lower Limb  

This study has demonstrated the impact on clinical practice of the distal fluid distribution in 

primary lymphoedema when using bioimpedance. Fluid distribution in lower limb primary 

lymphoedema seen in the PLO of this study cohort contrasts to that reported of lower limb 

secondary lymphoedema, in which bioimpedance protocols have been developed. This has 

implications for the use of bioimpedance in primary lymphoedema. Evidence of fluid accumulation 

in the foot, found in the early stages of primary lymphoedema in this PLO cohort, indicate the 

importance of including the foot in bioimpedance measures for primary lymphoedema.  

For the first time, segmental bioimpedance was measured in the foot as well as the leg, showing 

significantly increased bioimpedance measures of ECF/ICF in primary lymphoedema compared to 

those without lymphoedema. The foot is a segment which is seen clinically to have both overt 

swelling as well as skin thickening, which is palpated as tissue resistance; measurement of the foot 

by bioimpedance could be applied to broaden understanding in all types of lymphoedema. Further 

clinical significance of the greater fluid accumulation in primary lymphoedema remains to be 

determined when more is known about segmental bioimpedance of the foot and leg.  

 Compression 

That none of the five measurement methods used in this study detected change following IPC in 

the foot indicates questionable efficacy of compression applied in this manner to the foot. The 

lack of a response to compression in the foot could be attributed to anomalous fluid uptake in the 

foot or vessel anomaly in the leg or thigh impairing drainage in primary lymphoedema. However, 

the absence of a response in NLO as well prompts further investigation of IPC applied to the foot. 

To my knowledge, previous literature on IPC has not reported its effect on fluid distribution 

specifically in primary lymphoedema, nor the foot in any population. Until IPC can be 

demonstrated to invoke change in the clinical measures of bioimpedance, MoistureMeter, and 

HFU at the foot, alternative treatment methods need to be considered to reduce fluid in the foot.   
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In addition, the lack of response to compression in the dermis at any site prompts further scrutiny. 

The mechanism of fluid uptake into the initial lymphatics requires variable pressure in the 

interstitium of the dermis; the lack of response to compression suggests that IPC is not providing 

optimal conditions for fluid uptake. Further, the lack of response in people with no lymphoedema 

suggests that the mode of compression was responsible. Few studies have investigated 

echogenicity in the dermis in lymphoedema and there is limited information on the expected 

echogenic response of the healthy dermis to compression. Previous clinical investigations of 

response to compression have investigated subcutaneous tissue not the dermis.  

The impact of increased dermal fluid is seen in the pathological changes that appear in the dermis 

in later stage lymphoedema; effective treatment is required to reduce dermal fluid in early stage 

lymphoedema. The clinical impact of this study appears to indicate that IPC, one form of 

compression treatment, is not addressing dermal fluid. Furthermore, given the lack of correlation 

of dermal fluid measures with either segmental or point fluid measures, it appears that current 

clinical tools of bioimpedance and MoistureMeter do not assess change in the dermis. 

Consequently, it appears that current treatment methods are not assessed for their effect on 

dermal fluid. 

The response of the untreated limb in PLO also invites further scrutiny. The small significant 

increase in ECF/ICF in the contralateral leg of PLO following compression suggests caution in 

applying pneumatic compression to one limb only in primary lymphoedema, as drainage paths are 

frequently unknown. Although this response to compression was small and requires investigation 

in greater numbers to confirm this risk, an increase in ECF/ICF on the contralateral side suggests 

therapists may need to consider applying pneumatic compression bilaterally in primary 

lymphoedema, unless drainage pathways have been imaged and are known.    

8.3 Future Research 

These findings form the basis for further investigation of the dermis in primary lymphoedema, and 

treatment methods to address fluid in the dermis. The response of the dermis to compression 

bears further investigation under differing conditions invoking variable pressure within the dermis 

to assess changes that may indicate improved fluid uptake into initial lymphatic vessels. Such 

investigations could involve different modes of compression or indeed, different modes of 

treatments applying variable pressure to the skin, such as manual lymphatic drainage or negative 
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pressure devices. Such research could include the effect of postural changes on the dermal fluid in 

the foot. Understanding the response of the normal dermis could form the foundation for 

investigation of treatment for the dermis in the primary lymphoedema. Such studies, addressing 

not only the response of the dermis, but the whole foot, are required to underpin improved 

treatment of the dermal changes seen in the foot in lymphoedema, which could be useful in other 

forms of chronic lymphoedema. 

Future research in people with primary lymphoedema may benefit from baseline stratification 

either by genetic phenotyping, or by type of drainage fault or vessel anomaly delineated by ICG 

imaging and/or lymphoscintigraphy. Stratification would require large numbers of primary 

lymphoedema but could allow investigation of treatment specific to phenotype. Due to the 

relatively low prevalence of primary lymphoedema, this may involve cooperation between several 

large centres with access to imaging. The addition of imaging to illustrate anomalous drainage in 

different phenotypes of primary lymphoedema, together with measures of dermal fluid, could 

inform understanding of the effect of different forms of anomalous drainage on the dermis 

compared to the healthy dermis, and differences in its response to compression or other forms of 

treatment, particularly in the foot.   

Stratifying lymphoedema by a consistent staging system with objective tissue measures could 

allow study of the tissues at different stages of fluid-to-fibrotic change and improve understanding 

of the effect of compression on the tissues at each stage. Comparison between the superficial Skin 

Fibrometer and the deeper penetrating Indurometer may further understanding of the tissue 

resistance specific to the dermis in isolation from underlying tissues. At this stage, it appears that 

fluid measures provide more appropriate measures for assessment of response to compression 

than  indurometry. 

A longitudinal study of duration from childhood through adolescence and into adulthood, along 

with the genetic makeup of the underlying cause, may provide information regarding the 

progressive nature of lymphoedema in the lower limb in different phenotypes of primary 

lymphoedema. Understanding the nature of the physiological deficit (for example valve 

dysfunction, vessel dysmorphia) within future studies on primary lymphoedema will enable study 

of treatment adaptation according to anomaly.   
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 Detection of Fluid Accumulation in Primary Lymphoedema 

Detection of fluid accumulation in the foot and leg has implications for potential early intervention 

in children and young adults, in whom primary lymphoedema develops in most cases, and who go 

on to live with lymphoedema for the longest time. If risk indicators such as family history are 

known, investigation of the foot or leg potentially may assist early identification of fluid 

accumulation in those who have no obvious swelling but may be susceptible to familial forms of 

late onset primary lymphoedema, which become overt in late childhood, adolescence or later.  

The possibility of progression in primary lymphoedema (for instance, the foot being a precursor to 

leg involvement) is an area for investigation to identify whether different types of primary 

lymphoedema are more susceptible than others to progression, and over what period.  If the foot 

is a precursor to leg involvement in primary lymphoedema, and oedema causes progressive 

damage, as described in ISL staging, the urgency to detect and intervene as early as possible in 

primary lymphoedema becomes clear, as is standard practice in secondary lymphoedema. 

Alternatively, unilateral primary lymphoedema may simply be demonstrating a less severe form of 

disease than bilateral. If so, current ISL staging fails to describe these differences in primary 

lymphoedema. 

Future research to establish appropriate segmental testing protocols in bioimpedance could 

facilitate more accurate measurement of fluid accumulation in primary lymphoedema. 

Investigation of leg and foot segments in a large cohort of healthy lower limbs is needed to 

identify a protocol for measurement of impedance in the foot and leg and establish lymphoedema 

thresholds. Normative bioimpedance measures in the foot and leg segments could then be used to 

explore early identification of primary lymphoedema. Bioimpedance protocols that include 

measurement of the foot may also be useful in the management of other forms of lymphoedema, 

as distal spread occurs under the effect of gravity.  

To accurately measure and identify group differences in primary lymphoedema, measurement 

protocols for the foot could be incorporated into future research. Previous studies have reported a 

proximal distribution of fluid in secondary lymphoedema, in contrast to the distal distribution of 

fluid in primary lymphoedema. Comparison of impedance values of stage I to early II 

lymphoedema in foot and leg segments in primary lymphoedema with those of similar stage of 

secondary lymphoedema, could guide the focus for treatment according to the relative 
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distribution of fluid in early stage primary compared to secondary lymphoedema.  

Until appropriate bioimpedance protocols are established for segmental measures of fluid, PWC 

appears to provide a clinically useful measure of local fluid accumulation, capable of distinguishing 

between those with and without primary lymphoedema, in the foot and leg. 

8.4 Perspective 

There has been increased interest in tissue change in lymphoedema and its measurement over the 

seven years since this study’s inception. Prior to that, the limitations of dimensional measures 

alone were beginning to be reported. Assessment of tissue change mostly relied on imaging 

equipment, available in large centres, but not available for the majority of lymphoedema 

therapists, many of whom are private therapy practices or rural and remote areas. Since this study 

began, tissues have been investigated using a range of devices in different populations of post-

surgical or ‘post-inflammatory’ lymphoedema, with one also investigating response to one 

application of compression. As well as using volume or circumference to describe lymphoedema, 

previous studies have used bioimpedance to describe fluid distribution or combined dimensional 

measures with local tissue water, skin thickness, tonometry, bioimpedance and imaging to 

quantify the tissue changes on which staging of lymphoedema relies. All previous study samples 

consisted of secondary, mixed cause or mixed primary and secondary lymphoedema, or oedema 

following cellulitis. Investigations of the dermis and tissues in primary lymphoedema alone have 

not been reported.  

Investigations of tissue properties in the lower limb have focused on the leg, excluding the foot. 

Although some HFU studies have described properties of the dorsum of the foot in healthy skin, 

those investigating lymphoedema included foot measures within mean lower limb measures. 

Primary lymphoedema has been described as more common distally, affecting the foot and below 

the knee frequently from birth onwards, so has an effect in the foot for potentially the longest 

time. It is in the foot that skin changes are noted, indicating the accumulation of fluid in the 

dermis, and this is used diagnostically for lymphoedema in Stemmer’s sign. For this reason, it is 

important that studies address lymphoedema in the foot and its management, as well as tissue 

change exclusively in primary lymphoedema.   
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8.5 Concluding remarks 

This study describes for the first time, the immediate response of the dermis and tissues of the 

foot in primary lymphoedema to compression. In addition, a reliable method was established 

using high frequency ultrasound for dermal investigation, as well as the first data comparing 

people with and without primary lymphoedema.  Results indicate the utility of high frequency 

ultrasound for fluid measures specifically in the dermis, as well as percent water content (PWC) 

and extracellular fluid (ECF/ICF) measures in foot and leg segments for determining fluid-affected 

areas in lower limbs with primary lymphoedema.  

Further work is required to isolate dermal tissue resistance from that of underlying tissues. 

Limitations have been demonstrated in primary lymphoedema in using lower limb bioimpedance 

measurement protocols, from which the foot, a key testing site for clinical signs indicative of 

lymphoedema, is omitted. Bioimpedance measurement of the foot as a segment requires further 

testing and protocols for detection of lymphoedema require adaptation to include the foot for use 

in early stage primary lymphoedema.   

The clinical impact of this study extends to the potential for future early identification of primary 

lymphoedema using bioimpedance. Unlike secondary lymphoedema, which is predominantly 

identified following cancer treatment, there is no trigger to recognise primary lymphoedema. Early 

detection is absent in primary lymphoedema, which results in delayed diagnosis and treatment. 

Familial forms of primary lymphoedema, for which adolescents may be at risk, require a detection 

method appropriate to the fluid distribution in primary lymphoedema. Future research to 

established normative bioimpedance measures in the foot and leg segments could promote the 

development of protocols for early identification of late onset primary lymphoedema.  

Finally, the lack of response of the foot to a single dose of compression highlights the need to 

investigate and treat each anatomical area independently. The lack of response of the dermis 

following IPC indicates that something other than a single dose of IPC compression plays a role in 

fluid uptake from the dermis. Such factors invite future investigation, which may include the role 

of variable pressure that arises in the dermis following changes in posture and exercise, or devices 

which stretch and move the skin.   A ‘one size fits all’ approach to treatment, in which the global 

application of pneumatic compression to a limb is trusted to achieve changes in each leg segment, 

has been shown to have no effect in the foot in primary lymphoedema. The lack of response in the 
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foot to this commonly used treatment strategy requires further investigation to inform treatment 

decision-making for the therapist in clinical practice and address the accumulation of fluid in both 

the foot and the dermis.   

The clinical importance of objectively quantifying the stage of lymphoedema led to this study, as 

the limitations of dimension alone were evident clinically as an insufficient basis for treatment 

decisions. Distal fluid accumulation observed in primary lymphoedema requires targeted 

treatment, particularly to address the dermis which was demonstrably unchanged by a common 

treatment modality. Future dermal investigations of primary lymphoedema could benefit by 

additional baseline stratification by imaging or genetic abnormality. Determination of the baseline 

vessel anomaly or underlying fluid transport fault in future investigations may progress 

understanding of the dermal response to treatment in primary lymphoedema. 

  



 

147 

REFERENCES 

Adams, K. E., Rasmussen, J. C., Darne, C., Tan, I., Aldrich, M. B., Marshall, M. V., Fife, C. E., Maus, E. 

A., Smith, L. A., Guilloid, R., Hoy, S., & Sevick-Muraca, E. M. (2010). Direct evidence of 

lymphatic function improvement after advanced pneumatic compression device treatment 

of lymphedema. Biomedical Optics Express, 1(1), 114-125. 

https://doi.org/10.1364/BOE.1.000114 

Agner, T., & Serup, J. (1990). Individual and instrumental variations in irritant patch-test reactions-

clinical evaluation and quantification by bioengineering methods. Clinical and Experimental 

Dermatology, 15, 29-33. https://doi.org/10.1111/j.1365-2230.1990.tb02014.x 

Aldrich, M. B., Gross, D., Morrow, J. R., Fife, C. E., & Rasmussen, J. C. (2016). Effect of pneumatic 

compression therapy on lymph movement in lymphedema-affected extremities, as 

assessed by near-infrared fluorescence lymphatic imaging. Journal of Innovative Optical 

Health Sciences, 10(02), 1650049. https://doi.org/10.1142/S1793545816500498 

Aldrich, M. B., Guilliod, R., Fife, C. E., Maus, E. A., Smith, L., Rasmussen, J. C., & Sevick-Muraca, E. 

M. (2012). Lymphatic abnormalities in the normal contralateral arms of subjects with 

breast cancer-related lymphedema as assessed by near-infrared fluorescent imaging. 

Biomedical Optics Express, 3(6), 1256-1265. https://doi.org/10.1364/BOE.3.001256 

Alsing, K. K., & Serup, J. (2020). High-frequency ultrasound skin thickness: Comparison of manual 

reading and automatic border detection includes assessment of interobserver variation of 

measurement. Skin Research and Technology, 26(6), 832-838. 

https://doi.org/10.1111/srt.12884 

Armer, J. M., Hulett, J. M., Bernas, M., Ostby, P., Stewart, B. R., & Cormier, J. N. (2013). Best-

practice guidelines in assessment, risk reduction, management, and surveillance for post-

breast cancer lymphedema. Current Breast Cancer Reports, 5(2), 134-144. 

https://doi.org/10.1007/s12609-013-0105-0 

Arrive, L., Derhy, S., Dahan, B., El Mouhadi, S., Monnier-Cholley, L., Menu, Y., & Becker, C. (2018). 

Primary lower limb lymphoedema: Classification with non-contrast mr lymphography. 

European Radiology, 28(1), 291-300. https://doi.org/10.1007/s00330-017-4948-z 

Australasian Lymphology Association. (2004). Guideline for a national standard technique of 

measurement of lymphoedematous limbs. Retrieved 17/8/2021, from 

https://www.lymphoedema.org.au/public/7/files/ALA_Measuring_Standard_Dec2013.pdf 

https://doi.org/10.1364/BOE.1.000114
https://doi.org/10.1111/j.1365-2230.1990.tb02014.x
https://doi.org/10.1142/S1793545816500498
https://doi.org/10.1364/BOE.3.001256
https://doi.org/10.1111/srt.12884
https://doi.org/10.1007/s12609-013-0105-0
https://doi.org/10.1007/s00330-017-4948-z
https://www.lymphoedema.org.au/public/7/files/ALA_Measuring_Standard_Dec2013.pdf


 

148 

Australasian Lymphology Association. (2012). Circumferential Measurement Guideline. Retrieved 

17/8/2021, from 

https://www.lymphoedema.org.au/public/7/files/PositionStatement_Circumferential_Mea

surement_Guideline.pdf 

Australasian Lymphology Association. (2021). The use of compression in the management of 

lymphoedema. Retrieved 30/7/2021, from 

https://www.lymphoedema.org.au/public/7/files/Position%20Statements/ALA%20Position

%20Paper_use%20of%20compression.pdf 

Avraham, T., Clavin, N. W., Daluvoy, S. V., Fernandez, J., Soares, M. A., Cordeiro, A. P., & Mehrara, 

B. J. (2009). Fibrosis is a key inhibitor of lymphatic regeneration. Plastic and Reconstructive 

Surgery, 124(2), 438-450. https://doi.org/10.1097/PRS.0b013e3181adcf4b 

Bagatin, E., Caetano, L. D. V. N., & Soares, J. L. M. (2013). Ultrasound and dermatology: Basic 

principles and main applications in dermatologic research. Expert Review of Dermatology, 

8(5), 463-477. https://doi.org/10.1586/17469872.2013.838513 

Bagheri, S., Ohlin, K., Olsson, G., & Brorson, H. (2005). Tissue tonometry before and after 

liposuction of arm lymphedema following breast cancer. Lymphatic Research and Biology, 

3(2), 66-80. https://doi.org/10.1089/lrb.2005.3.66 

Baish, J. W., Padera, T. P., & Munn, L. L. (2022). The effects of gravity and compression on 

interstitial fluid transport in the lower limb. Scientific Reports, 12(1), 4890. 

https://doi.org/10.1038/s41598-022-09028-9 

Bąk, E., Marcisz, C., Kadłubowska, M., Michalik, A., Krawczyk, B., Dobrzyń-Matusiak, D., 

Krzemińska, S., Fiałkowski, T., Glądys, E., & Drosdzol-Cop, A. (2016). Independent factors of 

changes of ankle-brachial index in peripheral arterial occlusive disease in elderly patients 

with or without diabetes. International Journal of Environmental Research and Public 

Health, 13(11). https://doi.org/10.3390/ijerph13111103 

Barantke, M., Krauss, T., Ortak, J., Lieb, W., Reppel, M., Burgdorf, C., Pramstaller, P. P., Schunkert, 

H., & Bonnemeier, H. (2008). Effects of gender and aging on differential autonomic 

responses to orthostatic maneuvers. Journal of Cardiovascular Electrophysiology 19(12), 

1296-1303. https://doi.org/10.1111/j.1540-8167.2008.01257.x 

Barone, V., Borghini, A., Tedone Clemente, E., Aglianò, M., Gabriele, G., Gennaro, P., & Weber, E. 

(2020). New insights into the pathophysiology of primary and secondary lymphedema: 

Histopathological studies on human lymphatic collecting vessels. Lymphatic Research and 

https://www.lymphoedema.org.au/public/7/files/PositionStatement_Circumferential_Measurement_Guideline.pdf
https://www.lymphoedema.org.au/public/7/files/PositionStatement_Circumferential_Measurement_Guideline.pdf
https://www.lymphoedema.org.au/public/7/files/Position%20Statements/ALA%20Position%20Paper_use%20of%20compression.pdf
https://www.lymphoedema.org.au/public/7/files/Position%20Statements/ALA%20Position%20Paper_use%20of%20compression.pdf
https://doi.org/10.1097/PRS.0b013e3181adcf4b
https://doi.org/10.1586/17469872.2013.838513
https://doi.org/10.1089/lrb.2005.3.66
https://doi.org/10.1038/s41598-022-09028-9
https://doi.org/10.3390/ijerph13111103
https://doi.org/10.1111/j.1540-8167.2008.01257.x


 

149 

Biology, 18(6), 502-509. https://doi.org/10.1089/lrb.2020.0037 

Bates, D. O., Levick, J. R., & Mortimer, P. S. (1992). Subcutaneous interstitial fluid pressure and arm 

volume in lymphoedema. International Journal of Microcirculation: Clinical and 

Experimental, 11(4), 359-373. https://archive.org/details/sim_international-journal-of-

microcirculation-clinical_1992_11_contents/page/n3/mode/2up 

Belgrado, J., Bracale, P., Bates, J., Röh, N., Rosiello, R., Cangiano, A., & Moraine, J. (2010). 

Lymphoedema: What can be measured and how... overview. European Journal of 

Lymphology and Related Problems, 21(61), 3-9. 

https://www.eurolymphology.org/JOURNAL/VOL21-N61-2010.pdf 

Belgrado, J. P., Vandermeeren, L., Vankerckhove, S., Valsamis, J. B., Malloizel-Delaunay, J., 

Moraine, J. J., & Liebens, F. (2016). Near-infrared fluorescence lymphatic imaging to 

reconsider occlusion pressure of superficial lymphatic collectors in upper extremities of 

healthy volunteers. Lymphatic Research and Biology, 14(2), 70-77. 

https://doi.org/10.1089/lrb.2015.0040 

Bergan, J. J., Sparks, S., & Angle, N. (1998). A comparison of compression pumps in the treatment 

of lymphedema. Vascular and Endovascular Surgery, 32(5), 455-462. 

https://doi.org/10.1177/153857449803200508 

Bickel, A., Shturman, A., Grevtzev, I., Roguin, N., & Eitan, A. (2011). The physiological impact of 

intermittent sequential pneumatic compression (ISPC) leg sleeves on cardiac activity. The 

American Journal of Surgery, 202(1), 16-22. https://doi.org/10.1016/j.amjsurg.2010.04.020 

Bjork, R., & Ehmann, S. (2019). S.T.R.I.D.E. Professional guide to compression garment selection for 

the lower extremity. Journal of Wound Care, 28(Sup6a), 1-44. 

https://doi.org/10.12968/jowc.2019.28.Sup6a.S1 

Bok, S.-K., Jeon, Y., & Hwang, P.-S. (2016). Ultrasonographic evaluation of the effects of 

progressive resistive exercise in breast cancer-related lymphedema. Lymphatic Research 

and Biology, 14(1), 18-24. https://doi.org/10.1089/lrb.2015.0021 

Bollinger, A., & Amann-Vesti, B. (2007). Fluorescence microlymphography: Diagnostic potential In 

lymphedema and basis for the measurement of lymphatic pressure and flow velocity. 

Lymphology, 40(2), 52-62. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3615/ 

Boris, M., Weindorf, S., & Lasinski, B. B. (1998). The risk of genital edema after external pump 

compression for lower limb lymphedema. Lymphology, 31(1), 15-20. 

https://doi.org/10.1089/lrb.2020.0037
https://archive.org/details/sim_international-journal-of-microcirculation-clinical_1992_11_contents/page/n3/mode/2up
https://archive.org/details/sim_international-journal-of-microcirculation-clinical_1992_11_contents/page/n3/mode/2up
https://www.eurolymphology.org/JOURNAL/VOL21-N61-2010.pdf
https://doi.org/10.1089/lrb.2015.0040
https://doi.org/10.1177/153857449803200508
https://doi.org/10.1016/j.amjsurg.2010.04.020
https://doi.org/10.12968/jowc.2019.28.Sup6a.S1
https://doi.org/10.1089/lrb.2015.0021
https://journals.librarypublishing.arizona.edu/lymph/article/id/3615/


 

150 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3336/ 

Boughey, A., Prasopa-Plaizier, N., Davies, E., & Purdon, C. (2005). A review of lymphoedema 

services in Victoria Sept 2003- June 2004. Department of Human Services, State of Victoria. 

https://www.vgls.vic.gov.au/client/en_AU/search/asset/1160887 

Bourgeois, P. (2021). Lymphoscintigraphic bilateral disease in patients with clinically unilateral 

primary lower limb lymphedemas. Lymphatic Research and Biology, 19(4), 362-364. 

https://doi.org/10.1089/lrb.2020.0041 

Bowen, J. M., Sobey, G. J., Burrows, N. P., Colombi, M., Lavallee, M. E., Malfait, F., & Francomano, 

C. A. (2017). Ehlers-Danlos syndrome, classical type. American Journal of Medical Genetics 

C: Seminars in Medical Genetics, 175(1), 27-39. https://doi.org/10.1002/ajmg.c.31548 

Boyages, J., Xu, Y., Kalfa, S., Koelmeyer, L., Parkinson, B., Mackie, H., Viveros, H., Gollan, P., & 

Taksa, L. (2017). Financial cost of lymphedema borne by women with breast cancer. 

Psycho-Oncology, 26(6), 849-855. https://doi.org/10.1002/pon.4239 

Brantlov, S., Ward, L. C., Jødal, L., Rittig, S., & Lange, A. (2017a). Critical factors and their impact on 

bioelectrical impedance analysis in children: a review. Journal of Medical Engineering & 

Technology, 41(1), 22-35. 10.1080/03091902.2016.1209590 

Brantlov, S., Ward, L. C., Jødal, L., Rittig, S., & Lange, A. (2017b). Critical factors and their impact on 

bioelectrical impedance analysis in children: A review. Journal of Medical Engineering and 

Technology, 41(1), 22-35. https://doi.org/10.1080/03091902.2016.1209590 

Breslin, J. W. (2014). Mechanical forces and lymphatic transport. Microvascular Research, 96, 46-

54. https://doi.org/10.1016/j.mvr.2014.07.013 

Breslin, J. W., Yang, Y., Scallan, J. P., Sweat, R. S., Adderley, S. P., & Murfee, W. L. (2018). Lymphatic 

vessel network structure and physiology. Comprehensive Physiology 9(1), 207-299. 

https://doi.org/10.1002/cphy.c180015 

Brix, B., Apich, G., Roessler, A., Ure, C., Schmid-Zalaudek, K., Hinghofer-Szalkay, H., & Goswami, N. 

(2020). Fluid shifts induced by physical therapy in lower limb lymphedema patients. Journal 

of Clinical Medicine, 9(11). https://doi.org/10.3390/jcm9113678 

Brix, B., Apich, G., Ure, C., Roessler, A., & Goswami, N. (2020). Physical therapy affects endothelial 

function in lymphedema patients. Lymphology, 53(3), 109-117. 

https://doi.org/10.2458/lymph.4663 

Brix, B., Sery, O., Onorato, A., Ure, C., Roessler, A., & Goswami, N. (2021). Biology of lymphedema. 

Biology, 10(4). https://doi.org/10.3390/biology10040261 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3336/
https://www.vgls.vic.gov.au/client/en_AU/search/asset/1160887
https://doi.org/10.1089/lrb.2020.0041
https://doi.org/10.1002/ajmg.c.31548
https://doi.org/10.1002/pon.4239
https://doi.org/10.1080/03091902.2016.1209590
https://doi.org/10.1016/j.mvr.2014.07.013
https://doi.org/10.1002/cphy.c180015
https://doi.org/10.3390/jcm9113678
https://doi.org/10.2458/lymph.4663
https://doi.org/10.3390/biology10040261


 

151 

Brorson, H. (2012). From lymph to fat: Liposuction as a treatment for complete reduction of 

lymphedema. International Journal of Lower Extremity Wounds, 11(1), 10-19. 

https://doi.org/10.1177/1534734612438550 

Brorson, H. (2015). Liposuction normalizes lymphedema induced adipose tissue hypertrophy in 

elephantiasis of the leg – A prospective study with a ten-year follow-up. Plastic and 

Reconstructive Surgery, 136, 133–134. 

https://doi.org/10.1097/01.prs.0000472449.93355.4a  

Brorson, H., Ohlin, K., Olsson, G., & Karlsson, M. K. (2009). Breast cancer-related chronic arm 

lymphedema is associated with excess adipose and muscle tissue. Lymphatic Research and 

Biology, 7(1), 3-10. https://doi.org/10.1089/lrb.2008.1022 

Brorson, H., Ohlin, K., Olsson, G., & Nilsson, M. (2006). Adipose tissue dominates chronic arm 

lymphedema following breast cancer: An analysis using volume rendered CT images. 

Lymphatic Research and Biology, 4(4), 199-209. https://doi.org/10.1089/lrb.2006.4404 

Bundred, N. J., Stockton, C., Keeley, V., Riches, K., Ashcroft, L., Evans, A., Skene, A., Purushotham, 

A., Bramley, M., Hodgkiss, T., & The Investigators of BEA/Place studies. (2015). Comparison 

of multi-frequency bioimpedance with perometry for the early detection and intervention 

of lymphoedema after axillary node clearance for breast cancer. Breast Cancer Res Treat, 

151(1), 121-129. 10.1007/s10549-015-3357-8 

Burian, E. A., Karlsmark, T., Franks, P. J., Keeley, V., Quéré, I., & Moffatt, C. J. (2021). Cellulitis in 

chronic oedema of the lower leg: An international cross-sectional study. British Journal of 

Dermatology, 185(1), 110-118. https://doi.org/10.1111/bjd.19803 

Burnand, K. M., Glass, D. M., Mortimer, P. S., & Peters, A. M. (2012). Lymphatic dysfunction in the 

apparently clinically normal contralateral limbs of patients with unilateral lower limb 

swelling. Clinical Nuclear Medicine, 37(1), 9-13. 

https://doi.org/10.1097/RLU.0b013e31823931f5 

Burnier, P., Niddam, J., Bosc, R., Hersant, B., & Meningaud, J. P. (2017). Indocyanine green 

applications in plastic surgery: A review of the literature. Journal of Plastic, Reconstructive 

& Aesthetic Surgery, 70(6), 814-827. https://doi.org/10.1016/j.bjps.2017.01.020 

Bustos, S. S., Zhou, B., Huang, T. C. T., Shao, J., Ciudad, P., Forte, A. J., Zhang, X., & Manrique, O. J. 

(2020). Ultrasound vibroelastography for evaluation of secondary extremity lymphedema: 

A clinical pilot study. Annals of Plastic Surgery, 85(S1 Suppl 1), S92-S96. 

https://doi.org/10.1097/SAP.0000000000002448 

https://doi.org/10.1177/1534734612438550
https://doi.org/10.1097/01.prs.0000472449.93355.4a
https://doi.org/10.1089/lrb.2008.1022
https://doi.org/10.1089/lrb.2006.4404
https://doi.org/10.1111/bjd.19803
https://doi.org/10.1097/RLU.0b013e31823931f5
https://doi.org/10.1016/j.bjps.2017.01.020
https://doi.org/10.1097/SAP.0000000000002448


 

152 

Caetano, L. d. V. N., Soares, J. L. M., Bagatin, E., & Miot, H. A. (2015). Reliable assessment of 

forearm photoageing by high-frequency ultrasound: A cross-sectional study. International 

Journal of Cosmetic Science, 38(2), 170-177. https://doi.org/10.1111/ics.12272 

Carlson, J. A. (2014). Lymphedema and subclinical lymphostasis (microlymphedema) facilitate 

cutaneous infection, inflammatory dermatoses, and neoplasia: A locus minoris resistentiae. 

Clinics in Dermatology, 32(5), 599-615. https://doi.org/10.1016/j.clindermatol.2014.04.007 

Cavezzi, A. (2018). Duplex ultrasonography. In B.-B. Lee, S. G. Rockson, & J. Bergan (Eds.), 

Lymphedema: A concise compendium of theory and practice (pp. 315-327). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-52423-8_23 

Centres for Disease Control. (2011). National Health and Nutrition Examination Survey (NHANES) 

anthropometry procedures manual. 

http://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/Anthropometry_Procedures_Manu

al.pdf 

Chassagne, F., Badel, P., Convert, R., Giraux, P., & Molimard, J. (2017). Experimental and numerical 

approach for the investigation of interface pressure applied by compression bandages. 

Veins and Lymphatics, 6(1). https://doi.org/10.4081/vl.2017.6626 

Chassagne, F., Badel, P., & Molimard, J. (2020). Lower leg compression and its biomechanical 

effects on the soft tissues of the leg. In A. Gefen (Ed.), Innovations and Emerging 

Technologies in Wound Care (pp. 55-85). Elsevier. https://doi.org/10.1016/B978-0-12-

815028-3.00004-3 

Cho, K. H., Han, E. Y., Lee, S. A., Park, H., Lee, C., & Im, S. H. (2020). Feasibility of bioimpedance 

analysis to assess the outcome of complex decongestive therapy in cancer treatment-

related lymphedema. Frontiers in Oncology, 10, 111. 

https://doi.org/10.3389/fonc.2020.00111 

Choonhakarn, C., Chaowattanapanit, S., & Julanon, N. (2016). Lipodermatosclerosis: A 

clinicopathologic correlation. International Journal of Dermatology, 55(3), 303-308. 

https://doi.org/10.1111/ijd.12856 

Chua-Aguilera, C. J., Möller, B., & Yawalkar, N. (2017). Skin manifestations of rheumatoid arthritis, 

juvenile idiopathic arthritis, and spondyloarthritides. Clinical Reviews in Allergy and 

Immunology 53(3), 371-393. https://doi.org/10.1007/s12016-017-8632-5 

Connell, F., Brice, G., Mansour, S., & Mortimer, P. (2009). Presentation of childhood 

lymphoedema. Journal of Lymphoedema, 4(2), 65-72. 

https://doi.org/10.1111/ics.12272
https://doi.org/10.1016/j.clindermatol.2014.04.007
https://doi.org/10.1007/978-3-319-52423-8_23
http://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/Anthropometry_Procedures_Manual.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/Anthropometry_Procedures_Manual.pdf
https://doi.org/10.4081/vl.2017.6626
https://doi.org/10.1016/B978-0-12-815028-3.00004-3
https://doi.org/10.1016/B978-0-12-815028-3.00004-3
https://doi.org/10.3389/fonc.2020.00111
https://doi.org/10.1111/ijd.12856
https://doi.org/10.1007/s12016-017-8632-5


 

153 

https://www.woundsinternational.com/journals/issue/519 

Connell, F. C., Gordon, K., Brice, G., Keeley, V., Jeffery, S., Mortimer, P. S., Mansour, S., & 

Ostergaard, P. (2013). The classification and diagnostic algorithm for primary lymphatic 

dysplasia: An update from 2010 to include molecular findings. Clinical Genetics, 84(4), 303-

314. https://doi.org/10.1111/cge.12173 

Cornish, B. H. (2006). Bioimpedance analysis: Scientific background. Lymphatic Research and 

Biology, 4(1), 47-50. https://doi.org/10.1089/lrb.2006.4.47 

Cornish, B. H., Chapman, M., Hirst, C., Mirolo, B., Bunce, I. H., Ward, L. C., & Thomas, B. J. (2001). 

Early diagnosis of lymphedema using multiple frequency bioimpedance. Lymphology, 34(1), 

2-11. https://journals.librarypublishing.arizona.edu/lymph/article/id/3418/ 

Cornish, B. H., Chapman, M., Thomas, B. J., Ward, L. C., Bunce, I. H., & Hirst, C. (2000). Early 

diagnosis of lymphedema in postsurgery breast cancer patients. Annals of the New York 

Academy of Sciences, 904(1), 571-575. https://doi.org/10.1111/j.1749-

6632.2000.tb06518.x 

Cornish, B. H., Eles, P. T., Thomas, B. J., & Ward, L. C. (2000). The effect of electrode placement in 

measuring ipsilateral/contralateral segmental bioelectrical impedance. Annals of the New 

York Academy of Sciences, 904(1), 221-224. https://doi.org/10.1111/j.1749-

6632.2000.tb06455.x 

Cornish, B. H., Jacobs, A., Thomas, B. J., & Ward, L. C. (1999). Optimizing electrode sites for 

segmental bioimpedance measurements. Physiological Measurement, 20(3), 241-250. 

https://doi.org/10.1088/0967-3334/20/3/302 

Cornish, B. H., Thomas, B. J., Ward, L. C., Hirst, C., & Bunce, I. H. (2002). A new technique for the 

quantification of peripheral edema with application in both unilateral and bilateral cases. 

Angiology, 53(1), 41-47. https://doi.org/10.1177/000331970205300106 

Cornish, B. H., Ward, L. C., Thomas, B. J., & Bunce, I. H. (1998). Quantification of lymphoedema 

using multi-frequency bioimpedance. Applied Radiation and Isotopes, 49(5), 651-652. 

https://doi.org/10.1016/S0969-8043(97)00266-2 

Coroneos, C. J., Wong, F. C., DeSnyder, S. M., Shaitelman, S. F., & Schaverien, M. V. (2019). 

Correlation of L-Dex bioimpedance spectroscopy with limb volume and lymphatic function 

in lymphedema. Lymphatic Research and Biology, 17(3), 301-307. 

https://doi.org/10.1089/lrb.2018.0028 

Cortex Technology. (2014). DermaScan C USB Instruction Manual. Cortex Technology, Ltd. 

https://www.woundsinternational.com/journals/issue/519
https://doi.org/10.1111/cge.12173
https://doi.org/10.1089/lrb.2006.4.47
https://journals.librarypublishing.arizona.edu/lymph/article/id/3418/
https://doi.org/10.1111/j.1749-6632.2000.tb06518.x
https://doi.org/10.1111/j.1749-6632.2000.tb06518.x
https://doi.org/10.1111/j.1749-6632.2000.tb06455.x
https://doi.org/10.1111/j.1749-6632.2000.tb06455.x
https://doi.org/10.1088/0967-3334/20/3/302
https://doi.org/10.1177/000331970205300106
https://doi.org/10.1016/S0969-8043(97)00266-2
https://doi.org/10.1089/lrb.2018.0028


 

154 

Costello, M., Moore, Z., Avsar, P., Nugent, L., O'Connor, T., & Patton, D. (2021). Non-cancer-related 

lower limb lymphoedema in complex decongestive therapy: The patient experience. 

Journal of Wound Care, 30(3), 225-233. https://doi.org/10.12968/jowc.2021.30.3.225 

Coutts, L. V., Miller, N. R., Mortimer, P. S., & Bamber, J. C. (2016). Investigation of in vivo skin 

stiffness anisotropy in breast cancer related lymphoedema. Journal of Biomechanics, 49(1), 

94-99. https://doi.org/10.1016/j.jbiomech.2015.11.043 

Crisan, D., Crisan, M., Moldovan, M., Lupsor, M., & Badea, R. (2012). Ultrasonographic assessment 

of the cutaneous changes induced by topical flavonoid therapy. Clinical, Cosmetic and 

Investigational Dermatology, 5, 7-13. https://doi.org/10.2147/CCID.S25840 

Crisan, D., Lupsor, M., Boca, A., Crisan, M., & Badea, R. (2012). Ultrasonographic assessment of 

skin structure according to age. Indian Journal of Dermatology, Venereology, and 

Leprology, 78(4), 519-519. https://doi.org/10.4103/0378-6323.98096 

Czerniec, S. A., Ward, L. C., Lee, M.-J., Refshauge, K. M., Beith, J., & Kilbreath, S. L. (2011). 

Segmental measurement of breast cancer-related arm lymphoedema using perometry and 

bioimpedance spectroscopy. Supportive Care in Cancer, 19(5), 703-710. 

https://doi.org/10.1007/s00520-010-0896-8 

Dai, M., Sato, A., Maeba, H., Iuchi, T., Matsumoto, M., Okuwa, M., Nakatani, T., Sanada, H., & 

Sugama, J. (2016). Dermal structure in lymphedema patients with history of acute 

dermatolymphangioadenitis evaluated by histogram analysis of ultrasonography findings: A 

case-control study. Lymphatic Research and Biology 14(1), 2-7. 

https://doi.org/10.1089/lrb.2015.0020 

Dale, R. F. (1985). The inheritance of primary lymphoedema. Journal of Medical Genetics, 22(4), 

274-278. https://doi.org/10.1136/jmg.22.4.274  

Damstra, R., & Partsch, H. (2009). Compression therapy in breast cancer-related lymphedema: A 

randomized, controlled comparative study of relation between volume and interface 

pressure changes. Journal of Vascular Surgery, 49(5), 1256 - 1263. 

https://doi.org/10.1016/j.jvs.2008.12.018 

Damstra, R. J., & Mortimer, P. S. (2008). Diagnosis and therapy in children with lymphoedema. 

Phlebology, 23(6), 276-286. https://doi.org/10.1258/phleb.2008.008010  

Daroczy, J. (1995). Pathology of lymphedema. Clinics in Dermatology, 13(5), 433-444. 

https://doi.org/10.1016/0738-081X(95)00086-U 

Davies, A. H. (2019). The seriousness of chronic venous disease: A review of real-world evidence. 

https://doi.org/10.12968/jowc.2021.30.3.225
https://doi.org/10.1016/j.jbiomech.2015.11.043
https://doi.org/10.2147/CCID.S25840
https://doi.org/10.4103/0378-6323.98096
https://doi.org/10.1007/s00520-010-0896-8
https://doi.org/10.1089/lrb.2015.0020
https://doi.org/10.1136/jmg.22.4.274
https://doi.org/10.1016/j.jvs.2008.12.018
https://doi.org/10.1258/phleb.2008.008010
https://doi.org/10.1016/0738-081X(95)00086-U


 

155 

Advances in Therapy 36(Suppl 1), 5-12. https://doi.org/10.1007/s12325-019-0881-7 

Dayan, J. H., Ly, C. L., Kataru, R. P., & Mehrara, B. J. (2018). Lymphedema: Pathogenesis and novel 

therapies. Annual Review of Medicine, 69(1), 263-276. https://doi.org/10.1146/annurev-

med-060116-022900 

Dayan, J. H., Wiser, I., Verma, R., Shen, J., Talati, N., Goldman, D., Mehrara, B. J., Smith, M. L., 

Dayan, M. D. E., Coriddi, M. D. M., & Kagan, A. (2020). Regional patterns of fluid and fat 

accumulation in patients with lower extremity lymphedema using magnetic resonance 

angiography. Plastic and Reconstructive Surgery, 145(2), 555-563. 

https://doi.org/10.1097/PRS.0000000000006520 

de Almeida, C. A., Lins, E. M., Brandao, S. C. S., Ferraz, A. A. B., Pinto, F. C. M., & de Barros 

Marques, S. R. (2017). Lymphoscintigraphic abnormalities in the contralateral lower limbs 

of patients with unilateral lymphedema. Journal of Vascular Surgery: Venous and 

Lymphatic Disorders, 5(3), 363-369. https://doi.org/10.1016/j.jvsv.2016.11.008 

de Cock, H. E. V., Van Brantegem, L., Affolter, V. K., Oosterlinck, M., Ferraro, G. L., & Ducatelle, R. 

(2009). Quantitative and qualitative evaluation of dermal elastin of draught horses with 

chronic progressive lymphoedema. Journal of Comparative Pathology, 140(2), 132-139. 

https://doi.org/10.1016/j.jcpa.2008.10.009 

de Rigal, J., Escoffier, C., Querleux, B., Faivre, B., Agache, P., & Lévêque, J.-L. (1989). Assessment of 

aging of the human skin by in vivo ultrasonic imaging. Journal of Investigative Dermatology, 

93(5), 621-625. https://www.jidonline.org/article/0022-202X(89)90118-8/pdf 

Dean, L. T., Moss, S. L., Ransome, Y., Frasso-Jaramillo, L., Zhang, Y., Visvanathan, K., Nicholas, L. H., 

& Schmitz, K. H. (2019). "It still affects our economic situation": Long-term economic 

burden of breast cancer and lymphedema. Supportive Care in Cancer, 27(5), 1697-1708. 

https://doi.org/10.1007/s00520-018-4418-4 

Dean, S. M. (2018). Cutaneous manifestations of chronic vascular disease. Progress in 

Cardiovascular Diseases, 60(6), 567-579. https://doi.org/10.1016/j.pcad.2018.03.004 

Dean, S. M., Valenti, E., Hock, K., Leffler, J., Compston, A., & Abraham, W. T. (2020). The clinical 

characteristics of lower extremity lymphedema in 440 patients. Journal of Vascular 

Surgery: Venous and Lymphatic Disorders, 8(5), 851-859. 

https://doi.org/10.1016/j.jvsv.2019.11.014 

Delfin Technologies. (2016). MoistureMeterD Compact User Manual. Delfin Technologies, Ltd. 

Deng, J., Radina, E., Fu, M. R., Armer, J. M., Cormier, J. N., Thiadens, S. R. J., Weiss, J., Tuppo, C. M., 

https://doi.org/10.1007/s12325-019-0881-7
https://doi.org/10.1146/annurev-med-060116-022900
https://doi.org/10.1146/annurev-med-060116-022900
https://doi.org/10.1097/PRS.0000000000006520
https://doi.org/10.1016/j.jvsv.2016.11.008
https://doi.org/10.1016/j.jcpa.2008.10.009
https://www.jidonline.org/article/0022-202X(89)90118-8/pdf
https://doi.org/10.1007/s00520-018-4418-4
https://doi.org/10.1016/j.pcad.2018.03.004
https://doi.org/10.1016/j.jvsv.2019.11.014


 

156 

Dietrich, M. S., & Ridner, S. H. (2015). Self-care status, symptom burden, and reported 

infections in individuals with lower-extremity primary lymphedema. Journal of Nursing 

Scholarship, 47(2), 126-134. https://doi.org/10.1111/jnu.12117 

Derraik, J. G. B., Rademaker, M., Cutfield, W. S., Pinto, T. E., Tregurtha, S., Faherty, A., Peart, J. M., 

Drury, P. L., & Hofman, P. L. (2014). Effects of age, gender, BMI and anatomical site on skin 

thickness in children and adults with diabetes. PLoS ONE [Electronic Resource], 9(1), 

e86637. https://doi.org/10.1371/journal.pone.0086637 

Desai, S. S., Shao, M., & Vascular Outcomes, C. (2020). Superior clinical, quality of life, functional, 

and health economic outcomes with pneumatic compression therapy for lymphedema. 

Annals of Vascular Surgery, 63, 298-306. https://doi.org/10.1016/j.avsg.2019.08.091 

Di, S., Ziyou, Y., & Liu, N.-F. (2016). Pathological changes of lymphedematous skin: Increased mast 

cells, related proteases, and activated transforming growth factor-β1. Lymphatic Research 

and Biology, 14(3), 162-171. https://doi.org/10.1089/lrb.2016.0010 

Didem, K., Ufuk, Y., Serdar, S., & Zumre, A. (2005). The comparison of two different physiotherapy 

methods in treatment of lymphedema after breast surgery. Breast Cancer Research and 

Treatment 93(1), 49 - 54. https://doi.org/10.1007/s10549-005-3781-2 

Do, J. H., Choi, K. H., Ahn, J. S., & Jeon, J. Y. (2017). Effects of a complex rehabilitation program on 

edema status, physical function, and quality of life in lower-limb lymphedema after 

gynecological cancer surgery. Gynecologic Oncology, 147(2), 450-455. 

https://doi.org/10.1016/j.ygyno.2017.09.003 

Doldi, S. B., Lattuada, E., Zappa, M. A., Pieri, G., Favara, A., & Micheletto, G. (1992). 

Ultrasonography of extremity lymphedema. Lymphology, 25(3), 129-133. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3186/ 

Domaszewska-Szostek, A., Zaleska, M., & Olszewski, W. L. (2016). Hyperkeratosis in human lower 

limb lymphedema: the effect of stagnant tissue fluid/lymph. Journal of the European 

Academy of Dermatology and Venereology, 30(6), 1002-1008. 

https://doi.org/10.1111/jdv.13565 

Donahue, P. M., Crescenzi, R., Scott, A. O., Braxton, V., Desai, A., Smith, S. A., Jordi, J., Meszoely, I. 

M., Grau, A. M., Kauffmann, R. M., Sweeting, R. S., Spotanski, K., Ridner, S. H., & Donahue, 

M. J. (2017). Bilateral changes in deep tissue environment after manual lymphatic drainage 

in patients with breast cancer treatment-related lymphedema. Lymphatic Research and 

Biology, 15(1), 45-56. https://doi.org/10.1089/lrb.2016.0020 

https://doi.org/10.1111/jnu.12117
https://doi.org/10.1371/journal.pone.0086637
https://doi.org/10.1016/j.avsg.2019.08.091
https://doi.org/10.1089/lrb.2016.0010
https://doi.org/10.1007/s10549-005-3781-2
https://doi.org/10.1016/j.ygyno.2017.09.003
https://journals.librarypublishing.arizona.edu/lymph/article/id/3186/
https://doi.org/10.1111/jdv.13565
https://doi.org/10.1089/lrb.2016.0020


 

157 

Doubblestein, D. (2020). The lived experience primary lymphoedema: A phenomenological study 

of personage and caregiver. Journal of Lymphoedema, 15(1), 22-28. 

https://www.woundsinternational.com/journals/issue/621/article-details/lived-

experience-primary-lymphoedema-phenomenological-study-personage-and-caregiver  

Douglass, J., Graves, P., & Gordon, S. (2017). Intrarater reliability of tonometry and bioimpedance 

spectroscopy to measure tissue compressibility and extracellular fluid in the legs of healthy 

young people in Australia and Myanmar. Lymphatic Research and Biology, 15(1), 57-63. 

https://doi.org/10.1089/lrb.2016.0021 

Douglass, J., Graves, P., & Gordon, S. (2018). Moderating factors in tissue tonometry and 

bioimpedance spectroscopy measures in the lower extremity of healthy young people in 

Australia and Myanmar. Lymphatic Research and Biology, 16(3), 39-316. 

https://doi.org/10.1089/lrb.2017.0057 

Douglass, J., Graves, P., Lindsay, D., Becker, L., Roineau, M., Masson, J., Aye, N. N., Win, S. S., Wai, 

T., Win, Y. Y., & Gordon, S. (2017). Lymphatic filariasis increases tissue compressibility and 

extracellular fluid in lower limbs of asymptomatic young people in Central Myanmar. 

Tropical medicine and infectious disease, 2(4). 

https://doi.org/10.3390/tropicalmed2040050 

Dunberger, G., Lindquist, H., Waldenström, A.-C., Nyberg, T., Steineck, G., & Åvall-Lundqvist, E. 

(2013). Lower limb lymphedema in gynecological cancer survivors—effect on daily life 

functioning. Supportive Care in Cancer, 21(11), 3063-3070. 

https://doi.org/10.1007/s00520-013-1879-3 

Dupuy, A., Benchikhi, H., Roujeau, J.-C., Bernard, P., & et al. (1999). Risk factors for erysipelas of 

the leg (cellulitis): Case-control study. British Medical Journal, 318(7198), 1591-1594. 

https://doi.org/10.1136/bmj.318.7198.1591 

Dylke, E. S., Benincasa, N. H., Lin, L., Clarke, J. L., & Kilbreath, S. L. (2018). Reliability and diagnostic 

thresholds for ultrasound measurements of dermal thickness in breast lymphedema. 

Lymphatic Research and Biology 16(3), 258-262. https://doi.org/10.1089/lrb.2016.0067 

Dylke, E. S., & Ward, L. C. (2020). Three decades of bioelectrical impedance spectroscopy in 

lymphedema assessment: An historical perspective. Lymphatic Research and Biology, 19(3), 

206-214. https://doi.org/10.1089/lrb.2020.0085 

Eisenbeiss, C., Welzel, J., Eichler, W., & Klotz, K. (2001). Influence of body water distribution on 

skin thickness: measurements using high-frequency ultrasound. British Journal of 

https://www.woundsinternational.com/journals/issue/621/article-details/lived-experience-primary-lymphoedema-phenomenological-study-personage-and-caregiver
https://www.woundsinternational.com/journals/issue/621/article-details/lived-experience-primary-lymphoedema-phenomenological-study-personage-and-caregiver
https://doi.org/10.1089/lrb.2016.0021
https://doi.org/10.1089/lrb.2017.0057
https://doi.org/10.3390/tropicalmed2040050
https://doi.org/10.1007/s00520-013-1879-3
https://doi.org/10.1136/bmj.318.7198.1591
https://doi.org/10.1089/lrb.2016.0067
https://doi.org/10.1089/lrb.2020.0085


 

158 

Dermatology, 144(5), 947-951. https://doi.org/10.1046/j.1365-2133.2001.04180.x 

Erdinc Gunduz, N., Dilek, B., Sahin, E., Ellidokuz, H., & Akalin, E. (2021). Diagnostic contribution of 

ultrasonography in breast cancer-related lymphedema. Lymphatic Research and Biology, 

19(6). https://doi.org/10.1089/lrb.2020.0068 

European Wound Management Association, E. (2005). Focus document: Lymphoedema bandaging 

in practice. MEP Ltd, London. 

https://www.woundsinternational.com/resources/details/lymphoedema-bandaging-

practice 

Ezzo, J., Manheimer, E., McNeely, M. L., Howell, D. M., Weiss, R., Johansson, K. I., Bao, T., Bily, L., 

Tuppo, C. M., Williams, A. F., & Karadibak, D. (2015). Manual lymphatic drainage for 

lymphedema following breast cancer treatment. Cochrane Database of Systematic 

Reviews(5), Cd003475. https://doi.org/10.1002/14651858.CD003475.pub2 

Feise, R. J. (2002). Do multiple outcome measures require p-value adjustment? BMC Medical 

Research Methodology, 2, 8-8. https://doi.org/10.1186/1471-2288-2-8 

Feldman, J. L., Stout, N. L., Wanchai, A., Stewart, B. R., Cormier, J. N., & Armer, J. M. (2012). 

Intermittent pneumatic compression therapy: A systematic review. Lymphology, 45(1), 13-

25. https://journals.librarypublishing.arizona.edu/lymph/article/id/3737/ 

Field, A. (2018). Discovering statistics using IBM SPSS Statistics (5th ed.). Sage. (2000) 

Fife, C. E., Farrow, W., Hebert, A. A., Armer, N. C., Stewart, B. R., Cormier, J. N., & Armer, J. M. 

(2017). Skin and wound care in lymphedema patients: A taxonomy, primer, and literature 

review. Advances in Skin & Wound Care, 30(7), 305-318. 

https://doi.org/10.1097/01.Asw.0000520501.23702.82 

Flinders University Biomedical Engineering. (2013). BME1563G Indurometer Operator Manual 

Flinders University. 

Flour, M., Clark, M., Partsch, H., Mosti, G., Uhl, J. F., Chauveau, M., Cros, F., Gelade, P., Bender, D., 

Andriessen, A., Schuren, J., Cornu-Thenard, A., Arkans, E., Milic, D., Benigni, J. P., Damstra, 

R., Szolnoky, G., & Schingale, F. (2013). Dogmas and controversies in compression therapy: 

Report of an International Compression Club (ICC) meeting, Brussels, May 2011. 

International Wound Journal, 10(5), 516-526. https://doi.org/10.1111/j.1742-

481X.2012.01009.x 

Foldi, E., Foldi, M., Strossenreuther, R., & Kubik, S. (Eds.). (2012). Foldi's Textbook of Lymphology 

(Third ed.). Elsevier Urban & Fischer. 

https://doi.org/10.1046/j.1365-2133.2001.04180.x
https://doi.org/10.1089/lrb.2020.0068
https://www.woundsinternational.com/resources/details/lymphoedema-bandaging-practice
https://www.woundsinternational.com/resources/details/lymphoedema-bandaging-practice
https://doi.org/10.1002/14651858.CD003475.pub2
https://doi.org/10.1186/1471-2288-2-8
https://journals.librarypublishing.arizona.edu/lymph/article/id/3737/
https://doi.org/10.1097/01.Asw.0000520501.23702.82
https://doi.org/10.1111/j.1742-481X.2012.01009.x
https://doi.org/10.1111/j.1742-481X.2012.01009.x


 

159 

Foldi, M., Foldi, E., & Kubik, S. (Eds.). (2003). Textbook of lymphology for physicians and 

lymphedema therapists. Urban & Fischer. 

Franks, P. J., & Moffatt, C. J. (2015). Intermittent pneumatic compression devices in the 

management of lymphedema [Editorial]. JAMA Dermatol, 151(11), 1181-1182. 

https://doi.org/10.1001/jamadermatol.2015.1974 

Franzeck, U. K., Spiegel, I., Fischer, M., Bortzler, C., Stahel, H.-U., & Bollinger, A. (1997). Combined 

physical therapy for lymphedema evaluated by fluorescence microlymphography and 

lymph capillary pressure measurements. Journal of Vascular Research, 34(4), 306-311. 

https://doi.org/10.1159/000159238 

Fu, M. R., Cleland, C. M., Guth, A. A., Kayal, M., Haber, J., Cartwright, F., Kleinman, R., Kang, Y., 

Scagliola, J., & Axelrod, D. (2013). L-dex ratio in detecting breast cancer-related 

lymphedema: Reliability, sensitivity and specificity. Lymphology 46(2), 85-96. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3761/ 

Fukushima, T., Tsuji, T., Sano, Y., Miyata, C., Kamisako, M., Hohri, H., Yoshimura, C., Asakura, M., 

Okitsu, T., Muraoka, K., & Liu, M. (2017). Immediate effects of active exercise with 

compression therapy on lower-limb lymphedema. Supportive Care in Cancer, 25(8), 2603-

2610. https://doi.org/10.1007/s00520-017-3671-2 

Gabriel, S., Lau, R. W., & Gabriel, C. (1996). The dielectric properties of biological tissues: III. 

Parametric models for the dielectric spectrum of tissues. Physics in Medicine and Biology, 

41(11), 2271-2293. https://doi.org/10.1088/0031-9155/41/11/003 

García Nores, G. D., Ly, C. L., Cuzzone, D. A., Kataru, R. P., Hespe, G. E., Torrisi, J. S., Huang, J. J., 

Gardenier, J. C., Savetsky, I. L., Nitti, M. D., Yu, J. Z., Rehal, S., & Mehrara, B. J. (2018). 

CD4(+) T cells are activated in regional lymph nodes and migrate to skin to initiate 

lymphedema. Nature communications, 9(1), 1970-1970. https://doi.org/10.1038/s41467-

018-04418-y 

García Nores, G. D., Ly, C. L., Savetsky, I. L., Kataru, R. P., Ghanta, S., Hespe, G. E., Rockson, S. G., & 

Mehrara, B. J. (2018). Regulatory T Cells Mediate Local Immunosuppression in 

Lymphedema. Journal of Investigative Dermatology, 138(2), 325-335. 

https://doi.org/10.1016/j.jid.2017.09.011 

Garza, R. M., Ooi, A. S. H., Falk, J., & Chang, D. W. (2019). The relationship between clinical and 

indocyanine green staging in lymphedema. Lymphatic Research and Biology, 17(3), 329-

333. https://doi.org/10.1089/lrb.2018.0014 

https://doi.org/10.1001/jamadermatol.2015.1974
https://doi.org/10.1159/000159238
https://journals.librarypublishing.arizona.edu/lymph/article/id/3761/
https://doi.org/10.1007/s00520-017-3671-2
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1038/s41467-018-04418-y
https://doi.org/10.1038/s41467-018-04418-y
https://doi.org/10.1016/j.jid.2017.09.011
https://doi.org/10.1089/lrb.2018.0014


 

160 

Gerber, L. H. (1998). A review of measures of lymphedema. Cancer, 83(S12B), 2803-2804. 

https://doi.org/10.1002/(SICI)1097-0142(19981215)83:12B+<2803::AID-CNCR29>3.0.CO;2-

W 

Gianesini, S., Raffetto, J. D., Mosti, G., Maietti, E., Sibilla, M. G., Zamboni, P., & Menegatti, E. 

(2020). Volume control of the lower limb with graduated compression during different 

muscle pump activation conditions and the relation to limb circumference variation. 

Journal of Vascular Surgery: Venous and Lymphatic Disorders, 8(5), 814-820. 

https://doi.org/10.1016/j.jvsv.2019.12.073 

Gibbons, T. D., Zuj, K. A., Prince, C. N., Kingston, D. C., Peterson, S. D., & Hughson, R. L. (2019). 

Haemodynamic and cerebrovascular effects of intermittent lower-leg compression as 

countermeasure to orthostatic stress. Experimental Physiology, 104(12), 1790-1800. 

https://doi.org/10.1113/EP088077 

Gibson, A. L., Beam, J. R., Alencar, M. K., Zuhl, M. N., & Mermier, C. M. (2015). Time course of 

supine and standing shifts in total body, intracellular and extracellular water for a sample 

of healthy adults. European Journal Of Clinical Nutrition, 69(1), 14-19. 

https://doi.org/10.1038/ejcn.2013.269 

Gniadecka, M. (1996). Localization of dermal edema in lipodermatosclerosis, lymphedema, and 

cardiac insufficiency. Journal of the American Academy of Dermatology, 35(1), 37-41. 

https://doi.org/10.1016/S0190-9622(96)90493-4 

Gniadecka, M. (2001). Effects of ageing on dermal echogenicity. Skin Research and Technology, 

7(3), 204-207. https://doi.org/10.1034/j.1600-0846.2001.70310.x 

Gniadecka, M. (2006). Ultrasound assessment of dermal water and edema In Vivo. In J. Serup, G. 

B. Jemec, & G. L. Grove (Eds.), Handbook of non-invasive methods and the skin (2nd ed., pp. 

507-510). CRC Press. 

Gniadecka, M., Gniadecki, R., Serup, J., & Sondergaard, J. (1994). Ultrasound structure and digital 

image analysis of the subepidermal low echogenic band in aged human skin: diurnal 

changes and interindividual variability. Journal of Investigative Dermatology, 102(3), 362-

365. https://www.jidonline.org/article/0022-202X(94)97638-4/pdf 

Gniadecka, M., & Jemec, G. B. E. (1998). Quantitative evaluation of chronological ageing and 

photoageing in vivo: studies on skin echogenicity and thickness. British Journal of 

Dermatology, 139(5), 815-821. https://doi.org/10.1046/j.1365-2133.1998.02506.x 

Gniadecka, M., Karlsmark, T., & Bertram, A. (1998). Removal of dermal edema with class I and II 

https://doi.org/10.1002/(SICI)1097-0142(19981215)83:12B
https://doi.org/10.1016/j.jvsv.2019.12.073
https://doi.org/10.1113/EP088077
https://doi.org/10.1038/ejcn.2013.269
https://doi.org/10.1016/S0190-9622(96)90493-4
https://doi.org/10.1034/j.1600-0846.2001.70310.x
https://www.jidonline.org/article/0022-202X(94)97638-4/pdf
https://doi.org/10.1046/j.1365-2133.1998.02506.x


 

161 

compression stockings in patients with lipodermatosclerosis. Journal of the American 

Academy of Dermatology, 39(6), 966-970. https://doi.org/10.1016/S0190-9622(98)70271-3 

Gniadecka, M., & Quistorff, B. (1996). Assessment of dermal water by high-frequency ultrasound: 

Comparative studies with nuclear magnetic resonance. British Journal of Dermatology, 

135(2), 218-224. https://doi.org/10.1111/j.1365-2133.1996.tb01150.x 

Gniadecka, M., Serup, J., & Sondergaard, J. (1994). Age-related diurnal changes of dermal oedema: 

evaluation by high-frequency ultrasound. British Journal of Dermatology, 131(6), 849-855. 

https://doi.org/10.1111/j.1365-2133.1994.tb08588.x  

Gordon, K., & Mortimer, P. S. (2018). Decongestive Lymphatic Therapy. In B.-B. Lee, S. G. Rockson, 

& J. Bergan (Eds.), Lymphedema: A Concise Compendium of Theory and Practice (pp. 413-

429). Springer International Publishing. https://doi.org/10.1007/978-3-319-52423-8_32 

Gordon, K., Mortimer, P. S., van Zanten, M., Jeffery, S., Ostergaard, P., & Mansour, S. (2021). The 

St George's classification algorithm of primary lymphatic anomalies. Lymphatic Research 

and Biology. https://doi.org/10.1089/lrb.2020.0104 

Gordon, K., Varney, R., Keeley, V., Riches, K., Jeffery, S., Van Zanten, M., Mortimer, P., Ostergaard, 

P., & Mansour, S. (2020). Update and audit of the st george’s classification algorithm of 

primary lymphatic anomalies: A clinical and molecular approach to diagnosis. Journal of 

Medical Genetics, 57(10), 653. https://doi.org/10.1136/jmedgenet-2019-106084 

Gordon, K. D., & Mortimer, P. S. (2007). A guide to lymphedema. Expert Review of Dermatology, 

2(6), 741-752. https://doi.org/10.1586/17469872.2.6.741 

Goss, J. A., & Greene, A. K. (2019). Sensitivity and specificity of the Stemmer sign for lymphedema: 

A clinical lymphoscintigraphic study. Plastic and Reconstructive Surgery Global Open, 7(6), 

e2295. https://doi.org/10.1097/gox.0000000000002295 

Goss, J. A., Maclellan, R. A., & Greene, A. K. (2019). Adult-onset primary lymphedema: A clinical-

lymphoscintigraphic study of 26 patients. Lymphatic Research and Biology, 17(6), 620-623. 

https://doi.org/10.1089/lrb.2018.0032 

Grada, A. A., & Phillips, T. J. (2017). Lymphedema: Pathophysiology and clinical manifestations. 

Journal of the American Academy of Dermatology, 77(6), 1009-1020. 

https://doi.org/10.1016/j.jaad.2017.03.022 

Greene, A. K. (2015). Primary lymphedema. In A. K. Greene, S. A. Slavin, & H. Brorson (Eds.), 

Lymphedema: Presentation, Diagnosis, and Treatment (pp. 59-77). Springer International 

Publishing. https://doi.org/10.1007/978-3-319-14493-1_7 

https://doi.org/10.1016/S0190-9622(98)70271-3
https://doi.org/10.1111/j.1365-2133.1996.tb01150.x
https://doi.org/10.1111/j.1365-2133.1994.tb08588.x
https://doi.org/10.1007/978-3-319-52423-8_32
https://doi.org/10.1089/lrb.2020.0104
https://doi.org/10.1136/jmedgenet-2019-106084
https://doi.org/10.1586/17469872.2.6.741
https://doi.org/10.1097/gox.0000000000002295
https://doi.org/10.1089/lrb.2018.0032
https://doi.org/10.1016/j.jaad.2017.03.022
https://doi.org/10.1007/978-3-319-14493-1_7


 

162 

Guan, D., Liu, R., Fei, C., Zhao, S., & Jing, L. (2020). Fluid-structure coupling model and 

experimental validation of interaction between pneumatic soft actuator and lower limb. 

Soft Robotics 7(5), 627-638. https://doi.org/10.1089/soro.2019.0035 

Hacard, F., Machet, L., Caille, A., Tauveron, V., Georgescou, G., Rapeneau, I., Samimi, M., Patat, F., 

& Vaillant, L. (2014). Measurement of skin thickness and skin elasticity to evaluate the 

effectiveness of intensive decongestive treatment in patients with lymphoedema: A 

prospective study. Skin Research and Technology, 20(3), 274-281. 

https://doi.org/10.1111/srt.12116 

Hara, H., & Mihara, M. (2018). Comparison of two methods, the sponge method and Young's 

modulus, for evaluating stiffness of skin or subcutaneous tissues in the extremities of 

patients with lymphedema: A pilot study. Lymphatic Research and Biology, 16(5), 464-470. 

https://doi.org/10.1089/lrb.2017.0071 

Hara, H., & Mihara, M. (2021). Diagnosis of lymphatic dysfunction by evaluation of lymphatic 

degeneration with lymphatic ultrasound. Lymphatic Research and Biology, 19(4), 334-339. 

https://doi.org/10.1089/lrb.2019.0071 

Hara, H., Mihara, M., Anan, T., Fukumoto, T., Narushima, M., Iida, T., & Koshima, I. (2016). 

Pathological investigation of acquired lymphangiectasia accompanied by lower limb 

lymphedema: Lymphocyte infiltration in the dermis and epidermis. Lymphatic Research 

and Biology 14(3), 172-180. https://doi.org/10.1089/lrb.2016.0016 

Hara, H., Yoshida, M., Ikehata, N., Tachibana, S., Hamanaka, N., Nakakawaji, K., & Mihara, M. 

(2020). Compression pressure variability in upper limb multilayer bandaging applied by 

lymphedema therapists. Lymphatic Research and Biology, 19(4), 378–382. 

https://doi.org/10.1089/lrb.2020.0083 

Hassall, A., Graveline, C., & Hilliard, P. (2001). A retrospective study of the effects of the 

lymphapress pump on lymphedema in a pediatric population. Lymphology, 34(4), 156-165. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3436/ 

Hedayati, N., Carson, J. G., Chi, Y. W., & Link, D. (2015). Management of mixed arterial venous 

lower extremity ulceration: A review. Vascular Medicine, 20(5), 479-486. 

https://doi.org/10.1177/1358863X15594683 

Henschke, N., Boland, R. A., & Adams, R. D. (2006). Responsiveness of two methods for measuring 

foot and ankle volume. Foot & Ankle International, 27(10), 826-832. 

https://doi.org/10.1177/107110070602701013 

https://doi.org/10.1089/soro.2019.0035
https://doi.org/10.1111/srt.12116
https://doi.org/10.1089/lrb.2017.0071
https://doi.org/10.1089/lrb.2019.0071
https://doi.org/10.1089/lrb.2016.0016
https://doi.org/10.1089/lrb.2020.0083
https://journals.librarypublishing.arizona.edu/lymph/article/id/3436/
https://doi.org/10.1177/1358863X15594683
https://doi.org/10.1177/107110070602701013


 

163 

Herrada, A. A., Mejías, C., Lazo-Amador, R., Olate-Briones, A., Lara, D., & Escobedo, N. (2019). 

Development of new serum biomarkers for early lymphedema detection. Lymphatic 

Research and Biology, 18(2), 136-145. https://doi.org/10.1089/lrb.2019.0008 

Hidding, J. T., Viehoff, P. B., Beurskens, C. H. C., van Laarhoven, H. W. M., Nijhuis-van der Sanden, 

M. W. C., & van der Wees, P. J. (2016). Measurement properties of instruments for 

measuring of lymphedema: Systematic review. Physical Therapy, 96(12), 1965-1981. 

https://doi.org/10.2522/ptj.20150412  

IBM Corp. (2017). IBM SPSS Statistics for Windows, Version 25.0. (Armonk, NY) 

Idy-Peretti, I., Bittoun, J., Alliot, F. A., Cluzan, R. V., Richard, S. B., & Querleux, B. G. (1998). 

Lymphedematous skin and subcutis: In vivo high resolution magnetic resonance imaging 

evaluation. Journal of Investigative Dermatology, 110(5), 782-787. 

https://doi.org/10.1046/j.1523-1747.1998.00184.x 

Iker, E., Mayfield, C. K., Gould, D. J., & Patel, K. M. (2019). Characterizing lower extremity 

lymphedema and lipedema with cutaneous ultrasonography and an objective computer-

assisted measurement of dermal echogenicity. Lymphatic Research and Biology, 17(5), 525-

530. https://doi.org/10.1089/lrb.2017.0090 

Ikomi, F., & Schmid-Schönbein, G. W. (1995). Lymph transport in the skin. Clinics in Dermatology, 

13(5), 419-427. https://doi.org/10.1016/0738-081X(95)00089-X 

Ikomi, F., Zweifach, B. W., & Schmid-Schonbein, G. W. (1997). Fluid pressures in the rabbit 

popliteal afferent lymphatics during passive tissue motion. Lymphology 30(1), 13-23. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3310/ 

ImpediMed Limited. (2016). Imp SFB7 Instructions for Use. ImpediMed Limited. 

International Lymphoedema Framework. (2006). Best practice for the management of 

lymphoedema. MEP Ltd. https://www.lympho.org/wp-

content/uploads/2021/09/Best_practice.pdf 

International Lymphoedema Framework. (2012). Compression therapy: A position document on 

compression bandaging. International Lymphoedema Framework in association with the 

World Alliance for Wound and Lymphoedema Care. https://www.lympho.org/wp-

content/uploads/2021/09/Compression-bandaging-final.pdf 

International Society of Lymphology. (2020). The diagnosis and treatment of peripheral 

lymphedema: 2020 consensus document of the International Society of Lymphology. 

Lymphology, 53, 3-19. https://doi.org/10.2458/lymph.4649 

https://doi.org/10.1089/lrb.2019.0008
https://doi.org/10.2522/ptj.20150412
https://doi.org/10.1046/j.1523-1747.1998.00184.x
https://doi.org/10.1089/lrb.2017.0090
https://doi.org/10.1016/0738-081X(95)00089-X
https://journals.librarypublishing.arizona.edu/lymph/article/id/3310/
https://www.lympho.org/wp-content/uploads/2021/09/Best_practice.pdf
https://www.lympho.org/wp-content/uploads/2021/09/Best_practice.pdf
https://www.lympho.org/wp-content/uploads/2021/09/Compression-bandaging-final.pdf
https://www.lympho.org/wp-content/uploads/2021/09/Compression-bandaging-final.pdf
https://doi.org/10.2458/lymph.4649


 

164 

Iyengar, S., Makin, I. R., Sadhwani, D., Moon, E., Yanes, A. F., Geisler, A., Silapunt, S., Servaes, S., 

Weil, A., Poon, E., & Alam, M. (2018). Utility of a high-resolution superficial diagnostic 

ultrasound system for assessing skin thickness: A cross-sectional study. Dermatologic 

Surgery, 44(6), 855-864. https://doi.org/10.1097/dss.0000000000001445 

Jamalian, S., Jafarnejad, M., Zawieja, S. D., Bertram, C. D., Gashev, A. A., Zawieja, D. C., Davis, M. J., 

& Moore, J. E., Jr. (2017). Demonstration and analysis of the suction effect for pumping 

lymph from tissue beds at subatmospheric pressure. Scientific Reports, 7(1), 12080. 

https://doi.org/10.1038/s41598-017-11599-x 

Jemec, G. B., Gniadecka, M., & Ulrich, J. (2000). Ultrasound in dermatology. Part I. High frequency 

ultrasound. European Journal of Dermatology, 10(6), 492-497. 

Jensen, M. R., Birkballe, S., Nørregaard, S., & Karlsmark, T. (2012). Validity and interobserver 

agreement of lower extremity local tissue water measurements in healthy women using 

tissue dielectric constant. Clinical Physiology and Functional Imaging, 32(4), 317-322. 

https://doi.org/10.1111/j.1475-097X.2012.01129.x 

Jiang, X., Nicolls, M. R., Tian, W., & Rockson, S. G. (2018). Lymphatic dysfunction, leukotrienes, and 

lymphedema. Annual Review of Physiology, 80, 49-70. https://doi.org/10.1146/annurev-

physiol-022516-034008 

Johansson, K., Jönsson, C., & Björk-Eriksson, T. (2019). Compression treatment of breast edema: A 

randomized controlled pilot study. Lymphatic Research and Biology, 18(2), 129-135. 

https://doi.org/10.1089/lrb.2018.0064 

Johansson, K., Lie, E., Ekdahl, C., & Lindfeldt, J. (1998). A randomized study comparing manual 

lymph drainage with sequential pneumatic compression for treatment of postoperative 

arm lymphedema. Lymphology, 31(2), 56 - 64. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3344/ 

Johnson, K. C., DeSarno, M., Ashikaga, T., Dee, J., & Henry, S. M. (2015). Ultrasound and clinical 

measures for lymphedema. Lymphatic Research and Biology 14(1), 8-17. 

https://doi.org/10.1089/lrb.2015.0001 

Johnson, K. C., Kennedy, A. G., & Henry, S. M. (2014). Clinical measurements of lymphedema. 

Lymphatic Research and Biology, 12(4), 216-221. https://doi.org/10.1089/lrb.2014.0019 

Jönsson, C., Bjurberg, M., Brogårdh, C., & Johansson, K. (2019). Test–retest reliability of volume 

and local tissue water measurements in lower limbs of healthy women and men. Lymphatic 

Research and Biology, 18(3), 261-269. https://doi.org/10.1089/lrb.2019.0044 

https://doi.org/10.1097/dss.0000000000001445
https://doi.org/10.1038/s41598-017-11599-x
https://doi.org/10.1111/j.1475-097X.2012.01129.x
https://doi.org/10.1146/annurev-physiol-022516-034008
https://doi.org/10.1146/annurev-physiol-022516-034008
https://doi.org/10.1089/lrb.2018.0064
https://journals.librarypublishing.arizona.edu/lymph/article/id/3344/
https://doi.org/10.1089/lrb.2015.0001
https://doi.org/10.1089/lrb.2014.0019
https://doi.org/10.1089/lrb.2019.0044


 

165 

Kalinowski, P., & Fidler, F. (2010). Interpreting significance: The differences between statistical 

significance, effect size, and practical importance. Newborn and Infant Nursing Reviews, 

10(1), 50-54. https://doi.org/10.1053/j.nainr.2009.12.007 

Karaca-Mandic, P., Hirsch, A. T., Rockson, S. G., & Ridner, S. H. (2015). The cutaneous, net clinical, 

and health economic benefits of advanced pneumatic compression devices in patients with 

lymphedema. JAMA Dermatol, 151(11), 1187-1193. 

https://doi.org/10.1001/jamadermatol.2015.1895 

Karaca-Mandic, P., Hirsch, A. T., Rockson, S. G., & Ridner, S. H. (2017). A comparison of 

programmable and nonprogrammable compression devices for treatment of 

lymphoedema using an administrative health outcomes dataset. British Journal of 

Dermatology, 177(6), 1699-1707. https://doi.org/10.1111/bjd.15699 

Karafa, M., Karafová, A., & Szuba, A. (2020). A compression device versus compression stockings in 

long-term therapy of lower limb primary lymphoedema after liposuction. Journal of Wound 

Care, 29(1), 28-35. https://doi.org/10.12968/jowc.2020.29.1.28 

Karakashian, K., Pike, C., & van Loon, R. (2019). Computational investigation of the Laplace law in 

compression therapy. Journal of Biomechanics, 85, 6-17. 

https://doi.org/10.1016/j.jbiomech.2018.12.021 

Karayi, A. K., Basavaraj, V., Narahari, S. R., Aggithaya, M. G., Ryan, T. J., & Pilankatta, R. (2020). 

Human skin fibrosis: Up-regulation of collagen type III gene transcription in the fibrotic skin 

nodules of lower limb lymphoedema. Tropical Medicine and International Health, 25(3), 

319-327. https://doi.org/10.1111/tmi.13359 

Karlsson, K., Nilsson-Wikmar, L., Brogårdh, C., & Johansson, K. (2019). Palpation of increased skin 

and subcutaneous thickness, tissue dielectric constant, and water displacement method for 

diagnosis of early mild arm lymphedema. Lymphatic Research and Biology, 18(3), 219-225. 

https://doi.org/10.1089/lrb.2019.0042 

Keeley, V. L. (2008). Lymphoedema and cellulitis: Chicken or egg? British Journal of Dermatology, 

158(6), 1175-1176. https://doi.org/10.1111/j.1365-2133.2008.08590.x 

Keeley, V. L. (2018). Every kind of edema is lymphedema. Veins and Lymphatics, 7(3). 

https://doi.org/10.4081/vl.2018.7992 

Khalil, S. F., Mohktar, M. S., & Ibrahim, F. (2014). The theory and fundamentals of bioimpedance 

analysis in clinical status monitoring and diagnosis of diseases. Sensors, 14(6), 10895-

10928. https://doi.org/10.3390/s140610895 

https://doi.org/10.1053/j.nainr.2009.12.007
https://doi.org/10.1001/jamadermatol.2015.1895
https://doi.org/10.1111/bjd.15699
https://doi.org/10.12968/jowc.2020.29.1.28
https://doi.org/10.1016/j.jbiomech.2018.12.021
https://doi.org/10.1111/tmi.13359
https://doi.org/10.1089/lrb.2019.0042
https://doi.org/10.1111/j.1365-2133.2008.08590.x
https://doi.org/10.4081/vl.2018.7992
https://doi.org/10.3390/s140610895


 

166 

Kilbreath, S. L., Refshauge, K. M., Beith, J. M., Ward, L. C., Ung, O. A., Dylke, E. S., French, J. R., Yee, 

J., Koelmeyer, L., & Gaitatzis, K. (2016). Risk factors for lymphoedema in women with 

breast cancer: A large prospective cohort. The Breast, 28, 29-36. 

https://doi.org/10.1016/j.breast.2016.04.011 

Kim, S.-Y., Lee, C.-H., Heo, S. J., & Moon, M.-H. (2021). The clinical usefulness of lymphedema 

measurement technique using ultrasound. Lymphatic Research and Biology. 

https://doi.org/10.1089/lrb.2019.0070 

Kitayama, S., Maegawa, J., Matsubara, S., Kobayashi, S., Mikami, T., Hirotomi, K., & Kagimoto, S. 

(2017). Real-time direct evidence of the superficial lymphatic drainage effect of 

intermittent pneumatic compression treatment for lower limb lymphedema. Lymphatic 

Research and Biology 15(1), 77-86. https://doi.org/10.1089/lrb.2016.0031 

Kleinerman, R., Whang, T. B., Bard, R. L., & Marmur, E. S. (2012). Ultrasound in dermatology: 

Principles and applications. Journal of the American Academy of Dermatology, 67(3), 478-

487. https://doi.org/10.1016/j.jaad.2011.12.016 

Koelmeyer, L. A., Borotkanics, R. J., Alcorso, J., Prah, P., Winch, C. J., Nakhel, K., Dean, C. M., & 

Boyages, J. (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. https://doi.org/10.1002/cncr.31873 

Kojima, M., Yamauchi, C., Oyamada, S., Hojo, T., Iwase, S., Naito, A., Yamano, K., Takahashi, S., & 

Ochiai, A. (2019). Assessment of upper limb physiological features in patients with 

lymphedema after breast surgery using multiple instruments. Lymphatic Research and 

Biology, 18(3), 239-246. https://doi.org/10.1089/lrb.2019.0039 

Koo, K. H., Choi, J. S., Ahn, J. H., Kwon, J. H., & Cho, K. T. (2014). Comparison of clinical and 

physiological efficacies of different intermittent sequential pneumatic compression devices 

in preventing deep vein thrombosis: a prospective randomized study. Clinics in Orthopedic 

Surgery, 6(4), 468-475. https://doi.org/10.4055/cios.2014.6.4.468 

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting intraclass correlation 

coefficients for reliability research. Journal of Chiropractic Medicine, 15(2), 155-163. 

https://doi.org/10.1016/j.jcm.2016.02.012 

Korman, N. J. (2020). Management of psoriasis as a systemic disease: What is the evidence? British 

Journal of Dermatology, 182(4), 840-848. https://doi.org/10.1111/bjd.18245 

Kushner, R. F., Gudivaka, R., & Schoeller, D. A. (1996). Clinical characteristics influencing 

https://doi.org/10.1016/j.breast.2016.04.011
https://doi.org/10.1089/lrb.2019.0070
https://doi.org/10.1089/lrb.2016.0031
https://doi.org/10.1016/j.jaad.2011.12.016
https://doi.org/10.1002/cncr.31873
https://doi.org/10.1089/lrb.2019.0039
https://doi.org/10.4055/cios.2014.6.4.468
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1111/bjd.18245


 

167 

bioelectrical impedance analysis measurements. The American Journal of Clinical Nutrition, 

64(3), 423S-427S. https://doi.org/10.1093/ajcn/64.3.423S 

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. 

Lymphatic Research and Biology, 13(3), 176-185. https://doi.org/10.1089/lrb.2015.0019 

Langton, A. K., Sherratt, M. J., Sellers, W. I., Griffiths, C. E. M., & Watson, R. E. B. (2014). 

Geographical ancestry is a key determinant of epidermal morphology and dermal 

composition. British Journal of Dermatology, 171(2), 274-282. 

https://doi.org/10.1111/bjd.12860 

Lasagni, C., & Seidenari, S. (1995). Echographic assessment of age-dependent variations of skin 

thickness. Skin Research and Technology, 1, 81-85. https://doi.org/10.1111/j.1600-

0846.1995.tb00022.x 

Laurent, A., Mistretta, F., Bottigioli, D., Dahel, K., Goujon, C., Nicolas, J. F., Hennino, A., & Laurent, 

P. E. (2007). Echographic measurement of skin thickness in adults by high frequency 

ultrasound to assess the appropriate microneedle length for intradermal delivery of 

vaccines. Vaccine, 25(34), 6423-6430. https://doi.org/10.1016/j.vaccine.2007.05.046 

Lee, B. B., Andrade, M., Antignani, P. L., Boccardo, F., Bunke, N., Campisi, C., Damstra, R., Flour, M., 

Forner-Cordero, I., Gloviczki, P., Laredo, J., Partsch, H., Piller, N., Michelini, S., Mortimer, P., 

Rabe, E., Rockson, S., Scuderi, A., Szolnoky, G., & Villavicencio, J. L. (2013). Diagnosis and 

treatment of primary lymphedema consensus document of the international union of 

phlebology (IUP)-2013. International Angiology, 32(6), 541-574. 

https://www.minervamedica.it/en/journals/international-

angiology/article.php?cod=R34Y2013N06A0541 

Lee, B. B., Andrade, M., Bergan, J., Boccardo, F., Campisi, C., Damstra, R., Flour, M., Gloviczki, P., 

Laredo, J., Piller, N., Michelini, S., Mortimer, P., & Villavicencio, J. L. (2010). Diagnosis and 

treatment of primary lymphedema. Consensus document of the International Union of 

Phlebology (IUP)-2009. International Angiology, 29(5), 454-470. 

https://www.minervamedica.it/en/journals/international-

angiology/article.php?cod=R34Y2010N05A0454 

Lee, D. H., Oh, J. H., & Chung, J. H. (2016). Glycosaminoglycan and proteoglycan in skin aging. 

Journal of Dermatological Science, 83(3), 174-181. 

https://doi.org/10.1093/ajcn/64.3.423S
https://doi.org/10.1089/lrb.2015.0019
https://doi.org/10.1111/bjd.12860
https://doi.org/10.1111/j.1600-0846.1995.tb00022.x
https://doi.org/10.1111/j.1600-0846.1995.tb00022.x
https://doi.org/10.1016/j.vaccine.2007.05.046
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2013N06A0541
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2013N06A0541
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2010N05A0454
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2010N05A0454


 

168 

https://doi.org/10.1016/j.jdermsci.2016.05.016 

Lee, J. H., Shin, B. W., Jeong, H. J., Kim, G. C., Kim, D. K., & Sim, Y.-J. (2013). Ultrasonographic 

evaluation of therapeutic effects of complex decongestive therapy in breast cancer-related 

lymphedema. Annals of Rehabilitation Medicine 37(5), 683-689. 

https://doi.org/10.5535/arm.2013.37.5.683 

Lee, Y. L., Huang, Y. L., Chu, S. Y., Chan, W. H., Cheng, M. H., Lin, Y. H., Chang, T. Y., Yeh, C. K., & 

Tsui, P. H. (2020). Characterization of limb lymphedema using the statistical analysis of 

ultrasound backscattering. Quantitative Imaging in Medicine and Surgery 10(1), 48-56. 

https://doi.org/10.21037/qims.2019.10.12 

Leung, G., Baggott, C., West, C., Elboim, C., Paul, S. M., Cooper, B. A., Abrams, G., Dhruva, A., 

Schmidt, B. L., Kober, K., Merriman, J. D., Leutwyler, H., Neuhaus, J., Langford, D., Smoot, B. 

J., Aouizerat, B. E., & Miaskowski, C. (2014). Cytokine candidate genes predict the 

development of secondary lymphedema following breast cancer surgery. Lymphatic 

Research and Biology, 12(1), 10-22. https://doi.org/10.1089/lrb.2013.0024 

Levick, J. R. (2004). Revision of the Starling principle: New views of tissue fluid balance. The Journal 

of Physiology, 557(3), 704-704. https://doi.org/10.1113/jphysiol.2004.066118 

Liu, H., Hou, Y., Zhu, Q.-l., Xu, D., Wang, L., Li, J.-c., Jiang, Y.-x., Wang, Q., Li, M.-t., Zhang, F.-c., & 

Zeng, X.-f. (2017). A preliminary study of skin ultrasound in diffuse cutaneous systemic 

sclerosis: Does skin echogenicity matter? PLoS ONE [Electronic Resource], 12(3), e0174481. 

https://doi.org/10.1371/journal.pone.0174481 

Liu, N., & Gao, M. (2021). Flt4 mutations are associated with segmental lymphatic dysfunction and 

initial lymphatic aplasia in patients with Milroy Disease. Genes (Basel), 12(10). 

https://doi.org/10.3390/genes12101611 

Liu, N., Gao, M., & Yu, Z. (2021). Dysfunction of dermal initial lymphatics of the arm and upper 

body quadrant causes congenital arm lymphedema. Journal of Vascular Surgery: Venous 

and Lymphatic Disorders, 9(2), 482-488. https://doi.org/10.1016/j.jvsv.2020.06.009 

Liu, Y., Long, X., & Guan, J. (2021). Tissue dielectric constant combined with arm volume 

measurement as complementary methods in detection and assessment of breast cancer-

related lymphedema. Lymphatic Research and Biology. 

https://doi.org/10.1089/lrb.2020.0065 

Lopera, C., Worsley, P. R., Bader, D. L., & Fenlon, D. (2017). Investigating the short-term effects of 

manual lymphatic drainage and compression garment therapies on lymphatic function 

https://doi.org/10.1016/j.jdermsci.2016.05.016
https://doi.org/10.5535/arm.2013.37.5.683
https://doi.org/10.21037/qims.2019.10.12
https://doi.org/10.1089/lrb.2013.0024
https://doi.org/10.1113/jphysiol.2004.066118
https://doi.org/10.1371/journal.pone.0174481
https://doi.org/10.3390/genes12101611
https://doi.org/10.1016/j.jvsv.2020.06.009
https://doi.org/10.1089/lrb.2020.0065


 

169 

using near-infrared imaging. Lymphatic Research and Biology, 15(3), 235-240. 

https://doi.org/10.1089/lrb.2017.0001 

Lucas, V., Burk, R., Creehan, S., & Grap, M. J. (2014). Utility of high-frequency ultrasound: Moving 

beyond the surface to detect changes in skin integrity. Plastic Surgery Nursing, 34(1), 34-

38. https://doi.org/10.1097/PSN.0000000000000031 

Lurie, F., & Kistner, R. (2014). Variability of interface pressure produced by ready-to-wear 

compression stockings. Phlebology, 29(2), 105-108. 

https://doi.org/10.1258/phleb.2012.012045 

Ly, C. L., Kataru, R. P., & Mehrara, B. J. (2017). Inflammatory manifestations of lymphedema. 

International Journal of Molecular Sciences, 18(1). https://doi.org/10.3390/ijms18010171 

Ma, H., Blebea, J., Malgor, R. D., & Taubman, K. E. (2015). Variability in leg compression provided 

by gradient commercial stockings. Journal of Vascular Surgery: Venous and Lymphatic 

Disorders, 3(4), 431-437. https://doi.org/10.1016/j.jvsv.2015.07.001 

Maclellan, R. A. (2015). Pneumatic compression. In A. Greene, S. Slavin, & H. Brorson (Eds.), 

Lymphedema: Presentation, diagnosis, and treatment (pp. 237-240). Springer. 

https://doi.org/10.1007/978-3-319-14493-1_20 

Maclellan, R. A., Couto, R. A., Sullivan, J. E., Grant, F. D., Slavin, S. A., & Greene, A. K. (2015). 

Management of primary and secondary lymphedema: Analysis of 225 referrals to a center. 

Annals of Plastic Surgery, 75(2), 197-200. https://doi.org/10.1097/SAP.0000000000000022 

Maldonado, T. S., Rokosh, R. S., Padberg, F., Rotella, V., Miller, H., Nassiri, N., Jacobowitz, G., 

Berland, T., Sadek, M., & Barfield, M. E. (2020). Assessment of quality of life changes in 

patients with lower extremity lymphedema using an advanced pneumatic compression 

device at home. Journal of Vascular Surgery: Venous and Lymphatic Disorders, 9(3), 745-

752. https://doi.org/10.1016/j.jvsv.2020.10.013 

Mander, A., Venosi, S., Menegatti, E., Byung-Boong, L., Neuhardt, D., Maietti, E., & Gianesini, S. 

(2019). Upper limb secondary lymphedema ultrasound mapping and characterization. 

International Angiology, 38(4), 334-342. https://doi.org/10.23736/S0392-9590.19.04176-2 

Martin-Almedina, S., Mortimer, P., & Ostergaard, P. (2021). Development and physiological 

functions of the lymphatic system - Insights from genetic studies of lymphedema. 

Physiological Reviews. https://doi.org/10.1152/physrev.00006.2020 

Mattila, V. M., Tallroth, K., Marttinen, M., & Pihlajamaki, H. (2007). Physical fitness and 

performance. Body composition by DEXA and its association with physical fitness in 140 

https://doi.org/10.1089/lrb.2017.0001
https://doi.org/10.1097/PSN.0000000000000031
https://doi.org/10.1258/phleb.2012.012045
https://doi.org/10.3390/ijms18010171
https://doi.org/10.1016/j.jvsv.2015.07.001
https://doi.org/10.1007/978-3-319-14493-1_20
https://doi.org/10.1097/SAP.0000000000000022
https://doi.org/10.1016/j.jvsv.2020.10.013
https://doi.org/10.23736/S0392-9590.19.04176-2
https://doi.org/10.1152/physrev.00006.2020


 

170 

conscripts. Med Sci Sports Exerc, 39(12), 2242-2247. 

https://doi.org/10.1249/mss.0b013e318155a813 

Mayrovitz, H. N. (2010). Local tissue water assessed by measuring forearm skin dielectric constant: 

Dependence on measurement depth, age and body mass index. Skin Research and 

Technology, 16(1), 16-22. https://doi.org/10.1111/j.1600-0846.2009.00398.x 

Mayrovitz, H. N. (2015). Assessing free and bound water in skin at 300 MHz using tissue dielectric 

constant measurements with the MoistureMeterD. In A. K. Greene, S. A. Slavin, & H. 

Brorson (Eds.), Lymphedema: Presentation, diagnosis, and treatment (pp. 133-148). 

Springer International Publishing. https://doi.org/10.1007/978-3-319-14493-1_13 

Mayrovitz, H. N. (2019a). Assessing lower extremity lymphedema using upper and lower extremity 

tissue dielectric constant ratios: Method and normal reference values. Lymphatic Research 

and Biology, 17(4), 457-464. https://doi.org/10.1089/lrb.2018.0039 

Mayrovitz, H. N. (2019b). Assessing upper and lower extremities via tissue dielectric constant: 

Suitability of single versus multiple measurements averaged. Lymphatic Research and 

Biology, 17(3), 316-321. https://doi.org/10.1089/lrb.2018.0016 

Mayrovitz, H. N. (2019c). Impact of body fat and obesity on tissue dielectric constant (TDC) as a 

method to assess breast cancer treatment-related lymphedema (BCRL). Lymphology, 52(1), 

18-24. https://doi.org/10.2458/lymph.4621 

Mayrovitz, H. N., Berdichevskiy, G., Lorenzo-Valido, C., & Clavijo Fernandez, M. (2020). Heat-

related changes in skin tissue dielectric constant (TDC). Clinical Physiology and Functional 

Imaging, 40(2), 76-82. https://doi.org/10.1111/cpf.12605 

Mayrovitz, H. N., Bernal, M., Brlit, F., & Desfor, R. (2013). Biophysical measures of skin tissue 

water: Variations within and among anatomical sites and correlations between measures. 

Skin Research and Technology, 19(1), 47-54. https://doi.org/10.1111/srt.12000 

Mayrovitz, H. N., Corbitt, K., Grammenos, A., Abello, A., & Mammino, J. (2017). Skin indentation 

firmness and tissue dielectric constant assessed in face, neck, and arm skin of young 

healthy women. Skin Research and Technology, 23(1), 112-120. 

https://doi.org/10.1111/srt.12310 

Mayrovitz, H. N., Davey, S., & Shapiro, E. (2008). Local tissue water assessed by tissue dielectric 

constant: Anatomical site and depth dependence in women prior to breast cancer 

treatment-related surgery. Clinical Physiology and Functional Imaging, 28(5), 337-342. 

https://doi.org/10.1111/j.1475-097X.2008.00814.x 

https://doi.org/10.1249/mss.0b013e318155a813
https://doi.org/10.1111/j.1600-0846.2009.00398.x
https://doi.org/10.1007/978-3-319-14493-1_13
https://doi.org/10.1089/lrb.2018.0039
https://doi.org/10.1089/lrb.2018.0016
https://doi.org/10.2458/lymph.4621
https://doi.org/10.1111/cpf.12605
https://doi.org/10.1111/srt.12000
https://doi.org/10.1111/srt.12310
https://doi.org/10.1111/j.1475-097X.2008.00814.x


 

171 

Mayrovitz, H. N., Davey, S., & Shapiro, E. (2009). Suitability of single tissue dielectric constant 

measurements to assess local tissue water in normal and lymphedematous skin. Clinical 

Physiology and Functional Imaging, 29(2), 123-127. https://doi.org/10.1111/j.1475-

097X.2008.00844.x 

Mayrovitz, H. N., Forbes, J., Vemuri, A., Krolick, K., & Rubin, S. (2020). Skin tissue dielectric 

constant in women with high body fat content. Skin Research and Technology, 26(2), 226-

233. https://doi.org/10.1111/srt.12784 

Mayrovitz, H. N., Grammenos, A., Corbitt, K., & Bartos, S. (2017). Age-related changes in male 

forearm skin-to-fat tissue dielectric constant at 300 MHz. Clinical Physiology and Functional 

Imaging, 37(2), 198-204. https://doi.org/10.1111/cpf.12286 

Mayrovitz, H. N., & Luis, M. (2010). Spatial variations in forearm skin tissue dielectric constant. 

Skin Research and Technology, 16(4), 438-443. https://doi.org/10.1111/j.1600-

0846.2010.00456.x 

Mayrovitz, H. N., Macdonald, J., Davey, S., Olson, K., & Washington, E. (2007). Measurement 

decisions for clinical assessment of limb volume changes in patients with bilateral and 

unilateral limb edema. Physical Therapy, 87(10), 1362-1368. 

https://doi.org/10.2522/ptj.20060382 

Mayrovitz, H. N., Mahtani, S. A., Pitts, E., & Michaelos, L. (2017). Race-related differences in tissue 

dielectric constant measured noninvasively at 300 MHz in male and female skin at multiple 

sites and depths. Skin Research and Technology, 23(4), 471-478. 

https://doi.org/10.1111/srt.12358 

Mayrovitz, H. N., Mikulka, A., & Woody, D. (2019). Minimum detectable changes associated with 

tissue dielectric constant measurements as applicable to assessing lymphedema status. 

Lymphatic Research and Biology, 17(3), 322-328. https://doi.org/10.1089/lrb.2018.0052 

Mayrovitz, H. N., Weingrad, D. N., Brlit, F., Lopez, L. B., & Desfor, R. (2015). Tissue dielectric 

constant (tdc) as an index of localized arm skin water: Differences between measuring 

probes and genders. Lymphology, 48(1), 15-23. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3789/ 

Mayrovitz, H. N., Weingrad, D. N., & Lopez, L. (2015). Assessing localized skin-to-fat water in arms 

of women with breast cancer via tissue dielectric constant measurements in pre- and post-

surgery patients. Annals of Surgical Oncology, 22(5), 1483-1489. 

https://doi.org/10.1245/s10434-014-4185-5 

https://doi.org/10.1111/j.1475-097X.2008.00844.x
https://doi.org/10.1111/j.1475-097X.2008.00844.x
https://doi.org/10.1111/srt.12784
https://doi.org/10.1111/cpf.12286
https://doi.org/10.1111/j.1600-0846.2010.00456.x
https://doi.org/10.1111/j.1600-0846.2010.00456.x
https://doi.org/10.2522/ptj.20060382
https://doi.org/10.1111/srt.12358
https://doi.org/10.1089/lrb.2018.0052
https://journals.librarypublishing.arizona.edu/lymph/article/id/3789/
https://doi.org/10.1245/s10434-014-4185-5


 

172 

McGraw, K. O., & Wong, S. P. (1996). Forming inferences about some intraclass correlation 

coefficients. Psychological Methods  1(1), 30-46. https://doi.org/10.1037/1082-989X.1.1.30 

McLeod, A., Brooks, D., Hale, J., Lindsay, W. K., Zuker, R. M., & Thomson, H. G. (1991). A clinical 

report on the use of three external pneumatic compression devices in the management of 

lymphedema in a paediatric population. Physiotherapy Canada, 43(3), 28-32. 

McNeely, M., Magee, D., Lees, A., Bagnall, K., Haykowsky, M., & Hanson, J. (2004). The addition of 

manual lymph drainage to compression therapy for breast cancer related lymphedema: a 

randomized controlled trial. Breast Cancer Res Treat, 86, 95 - 106. 

https://doi.org/10.1023/B:BREA.0000032978.67677.9f 

Meester, J. A. N., Verstraeten, A., Schepers, D., Alaerts, M., Van Laer, L., & Loeys, B. L. (2017). 

Differences in manifestations of Marfan syndrome, Ehlers-Danlos syndrome, and Loeys-

Dietz syndrome. Ann Cardiothorac Surg, 6(6), 582-594. 

https://doi.org/10.21037/acs.2017.11.03 

Mellor, R. H., Bush, N. L., Stanton, A. W. B., Bamber, J. C., Levick, J. R., & Mortimer, P. S. (2004). 

Dual-frequency ultrasound examination of skin and subcutis thickness in breast cancer-

related lymphedema. Breast Journal, 10(6), 496-503. https://doi.org/10.1111/j.1075-

122X.2004.21458.x 

Mellor, R. H., Hubert, C. E., Stanton, A. W., Tate, N., Akhras, V., Smith, A., Burnand, K. G., Jeffery, 

S., Makinen, T., Levick, J. R., & Mortimer, P. S. (2010). Lymphatic dysfunction, not aplasia, 

underlies Milroy disease. Microcirculation, 17(4), 281-296. https://doi.org/10.1111/j.1549-

8719.2010.00030.x 

Mellor, R. H., Tate, N., Stanton, A. W. B., Hubert, C., Mäkinen, T., Smith, A., Burnand, K. G., Jeffery, 

S., Levick, J. R., & Mortimer, P. S. (2011). Mutations in FOXC2 in humans (Lymphoedema 

Distichiasis Syndrome) cause lymphatic dysfunction on dependency. Journal of Vascular 

Research, 48(5), 397-407. https://doi.org/10.1159/000323484 

Mendoza, E., & Schmid-Schonbein, G. W. (2003). A model for mechanics of primary lymphatic 

valves. Journal of Biomechanical Engineering, 125(3), 407-414. 

https://doi.org/10.1115/1.1568128 

Michel, C. C., Woodcock, T. E., & Curry, F. E. (2020). Understanding and extending the Starling 

principle. Acta Anaesthesiologica Scandinavica, 64(8), 1032-1037. 

https://doi.org/10.1111/aas.13603 

Mihara, M., Hara, H., Narushima, M., Todokoro, T., Iida, T., Ohtsu, H., Murai, N., & Koshima, I. 

https://doi.org/10.1037/1082-989X.1.1.30
https://doi.org/10.1023/B:BREA.0000032978.67677.9f
https://doi.org/10.21037/acs.2017.11.03
https://doi.org/10.1111/j.1075-122X.2004.21458.x
https://doi.org/10.1111/j.1075-122X.2004.21458.x
https://doi.org/10.1111/j.1549-8719.2010.00030.x
https://doi.org/10.1111/j.1549-8719.2010.00030.x
https://doi.org/10.1159/000323484
https://doi.org/10.1115/1.1568128
https://doi.org/10.1111/aas.13603


 

173 

(2013). Indocyanine green lymphography is superior to lymphoscintigraphy in imaging 

diagnosis of secondary lymphedema of the lower limbs. Journal of Vascular Surgery: 

Venous and Lymphatic Disorders, 1(2), 194-201. https://doi.org/10.1016/j.jvsv.2012.07.011 

Mikami, T., Koyama, A., Hashimoto, K., Maegawa, J., Yabuki, Y., Kagimoto, S., Kitayama, S., Kaneta, 

T., Yasumura, K., Matsubara, S., & Iwai, T. (2019). Pathological changes in the lymphatic 

system of patients with secondary upper limb lymphoedema. Scientific Reports, 9(1), 8499. 

https://doi.org/10.1038/s41598-019-44735-w 

Modaghegh, M. H., & Soltani, E. (2010). A newly designed SIPC device for management of 

lymphoedema. Indian Journal of Surgery, 72(1), 32-36. https://doi.org/10.1007/s12262-

010-0006-7 

Moffatt, C., Aubeeluck, A., Stasi, E., Bartoletti, R., Aussenac, C., Roccatello, D., & Quere, I. (2019). A 

study to explore the parental impact and challenges of self-management in children and 

adolescents suffering with lymphedema. Lymphatic Research and Biology, 17(2), 245-252. 

https://doi.org/10.1089/lrb.2018.0077 

Moffatt, C. J., Aubeeluck, A., Franks, P. J., Doherty, D. C., Mortimer, P., & Quere, I. (2017). 

Psychological factors in chronic edema: A case-control study. Lymphatic Research and 

Biology, 15(3), 252-261. https://doi.org/10.1089/lrb.2017.0022 

Moffatt, C. J., Franks, P. J., Doherty, D. C., Williams, A. F., Badger, C., Jeffs, E., Bosanquet, N., & 

Mortimer, P. S. (2003). Lymphoedema: An underestimated health problem. QJM - Monthly 

Journal of the Association of Physicians, 96(10), 731-738. 

https://doi.org/10.1093/qjmed/hcg126 

Moffatt, C. J., Keeley, V., & Quéré, I. (2019). The concept of chronic edema—a neglected public 

health issue and an international response: The limprint study. Lymphatic Research and 

Biology, 17(2), 121-126. https://doi.org/10.1089/lrb.2018.0085 

Mortimer, P. S. (2010). Disorders of lymphatic vessels. In T. Burns, S. Breathnach, N. Cox, & C. 

Griffiths (Eds.), Rook's Textbook of Dermatology (8 ed., Vol. 3, pp. 2253-2283). Wiley-

Blackwell. https://doi.org/10.1002/9781444317633.ch48 

Mortimer, P. S., & Levick, J. R. (2004). Chronic peripheral oedema: The critical role of the lymphatic 

system. Clinical Medicine, Journal of the Royal College of Physicians of London, 4(5), 448-

453. https://doi.org/10.7861/clinmedicine.4-5-448 

Mortimer, P. S., & Rockson, S. G. (2014). New developments in clinical aspects of lymphatic 

disease. Journal of Clinical Investigation, 124(3), 915 - 921. 

https://doi.org/10.1016/j.jvsv.2012.07.011
https://doi.org/10.1038/s41598-019-44735-w
https://doi.org/10.1007/s12262-010-0006-7
https://doi.org/10.1007/s12262-010-0006-7
https://doi.org/10.1089/lrb.2018.0077
https://doi.org/10.1089/lrb.2017.0022
https://doi.org/10.1093/qjmed/hcg126
https://doi.org/10.1089/lrb.2018.0085
https://doi.org/10.1002/9781444317633.ch48
https://doi.org/10.7861/clinmedicine.4-5-448


 

174 

https://doi.org/10.1172/jci71608 

Mosti, G., & Cavezzi, A. (2019). Compression therapy in lymphedema: Between past and recent 

scientific data. Phlebology, 34(8), 515-522. https://doi.org/10.1177/0268355518824524 

Mukherjee, A., Hooks, J., & Dixon, J. B. (2018). Physiology: Lymph flow. In B.-B. Lee, S. G. Rockson, 

& J. Bergan (Eds.), Lymphedema: A concise compendium of theory and practice (pp. 91-

111). Springer International Publishing. https://doi.org/10.1007/978-3-319-52423-8_8 

Muluk, S. C., Hirsch, A. T., & Taffe, E. C. (2013). Pneumatic compression device treatment of lower 

extremity lymphedema elicits improved limb volume and patient-reported outcomes. 

European Journal of Vascular and Endovascular Surgery, 46(4), 480-487. 

https://doi.org/10.1016/j.ejvs.2013.07.012 

Naouri, M., Samimi, M., Atlan, M., Perrodeau, E., Vallin, C., Zakine, G., Vaillant, L., & MacHet, L. 

(2010). High-resolution cutaneous ultrasonography to differentiate lipoedema from 

lymphoedema. British Journal of Dermatology, 163(2), 296-301. 

https://doi.org/10.1111/j.1365-2133.2010.09810.x 

National Breast and Ovarian Cancer Centre. (2013). Lymphoedema — what you need to know. 

Retrieved 26/10/2021, from 

https://www.slhd.nsw.gov.au/Concord/Cancer/pdfs/lymphoedema.pdf 

National Institutes of Health. (1996). Bioelectrical impedance analysis in body composition 

measurement: National Institutes of Health Technology Assessment Conference 

Statement. The American Journal of Clinical Nutrition, 64 524S-532S. 

https://doi.org/10.1093/ajcn/64.3.524S 

National Lymphedema Network. (2011a). The diagnosis and treatment of lymphedema. Position 

Statement. Retrieved 26/10/2021, from https://lymphnet.org/position-papers 

National Lymphedema Network. (2011b). Screening and measurement for early detection of 

Breast Cancer-Related Lymphedema. Position statement. Retrieved 26/10/2021, from 

https://lymphnet.org/position-papers 

Nedelec, B., Forget, N. J., Hurtubise, T., Cimino, S., de Muszka, F., Legault, A., Liu, W. L., de Oliveira, 

A., Calva, V., & Correa, J. A. (2016). Skin characteristics: Normative data for elasticity, 

erythema, melanin, and thickness at 16 different anatomical locations. Skin Research and 

Technology, 22(3), 263-275. https://doi.org/10.1111/srt.12256 

Neligan, P. C. (2016). Measuring methods. In P. C. Neligan, J. Masia, & N. B. Piller (Eds.), 

Lymphedema: Complete medical and surgical management (1st ed., pp. 315-325). CRC 

https://doi.org/10.1172/jci71608
https://doi.org/10.1177/0268355518824524
https://doi.org/10.1007/978-3-319-52423-8_8
https://doi.org/10.1016/j.ejvs.2013.07.012
https://doi.org/10.1111/j.1365-2133.2010.09810.x
https://www.slhd.nsw.gov.au/Concord/Cancer/pdfs/lymphoedema.pdf
https://doi.org/10.1093/ajcn/64.3.524S
https://lymphnet.org/position-papers
https://lymphnet.org/position-papers
https://doi.org/10.1111/srt.12256


 

175 

Press. 

Neptune, E. R., Frischmeyer, P. A., Arking, D. E., Myers, L., Bunton, T. E., Gayraud, B., Ramirez, F., 

Sakai, L. Y., & Dietz, H. C. (2003). Dysregulation of TGF-beta activation contributes to 

pathogenesis in Marfan syndrome. Nature Genetics, 33(3), 407-411. 

https://doi.org/10.1038/ng1116 

Newsom, J., Phillips, J. J., & Mahoney, T. (2020). Paediatric and primary lymphoedema: A 

preliminary survey of service provision across Australia [Informally published manuscript]. 

https://www.lymphoedema.org.au/education-&-resources/lymph-exchange-a-

lymphoedema-publication/ 

Niimi, K., Hirai, M., Iwata, H., & Miyazaki, K. (2014). Ultrasonographic findings and the clinical 

results of treatment for lymphedema. Ann Vasc Dis, 7(4), 369-375. 

https://doi.org/10.3400/avd.oa.14-00104 

Niwa, S., Mawaki, A., Hisano, F., Nakanishi, K., Watanabe, S., Fukuyama, A., Kikumori, T., 

Shimamoto, K., Fujimoto, E., & Oshima, C. (2021). Prediction of the presence of fluid 

accumulation in the subcutaneous tissue in BCRL using texture analysis of ultrasound 

images. Lymphatic Research and Biology. https://doi.org/10.1089/lrb.2020.0121 

Niwa, S., Mawaki, A., Nakanishi, K., Hisano, F., Takeno, Y., Fukuyama, A., Kikumori, T., Shimamoto, 

K., Fujimoto, E., & Oshima, C. (2020). Breast cancer-related lymphedema with the presence 

or absence of accumulation of fluid: MR findings in ISL stage II cases. Structure and 

Function, 18(2), 88-94. https://doi.org/10.11172/keitaikinou.18.88 

Noh, S., Hwang, J. H., Yoon, T. H., Chang, H. J., Chu, I. H., & Kim, J. H. (2015). Limb differences in 

the therapeutic effects of complex decongestive therapy on edema, quality of life, and 

satisfaction in lymphedema patients. Ann Rehabil Med, 39(3), 347-359. 

https://doi.org/10.5535/arm.2015.39.3.347 

Nuutinen, J., Ikäheimo, R., & Lahtinen, T. (2004). Validation of a new dielectric device to assess 

changes of tissue water in skin and subcutaneous fat. Physiological Measurement, 25(2), 

447. https://doi.org/10.1088/0967-3334/25/2/004 

O'Donnell, T. F., Jr., Rasmussen, J. C., & Sevick-Muraca, E. M. (2017). New diagnostic modalities in 

the evaluation of lymphedema. Journal of Vascular Surgery: Venous and Lymphatic 

Disorders, 5(2), 261-273. https://doi.org/10.1016/j.jvsv.2016.10.083 

Okajima, S., Hirota, A., Kimura, E., Inagaki, M., Tamai, N., Iizaka, S., Nakagami, G., Mori, T., Sugama, 

J., & Sanada, H. (2013). Health-related quality of life and associated factors in patients with 

https://doi.org/10.1038/ng1116
https://www.lymphoedema.org.au/education-&-resources/lymph-exchange-a-lymphoedema-publication/
https://www.lymphoedema.org.au/education-&-resources/lymph-exchange-a-lymphoedema-publication/
https://doi.org/10.3400/avd.oa.14-00104
https://doi.org/10.1089/lrb.2020.0121
https://doi.org/10.11172/keitaikinou.18.88
https://doi.org/10.5535/arm.2015.39.3.347
https://doi.org/10.1088/0967-3334/25/2/004
https://doi.org/10.1016/j.jvsv.2016.10.083


 

176 

primary lymphedema. Japan Journal of Nursing Science, 10(2), 202-211. 

https://doi.org/10.1111/j.1742-7924.2012.00220.x 

Olsen, L. O., Takiwaki, H., & Serup, J. (1995). High-frequency ultrasound characteristics of normal 

skin. Skin thickness and echographic density of 22 anatomical sites. Skin Research and 

Technology, 1, 74-80. https://doi.org/10.1111/j.1600-0846.1995.tb00021.x 

Olszewski, W. L., & Engeset, A. (1980). Intrinsic contractility of prenodal lymph vessels and lymph 

flow in human leg. American Journal of Physiology-Heart and Circulatory Physiology, 

239(6), H775-H783. https://doi.org/10.1152/ajpheart.1980.239.6.H775 

Olszewski, W. L., Jain, P., Ambujam, G., Zaleska, M., Cakala, M., & Gradalski, T. (2011). Tissue fluid 

pressure and flow during pneumatic compression in lymphedema of lower limbs. 

Lymphatic Research and Biology, 9(2), 77-83. https://doi.org/10.1089/lrb.2009.0025 

Pallant, J. F. (2016). SPSS survival manual: A step by step guide to data analysis using IBM SPSS (6th 

ed.). Allen & Unwin. 

Pallotta, O., McEwen, M., Tilley, S., Wonders, T., Waters, M., & Piller, N. (2011). A new way to 

assess superficial changes to lymphoedema. Journal of Lymphoedema, 6(2), 34-41. 

https://www.woundsinternational.com/journals/issue/523 

Pan, W. R., Wang, D. G., Levy, S. M., & Chen, Y. (2013). Superficial lymphatic drainage of the lower 

extremity: Anatomical study and clinical implications. Plast Reconstr Surg, 132(3), 696-707. 

https://doi.org/10.1097/PRS.0b013e31829ad12e 

Pappalardo, M., & Cheng, M. H. (2020). Lymphoscintigraphy for the diagnosis of extremity 

lymphedema: Current controversies regarding protocol, interpretation, and clinical 

application. Journal of Surgical Oncology, 121(1), 37-47. https://doi.org/10.1002/jso.25526 

Partsch, H. (2012). Compression therapy: Clinical and experimental evidence. Ann Vasc Dis, 5(4), 

416-422. https://doi.org/10.3400/avd.ra.12.00068 

Partsch, H., Damstra, R. J., & Mosti, G. (2011). Dose finding for an optimal compression pressure to 

reduce chronic edema of the extremities. International Angiology, 30(6), 527-533. 

https://www.minervamedica.it/en/journals/international-

angiology/article.php?cod=R34Y2011N06A0527 

Partsch, H., & Mani, R. (2019). Physics of using compression to treat venous leg ulcers and other 

conditions of the lower extremities. In R. Mani, K. Rerkasem, H. K. R. Nair, & V. Shukla 

(Eds.), Compression and Chronic Wound Management (pp. 13-37). Springer International 

Publishing. https://doi.org/10.1007/978-3-030-01195-6_2 

https://doi.org/10.1111/j.1742-7924.2012.00220.x
https://doi.org/10.1111/j.1600-0846.1995.tb00021.x
https://doi.org/10.1152/ajpheart.1980.239.6.H775
https://doi.org/10.1089/lrb.2009.0025
https://www.woundsinternational.com/journals/issue/523
https://doi.org/10.1097/PRS.0b013e31829ad12e
https://doi.org/10.1002/jso.25526
https://doi.org/10.3400/avd.ra.12.00068
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2011N06A0527
https://www.minervamedica.it/en/journals/international-angiology/article.php?cod=R34Y2011N06A0527
https://doi.org/10.1007/978-3-030-01195-6_2


 

177 

Partsch, H., & Rockson, S. G. (2018). Compression Therapy. In B.-B. Lee, S. G. Rockson, & J. Bergan 

(Eds.), Lymphedema: A concise compendium of theory and practice (pp. 431-441). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-52423-8_33 

Peters, A. M., & Mortimer, P. S. (2021). "Latent" and "constitutional" lymphedema, useful terms to 

complement the terms "primary" and "secondary" lymphedema. Journal of Vascular 

Surgery: Venous and Lymphatic Disorders, 9(5), 1089-1092. 

https://doi.org/10.1016/j.jvsv.2021.03.023 

Petrova, T. V., Karpanen, T., Norrmen, C., Mellor, R., Tamakoshi, T., Finegold, D., Ferrell, R., 

Kerjaschki, D., Mortimer, P., Yla-Herttuala, S., Miura, N., & Alitalo, K. (2004). Defective 

valves and abnormal mural cell recruitment underlie lymphatic vascular failure in 

lymphedema distichiasis. Nature Medicine, 10(9), 974-981. 

https://doi.org/10.1038/nm1094 

Pfister, G., Saesseli, B., Hoffmann, U., Geiger, M., & Bollinger, A. (1990). Diameters of lymphatic 

capillaries in patients with different forms of primary lymphedema. Lymphology, 23(3), 

140-144. https://journals.librarypublishing.arizona.edu/lymph/article/id/3122/ 

Phillips, J. J., & Gordon, S. J. (2016, May 26-28). Tonometry in lower limb primary lymphoedema: A 

reliability study. Asia Pacific Lymphology Conference, Darwin, NT, Australia. 

https://www.woundsinternational.com/resources/details/abstracts-6th-international-

lymphoedema-framework-conference 

Phillips, J. J., & Gordon, S. J. (2019). Intermittent pneumatic compression dosage for adults and 

children with lymphedema: A systematic review. Lymphatic Research and Biology, 17(1), 2-

18. https://doi.org/10.1089/lrb.2018.0034 

Phillips, J. J., Reynolds, K. J., & Gordon, S. J. (2020). Dermal thickness and echogenicity using 

DermaScan C high frequency ultrasound: Methodology and reliability testing in people with 

and without primary lymphoedema. Skin Research and Technology, 26(6), 813-823. 

https://doi.org/10.1111/srt.12880 

Pilch, U., Wozniewski, M., & Szuba, A. (2009). Influence of compression cycle time and number of 

sleeve chambers on upper extremity lymphedema volume reduction during intermittent 

pneumatic compression. Lymphology, 42(1), 26-35. 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3663/ 

Ploin, D., Schwarzenbach, F., Dubray, C., Nicolas, J.-F., Goujon, C., Trong, M. D., & Laurent, P. E. 

(2011). Echographic measurement of skin thickness in sites suitable for intradermal vaccine 

https://doi.org/10.1007/978-3-319-52423-8_33
https://doi.org/10.1016/j.jvsv.2021.03.023
https://doi.org/10.1038/nm1094
https://journals.librarypublishing.arizona.edu/lymph/article/id/3122/
https://www.woundsinternational.com/resources/details/abstracts-6th-international-lymphoedema-framework-conference
https://www.woundsinternational.com/resources/details/abstracts-6th-international-lymphoedema-framework-conference
https://doi.org/10.1089/lrb.2018.0034
https://doi.org/10.1111/srt.12880
https://journals.librarypublishing.arizona.edu/lymph/article/id/3663/


 

178 

injection in infants and children. Vaccine, 29(46), 8438-8442. 

10.1016/j.vaccine.2011.07.111 

Pohjola, R. T., Pekanmaki, K., & Kolari, P. J. (1995). Intermittent pneumatic compression of 

lymphoedema : Evaluation of two clinical methods. European Journal of Lymphology and 

Related Problems, 5(19), 87-90. https://www.eurolymphology.org/JOURNAL/VOL5-N19-

1995.pdf 

Polat, A. V., Ozturk, M., Polat, A. K., Karabacak, U., Bekci, T., & Murat, N. (2020). Efficacy of 

ultrasound and shear wave elastography for the diagnosis of breast cancer-related 

lymphedema. Journal of Ultrasound in Medicine, 39(4), 795-803. 

https://doi.org/10.1002/jum.15162 

Portney, L. G., & Watkins, M. P. (2015). Foundations of clinical research: Applications to practice. 

(3rd ed.). F.A. Davis Company. 

Price, K. L., & Earthman, C. P. (2018). Update on body composition tools in clinical settings: 

Computed tomography, ultrasound, and bioimpedance applications for assessment and 

monitoring. European Journal Of Clinical Nutrition, 73(2), 187-193. 

https://doi.org/10.1038/s41430-018-0360-2 

Priollet, P. (2006). Venous edema of the lower limbs. Phlebolymphology, 13(4). 

https://www.phlebolymphology.org/phlebolymphology-53/ 

Prochaska, J. H., Arnold, N., Falcke, A., Kopp, S., Schulz, A., Buch, G., Moll, S., Panova-Noeva, M., 

Junger, C., Eggebrecht, L., Pfeiffer, N., Beutel, M., Binder, H., Grabbe, S., Lackner, K. J., Ten 

Cate-Hoek, A., Espinola-Klein, C., Munzel, T., & Wild, P. S. (2021). Chronic venous 

insufficiency, cardiovascular disease, and mortality: A population study. European Heart 

Journal 42(40), 4157-4165. https://doi.org/10.1093/eurheartj/ehab495 

Queensland Health. (2014). Queensland Health lymphoedema clinical practice guideline. The use of 

compression in the management of adults with lymphoedema. State of Queensland 

(Queensland Health). www.health.qld.gov.au 

Querleux, B., Baldeweck, T., Diridollou, S., de Rigal, J., Huguet, E., Leroy, F., & Holloway Barbosa, V. 

(2009). Skin from various ethnic origins and aging: an in vivo cross-sectional multimodality 

imaging study. Skin Research and Technology, 15(3), 306-313. 

https://doi.org/10.1111/j.1600-0846.2009.00365.x 

Raines, J. K., O'Donnell Jr, T. F., Kalisher, L., & Darling, R. C. (1977). Selection of patients with 

lymphedema for compression therapy. The American Journal of Surgery, 133(4), 430-437. 

https://www.eurolymphology.org/JOURNAL/VOL5-N19-1995.pdf
https://www.eurolymphology.org/JOURNAL/VOL5-N19-1995.pdf
https://doi.org/10.1002/jum.15162
https://doi.org/10.1038/s41430-018-0360-2
https://www.phlebolymphology.org/phlebolymphology-53/
https://doi.org/10.1093/eurheartj/ehab495
file:///C:/Users/janep/Documents/2015%20Flinders%20Uni/Thesis%20JP/Post%20examination/www.health.qld.gov.au
https://doi.org/10.1111/j.1600-0846.2009.00365.x


 

179 

https://doi.org/10.1016/0002-9610(77)90127-1 

Ramos, S. M., O’Donnell, L. S., & Knight, G. (1999). Edema volume, not timing, is the key to success 

in lymphedema treatment. The American Journal of Surgery, 178(4), 311-315. 

https://doi.org/10.1016/S0002-9610(99)00185-3 

Ramsey, K., & Mortimer, P. (2015). Lymphoedema. In R. D. Farhadieh, N. W. Bulstrode, & S. Cugno 

(Eds.), Plastic and Reconstructive Surgery: Approaches and Techniques (First ed.). John 

Wiley & Sons, Ltd. https://doi.org/10.1002/9781118655412.ch47 

Rasmussen, J. C., Tan, I. C., Marshall, M. V., Adams, K. E., Kwon, S., Fife, C. E., Maus, E. A., Smith, L. 

A., Covington, K. R., & Sevick-Muraca, E. M. (2010). Human lymphatic architecture and 

dynamic transport imaged using near-infrared fluorescence. Translational Oncology, 3(6), 

362-372. https://doi.org/10.1593/tlo.10190 

Rasmussen, J. C., Zhu, B., Morrow, J. R., Aldrich, M. B., Sahihi, A., Harlin, S. A., Fife, C. E., O'Donnell, 

T. F., & Sevick-Muraca, E. M. (2020). Degradation of lymphatic anatomy and function in 

early venous insufficiency. Journal of Vascular Surgery: Venous and Lymphatic Disorders, 

9(3), 720-730. https://doi.org/10.1016/j.jvsv.2020.09.007 

Reich-Schupke, S., Gahr, M., Altmeyer, P., & Stucker, M. (2009). Resting pressure exerted by round 

knitted moderate-compression stockings on the lower leg in clinical practice--results of an 

experimental study. Dermatologic Surgery, 35(12), 1989-1997. 

https://doi.org/10.1111/j.1524-4725.2009.01318.x 

Ribeiro, C. S., Leal, F., & Jeunon, T. (2017). Skin anatomy, histology, and physiology. In M. C. A. Issa 

& B. Tamura (Eds.), Daily Routine in Cosmetic Dermatology (pp. 3-14). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-12589-3_1 

Ricci, V., Ricci, C., Gervasoni, F., Andreoli, A., & Ozcakar, L. (2021). From histo-anatomy to 

sonography in lymphedema: EURO-MUSCULUS/USPRM approach. European Journal of 

Physical Rehabilitation Medicine. https://doi.org/10.23736/S1973-9087.21.06853-2 

Ridner, S. H., Dietrich, M. S., Boyages, J., Koelmeyer, L., Elder, E., Hughes, T. M., French, J., Ngui, N., 

Hsu, J., Abramson, V. G., Moore, A., & Shah, C. (2022). A comparison of bioimpedance 

spectroscopy or tape measure triggered compression intervention in chronic breast cancer 

lymphedema prevention. Lymphatic Research and Biology. 

https://doi.org/10.1089/lrb.2021.0084 

Río-González, Á., Molina-Rueda, F., Palacios-Ceña, D., & Alguacil-Diego, I. M. (2021). Comparing 

the experience of individuals with primary and secondary lymphoedema: A qualitative 

https://doi.org/10.1016/0002-9610(77)90127-1
https://doi.org/10.1016/S0002-9610(99)00185-3
https://doi.org/10.1002/9781118655412.ch47
https://doi.org/10.1593/tlo.10190
https://doi.org/10.1016/j.jvsv.2020.09.007
https://doi.org/10.1111/j.1524-4725.2009.01318.x
https://doi.org/10.1007/978-3-319-12589-3_1
https://doi.org/10.23736/S1973-9087.21.06853-2
https://doi.org/10.1089/lrb.2021.0084


 

180 

study. Brazilian Journal of Physical Therapy, 25(2), 203-213. 

https://doi.org/10.1016/j.bjpt.2020.05.009 

Rockson, S. G. (2001). Lymphedema. The American Journal of Medicine, 110(4), 288-295. 

https://doi.org/10.1016/s0002-9343(00)00727-0  

Rockson, S. G. (2010). Current concepts and future directions in the diagnosis and management of 

lymphatic vascular disease. Vascular Medicine, 15(3), 223-231. 

https://doi.org/10.1177/1358863x10364553 

Rockson, S. G. (2019). The genetic predisposition to breast cancer-associated lymphedema. 

Lymphatic Research and Biology, 17(3), 287. https://doi.org/10.1089/lrb.2019.29066.sr 

Rockson, S. G. (2020). Cutaneous pathological changes as quantifiable endpoints in human 

lymphedema. Lymphatic Research and Biology, 18(3), 211-211. 

https://doi.org/10.1089/lrb.2020.29088.sr 

Rockson, S. G., Keeley, V., Kilbreath, S., Szuba, A., & Towers, A. (2019). Cancer-associated 

secondary lymphoedema. Nat Rev Dis Primers, 5(1), 22. https://doi.org/10.1038/s41572-

019-0072-5 

Rockson, S. G., Tian, W., Jiang, X., Kuznetsova, T., Haddad, F., Zampell, J., Mehrara, B., Sampson, J. 

P., Roche, L., Kim, J., & Nicolls, M. R. (2018). Pilot studies demonstrate the potential 

benefits of antiinflammatory therapy in human lymphedema. JCI insight, 3(20), e123775. 

https://doi.org/10.1172/jci.insight.123775 

Rutkowski, J. M., Markhus, C. E., Gyenge, C. C., Alitalo, K., Wiig, H., & Swartz, M. A. (2010). Dermal 

collagen and lipid deposition correlate with tissue swelling and hydraulic conductivity in 

murine primary lymphedema. The American Journal of Pathology, 176(3), 1122-1129. 

https://doi.org/10.2353/ajpath.2010.090733 

Rutkowski, J. M., & Swartz, M. A. (2007). A driving force for change: Interstitial flow as a 

morphoregulator. Trends in Cell Biology, 17(1), 44-50. 

https://doi.org/10.1016/j.tcb.2006.11.007 

Saito, T., Unno, N., Yamamoto, N., Inuzuka, K., Tanaka, H., Sano, M., Sugisawa, R., Katahashi, K., & 

Konno, H. (2015). Low lymphatic pumping pressure in the legs is associated with leg edema 

and lower quality of life in healthy volunteers. Lymphatic Research and Biology, 13(2), 154-

159. https://doi.org/10.1089/lrb.2014.0015 

Sanderson, J., Tuttle, N., Box, R., Reul-Hirche, H., & Laakso, E.-L. (2015). The pitting test: An 

investigation of an unstandardized assessment of lymphedema. Lymphology, 48(4), 175-

https://doi.org/10.1016/j.bjpt.2020.05.009
https://doi.org/10.1016/s0002-9343(00)00727-0
https://doi.org/10.1177/1358863x10364553
https://doi.org/10.1089/lrb.2019.29066.sr
https://doi.org/10.1089/lrb.2020.29088.sr
https://doi.org/10.1038/s41572-019-0072-5
https://doi.org/10.1038/s41572-019-0072-5
https://doi.org/10.1172/jci.insight.123775
https://doi.org/10.2353/ajpath.2010.090733
https://doi.org/10.1016/j.tcb.2006.11.007
https://doi.org/10.1089/lrb.2014.0015


 

181 

183. https://journals.librarypublishing.arizona.edu/lymph/article/id/3813/ 

Sano, M., Hirakawa, S., Yamanaka, Y., Naruse, E., Inuzuka, K., Saito, T., Katahashi, K., Yata, T., 

Kayama, T., Tsuyuki, H., Yamamoto, N., Takeuchi, H., & Unno, N. (2019). Development of a 

noninvasive skin evaluation method for lower limb lymphedema. Lymphatic Research and 

Biology, 18(1), 7-15. https://doi.org/10.1089/lrb.2018.0089 

Sarica, M., Gordon, K., van Zanten, M., Heenan, S. D., Mortimer, P. S., Irwin, A. G., Ramachandra, 

V., Ostergaard, P., & Mansour, S. (2019). Lymphoscintigraphic abnormalities associated 

with Milroy Disease and Lymphedema-Distichiasis Syndrome. Lymphatic Research and 

Biology, 17(6), 610-619. https://doi.org/10.1089/lrb.2019.0016 

Scallan, J. P., Zawieja, S. D., Castorena-Gonzalez, J. A., & Davis, M. J. (2016). Lymphatic pumping: 

Mechanics, mechanisms and malfunction. Journal of Physiology, 594(20), 5749-5768. 

https://doi.org/10.1113/JP272088 

Schmid-Schonbein, G. W. (1990a). Mechanisms causing initial lymphatics to expand and compress 

to promote lymph flow. Archives of Histology and Cytology 53 Suppl, 107-114. 

https://doi.org/10.1679/aohc.53.suppl_107 

Schmid-Schonbein, G. W. (1990b). Microlymphatics and lymph flow. Physiological Reviews, 70(4), 

987-1028. https://doi.org/10.1152/physrev.1990.70.4.987 

Schmid-Wendtner, M.-H., & Burgdorf, W. (2005). Ultrasound scanning in dermatology. Archives of 

Dermatology, 141(2), 217-224. https://doi.org/10.1001/archderm.141.2.217 

Schook, C. C., Mulliken, J. B., Fishman, S. J., Alomari, A. I., Grant, F. D., & Greene, A. K. (2011). 

Differential diagnosis of lower extremity enlargement in pediatric patients referred with a 

diagnosis of lymphedema. Plastic and Reconstructive Surgery, 127(4), 1571-1581. 

https://doi.org/10.1097/PRS.0b013e31820a64f3 

Schook, C. C., Mulliken, J. B., Fishman, S. J., Grant, F. D., Zurakowski, D., & Greene, A. K. (2011). 

Primary lymphedema: Clinical features and management in 138 pediatric patients. Plastic 

and Reconstructive Surgery, 127(6), 2419-2431. 

https://doi.org/10.1097/PRS.0b013e318213a218 

Schou, A. J., Thomsen, K., Plomgaard, A. M., & Wolthers, O. D. (2004). Methodological aspects of 

high-frequency ultrasound of skin in children. Skin Research and Technology, 10(3), 200-

206. https://doi.org/10.1111/j.1600-0846.2004.00070.x 

Schuetzenberger, K., Pfister, M., Messner, A., Froehlich, V., Garhoefer, G., Hohenadl, C., 

Schmetterer, L., & Werkmeister, R. M. (2019). Comparison of optical coherence 

https://journals.librarypublishing.arizona.edu/lymph/article/id/3813/
https://doi.org/10.1089/lrb.2018.0089
https://doi.org/10.1089/lrb.2019.0016
https://doi.org/10.1113/JP272088
https://doi.org/10.1679/aohc.53.suppl_107
https://doi.org/10.1152/physrev.1990.70.4.987
https://doi.org/10.1001/archderm.141.2.217
https://doi.org/10.1097/PRS.0b013e31820a64f3
https://doi.org/10.1097/PRS.0b013e318213a218
https://doi.org/10.1111/j.1600-0846.2004.00070.x


 

182 

tomography and high frequency ultrasound imaging in mice for the assessment of skin 

morphology and intradermal volumes. Scientific Reports, 9(1), 13643. 

https://doi.org/10.1038/s41598-019-50104-4 

Seidenari, S. (2006). Ultrasound B-mode imaging and in vivo structure analysis. In J. Serup, G. B. 

Jemec, & D. I. Grove (Eds.), Handbook of non-invasive methods and the skin (2nd ed., pp. 

493 - 505). CRC Press. 

Seidenari, S., Di Nakijo, A., Pepe, P., & Giannetti, A. (1991). Ultrasound B scanning with image 

analysis for assessment of allergic patch test reactions. Contact Dermatitis, 24(3), 216-222. 

https://doi.org/10.1111/j.1600-0536.1991.tb01701.x  

Seidenari, S., & Di Nardo, A. (1992). B scanning evaluation of irritant reactions with binary 

transformation and image analysis. Acta Dermato-Venereologica, Suppl 175, 9-13. 

Seidenari, S., Giusti, G., Bertoni, L., Magnoni, C., & Pellacani, G. (2000). Thickness and echogenicity 

of the skin in children as assessed by 20-MHz ultrasound. Dermatology, 201(3), 218-222. 

https://doi.org/10.1159/000018491  

Seidenari, S., Pagnoni, A., Di Nardo, A., & Giannetti. (1994). Echographic evaluation with image 

analysis of normal skin: Variations according to age. Skin Pharmacology and Physiology 7, 

201-209. https://doi.org/10.1159/000211295  

Sen, Y., Qian, Y., Koelmeyer, L., Borotkanics, R., Ricketts, R., Mackie, H., Lam, T. C., Shon, K. H., 

Suami, H., & Boyages, J. (2018). Breast cancer-related lymphedema: Differentiating fat 

from fluid using magnetic resonance imaging segmentation. Lymphatic Research and 

Biology, 16(1), 20-27. https://doi.org/10.1089/lrb.2016.0047 

Serup, J. (1992). Ten years experience with high frequency ultrasound examination of the skin: 

development and refinement of technique and equipment. In P. Altmeyer, S. el-Gammal, & 

K. Hoffmann (Eds.), Ultrasound in dermatology (pp. 41-54). Springer-Verlag. 

Serup, J., Keiding, J., Fullerton, A., Gniadecka, M., & Gniadecki, R. (2006). High-frequency 

ultrasound examination of skin: Introduction and guide. In J. Serup & G. B. Jemec (Eds.), 

Handbook of non-invasive methods and the skin (2nd ed., pp. 473-491). CRC Press. 

Serup, J., Staberg, B., & Klemp, P. (1984). Quantification of cutaneous oedema in patch test 

reactions by measurement of skin thickness with high-frequency pulsed ultrasound. 

Contact Dermatitis, 10(2), 88-93. https://doi.org/10.1111/j.1600-0536.1984.tb00341.x 

Shah, C., Arthur, D. W., Wazer, D., Khan, A., Ridner, S., & Vicini, F. (2016). The impact of early 

detection and intervention of breast cancer-related lymphedema: A systematic review. 

https://doi.org/10.1038/s41598-019-50104-4
https://doi.org/10.1111/j.1600-0536.1991.tb01701.x
https://doi.org/10.1159/000018491
https://doi.org/10.1159/000211295
https://doi.org/10.1089/lrb.2016.0047
https://doi.org/10.1111/j.1600-0536.1984.tb00341.x


 

183 

Cancer Medicine, 5(6), 1154-1162. https://doi.org/10.1002/cam4.691 

Shao, Y., Qi, K., Zhou, Q. H., & Zhong, D. S. (2014). Intermittent pneumatic compression pump for 

breast cancer-related lymphedema: a systematic review and meta-analysis of randomized 

controlled trials. Oncology research and treatment, 37(4), 170-174. 

https://doi.org/10.1159/000360786 

Shinaoka, A., Koshimune, S., Suami, H., Yamada, K., Kumagishi, K., Boyages, J., Kimata, Y., & 

Ohtsuka, A. (2020). Lower-limb lymphatic drainage pathways and lymph nodes: A CT 

lymphangiography cadaver study. Radiology, 294(1), 223-229. 

https://doi.org/10.1148/radiol.2019191169 

Shoukri, M. M., Asyali, M. H., & Donner, A. (2004). Sample size requirements for the design of 

reliability study: Review and new results. Statistical Methods in Medical Research, 13(4), 

251-271. https://doi.org/10.1191/0962280204sm365ra 

Shuster, S., Black, M. M., & McVitie, E. (1975). The influence of age and sex on skin thickness, skin 

collagen and density. British Journal of Dermatology, 93(6), 639-643. 

https://doi.org/10.1111/j.1365-2133.1975.tb05113.x 

Sierla, R., Dylke, E. S., & Kilbreath, S. (2018). A systematic review of the outcomes used to assess 

upper body lymphedema. Cancer Investigation, 36(8), 458-473. 

https://doi.org/10.1080/07357907.2018.1517362 

Sloas, D. C., Stewart, S. A., Sweat, R. S., Doggett, T. M., Alves, N. G., Breslin, J. W., Gaver, D. P., & 

Murfee, W. L. (2016). Estimation of the pressure drop required for lymph flow through 

initial lymphatic networks. Lymphatic Research and Biology, 14(2), 62-69. 

https://doi.org/10.1089/lrb.2015.0039 

Smalls, L. K., Randall Wickett, R., & Visscher, M. O. (2006). Effect of dermal thickness, tissue 

composition, and body site on skin biomechanical properties. Skin Research and 

Technology, 12(1), 43-49. https://doi.org/10.1111/j.0909-725X.2006.00135.x 

Smeltzer, D. M., Stickler, G. B., & Schirger, A. (1985). Primary lymphedema in children and 

adolescents: A follow-up study and review. Pediatrics, 76(2), 206-218. 

https://publications.aap.org/pediatrics/article-abstract/76/2/206/79378/Primary-

Lymphedema-in-Children-and-Adolescents-A?redirectedFrom=PDF 

Solari, E., Marcozzi, C., Negrini, D., & Moriondo, A. (2020). Lymphatic vessels and their 

surroundings: How local physical factors affect lymph flow. Biology 9(12). 

https://doi.org/10.3390/biology9120463 

https://doi.org/10.1002/cam4.691
https://doi.org/10.1159/000360786
https://doi.org/10.1148/radiol.2019191169
https://doi.org/10.1191/0962280204sm365ra
https://doi.org/10.1111/j.1365-2133.1975.tb05113.x
https://doi.org/10.1080/07357907.2018.1517362
https://doi.org/10.1089/lrb.2015.0039
https://doi.org/10.1111/j.0909-725X.2006.00135.x
https://publications.aap.org/pediatrics/article-abstract/76/2/206/79378/Primary-Lymphedema-in-Children-and-Adolescents-A?redirectedFrom=PDF
https://publications.aap.org/pediatrics/article-abstract/76/2/206/79378/Primary-Lymphedema-in-Children-and-Adolescents-A?redirectedFrom=PDF
https://doi.org/10.3390/biology9120463


 

184 

Steele, M. L., Janda, M., Vagenas, D., Ward, L. C., Cornish, B. H., Box, R., Gordon, S., Matthews, M., 

Poppitt, S. D., Plank, L. D., Yip, W., Rowan, A., Reul-Hirche, H., Obermair, A., & Hayes, S. C. 

(2018). Normative interlimb impedance ratios: Implications for early diagnosis of uni- and 

bilateral, upper and lower limb lymphedema. Lymphatic Research and Biology, 16(6), 559-

566. https://doi.org/10.1089/lrb.2017.0082 

Steele, M. L., Janda, M., Vagenas, D., Ward, L. C., Cornish, B. H., Box, R., Gordon, S., Matthews, M., 

Poppitt, S. D., Plank, L. D., Yip, W., Rowan, A., Reul-Hirche, H., Obermair, A., & Hayes, S. C. 

(2019). A bioimpedance spectroscopy-based method for diagnosis of lower-limb 

lymphedema. Lymphatic Research and Biology, 18(2), 101-109. 

https://doi.org/10.1089/lrb.2018.0078 

Stolldorf, D. P., Dietrich, M. S., & Ridner, S. H. (2016). Symptom frequency, intensity, and distress 

in patients with lower limb lymphedema. Lymphatic Research and Biology, 14(2), 78-87. 

https://doi.org/10.1089/lrb.2015.0027 

Stout Gergich, N. L., Pfalzer, L. A., McGarvey, C., Springer, B., Gerber, L. H., & Soballe, P. (2008). 

Preoperative assessment enables the early diagnosis and successful treatment of 

lymphedema. Cancer, 112(12), 2809-2819. https://doi.org/10.1002/cncr.23494 

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), 985. https://doi.org/10.1186/s12885-019-6192-1 

Suami, H., Pan, W. R., Mann, G. B., & Taylor, G. I. (2008). The lymphatic anatomy of the breast and 

its implications for sentinel lymph node biopsy: A human cadaver study. Annals of Surgical 

Oncology, 15(3), 863-871. https://doi.org/10.1245/s10434-007-9709-9 

Suami, H., & Scaglioni, M. F. (2018). Anatomy of the lymphatic system and the lymphosome 

concept with reference to lymphedema. Seminars in Plastic Surgery 32(1), 5-11. 

https://doi.org/10.1055/s-0038-1635118 

Sudduth, C. L., Maclellan, R. A., & Greene, A. K. (2020). Study of 700 referrals to a lymphedema 

program. Lymphatic Research and Biology, 18(6), 534-538. 

https://doi.org/10.1089/lrb.2019.0086 

Suehiro, K., Mizumoto, Y., Morikage, N., Harada, T., Samura, M., Nagase, T., Takeuchi, Y., 

Mizoguchi, T., Suzuki, R., Kurazumi, H., & Hamano, K. (2021). Hardness sensed by skin 

palpation in legs with lymphedema is predominantly correlated with dermal thickening. 

https://doi.org/10.1089/lrb.2017.0082
https://doi.org/10.1089/lrb.2018.0078
https://doi.org/10.1089/lrb.2015.0027
https://doi.org/10.1002/cncr.23494
https://doi.org/10.1186/s12885-019-6192-1
https://doi.org/10.1245/s10434-007-9709-9
https://doi.org/10.1055/s-0038-1635118
https://doi.org/10.1089/lrb.2019.0086


 

185 

Lymphatic Research and Biology. https://doi.org/10.1089/lrb.2020.0133 

Suehiro, K., Morikage, N., Harada, T., Samura, M., Nagase, T., Mizoguchi, T., & Hamano, K. (2019). 

Regular compression therapy may not be necessary for lymphedema in arms without a 

subcutaneous echo-free space. Annals of Vascular Surgery. 

https://doi.org/10.1016/j.avsg.2019.04.020 

Suehiro, K., Morikage, N., Murakami, M., Yamashita, O., Samura, M., & Hamano, K. (2013). 

Significance of ultrasound examination of skin and subcutaneous tissue in secondary lower 

extremity lymphedema. Ann Vasc Dis, 6(2), 180-188. 

https://doi.org/10.3400/avd.oa.12.00102 

Suehiro, K., Morikage, N., Murakami, M., Yamashita, O., Ueda, K., Samura, M., Nakamur, K., & 

Hamano, K. (2014). Subcutaneous tissue ultrasonography in legs with dependent edema 

and secondary lymphedema. Ann Vasc Dis, 7(1), 21-27. https://doi.org/10.3400/avd.oa.13-

00107 

Suehiro, K., Morikage, N., Ueda, K., Samura, M., Takeuchi, Y., Nagase, T., Mizoguchi, T., & Hamano, 

K. (2018). Aggressive decongestion in limbs with lymphedema without subcutaneous echo-

free space. Annals of Vascular Surgery, 53, 205-211. 

https://doi.org/10.1016/j.avsg.2018.04.033 

Suehiro, K., Morikage, N., Ueda, K., Samura, M., Takeuchi, Y., Nagase, T., Mizoguchi, T., Nakamura, 

K., & Hamano, K. (2018a). Correlation between changes in extremity volume and 

bioelectrical impedance in arm and leg lymphedema. Lymphatic Research and Biology, 

16(4), 385-389. https://doi.org/10.1089/lrb.2017.0063 

Suehiro, K., Morikage, N., Ueda, K., Samura, M., Takeuchi, Y., Nagase, T., Mizoguchi, T., Nakamura, 

K., & Hamano, K. (2018b). Local echo-free space in a limb with lymphedema represents 

extracellular fluid in the entire limb. Lymphatic Research and Biology, 16(2), 187-192. 

https://doi.org/10.1089/lrb.2017.0053 

Suehiro, K., Morikage, N., Yamashita, O., Harada, T., Samura, M., Takeuchi, Y., Mizoguchi, T., 

Nakamura, K., & Hamano, K. (2016). Skin and subcutaneous tissue ultrasonography 

features in breast cancer-related lymphedema. Ann Vasc Dis, 9(4), 312-316. 

https://doi.org/10.3400/avd.oa.16-00086 

Suehiro, K., Morikage, N., Yamashita, O., Harada, T., Samura, M., Takeuchi, Y., Mizoguchi, T., 

Nakamura, K., & Hamano, K. (2017). Correlation between the severity of subcutaneous 

echo-free space and the amount of extracellular fluid determined by bioelectrical 

https://doi.org/10.1089/lrb.2020.0133
https://doi.org/10.1016/j.avsg.2019.04.020
https://doi.org/10.3400/avd.oa.12.00102
https://doi.org/10.3400/avd.oa.13-00107
https://doi.org/10.3400/avd.oa.13-00107
https://doi.org/10.1016/j.avsg.2018.04.033
https://doi.org/10.1089/lrb.2017.0063
https://doi.org/10.1089/lrb.2017.0053
https://doi.org/10.3400/avd.oa.16-00086


 

186 

impedance analysis of leg edema. Lymphatic Research and Biology, 15(2), 172-176. 

https://doi.org/10.1089/lrb.2016.0041 

Suehiro, K., Morikage, N., Yamashita, O., Harada, T., Ueda, K., Samura, M., Tanaka, Y., Takeuchi, Y., 

Nakamura, K., & Hamano, K. (2016). Distribution of extracellular fluid in legs with venous 

edema and lymphedema. Lymphatic Research and Biology, 14(3), 156-161. 

https://doi.org/10.1089/lrb.2016.0004 

Suehiro, K., Morikage, N., Yamashita, O., Samura, M., Tanaka, Y., Takeuchi, Y., Nakamura, K., & 

Hamano, K. (2017). Differentiation of functional venous insufficiency and leg lymphedema 

complicated by functional venous insufficiency using subcutaneous tissue ultrasonography. 

Journal of Vascular Surgery: Venous and Lymphatic Disorders, 5(1), 96-104. 

https://doi.org/10.1016/j.jvsv.2016.07.006 

Suehiro, K., Yamamoto, S., Honda, S., Morikage, N., Harada, E., Takemoto, Y., Nagano, H., & 

Hamano, K. (2019). Perioperative variations in indices derived from noninvasive 

assessments to detect postmastectomy lymphedema. Journal of Vascular Surgery: Venous 

and Lymphatic Disorders, 7(4), 562-569. https://doi.org/10.1016/j.jvsv.2019.02.012 

Sun, D., Yu, Z., Chen, J., Wang, L., Han, L., & Liu, N. (2017). The value of using a SkinFibrometer for 

diagnosis and assessment of secondary lymphedema and associated fibrosis of lower limb 

skin. Lymphatic Research and Biology 15(1), 70-76. https://doi.org/10.1089/lrb.2016.0029 

Svensson, B. J., Dylke, E. S., Ward, L. C., & Kilbreath, S. L. (2015). Segmental impedance thresholds 

for early detection of unilateral upper limb swelling. Lymphatic Research and Biology, 

13(4), 253-259. https://doi.org/10.1089/lrb.2013.0050 

Svensson, B. J., Dylke, E. S., Ward, L. C., & Kilbreath, S. L. (2017). Segmental bioimpedance informs 

diagnosis of breast cancer-related lymphedema. Lymphatic Research and Biology, 15(4), 

349-355. https://doi.org/10.1089/lrb.2017.0030 

Szuba, A., & Rockson, S. G. (1997). Lymphedema: Anatomy, physiology and pathogenesis. Vascular 

Medicine, 2(4), 321-326. https://doi.org/10.1177/1358863x9700200408 

Szuba, A., & Rockson, S. G. (1998). Lymphedema: Classification, diagnosis and therapy. Vascular 

Medicine, 3(2), 145-156. https://doi.org/10.1177/1358836X9800300209 

Szuba, A., Shin, W. S., Strauss, H. W., & Rockson, S. (2003). The third circulation: Radionuclide 

lymphoscintigraphy in the evaluation of lymphedema. Journal of Nuclear Medicine, 44(1), 

43-57. https://jnm.snmjournals.org/content/44/1/43 

Tan, C. V., Statham, B., Marks, R., & Payne, P. A. (1982). Skin thickness measurement by pulsed 

https://doi.org/10.1089/lrb.2016.0041
https://doi.org/10.1089/lrb.2016.0004
https://doi.org/10.1016/j.jvsv.2016.07.006
https://doi.org/10.1016/j.jvsv.2019.02.012
https://doi.org/10.1089/lrb.2016.0029
https://doi.org/10.1089/lrb.2013.0050
https://doi.org/10.1089/lrb.2017.0030
https://doi.org/10.1177/1358863x9700200408
https://doi.org/10.1177/1358836X9800300209
https://jnm.snmjournals.org/content/44/1/43


 

187 

ultrasound: Its reproducibility, validation and variability. British Journal of Dermatology, 

106, 657-667. https://doi.org/10.1111/j.1365-2133.1982.tb14702.x  

Taniguchi, M., Hirono, T., Nakayama, T., Kobayashi, K., & Ichihashi, N. (2021). Assessment of 

edematous changes using three-dimensional body scanning and segmental-bioelectrical 

impedance spectroscopy. Lymphatic Research and Biology. 

https://doi.org/10.1089/lrb.2020.0087 

Taradaj, J., Rosińczuk, J., Dymarek, R., Halski, T., & Schneider, W. (2015). Comparison of efficacy of 

the intermittent pneumatic compression with a high- and low-pressure application in 

reducing the lower limbs phlebolymphedema. Therapeutics and Clinical Risk Management, 

11, 1545-1554. https://doi.org/10.2147/TCRM.S92121 

Tashiro, K., Feng, J., Wu, S. H., Mashiko, T., Kanayama, K., Narushima, M., Uda, H., Miyamoto, S., 

Koshima, I., & Yoshimura, K. (2017). Pathological changes of adipose tissue in secondary 

lymphoedema. British Journal of Dermatology, 177(1), 158-167. 

https://doi.org/10.1111/bjd.15238 

Tashiro, K., Shibata, T., Mito, D., Ishiura, R., Kato, M., Yamashita, S., Narushima, M., Iida, T., & 

Koshima, I. (2016). Indocyanine green lymphographic signs of lymphatic collateral 

formation in lower extremity lymphedema after cancer resection. Annals of Plastic Surgery, 

77(2), 213-216. https://doi.org/10.1097/SAP.0000000000000599 

Tassenoy, A., De Mey, J., De Ridder, F., Van Schuerbeeck, P., Vanderhasselt, T., Lamote, J., & 

Lievens, P. (2011). Postmastectomy lymphoedema: different patterns of fluid distribution 

visualised by ultrasound imaging compared with magnetic resonance imaging. 

Physiotherapy, 97(3), 234-243. https://doi.org/10.1016/j.physio.2010.08.003 

Tassenoy, A., De Mey, J., Stadnik, T., De Ridder, F., Peeters, E., Van Schuerbeek, P., Wylock, P., Van 

Eeckhout, G. P. A., Verdonck, K., Lamote, J., Baeyens, L., & Lievens, P. (2009). Histological 

findings compared with magnetic resonance and ultrasonographic imaging in irreversible 

postmastectomy lymphedema: a case study. Lymphatic Research and Biology, 7(3), 145-

151. https://doi.org/10.1089/lrb.2008.1025 

Tassenoy, A., De Strijcker, D., Adriaenssens, N., & Lievens, P. (2016). The use of noninvasive 

imaging techniques in the assessment of secondary lymphedema tissue changes as part of 

staging lymphedema. Lymphatic Research and Biology, 14(3), 127-133. 

https://doi.org/10.1089/lrb.2016.0011 

Taylor, R., Jayasinghe, U. W., Koelmeyer, L., Ung, O., & Boyages, J. (2006). Reliability and validity of 

https://doi.org/10.1111/j.1365-2133.1982.tb14702.x
https://doi.org/10.1089/lrb.2020.0087
https://doi.org/10.2147/TCRM.S92121
https://doi.org/10.1111/bjd.15238
https://doi.org/10.1097/SAP.0000000000000599
https://doi.org/10.1016/j.physio.2010.08.003
https://doi.org/10.1089/lrb.2008.1025
https://doi.org/10.1089/lrb.2016.0011


 

188 

arm volume measurements for assessment of lymphoedema [Journal Article]. Physical 

Therapy, 86(2), 205-214. 

Theys, S., Hennequart, T., Ferrandiz, M. E. A., & Del Tombe, T. (2015). I-Press® pneumatic drainage 

versus manual drainage in upper limb secondary lymphoedema same compression, same 

benefit? European Journal of Lymphology and Related Problems, 27(73), 6-8. 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

84999751954&partnerID=40&md5=934832547e3f40d408d83d331fc4e949 

Thomas, B. J., Ward, L. C., & Cornish, B. H. (1998). Bioimpedance spectrometry in the 

determination of body water compartments: Accuracy and clinical significance. Applied 

Radiation and Isotopes, 49(5), 447-455. https://doi.org/10.1016/S0969-8043(97)00052-3 

Timmer, C. Y., Bosman, J., Geertzen, J. H. B., & Dijkstra, P. U. (2019). Variation in measurement 

results using bioimpedance spectroscopy to determine extracellular fluid of upper 

extremity. Lymphatic Research and Biology, 18(2), 110-115. 

https://doi.org/10.1089/lrb.2018.0020 

Todd, M. (2010). Lymphoedema in children: An overview. British Journal of Nursing, 19(7), 420-

427. https://doi.org/10.12968/bjon.2010.19.7.47437 

Todd, M. (2016). Childhood lymphoedema and ‘Lymphaletics’: Overcoming barriers. British Journal 

of Nursing, 25(13), 718-724. https://doi.org/10.12968/bjon.2016.25.13.718 

Tran, K., & Argáez, C. (2017). Intermittent pneumatic compression devices for the management of 

lymphedema: A review of clinical effectiveness and guidelines (CADTH rapid response 

report: summary with critical appraisal). Canadian Agency for Drugs and Technologies in 

Health, (CADTH) Ottawa (ON). https://www.ncbi.nlm.nih.gov/books/NBK487690 

Troynikov, O., Ashayeri, E., M, B., A, S., Alam, F., & Marteau, S. (2010). Factors influencing the 

effectiveness of compression garments used in sports. Procedia Engineering, 2(2), 2823-

2829. https://doi.org/10.1016/j.proeng.2010.04.073 

Trzewik, J., Mallipattu, S. K., Artmann, G. M., Delano, F. A., & Schmid-Schonbein, G. W. (2001). 

Evidence for a second valve system in lymphatics: Endothelial microvalves. FASEB Journal, 

15(10), 1711-1717. https://doi.org/10.1096/fj.01-0067com 

Tsukahara, K., Takema, Y., Moriwaki, S., Fujimura, T., & Imokawa, G. (2001). Dermal fluid 

translocation is an important determinant of the diurnal variation in human skin thickness. 

British Journal of Dermatology, 145(4), 590-596. https://doi.org/10.1046/j.1365-

2133.2001.04430.x 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-84999751954&partnerID=40&md5=934832547e3f40d408d83d331fc4e949
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84999751954&partnerID=40&md5=934832547e3f40d408d83d331fc4e949
https://doi.org/10.1016/S0969-8043(97)00052-3
https://doi.org/10.1089/lrb.2018.0020
https://doi.org/10.12968/bjon.2010.19.7.47437
https://doi.org/10.12968/bjon.2016.25.13.718
https://www.ncbi.nlm.nih.gov/books/NBK487690
https://doi.org/10.1016/j.proeng.2010.04.073
https://doi.org/10.1096/fj.01-0067com
https://doi.org/10.1046/j.1365-2133.2001.04430.x
https://doi.org/10.1046/j.1365-2133.2001.04430.x


 

189 

Tugral, A., Viren, T., & Bakar, Y. (2018). Tissue dielectric constant and circumference measurement 

in the follow-up of treatment-related changes in lower-limb lymphedema. International 

Angiology, 37(1), 26-31. https://doi.org/10.23736/s0392-9590.17.03843-3 

Ueda-Iuchi, T., Ohno, N., Miyati, T., Dai, M., Okuwa, M., Nakatani, T., Sanada, H., & Sugama, J. 

(2015). Assessment of the interstitial fluid in the subcutaneous tissue of healthy adults 

using ultrasonography. SAGE Open Med, 3, 2050312115613351. 

https://doi.org/10.1177/2050312115613351 

Uzkeser, H., Karatay, S., Erdemci, B., Koc, M., & Senel, K. (2015). Efficacy of manual lymphatic 

drainage and intermittent pneumatic compression pump use in the treatment of 

lymphedema after mastectomy: A randomized controlled trial. Breast Cancer, 22(3), 300-

307. https://doi.org/10.1007/s12282-013-0481-3 

Veen, P. v. d., Vermeiren, K., Von Kemp, K., Lamote, J., Sacre, R., & Lievens, P. (2001). A key to 

understanding postoperative lymphoedema: A study on the evolution and consistency of 

oedema of the arm using ultrasound imaging. The Breast, 10(3), 225-230. 

https://doi.org/10.1054/brst.2000.0256 

Vidal, F., Arrault, M., & Vignes, S. (2016). Paediatric primary lymphoedema: A cohort of 155 

children and newborns. British Journal of Dermatology, 175(3), 628-631. 

https://doi.org/10.1111/bjd.14556 

Vignes, S. (2015). Complex decongestive therapy. In A. K. Greene, S. A. Slavin, & H. Brorson (Eds.), 

Lymphedema: Presentation, diagnosis, and treatment (pp. 227-235). Springer International 

Publishing. https://doi.org/10.1007/978-3-319-14493-1_19 

Vignes, S., Albuisson, J., Champion, L., Constans, J., Tauveron, V., Malloizel, J., Quéré, I., Simon, L., 

Arrault, M., Trévidic, P., Azria, P., Maruani, A., & French National Referral Center for 

Primary, L. (2021). Primary lymphedema French National Diagnosis and Care Protocol 

(PNDS; Protocole National de Diagnostic et de Soins). Orphanet Journal of Rare Diseases, 

16(1), 18-18. https://doi.org/10.1186/s13023-020-01652-w 

Vignes, S., Arrault, M., & Dupuy, A. (2007). Factors associated with increased breast cancer-related 

lymphedema volume. Acta Oncologica, 46(8), 1138-1142. 

https://doi.org/10.1080/02841860701403020 

Visscher, M. O., Burkes, S. A., Adams, D. M., Hammill, A. M., & Wickett, R. R. (2017). Infant skin 

maturation: Preliminary outcomes for color and biomechanical properties. Skin Research 

and Technology, 23(4), 545-551. https://doi.org/10.1111/srt.12369 

https://doi.org/10.23736/s0392-9590.17.03843-3
https://doi.org/10.1177/2050312115613351
https://doi.org/10.1007/s12282-013-0481-3
https://doi.org/10.1054/brst.2000.0256
https://doi.org/10.1111/bjd.14556
https://doi.org/10.1007/978-3-319-14493-1_19
https://doi.org/10.1186/s13023-020-01652-w
https://doi.org/10.1080/02841860701403020
https://doi.org/10.1111/srt.12369


 

190 

Visser, J., van Geel, M., Cornelissen, A. J. M., van der Hulst, R. R. W. J., & Qiu, S. S. (2018). Breast 

cancer-related lymphedema and genetic predisposition: A systematic review of the 

literature. Lymphatic Research and Biology, 17(3), 288-293. 

https://doi.org/10.1089/lrb.2017.0083 

Waller, J. M., & Maibach, H. I. (2005). Age and skin structure and function, a quantitative approach 

(I): Blood flow, ph, thickness, and ultrasound echogenicity. Skin Research and Technology, 

11(4), 221-235. https://doi.org/10.1111/j.0909-725X.2005.00151.x 

Wang, H., Shen, L., Liu, T., Shao, P., Dylke, E. S., Jia, J., & Kilbreath, S. L. (2017). Circumference-

based criteria for detection of secondary arm lymphedema for chinese women. Lymphatic 

Research and Biology, 15(3), 262-267. https://doi.org/10.1089/lrb.2017.0002 

Ward, L. (2009). Is BIS ready for prime time as the gold standard measure? Journal of 

Lymphoedema, 4(2), 52-56. https://www.woundsinternational.com/journals/issue/519 

Ward, L. C. (2006). Bioelectrical impedance analysis: Proven utility in lymphedema risk assessment 

and therapeutic monitoring. Lymphatic Research and Biology, 4(1), 51-56. 

https://doi.org/10.1089/lrb.2006.4.51 

Ward, L. C. (2015). Bioelectrical impedance spectrometry for the assessment of lymphoedema: 

Principles and practice. In A. K. Greene, S. A. Slavin, & H. Brorson (Eds.), Lymphedema: 

Presentation, diagnosis, and treatment (pp. 123-132). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-14493-1_12 

Ward, L. C. (2019). Bioelectrical impedance analysis for body composition assessment: Reflections 

on accuracy, clinical utility, and standardisation. European Journal Of Clinical Nutrition, 

73(2), 194-199. http://dx.doi.org/10.1038/s41430-018-0335-3 

Ward, L. C., Czerniec, S., & Kilbreath, S. L. (2009). Quantitative bioimpedance spectroscopy for the 

assessment of lymphoedema. Breast Cancer Res Treat, 117(3), 541-547. 

https://doi.org/10.1007/s10549-008-0258-0 

Ward, L. C., Dylke, E., Czerniec, S., Isenring, E., & Kilbreath, S. L. (2011a). Confirmation of the 

reference impedance ratios used for assessment of breast cancer-related lymphedema by 

bioelectrical impedance spectroscopy. Lymphatic Research and Biology, 9(1), 47-51. 

https://doi.org/10.1089/lrb.2010.0014 

Ward, L. C., Dylke, E., Czerniec, S., Isenring, E., & Kilbreath, S. L. (2011b). Reference ranges for 

assessment of unilateral lymphedema in legs by bioelectrical impedance spectroscopy. 

Lymphatic Research and Biology, 9(1), 43-46. https://doi.org/10.1089/lrb.2010.0024 

https://doi.org/10.1089/lrb.2017.0083
https://doi.org/10.1111/j.0909-725X.2005.00151.x
https://doi.org/10.1089/lrb.2017.0002
https://www.woundsinternational.com/journals/issue/519
https://doi.org/10.1089/lrb.2006.4.51
https://doi.org/10.1007/978-3-319-14493-1_12
http://dx.doi.org/10.1038/s41430-018-0335-3
https://doi.org/10.1007/s10549-008-0258-0
https://doi.org/10.1089/lrb.2010.0014
https://doi.org/10.1089/lrb.2010.0024


 

191 

Ward, L. C., Heitmann, B. L., Craig, P., Stroud, D., Azinge, E. C., Jebb, S., Cornish, B. H., Swinburn, B., 

O'Dea, K., Rowley, K., McDermott, R., Thomas, B. J., & Leonard, D. (2000). Association 

between ethnicity, body mass index, and bioelectrical impedance: Implications for the 

population specificity of prediction equations. Annals of the New York Academy of 

Sciences, 904(1), 199-202. https://doi.org/10.1111/j.1749-6632.2000.tb06449.x 

Ward, L. C., Winall, A., Isenring, E., Hills, A., Czerniec, S., Dylke, E., & Kilbreath, S. (2011). 

Assessment of bilateral limb lymphedema by bioelectrical impedance spectroscopy. 

International Journal of Gynecological Cancer, 21(2), 409-418. 

https://doi.org/10.1097/IGC.0b013e31820866e1 

Warren, A., Brorson, H., Borud, L., & Slavin, S. (2007). Lymphedema: A comprehensive review. 

Annals of Plastic Surgery, 59, 464 - 472. 

https://doi.org/10.1097/01.sap.0000257149.42922.7e 

Watson, P. F., & Petrie, A. (2010). Method agreement analysis: A review of correct methodology. 

Theriogenology, 73(9), 1167-1179. https://doi.org/10.1016/j.theriogenology.2010.01.003 

Watt, H., Singh-Grewal, D., Wargon, O., & Adams, S. (2017). Paediatric lymphoedema: A 

retrospective chart review of 86 cases. Journal of Paediatrics and Child Health, 53(1), 38-

42. https://doi.org/10.1111/jpc.13305 

Weir, J. P. (2005). Quantifying test-retest reliability using the intraclass correlation coefficient and 

the SEM Journal of Strength and Conditioning Research, 19(1), 231-240. 

https://doi.org/10.1519/00124278-200502000-00038 

Wigg, J., & Cooper, G. (2017). How is lymphofluoroscopy mapping altering lymphoedema 

management? British Journal of Community Nursing, 22(Sup10), S16-S20. 

https://doi.org/10.12968/bjcn.2017.22.Sup10.S16 

Williams, A. (2016). A review of the evidence for adjustable compression wrap devices. Journal of 

Wound Care, 25(5), 242-247. https://doi.org/10.12968/jowc.2016.25.5.242 

Williams, A., & Whitaker, J. (2015). Measuring change in limb volume to evaluate lymphoedema 

treatment outcome. Journal of the European Wound Management Association 15(1), 27 - 

32. https://issuu.com/ewmapublications/docs/ewma_j_1501_2015_web_8784a84494fde9 

Williams, W. H., Witte, C. L., Witte, M. H., & McNeill, G. C. (2000). Radionuclide 

lymphangioscintigraphy in the evaluation of peripheral lymphedema. Clinical Nuclear 

Medicine, 25(6), 451-464. https://doi.org/10.1097/00003072-200006000-00013 

Wortsman, X. (2012). Common applications of dermatologic sonography. Journal of Ultrasound in 

https://doi.org/10.1111/j.1749-6632.2000.tb06449.x
https://doi.org/10.1097/IGC.0b013e31820866e1
https://doi.org/10.1097/01.sap.0000257149.42922.7e
https://doi.org/10.1016/j.theriogenology.2010.01.003
https://doi.org/10.1111/jpc.13305
https://doi.org/10.1519/00124278-200502000-00038
https://doi.org/10.12968/bjcn.2017.22.Sup10.S16
https://doi.org/10.12968/jowc.2016.25.5.242
https://issuu.com/ewmapublications/docs/ewma_j_1501_2015_web_8784a84494fde9
https://doi.org/10.1097/00003072-200006000-00013


192 

Medicine, 31(1), 97-111. https://doi.org/10.7863/jum.2012.31.1.97 

Wozniewski, M., Jasinski, R., Pilch, U., & Dabrowska, G. (2001). Complex physical therapy for 

lymphoedema of the limbs. Physiotherapy, 87(5), 252-256. https://doi.org/10.1016/S0031-

9406(05)60786-9 

Wu, X., Liu, Y., Zhu, D., Wang, F., Ji, J., & Yan, H. (2021). Early prevention of complex decongestive 

therapy and rehabilitation exercise for prevention of lower extremity lymphedema after 

operation of gynecologic cancer. Asian Journal of Surgery, 44(1), 111-115. 

https://doi.org/10.1016/j.asjsur.2020.03.022 

Xia, Z. D., Hu, D., Wilson, J. M., Cherry, G. W., & Ryan, T. J. (2004). How echographic image analysis 

of venous oedema reveals the benefits of leg elevation. Journal of Wound Care, 13(4), 125-

128. https://doi.org/10.12968/jowc.2004.13.4.26601

Xiong, Y., & Tao, X. (2018). Compression garments for medical therapy and sports. Polymers, 10(6). 

https://doi.org/10.3390/polym10060663 

Yamamoto, T., Matsuda, N., Doi, K., Oshima, A., Yoshimatsu, H., Todokoro, T., Ogata, F., Mihara, 

M., Narushima, M., Iida, T., & Koshima, I. (2011). The earliest finding of indocyanine green 

lymphography in asymptomatic limbs of lower extremity lymphedema patients secondary 

to cancer treatment. Plastic and Reconstructive Surgery, 128(4), 314e–321e. 

https://doi.org/10.1097/PRS.0b013e3182268da8 

Yamamoto, T., Narushima, M., Doi, K., Oshima, A., Ogata, F., Mihara, M., Koshima, I., & 

Mundinger, G. S. (2011). Characteristic indocyanine green lymphography findings in lower 

extremity lymphedema: The generation of a novel lymphedema severity staging system 

using dermal backflow patterns. Plastic and Reconstructive Surgery, 127(5), 1979-1986. 

https://doi.org/10.1097/PRS.0b013e31820cf5df 

Yamamoto, T., Narushima, M., Yoshimatsu, H., Yamamoto, N., Oka, A., Seki, Y., Todokoro, T., Iida, 

T., & Koshima, I. (2013). Indocyanine green velocity: Lymph transportation capacity 

deterioration with progression of lymphedema. Annals of Plastic Surgery, 71(5), 591-594. 

https://doi.org/10.1097/SAP.0b013e318255168a 

Yamamoto, T., Yoshimatsu, H., Narushima, M., Yamamoto, N., Hayashi, A., & Koshima, I. (2015). 

Indocyanine green lymphography findings in primary leg lymphedema. European Journal of 

Vascular and Endovascular Surgery, 49(1), 95-102. 

https://doi.org/10.1016/j.ejvs.2014.10.023 

Yasunaga, Y., Kondoh, S., Nakajima, Y., Mimura, S., Kobayashi, M., Yuzuriha, S., & Kondoh, S. 

https://doi.org/10.7863/jum.2012.31.1.97
https://doi.org/10.1016/S0031-9406(05)60786-9
https://doi.org/10.1016/S0031-9406(05)60786-9
https://doi.org/10.1016/j.asjsur.2020.03.022
https://doi.org/10.12968/jowc.2004.13.4.26601
https://doi.org/10.3390/polym10060663
https://doi.org/10.1097/PRS.0b013e3182268da8
https://doi.org/10.1097/PRS.0b013e31820cf5df
https://doi.org/10.1097/SAP.0b013e318255168a
https://doi.org/10.1016/j.ejvs.2014.10.023


193 

(2020). Extracellular water ratio as an indicator of the development and severity of leg 

lymphedema using bioelectrical impedance analysis. Lymphatic Research and Biology, 

19(3). https://doi.org/10.1089/lrb.2020.0074 

Yasunaga, Y., Nakajima, Y., Mimura, S., Yuzuriha, S., & Kondoh, S. (2021). Magnetic resonance 

lymphography as three-dimensional navigation for lymphaticovenular anastomosis in 

patients with leg lymphedema. Journal of Plastic, Reconstructive and Aesthetic Surgery, 

74(6), 1253-1260. https://doi.org/10.1016/j.bjps.2020.10.099 

Yoshida, S., Koshima, I., Imai, H., Sasaki, A., Fujioka, Y., Nagamatsu, S., Yokota, K., Harima, M., 

Yamashita, S., & Tashiro, K. (2020). Indocyanine green lymphography findings in older 

patients with lower limb lymphedema. Journal of Vascular Surgery: Venous and Lymphatic 

Disorders, 8(2), 251-258. https://doi.org/10.1016/j.jvsv.2019.03.021 

Yousef, H., Alhajj , M., & Sharma, S. (2020, [Updated 2020 Jul 27]). Anatomy, Skin (Integument), 

Epidermis. StatPearls Publishing. Retrieved 27/4/2021, from 

https://www.ncbi.nlm.nih.gov/books/NBK470464/ 

Yu, Z., Liu, N., Wang, L., Chen, J., Han, L., & Sun, D. (2019). Assessment of skin properties in chronic 

lymphedema: measurement of skin stiffness, percentage water content, and 

transepidermal water loss. Lymphatic Research and Biology, 18(3). 

https://doi.org/10.1089/lrb.2018.0066 

Zaleska, M., Olszewski, W. L., Jain, P., Gogia, S., Rekha, A., Mishra, S., & Durlik, M. (2013). 

Pressures and timing of intermittent pneumatic compression devices for efficient tissue 

fluid and lymph flow in limbs with lymphedema. Lymphatic Research and Biology, 11(4), 

227-232. https://doi.org/10.1089/lrb.2013.0016

Zaleska, M. T., & Olszewski, W. L. (2017). Indocyanine green near- infrared lymphangiography for 

evaluation of effectiveness of edema fluid flow under therapeutic compression. J 

Biophotonics. https://doi.org/10.1002/jbio.201700150 

Zaleska, M. T., & Olszewski, W. L. (2018). The effectiveness of intermittent pneumatic compression 

in therapy of lymphedema of lower limbs: Methods of evaluation and results. Lymphatic 

Research and Biology, 17(1), 60-69. https://doi.org/10.1089/lrb.2018.0005 

Zaleska, M. T., Olszewski, W. L., & Durlik, M. (2014). The effectiveness of intermittent pneumatic 

compression in long-term therapy of lymphedema of lower limbs [Article]. Lymphatic 

Research and Biology, 12(2), 103-109. https://doi.org/10.1089/lrb.2013.0033 

Zaleska, M. T., Olszewski, W. L., Durlik, M., Kaczmarek, M. K., & Freidenrich, B. (2017). Tonometry 

https://doi.org/10.1089/lrb.2020.0074
https://doi.org/10.1016/j.bjps.2020.10.099
https://doi.org/10.1016/j.jvsv.2019.03.021
https://www.ncbi.nlm.nih.gov/books/NBK470464/
https://doi.org/10.1089/lrb.2018.0066
https://doi.org/10.1089/lrb.2013.0016
https://doi.org/10.1002/jbio.201700150
https://doi.org/10.1089/lrb.2018.0005
https://doi.org/10.1089/lrb.2013.0033


194 

of deep tissues for setting effective compression pressures in lymphedema of limbs. 

Lymphatic Research and Biology, 16(2), 193-200. https://doi.org/10.1089/lrb.2016.0069 

Zasadzka, E., Trzmiel, T., Kleczewska, M., & Pawlaczyk, M. (2018). Comparison of the effectiveness 

of complex decongestive therapy and compression bandaging as a method of treatment of 

lymphedema in the elderly. Clinical interventions in aging, 13, 929-934. 

https://doi.org/10.2147/CIA.S159380 

Zaugg-Vesti, B., Dörffler-Melly, J., Spiegel, M., Wen, S., Franzeck, U. K., & Bollinger, A. (1993). 

Lymphatic capillary pressure in patients with primary lymphedema. Microvascular 

Research, 46(2), 128-134. https://doi.org/10.1006/mvre.1993.1041 

Zhao, S., Liu, R., Fei, C., & Guan, D. (2019). Dynamic interface pressure monitoring system for the 

morphological pressure mapping of intermittent pneumatic compression therapy. Sensors 

(Basel), 19(13). https://doi.org/10.3390/s19132881 

Zhao, S., Liu, R., Wu, X., Ye, C., & Zia, A. W. (2020). A programmable and self-adaptive dynamic 

pressure delivery and feedback system for efficient intermittent pneumatic compression 

therapy. Sensors and Actuators A: Physical, 315, 112285. 

https://doi.org/10.1016/j.sna.2020.112285 

https://doi.org/10.1089/lrb.2016.0069
https://doi.org/10.2147/CIA.S159380
https://doi.org/10.1006/mvre.1993.1041
https://doi.org/10.3390/s19132881
https://doi.org/10.1016/j.sna.2020.112285


195 

APPENDIX A  
ST GEORGE'S CLASSIFICATION ALGORITHM OF PRIMARY LYMPHATIC ANOMALIES 

St George's Classification Algorithm of Primary Lymphatic Anomalies  
Gordon K, et al (2020). Image shared by St George’s Lymphovascular Research Group under the CC BY-SA 4.0 International licence on Wikimedia Commons



Appendix B Systematic Review of Dosage for Intermittent Pneumatic Compression 

Used with permission of Mary Anne Liebert Inc., from Intermittent Pneumatic Compression 

Dosage for Adults and Children with Lymphedema: A Systematic Review, Phillips, J. Jane and 

Gordon, Susan J., Volume 17, Number 1, 2019; permission conveyed through Copyright Clearance 

Center, Inc. 

196



Review Articles

Intermittent Pneumatic Compression Dosage
for Adults and Children with Lymphedema:

A Systematic Review

J. Jane Phillips, BAppSc(Physio), GCHealth, GCResMeth,1,2

and Susan J. Gordon, PhD, BaAppSc(Physio), GCEd, GDMngt1

Abstract

Background: Pneumatic compression has been used for more than 40 years in the management of lymphedema
(LE). Modes of application have evolved with little consensus regarding optimal treatment parameters or
dosage. The aim of this systematic review was to report the evidence for dosage of intermittent pneumatic
compression (IPC) for people with LE and, particularly, that for upper versus lower limbs or child versus adult
dosage.
Methods: Medline, Embase, CINAHL, PubMed, and Scopus were searched with terms, including LE and IPC
devices, with no restriction on time. Other materials searched included reference lists of included articles.
Study Selections: Systematic review registration: PROSPERO ID: CRD42017054338. Studies were assessed
according to PRISMA (preferred reporting items for systematic reviews and meta-analyses) guidelines and were
excluded if they were not in English, not human, had physiological outcomes, or studied IPC in combination
with other therapies. Quality appraisal, using the McMaster University Critical Review Tool, was undertaken by
two researchers with differences resolved by a third. One hundred twenty-two full-text studies were screened
for eligibility.
Results: Sixteen met inclusion criteria for final analysis. Of these, four were reported separately due to
concurrent use of compression garments during the study period. One randomized controlled trial met the
requirements for a level II (National Health and Medical Research Council) rating; the remainder were level III-
2 and below. Devices applying compression via multichamber sleeves were more commonly used in the past 20
years, with a trend toward lower pressures and shorter treatment times compared with earlier studies. Little
evidence exists for application of specific dosage of IPC for children or a particular limb. New devices utilizing
lower pressures support home use and self-management of LE.
Conclusion: Low-level evidence of moderate quality shows significant outcomes achieved with dosage times of
45–60 minutes, applying pressures between 30 and 60 mmHg in sequential IPC programs. Methodological
limitations in most studies suggest caution in drawing conclusions.

Keywords: lymphedema, intermittent pneumatic compression, application, pressure

Introduction

Compression is the mainstay of lymphedema (LE) man-
agement. Intermittent pneumatic compression (IPC) is

used as an adjunct treatment to compression garments (CG),
bandages, and wraps; however, there is ongoing debate about
optimal IPC dosage for the management of acute LE1 and

chronic LE.2 Clinically, when CG are being prescribed, the level
of compression is varied according to individual tolerance of
pressure, upper limb (UL) or lower limb (LL), children or adult,
and for early- or late-stage LE (according to the condition of
skin and subcutaneous tissues). There are currently no guide-
lines to indicate how pneumatic compression dosage should be
varied to optimize outcomes according to these factors.3–5

1College of Nursing and Health Sciences, Flinders University, Adelaide, Australia.
2Plastic Surgery Research, Murdoch Children’s Research Institute, Melbourne, Australia.
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Lymphoscintigraphy6,7 has shown lymph movement in
response to pneumatic compression with 50–125 mmHg
pressure and near-infrared fluorescent lymphatic imaging
(NIRFLI)8 with low mean pressures (<15 mmHg). Fluid
movement has been demonstrated after 3 hours,6 1 hour,9 and
even 1–3 minutes10 of IPC application. Hence, both optimal
pressure and duration of compression for lymphatic move-
ment are unclear.

Historically, single-cell IPC sleeves11 and application of
constant pressure gave way to sleeves with multiple cells or
chambers and the development of varied time cycles to pre-
vent backflow of lymph and address patient discomfort.12,13

More recently, IPC devices have been developed to replicate
manual techniques of a therapist’s hands, utilizing low pres-
sure with short repetitive application moving progressively
along a limb to simulate manual lymph drainage (MLD)14 and
sleeves that incorporate the root of the limb to clear the
pathway for drainage.14–16

Varied application and dosage in IPC trials have resulted in
a wide range of outcomes.17 As well, IPC has mainly been
investigated as an addition to standard decongestive treat-
ment rather than in isolation, and hence, the effect of IPC
alone remains unclear. In a recent systematic review of IPC
for secondary UL LE, which included studies with contam-
ination between interventions, only two of seven randomized
controlled trials (RCTs) investigated IPC alone (both of
which are included in this review). Understandably, the
benefit of IPC was not clear from a meta-analysis of three
RCTs where IPC was combined with complex decongestive
therapy (CDT).17

An earlier review (2010), focusing on IPC for UL LE, found
a lack of evidence for (1) the benefit of IPC over skin care
alone; (2) the benefit of one IPC cycle type over another (e.g.,
intermittent vs. sequential); and (3) lack of agreement over
pressure dosage.18 Few reviews have investigated the effect of
IPC in isolation from other management strategies and no
reviews have previously investigated dosage specifically. To
date, flow has been explored by both imaging (lymphoscinti-
graphy, NIRFLI) and invasive methods (needle-wick mea-
sures); flow has been demonstrated in the LL under both low8

and high pressures,19 and the occlusion pressure of superficial
vessels in the UL has been shown to be relatively high.20

However, what pressure is both comfortable for a limb and
producing optimal flow (indicated by a reduction in limb size
of importance to the patient) over what length of time?

Studies using a combination of reduction therapies provide
no information regarding the optimal dose of IPC that is safe,
comfortable, and effective. This systematic review aimed to
(1) identify the literature with outcomes of IPC alone applied
to lymphedematous limbs with or without maintenance CG
use; (2) review the quality of the research; (3) consider ob-
jective limb reduction outcomes to identify dosage that was
most effective with least adverse effects; and (4) identify
evidence for dosage specific to age or limb.

Methods

This systematic review was registered with PROSPERO (ID:
CRD42017054338) (https://www.crd.york.ac.uk/PROSPERO/)
and followed the PRISMA (preferred reporting items for sys-
tematic reviews and meta-analyses) protocol.21 Databases
searched included Medline, Embase, CINAHL, PubMed, and

Scopus until March 2018. Terms included LE and IPC devices
and were limited to English:

1. lymphedema/or elephantiasis/or non-filarial lymphe-
dema/

2. Intermittent Pneumatic Compression Devices/
3. (((intermittent or pneumatic or sequential or lympha-

press or lympha-press) and (compression or pump* or
massage* or hose or device)) or impulse or ArtAssist
or Flexitouch or FLOWTRON or Plexipulse or (SC-
2004 adj Sequential) or Walkcare).tw, kf, hw.

4. 1 and (2 or 3)
5. limit 4 to English language

Screening of articles was undertaken by two people ( J.J.P.,
S.J.G.); any difference in inclusion was resolved by discus-
sion with reference to a third researcher if necessary.

Study selection

Studies included were peer-reviewed studies of National
Health and Medical Research Council (NHMRC) level III-3 or
higher, with IPC being the intervention under investigation or
comparator where IPC was applied in isolation from other
therapies, or if they incorporated the use of CG between IPC
treatments (in accordance with clinically accepted maintenance
therapy for LE management22). Studies where CG were applied
during the study period were assessed and reported separately.

Eligible studies provided objective limb reduction outcomes
(such as limb volume or circumference) of greatest relevance
and translation to practice for clinicians; those utilizing phys-
iological or imaging outcomes, such as measures of lymph
flow, were not included (e.g., Adams et al.8 and Aldrich et al.9).
Studies were also excluded if they were retrospective, expert
opinion, provided incomplete or variable dosage parameters,
or the study population was not human or did not have LE.
Studies investigating constant pressure devices were exclud-
ed,23 as they are no longer used in practice.

Quality assessment and data extraction

Each study was critically appraised by two of three asses-
sors ( J.J.P., RP/AB) using the McMaster University Critical
Review Tool,24 a generic validated quantitative appraisal tool.
Differences in appraisal were resolved by discussion, and
where there was an unresolved difference, a third assessor
(S.J.G.) was consulted. Critical appraisal scores were cate-
gorized as poor (£8); fair (9–10); good (11–12); very good
(13–14); and excellent (15).25

Information relating to devices, dosages, and outcomes was
extracted for all eligible studies (J.J.P.). Primary outcomes
were limb volume or circumference; secondary outcomes in-
cluded subjective response, skin or tissue assessment, or other
objective assessments (e.g., bioimpedance). Dosage param-
eters of pressure, duration, cycle timing (inflation and deflation
time, where available) were extracted, as well as sample
characteristics, limb treated, and outcomes (percent volume
or circumference reduction, if available; where this infor-
mation was not reported in the publication but able to be
calculated from the data provided, it is reported in italics).
Clinical and statistical significance and adverse events were
also extracted for both those investigating IPC alone and IPC
in combination with CG.
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Results

A total of 2173 studies were identified. After consideration
of title, abstract, and full text, 16 studies met inclusion criteria
and were accepted for critical appraisal (Fig. 1).

Twelve studies reported the use of IPC alone and four
investigated IPC with maintenance CG use between IPC
treatments (IPC+CG). Several studies provided results for a
device that is not currently commercially available and were
excluded unless adequate information regarding dosage
allowed replication with a current IPC device. Study char-
acteristics, including population, intervention and compar-
ators, and device and dosage parameters, are provided in
Table 1.

Level of evidence

Of 16 studies, Dini et al.26 (IPC alone) was the only level
II (NHMRC) randomized controlled study. Berlin et al.27

(IPC+CG) included a control group wearing CG only; how-

ever, participants were not randomized to group, so rated
level III-2. Several studies commented on the ethical di-
lemma of a control group. Most other studies were either
single-case design (before/after) studies or were comparative
studies without concurrent controls (level III-3).

Quality of evidence

Comparative studies differed in population with relation to
limb, stage, or duration of LE, resulting in nonequivalent
comparisons between studies. Study limitations included
selection bias (self-selection for group), baseline differences
between groups, protocol variation according to participant
response, lack of information regarding reliability of out-
come measures, lack of evaluation of participant experience,
lack of evaluation of between-group differences, and poor
reporting and clarity of results (Table 2).

Overall, the quality was poor for IPC-alone studies, with a
mean score of 8 out of 15 (12 studies: range 4–11) and fair for

FIG. 1. PRISMA (preferred reporting items for systematic reviews and meta-analyses) diagram21 of IPC study selection.
C, CINAHL; E, Embase; M, Medline; P, PubMed; S, Scopus. IPC, intermittent pneumatic compression.
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IPC+CG studies: mean 9 out of 15 (4 studies: range 8–11)
(Table 3).

Population

Of the total number of people investigated in all studies,
those with UL LE (338) were more than double those in-
vestigated with LL LE (151). Study sample sizes ranged from
9 to 67. The mean age of participants ranged from 37.8 (14–
80) years28 to 71 (54–83) years,29 largely reflective of the
demography of secondary cancer-related LE. Most studies
investigated breast cancer-related UL LE; three included LL
LE with a mixed population of secondary and primary LE30–32

and three investigated LL alone.28,33,34

Only one study investigated the use of IPC with children,
in a sample of nine with a mean age of 13 years (5.5–17
years).33

Study design

One study utilized a control group with skin care only, four
IPC alone, two IPC+CG studies investigated the effect of one
type of IPC device or dosage or sleeve configuration against
another, and five studies investigated a cohort exposed to
treatment with a pneumatic device, in a single-case pretest/
posttest design. Remaining studies compared retrospective
IPC results, manual lymphatic drainage, or IPC combined
with exercises with a prospective IPC-only cohort. Study
characteristics are described in Table 1.

Devices

The Lympha Press (Orthopaedic Appliances Pty. Ltd., Row-
ville, Australia, https://www.lympha-press.com/distributors/)
(OR: Patriot Medical Distributors, West Chester, PA, www
.patriotmedical.com) and Wright Linear Pump (Wright Therapy
Products, Inc., Oakdale, PA) were the most commonly used
devices (Table 1). Device- and manufacturer-specific factors
such as the sleeve configuration, number of cells per sleeve, and
the timing cycle of the pressure applied are aspects of dosage not
controlled by the clinician in these studies.

Indeed, device variety resulted in differences between
studies based on cycle time, sleeve configuration, number of
cells per sleeve, and pattern of pressure application, quite
apart from dosage (Table 1). Modes of compression de-
scribed included the following:

a. Single-cell applying intermittent pressure30,32;
b. multiple cells applying sequential pressure by filling

cells one after the other until all were full, then de-
flating12,34;

c. pressure in one cell, then the next cell inflated before
the previous one deflated, peristaltically moving up the
limb before beginning distally again.28,29

While many studies compared one IPC with another, one
investigated pressure time cycles with either single-cell or
three-cell garments with the same device.35 Having found
significant reductions in all groups, it was concluded that all
types of timing and sleeve configuration are effective.35 In
contrast, another study32 reports that a 10-chamber IPC de-
livered a significantly greater reduction in percentage volume
than either single-cell or three-cell devices. However, both
studies had limitations that restrain conclusions (Table 2).

Duration of IPC application

Before 1995, IPC was applied for 4–9 hours per day30,33,36;
then 2 hours per day26,31,32,37 in the late 1990s and reduced to
1 hour or less over the last 20 years.29,34,35,38–40 Two studies
stand out against the norm of their era for applying IPC for
longer (8-hour application in 2010)28 and shorter (2-hour
application in 1980)12 durations.

Pressure settings

Older studies more than 20 years ago used higher pressures
(100–150 mmHg),12 while nearly all studies from the last 20
years applied pressure between 30 and 60 mmHg. The excep-
tions were two studies treating LLs that used 80–120 mmHg in
201028 and 100–120 mmHg in 2014,34 and studies using the
‘‘mild’’ pressure Flexitouch device (Tactile Medical, Minnea-
polis, MN).38,39 The mean standard pressure of the Flexitouch
is reported by Mayrovitz15 to be 13.7 – 4.9 mmHg for the
preparation phase and 9.0 – 4.2 mmHg for the drainage phase.
In 1998, Johansson et al.37 described application of 40–
60 mmHg as being ‘‘standard practice’’ (Table 1).

High pressures common to the era (1991) (‡80 mmHg)
were also applied to children.33

UL versus LL pressures

Studies that included investigation of IPC for UL and LL
applied similar pressure irrespective of the limb to be
treated.30–32 Other than those using the low-pressure Flex-
itouch device, pressure between 30 and 60 mmHg was ap-
plied to the UL in five of six investigating UL LE,26,29,35,37,40

while those investigating LL LE used higher pressure (80–
120 mmHg).28,34

Variation of pressure within a study

Pressure was varied (Table 1) according to the following:

1. Blood pressure. Maximum pressure was kept below
diastolic blood pressure35 and below the mean of the
systolic and diastolic pressure in two.33,36

2. Participant tolerance or comfort.12,37

3. Skin resistance. Pressure was varied in opposite di-
rections according to tissue condition in two studies,
applying either higher28 or lower pressure35 in re-
sponse to increased tissue hardness/fibrosis, with no
description of how tissue hardness was determined.

Intervention period

The length of IPC use varied across studies, from one
application of 16 minutes29 to multiple applications over 3
years.34 Intensity of treatment within the study period also
varied from early intensive treatments of 16 hours over a 24-
hour period (and hospitalization) to clinic-based studies of 5
weeks (25 applications)35 or 20 applications over 9 weeks.26

In contrast, the low-pressure device (Flexitouch) was inves-
tigated in home settings with daily applications over 30 days38

and 84 days.39

Outcome

Range of outcome measures. Circumference (10 stud-
ies) and volume (by water displacement; 6 studies) were the

12 PHILLIPS AND GORDON
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most common outcome measures reported (Table 2). Other
outcomes were derived from dimensional measures: sum of
the difference between limbs26 or volume calculated from
circumferences.38,39 Other outcome measures included to-
nometry,34 tissue dielectric constant,39 and bioimpedance.38

Subjective feedback, quality of life (QOL), or symptom im-
provement were often discussed, but formally reported in
only two studies.37,38 Outcomes of percentage reduction,
where available, are reported in Table 2.

Greater response to intensive IPC was found in early than
later stage fibrosis using xeroradiography.30 Tissue softening
was observed throughout 3 years of daily IPC using tonom-
etry.34

Adverse events

Fife et al.39 alone reported comprehensively on the range
of adverse events, their seriousness, and likelihood of being
caused by the IPC, with seven events described as definitely
(three), possibly (three), or unlikely (one) to be related to IPC
use. Those definitely likely to be related to the IPC treatment
included increased swelling of hand and torso; pain in axilla
and back; and pain in forearm and numbness in fingers (Ta-
ble 2). Possibly related events included swelling of lymph
nodes in the contralateral axilla; breast inflammation with
increased swelling and pain, infection, fibrosis, and increased
arm swelling. Assuming 7 events affected 7 participants of a
sample of 36, 19.4% is a considerable proportion to be af-
fected. It is unclear how or when these events occurred or
were resolved or if participation for those involved was dis-
continued.

Only three further studies reported adverse events; two
related either to transient symptoms or to the issue of pain
with high pressure settings where subsequent adjustment to
lower pressures relieved pain in most instances.12,36 In the
third, increased swelling was noted in 16%–25% of partici-
pants, dependent on group27 with no further information on
site or resolution. Generally, little or no information was
provided about resolution of adverse events, particularly of
increased swelling.

Discussion

This review of studies using IPC in isolation excluded many
recent studies that applied concurrent cointerventions, such as
bandaging or wraps,41–44 CDT,45–48 CG during IPC treat-
ment,11 or specific exercises,49,50 on the basis that the effect of
IPC could not be isolated from that of other interventions.

Pressure and timing

Device parameters that are typically adjustable by the
clinician or investigator include pressure and duration of
application, in contrast with pressure cycle characteristics
commonly specific to the device. Assessment of lymphatic
function under a range of IPC pressures has used lym-
phoscintigraphy,6,51 histology,52 and more recently NIR-
FLI9,19,20 providing evidence of lymph flow at both high and
low pressures. However, damage to the lining of lymph
vessels following 3–5 minutes of high-pressure manual
massage (70–100 mmHg) was reported in 1995 in both dogs
and people with LE.52 These findings may have influenced
the IPC dosage choices in subsequent studies.37,49

More recent assessment of lymph flow during IPC using
NIRFLI has demonstrated optimal flow under pressures up to
80 mmHg20 and in a comparison of low (45 mmHg) and high
(90 mmHg), Kitayama et al.19 demonstrated optimal flow at
the higher pressure. Further studies have also shown fluid
movement under high IPC pressure (80–120 mmHg), but
with high pressures applied manually, little fluid movement
was demonstrated.10 Others using plethysmography53 con-
cluded high pressures and long cycle times were needed for
fluid flow.

Further investigation of the interaction of IPC with the
skin, where uptake of fluid is initiated in the initial lymphatics
and where pressure is widely distributed around a limb in
comparison with the focused manual application of pressure,
may elucidate the optimal mode of application for fluid flow.
Furthermore, it has been suggested that NIRFLI to outline
fluid pathways before compression therapy might enable
individually tailored IPC application.9

Many factors influence IPC pressure applied to a limb (1)
within the sleeve, (2) at the sleeve/skin interface, and (3)
within the tissues, with the result that it is difficult to deter-
mine what pressure is translated to the tissues and if that is the
key factor influencing lymph flow.

The pressure within an IPC sleeve cell has been reported to
be higher than that set at the controls of an IPC,54 yet the
pressure in the tissues has been reported to be far lower than
the pressure in the pneumatic sleeve cell.53 Added to this,
some investigators have varied pressure according to tissue
resistance, on the basis that lymph flow is affected by this
factor, and have applied decreased pressure for hard edema
(and increased it for softer tissue)35; whereas, conversely,
others report much higher pressures were required to move
fluid where there was significant tissue resistance caused by
fibrosis.55 Studies investigating tissue pressures during IPC,
however, use an in vivo needle-wick pressure measurement
method53,55 and cause alteration in the tissues due to the
necessarily invasive nature of the method.56

The role of tissue resistance in fluid flow under the influ-
ence of IPC was supported by in vitro simulations, although
many assumptions were necessary to this model.57 Further-
more, an investigation by Theys et al.58 of pressure at the
skin/sleeve interface has reported pressure differences de-
pending on the surface to which it is applied: increasing by
25%–67.5% (dependent on device) with semi-rigid objects
but remaining stable for rigid objects; and decreasing by
10%–15% for soft objects. While Pilch et al.35 give no
measurement criteria for rating edema hardness, the decrease
of pressure for hard edemas and increase for soft edemas in
that study agree with the findings of Theys et al.,58 at least on
the skin surface. Outcomes may then, at least in part, be
affected by individual characteristics such as tissue condi-
tion, and not dosage alone, in agreement with physiological
investigations.57

However, when the tonometer was indented to a depth of
10 mm, in a recent investigation of the pressure/flow rela-
tionship in different stages of LE, no correlation was reported
between tonometry and stage; at least 1000 g/cm2 force was
required for flow (measured using the needle-wick meth-
od).55 Further controlled studies of pressure applied to tissues
of differing consistencies may elucidate optimal pressure
settings for LE according to stage. Meanwhile, observation
by clinicians of the response to IPC proportionate to relative
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tissue resistance may assist dosage decisions. (Clinical tools
for measurement of tissue resistance are not readily available,
a limitation for clinicians.)

Whatever may be demonstrated physiologically or in mod-
els, decisions on the optimal pressure and time cycle settings
require translation of physiological findings into successful and
safe clinical outcomes.

Dosage: evidence from studies
with significant outcome

From this review, a limited body of available evidence was
found, based on small samples of predominantly UL sec-
ondary LE, and equipment that may no longer be available;
yet for dosage guidance, studies with significant outcomes
and sound methodology, with no adverse events, are sought
to provide the basis of evidence for optimal dosage and future
research. No studies from this review met these criteria or
scored in the upper quartile on critical appraisal (Table 3);
those forming the basis for comment in this discussion have
the best available rating, yet lack of adverse event reporting
and methodological flaws indicate caution in adopting out-
comes. Methodological limitations exist for those studies
with the best outcomes:

- The greatest change of 32.6% mean volume reduction
may be questionable due to lack of information re-
garding the effect of the crossover design.32

- The next best outcome, within an IPC+CG study, was
marred by seven adverse effects of varying seriousness
and while statistical analysis indicated significant im-
provement, differences in control limb responses be-
tween groups raise questions over conclusions.39 This
study, while allowing usual home self-management to
continue, was strengthened by assessment of factors that
might have affected outcomes, yet on finding between-
group differences, the significance of the difference was
not reported.

A reduction in duration of application from 2 hours to 1 or
less has occurred over the past 20 years in parallel with the
growing need for independent, home-based self-management
compared with treatment applied in a clinician-/clinic-
centered model. Earlier still (1970–80s), treatments of 8–16
hours were common in a hospital inpatient model of care.30,36

Self-management models consider the time and burden of
any treatment juxtaposed with the potential benefits resulting
in the likely adherence to proposed treatment. The impact on
the consumer and requirements of managing a chronic con-
dition has been well documented.59–61

LE management requires at least once-daily attention, with
most strategies (whether self-lymphatic drainage, or ban-
daging, garment, or IPC application) being particularly time-
consuming. Dosage time for IPC application suggested by
manufacturers has also decreased, perhaps reflecting both the
development of multicell sleeves and sequential pressure
applications, as well as being responsive to consumer uptake
and needs.

Manufacturers’ recommendations for devices that are com-
mon and currently available are for treatment duration of
1 hour or less: Medi-Rent’s LX9 (30 minutes to 1 hour)62;
Lympha Press (60 minutes or less, once or twice daily; Lympha
Press Protocol; Orthopaedic Appliances Pty. Ltd.). Flexitouch

programs vary according to the area, with 45 minutes being
recommended for LL only, 30 minutes for UL only, and 60
minutes for LL or UL with adjacent trunk.63 Device evolu-
tion, utilizing different cycle times with sequential pressure,
perhaps accounts for improved outcomes with shorter ap-
plication time.32,35,39

Studies investigating LE self-care and IPC in home-based
models generally administered IPC for 60 minutes or
less16,38,64 or dependent on the surface area to be treated
(greater the area, the longer the treatment time).42 Given the
time commitment required to manage LE, QOL, function,
and patient satisfaction in use of IPC were central to studies
of home use, as well as objective measures of LE reduction.
Adherence to IPC home protocols has varied from less than
ideal at 47% and 37% per group16 to very high (95%–99%).39

Further research could focus on home dosage programs that
combine acceptable time burden for the consumer with sat-
isfactory limb maintenance outcomes. However, even so,
most studies report significant positive patient satisfaction
and functional outcomes, along with decreases in health care
costs, hospitalization, and outpatient care, from IPC use as
part of participants’ home-based LE management.16,42,64–66

Choice of optimal duration and pressure of IPC has been
limited by the variation in aims, design, and study period of the
above studies, which may have influenced outcomes. The
number of times IPC was applied was one source of variation,
and sleeve application another, with the root of the limb and
upper affected side of the trunk sometimes included.38,39

The addition of chest and trunk to IPC treatment of the UL
alone resulted in no statistically significant difference in
objective (limb circumference) outcomes between groups38;
flow into adjacent truncal areas (from the LL across the in-
guinal crease) under IPC has not been demonstrated.51 While
a significant incidence of genital swelling has been identified
in a retrospective study of IPC use,67 reports of increased
swelling at the root of the limb have been rare39 or have not
been found in others since,29,34 despite a reported increase in
tissue pressure proximally.68 Conservatively, clinical guide-
lines advocate the use of MLD to clear truncal areas and the
root of the limb when the trunk is not included in IPC treat-
ment.69 The findings from NIRFLI of individual variation of
drainage pathways and collateral flow70 highlight the need
for individual monitoring of response during treatment.

Despite these variations, small but statistically significant
reductions have been demonstrated in studies using 30–
60 mmHg, whether the IPC was applied for 2 hours or less
than 1 hour26,32,35,37,39,40 (Table 2).

UL versus LL pressures

Studies in this review investigating both UL and LL ap-
plied similar pressure for both. In contrast, upper limits for
compression pressures determined using bandages, have
been reported to be different for UL and LL: 30 mmHg for
UL and 50–60 mmHg for LL.71,72 While the nature of ban-
dages is quite different to IPC, the latter study demonstrated
bandaging pressures above this ceiling having a negative
effect on limb volume reduction over a 2-hour period.72

Differing IPC pressure settings according to limb have been
applied in 198513 using maximum pressures of 110 mmHg
for UL and 150 mmHg for LL. (The latter study13 was ex-
cluded from this systematic review due to variation in dosage.)
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The ceiling pressures described by Partsch et al.72 contrast
with studies using NIRFLI20 and those using plethysmography
(and needle-wick measures of pressure),53 reporting lymph
flow under IPC pressures of over 80 mmHg in the LL. Studies
from this review investigating IPC use in LL applied between
60 and 120 mmHg in poor-quality, low-level evidence.

Child versus adult dosage

Only one study in 1991 investigated IPC in children: a level
III-3 low-quality study with a cohort of nine33 with inconclusive
outcomes of significance. This pediatric study used pressures
and device settings in the same range as described for adults in
this review, with no comment on the generalizability of dosage
from adults to children. Interestingly, pneumatic compression
was applied overnight, as in 2 of the 15 adult studies,30,36 per-
haps a reflection of practice common to the era.

Clinical meaning

The one highly rated RCT26 found a mean 1.9 cm (11.8%)
decrease in the sum of UL circumferences (compared with
0.5 cm decrease in a control group with only skin care) but
deemed it clinically not significant, having set a value of 25%
limb reduction to be clinically meaningful. In contrast, later
studies have established that to patients, a reduction of 5%
limb volume73 or 8% limb volume42 can produce positive
benefits to QOL, highlighting the importance of including a
measure of the outcome from a patient’s perspective rather
than objective measures alone.

Based on the findings of these latter studies, a reduction of
11.8% would be deemed clinically significant, produced with a
dosage of 60 mmHg over 2 hours.26 As the highest level of ev-
idence available, this dosage is worthy of note. The next greatest
reduction of 6.8%–9.6% limb volume was produced with half
the IPC duration and a mean pressure of 37.7 mmHg.35 Both
studies applied IPC daily, although device characteristics differ;
further investigation of daily versus less frequent application
may further elucidate optimal IPC frequency.

A recent device applying lighter pressures (mean 9–
13 mmHg) and using short treatment duration (30–60 min-
utes) has been used daily in conjunction with maintenance
CG use over the longer term in home-based studies.39 Limb
reduction and other health-related outcomes, as well as
consumer adherence to and satisfaction with maintenance
programs, have been significant with the use of this light
pressure device.39,66 However, this device was developed
with the aim of supporting self-care by the patient at home,
replacing therapist visits for MLD,74 and has considerably
different characteristics from other IPC devices14,15 currently
available: the sleeve through which pressure is applied is of
stretchy not inelastic fabric; pressure distribution and cycle
characteristics differ from ‘‘standard’’ IPCs. Dosage appears
to be in preset ‘‘programs’’ according to body area,63 limiting
comparative assessments of dosage.

Potential confounders

Bed rest. Five studies applied IPC for 4–8 hours or even
longer at a time, often with little break before reapply-
ing,12,28,30,33,36 requiring participants to be immobilized,
often bed-bound for up to 16 hours in 24 hours of 1 day.
Results from these studies must be viewed with caution, as

even short-term elevation has been shown to reduce edema in
ULs75 and elevation is encouraged as an adjunct to man-
agement.22,76–78

Body mass index. Body mass index (BMI) is now rec-
ognized as a factor in LE79; reporting on BMI was absent
from one long-term study even where the unaffected limb
was noted to have changed in size.34

Adverse events

Only one study reported comprehensively on adverse
events from IPC, despite using devices with some of the
lowest pressures (9–13 and 30 mmHg) and shortest treatment
time (1 hour).39 This perhaps highlights the generally poor
reporting of adverse events in the remainder. Of the seven
events reported by Fife et al.,39 five were deemed serious;
however, a significantly greater reduction was reported with
the advanced programmable device, with only one adverse
event, than in those using the standard device program, who
did not experience any reduction. This study is one of only
two in this review to assess IPC in a home-based model;
however, variations in other usual activities (exercise) in-
troduced between-group differences.39

Limitations of this systematic review

This systematic review included only studies in English.
The number of different outcome measures across studies, as
well as the generally low level of evidence of moderate
quality, limits the comparisons and conclusions to be drawn.

Conclusion

There is limited low- to moderate-quality evidence for the
application of 45–60 minutes of 30–60 mmHg using multi-
cell, sequential IPC programs for the management of UL LE.
Whether the addition of the root of the limb and adjacent
truncal area to the limb is necessary requires further inves-
tigation.38 Further research on IPC outcomes, utilizing the
same application frequency, duration, and pressures, will
provide comparative data to build a basis for optimal dosage.
The inclusion of outcomes beyond limb volume and dimen-
sion, such as tonometry and bioimpedance, will allow control
for potential confounding factors such as tissue hardness
(stage of LE) and broaden understanding of the impact of IPC
on skin condition and fluid flow, relevant to LE management.
The inclusion of patient-centered outcomes such as burden of
treatment versus symptom management will add optimal IPC
use to dosage outcomes.
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1  | INTRODUC TION

Ultrasound has been used to measure in vivo skin thickness and 
fluid content since the 1980s.1-4 In particular, the superficial focus 
of high frequency ultrasound (HFU) (15-22 MHz) results in an image 
of 1-2 mm depth where the dermis and epidermis are clearly de-
marcated and accessible for measurement. The distance from the 

entrance echo (on the surface of the epidermis) to the dermal subcu-
taneous tissue interface measures total skin thickness. This has been 
used for optimal site selection of dermal injections in diabetes5 and 
vaccines in children and adults,6 and enabled skin and subcutaneous 
tissue assessment following prednisolone treatment.7 The validity of 
HFU to measure skin thickness was demonstrated in early investi-
gations using a 15 MHz ultrasound and A-mode images by charting 
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Abstract
Background: DermaScan C high frequency ultrasound was investigated for image 
capture and analysis of dermal measures in people with and without primary 
lymphoedema.
Method: Three repeated images were taken at six sites in people without lymphoe-
dema (NLO). Intra-rater reliability was assessed by taking three sets of measures on 
images from 10 people and inter-session reliability by capturing three images, lifting 
the probe from the skin in between. Methods were adjusted, and repeated images 
from four sites were taken in people with primary lymphoedema (PLO) and reliability 
re-assessed.
Results: Intra-rater reliability in NLO and PLO for echogenicity measures were ex-
cellent (NLO ICC(3,1): .989; PLO .997) across all sites and specific to each site (calf: 
ICC(3,1): .989; and foot: ICC(3,1): .999, respectively). Inter-session reliability was mod-
erate for NLO (ICC(3,1): .727), improving after method modifications for PLO (ICC(3,1): 
.916). When investigated by site, inter-session reliability was good in the foot (ICC(3,1): 
.811) and moderate in the calf (ICC(3,1): .616). Mean thickness analysed by site re-
sulted in good inter-session reliability only in the foot (ICC(3,1) .838).
Conclusion: Intra-rater reliability was excellent using the DermaScan C for dermal 
measures in people with primary lymphoedema. Inter-session reliability required par-
ticular attention to method and gain settings.

K E Y W O R D S

lymphoedema, reproducibility of results, skin, ultrasonography

215

www.wileyonlinelibrary.com/journal/srt
mailto:
https://orcid.org/0000-0003-2211-7237
https://orcid.org/0000-0002-8273-1610
https://orcid.org/0000-0002-4760-1212
mailto:jane.phillips@flinders.edu.au


2  | PHILLIPS et aL.

the image against an X-ray at the same magnification as the ultra-
sound.8,9 As well, HFU (22 MHz) measurement of epidermal thick-
ness has been validated in healthy people (25-40 years) compared 
with confocal microscopy.10

Skin changes are a feature of lymphoedema. The backlog of 
lymph that characterises lymphoedema accumulates predominantly 
in the subcutaneous tissues, but is also evident in the dermis.11 Skin 
in lymphoedema progresses from soft skin which easily indents or 
“pits” when pressed in early stages, to hard inflexible non-pitting 
skin, which may have wart-like papillomatosis or keratosis and skin 
folds in later stage lymphoedema.12-15 HFU, along with tissue his-
tology, magnetic resonance imaging and spectroscopy have been 
used to compare and contrast tissue changes of lymphoedema in 
the dermis16,17 as well as the subcutaneous tissue.18 Skin thickness 
measured by HFU increases with advancing stages or severity of 
lymphoedema.19 Furthermore, skin is the interface for treatment of 
lymphoedema, whether by manual lymph drainage (a form of mas-
sage) or compression applied by elasticised garments or a pneumatic 
sleeve around the limb. Indeed, 5 days of intensive lymphoedema 
treatment using manual lymph drainage, pneumatic compression 
and bandaging has resulted in measurable differences in dermal 
thickness detected with HFU.20

High echogenicity, seen on an HFU image as greater brightness, 
occurs when tissues reflect more HFU waves. Echogenicity varies 
with tissue density and content. Tissues with greater water content 
are hypoechoic.21-23 HFU studies have described a relatively hy-
poechoic dermis on the affected side in lymphoedema.24-26 HFU has 
been used to document and describe dermal oedema in a range of 
conditions (noting all chronic oedema may now be regarded as a lym-
phatic issue.27) Significantly less echogenicity was found in the der-
mis of people with chronic oedema (regardless of whether oedema 
was due to lymphoedema, lipodermatosclerosis or cardiac insuffi-
ciency) compared with healthy skin.28 HFU has also been used to 
differentiate between lipoedema and lymphoedema with a blinded 
assessor correctly diagnosing 100% of lymphoedema images (which 
were clearly hypoechoic) with no false positives.29

While the presence or absence of pitting adds information regard-
ing the condition of the skin, current objective clinical assessment 
of lymphoedema severity and change relies on volume measures 
extrapolated from limb circumference measures and whole limb 
or segment fluid content using bioimpedance.12 HFU provides the 
opportunity for non-invasive, direct, valid, and objective measures 
of dermal thickness and fluid content, yet the equipment is costly 
and significant training is required. Importantly, no standard proto-
col for HFU measurement is available. Previous studies have used 
devices with frequencies varying from 10 to 20 MHz.18,19,25,26,28 The 
variation in frequency for image capture has resulted in images of 
different quality potentially producing non-comparable measures.30 
Other studies have provided little information about the ultrasound 
settings.19,20,31

One important setting which has been variously described is 
time gain compensation (or gain); this operator-dependent control 
can make small adjustments or amplifications to account for the 

loss of amplitude that occurs when echoes travel from deeper tis-
sue (attenuation).32 These echoes can appear darker than echoes 
of equal magnitude that are reflected from more superficial struc-
tures.33 The gain compensates for this loss or attenuation of sig-
nal and has the effect of increasing both the area and intensity of 
brightness. Some authors specify keeping the gain setting con-
stant34,35 while more recent studies have adjusted the gain for 
some images as needed to improve visualisation of the sub-dermal 
boundary.1,29,36-38 In particular, this interface of the dermis with 
the subcutaneous tissue is not as clear as the epidermal-dermal 
junction1,29 and adjusting the gain enables the detection of edges. 
In contrast, for valid dermal fluid content measures, which specif-
ically measure echogenicity, a “flat” or “horizontal” gain, where no 
compensation in amplification has been made for attenuation is re-
quired (PH Pedersen, R&D Manager, Cortex Technology, personal 
communication, May 21, 2019). Hence, no one HFU methodology 
will allow capture of images to assess both fluid content and skin 
depth which are both of clinical value to understand the status and 
change in lymphoedema.

A second requisite for image clarity in ultrasonography is wa-
ter-based gel, which is used as a coupling medium between the skin 
and transducer. However, gel can alter the distance sound travels 
depending on its depth, which will alter the echogenicity of images, 
and then may require gain compensation to produce a clear image. 
Many specify the standardised application of gel,4,20,29,39 but this is 
not uniformly followed by all users where gel is generously applied 
to the skin.36,38

Once HFU images have been captured, the measurements of der-
mal thickness and fluid content from the images require standardised 
methodology. Internal software is available with some equipment 
and varying description7,23,40-42 limits method reproduction. Other 
HFU equipment requires exportation of images to MATLAB (a math-
ematical computing program)26,38 to perform measures.

High reliability (ICC > .82) of HFU images using a 20 MHz 
DermaScan C or DermaLab Combo (both Cortex Technology) has 
been reported for dermal thickness measures in post-burn scars43-45  
and children.7 There are few reports about the reliability or re-
producibility of dermal thickness measurements in lymphoedema. 
Dylke et al (2018)37 reported high inter-image, intra-rater and in-
ter-rater reliability (Cronbach's alpha = .995; ICC(3,1) = .962 and .851; 
and ICC(2,1) = .977) using an 18 MHz device to capture images and 
measure dermal thickness in 38 women with breast lymphoedema 
secondary to breast cancer. Further, a change in dermal thickness 
was detected by HFU simultaneously with the development of clin-
ically detected lymphoedema in the arms of women post-surgery 
for breast cancer, comparing with an unaffected side.25 However, 
there remains no accepted reliable method for HFU to measure 
dermal thickness or fluid content in the legs of people with primary 
lymphoedema.

Measurement error must be minimised to reliably determine 
the outcome of an intervention and understand the impact of the 
change.46 In HFU imaging, this requires (a) reliable acquisition of 
images and (b) reliable analysis of the images. Reliable acquisition 
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of images must occur at the same site at different times with the 
ultrasound probe being lifted on and off the skin between images 
(inter-session reliability).

The DermaScan C, a particular type of HFU device (20 MHz; 
Cortex Technology), has been shown to be a valid way of distin-
guishing changes in water content in the dermis of healthy people 
(18-65 years) by comparison to MRI.2 As well, it has been shown 
to be sensitive, detecting significant difference in skin thickness 
in the healthy between young (2-13 years) and old (25-40 years)47 
and between different body sites.34,42 In a study of healthy skin 
thickness and echogenicity to assess ageing at different body sites, 
Gniadecka and Jemec (1998)23 reported a Spearman correlation 
coefficient of .88 (95% CI: 0.72-1.0) between skin thickness and 
echogenicity.

The aim of this study was to develop and test a standardised HFU 
image capture method using the DermaScan C. The method was pi-
loted in people without lymphoedema, refined and then tested with 
people who had primary lower limb lymphoedema. The intra-rater 
reliability of image measurement for skin thickness and dermal fluid 
content was investigated, and HFU images captured at different 
times were investigated for inter-session reliability.

2  | METHODS

2.1 | Ethics

Ethics approval for a study recruiting people with primary lymphoe-
dema across three states was granted by Royal Children's Hospital 
Melbourne Australia (HREC/16/RCHM/136). Lymphoedema par-
ticipants gave written informed consent and provided images for as-
sessment in this reliability study.

2.2 | Population

Initially, people with no lymphoedema (NLO) were recruited from 
friends and colleagues of the primary researcher to pilot the pro-
posed methodology. After the initial pilot, children and adults aged 
3-40 years with primary lymphoedema (PLO) diagnosed by Mercy

Health Lymphoedema Services assessment clinic or the Royal 
Children's Hospital Melbourne were recruited. Exclusion criteria 
included pregnancy, any skin condition in the assessable area such 
as dermatitis or eczema; uncontrolled cardiac, embolic or throm-
botic conditions; and connective tissue conditions such as Marfan's 
disease, inflammatory conditions such as rheumatoid arthritis and 
infective conditions especially history of cellulitis within the past 
2 months.

2.3 | Positioning

Participants lay supine on a plinth with one pillow under the head 
and another under the limb being measured. For posterior limb 
image capture, they lay prone.

2.4 | High frequency ultrasound: equipment, image 
capture and measurement

The DermaScan C (Cortex Technology) provides 20 MHz B-scanning 
at 60 × 150-micron resolution, with 13 mm penetration.48

The head of the transducer (probe) was held perpendicular to 
the skin21,41 at a standardised distance from the skin,4,49 producing 
images where the epidermis is parallel with the membrane within 
the transducer (Figure 1). Water-based gel (DANE-GEL R1, Rohdé 
Produits, Gl. Holte, Denmark) was applied within a “spacer,” a slot on 
the probe head which provides a uniform distance between the HFU 
transducer and the skin surface. Air bubbles within the gel required 
removal or re-application of the gel.

An area the size of the transducer head was marked on each 
image capture site using a body pencil. This ensured repeat place-
ment of the transducer on the same site for multiple image captures. 
Image capture was performed in a climate-controlled room with the 
participant always in the same position to avoid discrepancies due to 
temperature or body position.

One gain setting was consistently used to provide images 
for fluid content measures (mode one, gain profile 13 in the 
DermaScan C). To determine the best gain for skin thickness image 
clarity, three different gain settings were tested: mode one, gain 

F I G U R E  1   DermaScan C image of 
dermis and epidermis Membrane

Epidermis

Dermis

Sub- dermal facial interface

Gel
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profile 19 and mode two gain profiles 16 and 19, chosen from initial 
NLO pilot testing and with reference to the manufacturer's man-
ual on image capture.49 For repeat image capture, the head of the 
probe was removed from the skin, gel re-applied and the head of 
the probe replaced on the same site (dorsum of the foot or calf) for 
three successive sets of four images. This provided images for the 
inter-session reliability analysis.

Ten images were chosen randomly across sites and people. 
Measures were taken on all images before being repeated twice 
more, separated in time by approximately two hours, ensuring no 
recall of individual images between measurement sessions.

2.4.1 | Intra-rater reliability: Dermal 
thickness measures

Images with the same gain setting were used for repeated der-
mal thickness measures at the same site. Lines were established 
to include both the epidermis and the dermis, along the entrance 
echo on the surface of the epidermis and the underside of the der-
mis (along the interface with the subcutaneous tissue), using au-
tomated edge detection software from the DermaScan C (DScan 
version 3 application software for Windows, advanced configura-
tion), with the threshold set at 20.49 The line produced by the edge 
detection function, determined “automatically” by default in the 
DermaScan software, may also be manipulated manually. In some 
images, a small gap in echogenicity allowed the measurement line 
to follow the threshold (of echogenicity it was following) within the 
dermis, which created a loop that deviated in and out of the dermis 
at the same point and affected the minimum measure (Figure 2). 
The small gap in echogenicity was “bridged” manually, to avoid an 
artificial minimum.

2.4.2 | Intra-rater reliability: Dermal fluid 
content measures

Dermal fluid content measures were determined by using the “re-
gion of interest” (ROI) function in the DermaScan software. This is 
a standardised shape and size, which may be placed within the der-
mis to establish the area for assessment. Shape 1, with a standard 
rectangular area of 6.894712 mm2, was set with the long boundary 
along the underside of the epidermis, completely within the dermis 
extending the length of the field of view (12.1 mm). The threshold 
for detection was set to 302,4,22,47 and on requesting “segmentation,” 
the area (mm2) and intensity (pixels and percentage) are produced of 
both the total ROI and the proportion (segmented area) of the ROI 
which was represented by 0-30, or fluid.

Measures were exported in a.csv (comma separated values) 
file, and the image showing the ROI, segmented area and dermal 
thickness measurements was saved as an image in the DermaScan 
software.

2.4.3 | Inter-session reliability

Images captured successively at approximately 5 minute intervals 
were analysed for dermal thickness and fluid content as described 
above.

2.5 | NLO pilot reliability study

Ten people with no lymphoedema (NLO), eight females and two 
males, aged 17-54 years, provided sites on one upper and one lower 
limb each for ultrasound image capture. Six sites were imaged: dor-
sum of the foot, posterior mid-calf, posterior mid-thigh and dorsum 
of the hand, medial anterior forearm, a quarter of the way from wrist 
to medial epicondyle, and anterior upper arm, a quarter of the way 
from the medial epicondyle to the anterior edge of the acromion 
in the anatomical position. Ten images from both upper and lower 
limbs were randomly chosen for image analysis and consisted of ten 
images for fluid analysis and ten for thickness measure analysis.

2.6 | Statistical analysis

The intraclass correlation coefficient (ICC), used to assess intra-
rater or test-retest reliability, combines both correlation and agree-
ment.50,51 SPSS version 25 (IBM SPSS Statistics for Windows 2017) 
was used to calculate ICC, denoted ICC(3,1), using a two-way model 
(mixed effects), single score and absolute agreement.52

Both the ICC and the confidence intervals were considered in in-
terpretation of reliability scores. ICC values over .90 indicate excel-
lent reliability (repeatability), while .75 to .90 indicate good reliability 
and .50 to .75 moderate reliability.50,51 Where the confidence inter-
val extended below 0.75, even with a higher value ICC, the reliability 

F I G U R E  2   DermaScan C image showing edge detection line 
following area of low echogenicity and resultant “false” minimum 
skin thickness
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was rated as a range indicating the lower level (for example, an ICC of 
.92 with a lower level CI of 0.70 would be rated as good to excellent, 
not excellent).

Intraclass correlation coefficients (ICC) calculated for intra-rater 
reliability were good to excellent (CI: 0.836-0.998) (Table 1A) while 
inter-session reliability was lower, being generally moderate to good 
(Table 2).

2.7 | Pilot methodology modifications for PLO 
measurements

2.7.1 | Image capture

To enable more reproducible image capture, vertical lines were 
drawn on the screen of the monitor to assist visual vertical align-
ment of the epidermis for each image (checking that the probe is 
held perpendicular to the skin). A visual check of the screen marks 
against the image also highlighted discrepancies in the thickness 
of the gel.1,4 Site position reproduction accuracy is important as is 
standardisation of coupling gel thickness.2,22,41,53,54 Attention was 
paid to scraping excess gel from the probe surface as small varia-
tions in gel were seen to increase the gap between probe membrane 
and epidermal surface. Secondly, to ensure that the placement of the 
probe was consistent on the same site, instead of using pen markings 
on the skin, a small adhesive template was used, just big enough for 
the head of the probe.

Based on the NLO pilot, mode two gain profile level 16 (2/16) 
produced most images enabling edge detection of the sub-dermal 
boundary. However, as it was unclear whether the same would be 
true in participants with PLO, three gains were captured to enable 
the clearest image to be used for skin thickness measures. Images 
using the same gains were used for reliability analysis.

A set of four images using four different gain settings (comprising 
one to enable fluid measures (mode one, gain profile 13) and three 
for thickness measures: mode one, gain profile 19 and mode two 
gain profiles 16 and 19,) were taken three times at the same site, 
lifting the probe and re-applying gel between image capture; this 
provided data for the inter-session reliability analysis.

2.7.2 | Intra-rater reliability: Skin 
thickness measures

Repeated measures of skin thickness (comprising both epidermis 
and dermis) were taken on ten randomised images from ten lym-
phoedema (PLO) participants, (as per NLO participants), but with an 
amended measurement procedure. The central six millimetres of the 
full image length (12.1 mm) was used for edge detection (whereas 
the full length of the image had been used for those with NLO); this 
enabled a more consistent edge detection process than when includ-
ing the top and bottom of the image. Edge detection lines for both 
the outer surface of the epidermis and the sub-dermal boundary 
began on the scale line mark at 3.5 cm and finished at 9.5 cm; the 
minimum, maximum and mean distance between the two boundary 
lines were used for analysis.

2.7.3 | Intra-rater reliability: Dermal fluid 
content measures

Consistent with skin thickness analysis, the centre of the image 
was used for LO images to assess fluid content: a small stand-
ardised rectangle set by the DermaScan C software (Shape 
3:2.287931 mm2; previously Shape 1 with 6.894712 mm2 was used 
in NLO) was chosen as the Region of Interest (ROI). This ROI was 

TA B L E  1   Lymphoedema Reliability Study: Intra-rater reliability comparing outcomes from amended methodology of primary 
lymphoedema (PLO) with initial methodology in non-lymphedema (NLO) population

A. NLO reliability pilot B. PLO reliability pilot

Measure N ICC

Confidence 
interval

Result N ICC

Confidence 
interval

ResultLower Upper Lower Upper

Minimum distance 10 .951 0.868 0.986 Good-excellent 10 .997 0.992 0.999 Excellent

Maximum distance 10 .940 0.836 0.983 Good-excellent 10 .999 0.998 1.000 Excellent

Average distance 10 .962 0.898 0.990 Good-excellent 10 1.000 0.999 1.000 Excellent

Segmented area 
(mm)

10 .991 0.943 0.998 Excellent 10 .999 0.998 1.000 Excellent

Segmented area 
(pixels)

10 .991 0.943 0.998 Excellent 10 .999 0.998 1.000 Excellent

Total intensity 10 .993 0.966 0.998 Excellent 10 1.000 0.999 1.000 Excellent

Total intensity 
within range %

10 .989 0.925 0.998 Excellent 10 .997 0.991 0.999 Excellent

Note: Reliability rating based on ICC < .5 = Poor; Moderate: .5-.75; Good .75-.90 and Excellent > .90.
Abbreviation: ICC, Intraclass Correlation Coefficient.
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set around the centre of the vertical scale (at 6.5) and was aligned 
with the underside of the epidermis, with the edge of the ROI just 
brushing the line of brighter intensity of the epidermis, rather than 
a rectangle that stretched the whole length of the image (as used 
for those with NLO).

2.7.4 | Inter-session reliability

The reliability of image capture at intervals of approximately 5 min-
utes with the probe removed in between image capture was as-
sessed as for NLO. The procedure for dermal thickness and fluid 
content measurement from images was the same used in intra-rater 
reliability.

2.8 | Data cleaning

To check data entry, a random 15% of all data entered for NLO were 
double-checked with no errors found. For the PLO data, having 
twice the amount of data entered (measurement of both legs), dou-
ble data entry into Microsoft Excel (Microsoft, Washington, US) was 
used to check for errors.

3  | RESULTS

Ten people with primary lymphoedema of the lower limb provided 
ultrasound images. Images using mode one gain profile 13 and mode 
two gain profile 16 were used for fluid content and thickness meas-
ure analysis, respectively.

3.1 | Intra-rater reliability

Images from five people (two females aged three and thirteen; three 
males aged eight, eleven and thirty-four) provided measures using 
images from the foot and calf in affected and unaffected lower limbs. 
Intraclass correlation coefficients (ICC (3,1)) calculated for intra-rater 
reliability were good to excellent (95% confidence interval [95% CI]: 
0.991-1.000) (Table 1B).

3.2 | Inter-session reliability

Images were provided by four participants (a male aged 16 and three 
females, one aged 31 and two aged 40) from the foot and calf in af-
fected lower limbs. Inter-session reliability improved compared with 
NLO results, with good to excellent ICCs for mean thickness meas-
ures (95% CI: 0.809-0.980) and fluid measures (total intensity within 
range) (95% CI: 0.783-0.976) (Table 3).

Further analysis was undertaken with the data divided by site. 
While the analysis of intra-rater reliability in the PLO population 

shows reliability increased with technique improvements compared 
with the NLO population (Table 1A), the separation of PLO data into 
specific sites for fluid analysis (Table 4) resulted in slightly lower reli-
ability, although all higher than ICCs than in the NLO reliability study, 
and still all excellent.

However, inter-session reliability was not as high. In the NLO 
population, both fluid and thickness measures generally had good 
reliability (Table 2), although minimum thickness was moderate (ICC 
.667; CI 95% 0.543-0.772), as was the measure of the range rep-
resenting fluid within a specified area of the image. Technique im-
provements implemented in the PLO population increased the ICC 
generally from good to excellent (Table 3). However, when refining 
the data by site (Table 5), reliability became variable at specific sites 
in those with lymphoedema. Measures for fluid were generally good 
(ICC > .765) although again, the measure representing fluid within 
a specified area (“total intensity within range” represented by 0-30 
from the intensity range 0-255) was lower, particularly in the calf 
(ICC: .616, CI: 0.332-0.828). Measures from the foot however were 
good (ICC .811; CI: 0.623-0.922). The foot also had higher reliability 
for minimum and mean thickness measures than the calf.

4  | DISCUSSION

Future research and clinical use of high frequency ultrasound (HFU) 
would benefit from using a standardised method to allow compari-
son of outcomes from intervention studies and consistent descrip-
tion of the tissues of people with and without lymphoedema. The 
method described here was developed and piloted to reliably meas-
ure dermal thickness and fluid content in people with (PLO) and 
without primary lymphoedema (NLO).

4.1 | Device

Those using the DermaScan C are advised to develop their own skill 
by practice, there being “no formal training or education in dermato-
logical echography” Ref. 4, p.478 A training pathway with supporting 
manuals would assist in the reliable clinical and research use of this 
device. Key factors for good imaging are the situation and angle of 
the probe, the gain setting and the gel layer.4 Attention to these fac-
tors, particularly the use of a fixed gain setting, the addition of marks 
on the screen to monitor the verticality of the probe and the thick-
ness of the gel, improved the reliability of the capture and analysis of 
HFU images in this study, in assessing and comparing different body 
sites and different populations.

Images vary in brightness and in clarity of image at depth due to 
tissue properties (eg density), device properties (both fixed prop-
erties, eg frequency, and variable settings, eg time gain compen-
sation) and procedural differences (eg thickness of gel, angle of 
probe on the skin).4 The time gain compensation may be adjusted 
to allow for signals from those deep tissues to be intensified, mak-
ing up for the attenuation of echoes originating from deeper tissue 
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TA B L E  2   Non-lymphoedema Pilot: Inter-session Reliability

Measure N ICC

Confidence 
interval

Result

F Test with True Value 0

Lower Upper Value df1 df2 Sig

Minimum distance 59 .667 0.543 0.772 Moderate 7.034 58 116 0.000

Maximum distance 59 .784 0.692 0.857 Good 11.9 58 116 0.000

Average distance 59 .813 0.731 0.877 Good 13.897 58 116 0.000

Segmented area (mm) 57 .867 0.804 0.914 Good 20.631 56 112 0.000

Segmented area (pixels) 57 .867 0.804 0.914 Good 20.631 56 112 0.000

Total intensity 57 .890 0.836 0.930 Good 25.47 56 112 0.000

Total intensity within 
range %

57 .727 0.614 0.817 Moderate 8.889 56 112 0.000

Note: Reliability rating based on ICC < .5 = Poor; Moderate: .5-.75; Good .75-.90 and Excellent > .90.
Abbreviation: ICC, Intraclass Correlation Coefficient.

TA B L E  3   Primary Lymphoedema (PLO) Reliability Study: Inter-session reliability

Measure N ICC

Confidence 
interval

Result

F Test with True Value 0
Mean of 3 
means

Mean of 3 
variancesLower Upper Value df1 df2 Sig

Minimum 
distance

10 .881 0.705 0.966 Moderate to good 22.915 9 18 0.000 0.894 0.209

Maximum 
distance

10 .908 0.765 0.974 Good-excellent 29.866 9 18 0.000 1.469 0.210

Average distance 10 .929 0.809 0.980 Good-excellent 36.816 9 18 0.000 1.177 0.214

Segmented area 
(mm)

10 .917 0.786 0.977 Good-excellent 35.953 9 18 0.000 1.701 0.168

Segmented area 
(pixels)

10 .917 0.786 0.977 Good-excellent 35.953 9 18 0.000 2255.633 294 843

Total intensity 10 .892 0.693 0.970 Moderate to good 35.564 9 18 0.000 9.302 11.266

Total intensity 
within range %

10 .916 0.783 0.976 Good-excellent 36.164 9 18 0.000 6.466 1.818

Note: Images from two lymphoedema participants utilising two sites (dorsum foot and calf). Reliability rating based on ICC < .5 = Poor; Moderate: 
.5-.75; Good .75-.90 and Excellent > .90.
Abbreviation: ICC, Intraclass Correlation Coefficient.

Measure Site N ICC

Confidence interval

ResultLower Upper

Segmented area 
(mm)

Calf 10 .992 0.977 0.998 Excellent

Foot 10 .999 0.998 1.000 Excellent

Segmented area 
(pixels)

Calf 10 .992 0.977 0.998 Excellent

Foot 10 .999 0.998 1.000 Excellent

Total intensity Calf 10 .997 0.992 0.999 Excellent

Foot 10 1.000 1.000 1.000 Excellent

Total intensity 
within range %

Calf 10 .989 0.968 0.997 Excellent

Foot 10 .999 0.996 1.000 Excellent

Note: Reliability rating based on ICC < .5 = Poor; Moderate: .5-.75; Good .75-.90 and 
Excellent > .90. Image Analysis by site.
Abbreviation: ICC, Intraclass Correlation Coefficient.

TA B L E  4   Primary Lymphoedema (PLO) 
Reliability Study: Intra-rater Reliability 
(Specific to site)
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that occurs with high frequency. Attenuation can make echoes of 
the same echogenicity appear darker, if originating from deeper 
tissue.39,55 Given the time gain compensation may be altered to 
make images brighter, it is important to standardise this setting 
when making comparisons across anatomical sites, participants 
and repeated measures.39 Images used for assessment of dermal 
thickness require enough clarity for an edge to be seen, which 
software can detect, so that measurements can be made. When 
using HFU diagnostically, the ability to adjust settings (gain) in 
real time has allowed for visualisation of structures not otherwise 
clearly identifiable. A relatively high gain (mode four gain profile 
13, using the DermaScan C) was used for image capture to measure 
thickness in post-burn scars, which produce hypoechoic images.56 
However, when assessing change in tissue over time, or differences 
between populations, many factors may affect repeated scanning, 
with accurate repositioning and the gain settings being key fac-
tors. Previous studies utilising HFU vary, with the gain setting 
being adjusted if thickness measures are being assessed 42,43,53 or 
standardised if echogenicity is assessed.41 The importance of using 
the same specific gain settings for each site in each person in fol-
low-up images was stressed by Schou et al 7 in an investigation of 
changes in skin thickness in children over weeks of prednisolone 
use. Gel depth can also alter echogenicity of images by altering 
the distance sound travels; the DermaScan C has addressed this 
by adding a spacer to the head of the probe. However, where gel is 
applied non-uniformly and the gain requires adjustment for image 
clarity as a result, there is room for variation and technical error. 
Thickness measures rely on echogenicity thresholds for edge de-
tection in the DermaScan C software; therefore any device prop-
erty or method that affects echogenicity and attenuation including 

gain and gel depth would ideally be kept constant to reduce any 
potential source of error. Images used for fluid assessment rely 
on the echogenic properties of the tissue so the gain setting of 
the HFU needs to be constant if tissue properties are to be com-
pared with others.4 Determining what differences are due to tis-
sue change or true difference between populations, is central to a 
study of this nature.

4.2 | Population differences

Standardised settings become problematic where there is marked 
lower echogenicity due to tissue type, as in lymphoedematous 
skin.28 Ideally, the same settings should be used for comparison of 
dermal thickness between lymphoedematous skin and normal skin, 
but the low echogenicity of the dermis in lymphoedema means that 
the gain setting that produces acceptable images in normal dermis 
are too low to produce images in lymphoedematous dermis that pro-
vide clear depiction of the lower boundary of the dermis (and allow 
thickness measurements to be made). On the other hand, if settings 
are used that produce acceptable images in lymphoedema, (time gain 
compensation “turned up”), the resultant dermal image in healthy 
normal skin may be too bright (hyperechoic). Consequently, the low-
est gain setting that produced acceptable images in both was sought.

4.3 | Body site differences

Further, when comparing sites around the body, higher echogenic-
ity has been observed in limb skin than truncal skin in previous 

TA B L E  5   Primary lymphoedema (PLO): Inter-session reliability by site

Measure Site N ICC

Confidence 
Interval

ICC rating

F Test with True Value 0
Cronbach's 
alphaLower Upper Value df1 df2 Sig

Minimum distance Calf 16 .302 0.014 0.622 Poor 2.380 15 30 0.021 .580

Foot 16 .834 0.667 0.932 Good 15.606 15 30 0.000 .936

Maximum distance Calf 16 .864 0.722 0.945 Good 19.814 15 30 0.000 .950

Foot 16 .705 0.460 0.872 Moderate 7.940 15 30 0.000 .874

Average distance Calf 16 .321 0.032 0.637 Poor 2.522 15 30 0.015 .603

Foot 16 .838 0.673 0.934 Good 15.748 15 30 0.000 .936

Segmented area 
(mm)

Calf 16 .767 0.551 0.903 Good 12.289 15 30 0.000 .919

Foot 16 .887 0.765 0.955 Good 24.175 15 30 0.000 .959

Segmented area 
(pixels)

Calf 16 .767 0.551 0.903 Good 12.289 15 30 0.000 .919

Foot 16 .887 0.765 0.955 Good 24.175 15 30 0.000 .959

Total intensity Calf 16 .765 0.540 0.902 Good 12.709 15 30 0.000 .921

Foot 16 .872 0.737 0.949 Good 21.375 15 30 0.000 .953

Total intensity 
within range %

Calf 16 .616 0.332 0.828 Moderate 5.544 15 30 0.000 .820

Foot 16 .811 0.623 0.922 Good 13.071 15 30 0.000 .923

Note: Primary lymphoedema (PLO): Inter-session reliability by site. Reliability rating based on ICC < .5 = Poor; Moderate: .5-.75; Good .75-.90 and 
Excellent > .90. Abbreviation: ICC, Intraclass Correlation Coefficient.
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studies, prompting the gain to be altered to obtain images depict-
ing clear boundaries.23 Different echogenicity was evident accord-
ing to site during preparations for this current study, with proximal 
limb segments (upper arm and thigh) generally higher in echogenic-
ity than distal segments. Investigation, according to site however, 
exposed the variability of HFU images in some areas of the body. 
The reliability of measures from the posterior calf specifically rated 
far lower when analysed individually than when it was included 
with measures from all sites. A reason for this may be the vari-
able underside of the dermis (deep boundary), where “shadows” 
frequently appear in the calf image possibly representing veins 
(Figure 3). Generally, foot images were higher in intensity, except 
in lymphoedematous feet (Figure 4) where images were found to 
require a higher gain for accurate thickness measures to be taken; 
the presence of extra fluid in the dermis has been noted to dis-
rupt collagen fibres,41 resulting in less density, lower resolution and 
clarity in the image.57

In this study, reliability investigation of the capture and analy-
sis of HFU images, undertaken in people with no lymphoedema, led 
to improvements in technique which resulted in greater reliability 
in a dermal study in people with lymphoedema. Intra-rater reliability 
outcomes in the non-lymphoedema population were excellent, but 
thickness measures had lower confidence limits below 0.9. Ideally, 
excellent scores above 0.90 were sought for clinical measures. 
Methods amended for both image capture and image analysis fol-
lowing the NLO pilot outcomes, resulted in subsequent images taken 

from ten PLO participants showing improved intra-rater reliability, 
achieving “excellent” for all measures.

However, Inter-session reliability investigated by site showed 
relatively low ICC for images taken over the calf in the leg, raising 
questions as to the variability of the tissue itself, or if technical error 
occurred. Inter-session reliability analysis by site in the NLO popu-
lation may reveal whether this low reliability extends to both pop-
ulations or if it was specific to the PLO calf for repeated measures. 
Thickness measures had lower reliability than fluid measures; pos-
sible causes of this lower reliability may include the tissue respond-
ing differently to prolonged ultrasound transmission32 or the lower 
uniformity of the underside of the calf dermis, resulting in greater 
variability in echogenicity and the measurement line detecting that 
border curving inwards frequently.

4.4 | Limitations of this study

The reliability outcomes of this study are specific to the populations 
assessed, to one operator and to the DermaScan C; outcomes may 
not apply to other operators and other high frequency ultrasound 
devices. The number of images captured using different gains varied 
between participants, in order to investigate optimal gain settings. 
Repeated images for each type of reliability (inter-session in particu-
lar) were restricted to a subset of participants (as described in the 
Section 3).

5  | CONCLUSION

Known procedural factors in high frequency ultrasound image 
capture such as gain setting and operator technique such as gel 
thickness and probe angle affect dermal measures produced using 
the DermaScan C. Based on the pilot study in people with no 
lymphoedema, amended methods improved reliability in a subse-
quent study in the primary lymphoedema population. Reliability 
outcomes determining the repeatability of HFU measures in both 
these populations suggest that the time gain compensation and 
measurement method for thickness and echogenicity be speci-
fied by anatomical site in the method of ultrasound studies and 
particularly in the use of the DermaScan C. Further analysis of 
lymphoedematous images showed good to excellent intra-rater 
reliability in measurement of images and good inter-session reli-
ability for fluid measures.
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APPENDIX E ETHICS 

Ethics approved study documents 

The following documents were approved for use in the SkiPL study, copies of which are below 

1. Initial and final approval letters from RCH and Mercy Health and confidentiality agreement with Mt

Wilga Private Rehabilitation Hospital (Appendix E)

2. Protocol final version (8) dated 9th October 2019, outlining amendments. (Appendix F). Approved

extra study sites for data collection in Melbourne are in the appendix to the Study Protocol

(Appendix F.1)

3. Recruitment letters (Appendix G)

a. RCH/MCRI Victoria

b. Recruitment Letter Mercy Health Victoria

c. Letter to therapists advising of the study

d. Recruitment posters

e. Recruitment letters to organisations such as the Australasian Lymphology Association and

Lymphoedema Association of Victoria (consumer support group) with contact details form.

f. Tracing letter (RCH and Mercy Health versions)

g. Initial contact screening questionnaire (for both Primary Lymphoedema (PLO) and those

without lymphoedema (NLO). Those with no lymphoedema did not complete full

questionnaire.)

4. Participant information and consent forms (PICFs): RCH, Mercy Health and Sydney versions for each

a. Master adult PICF – Primary Lymphoedema

b. Master adult PICF – Non-Primary Lymphoedema

c. Master parent/guardian PICF – Primary Lymphoedema

d. Master parent/guardian PICF – non-Primary Lymphoedema

5. Data collection documents

a. Attendance questionnaire LEG – Primary Lymphoedema
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Appendix E.1 Ethics and Governance Approval: Royal Children’s Hospital, Melbourne 
Victoria 
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Appendix E.2 Ethics approval : Mercy Health 
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Mercy Hospitals Victoria Ltd  ACN 614 116 013  ABN 74 762 230 429 

Page 1 of 2 

16 April 2019 

Ms Jane Phillips 
PhD candidate 
Flinders University 
  

Dear Ms Phillips, 

Re: R16-67: Dermal composition and related measures: a comparison of people with 
and without primary lymphoedema. 

I am pleased to advise that at the Mercy Health Human Research Ethics Committee 
meeting held on 09 April 2019 your amendment request to this approved research was 
approved and endorsed by the committee.  

 In particular, the following is approved: 

Document Version Date 

Mercy Health Amendment Request Form 1 15 February 2019 

Mercy Health Tracing letter 2 15 February 2019 

RCH clinical trial protocol  7 02 July 2018 

In accordance with the NHMRC National Statement on Ethical Conduct in Human Research 
(2007), approval is subject to: 

• Immediate notification to the Administrative Officer, Human Research Ethics
Committee and sponsor, of any serious adverse effects on participants;

• Immediate notification of any unforeseen events that may affect the continuing
ethical acceptability of the project;

• Notification and reasons for ceasing the project prior to its expected date of
completion;

• The completion of a progress report annually for the duration of the project;
• Human Research Ethics Committee approval of any proposed modifications to the

project;
• The submission of a final report and papers published on completion of the project.

Mercy Hospitals Victoria Ltd 
Level 2, 12 Shelley Street 
Richmond Vic 3121 
Phone: +61 3 8416 7777 
Fax: +61 3 8416 7888 
mercyhealth.com.au 
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Page 2 of 2 

Please also note: 

• Consent Forms must be available for audit by the Human Research Ethics
Committee and retained for the period required by law;

• The Principal Investigator upon leaving the Institution must inform the Human
Research Ethics Committee as to the nominated person to replace him/her.

If you have any queries, please do not hesitate to contact Ms Natasha Rooney, 
Administrative Officer, Mercy Health Human Research Ethics Committee on 8458 4808 or 
email ethics@mercy.com.au.  

Yours sincerely, 

Mr Tim O’Leary 
Chair, Mercy Health Human Research Ethics Committee 
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Mt Wilga 
i3  Private Hospital 

Part of Ramsay Health Care 

Mt Wilga Private Hospital 
ABN 54 003 222 080 

66 Rosamond Street 

Hornsby NSW 2077 

Telephone: 02 9847 5000 

Facsimile: 02 9477 1253 

ANNEXURE A 	 mtwilgaprivate.com.au  

Dear Jane 

Confidentiality & Privacy Agreement 

You have been listed as a Clinical Research Representative as part of Dermal composition and 
related measures: response to pneumatic compression in people with and without primary 
lymphoedema trial  which is being run out of Facilities owned and operated by Mt Wilga Pty 

Limited trading as Mt Wilga Private Hospital ('the Hospital'), a member of the Ramsay 

Health Care Group ('Ramsay'). 

As part of the Clinical Trial Research Agreement (CTRA) between Flinders University and the 

Hospital, Representatives of the CTRA have agreed to comply with certain obligations of 

confidentiality, which extend to ensuring that you comply with these obligations of confidentiality, 

public liability and professional indemnity cover. 

The purpose of this letter is to ensure that you understand the expectations of Ramsay and the 

Hospital regarding its Confidential Information during your attendance at the hospital. 

Confidential Information means confidential information regarding or belonging to any person, 

including information regarding Ramsay, the Hospital, practitioners and patients, whether verbal, 

visual, written, electronic or in some other form relating to: 

(a) knowledge or information regarding the business transactions, affairs, property, policies, 

procedures or activities of Ramsay or the Hospital; 

(b) any intellectual property of the Hospital or Ramsay; 

(c) any document which is marked confidential or which you are advised or should reasonably 

be aware is confidential; 

(d) medical records or health information of any patient; and 

(e) personal information of any person. 

You acknowledge and agree that: 

1. 	You will not disclose to any third party, retain for your own records or use in any way, any 

Confidential Information of which you become aware of or which may come into your 

possession during your attendance at the Hospital for participation in the CTRA. This obligation 

does not extend to information which: 

(a) is, or becomes public knowledge that is not of your doing; or 

(b) is, or becomes available to you from a source other than Ramsay or other than through 

your attendance at the Hospital for participation in the Event. 

(c) is, or specifically related to the materials and information required to conduct the CTRA. 
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2. You will not, without the prior written consent of Ramsay, provide to any other person any 

Confidential Information, a copy of this document or disclose the contents of this document to 

any other person unless necessary to conform to all applicable laws and regulations. 

3. You agree to comply with Ramsay's privacy policy and all applicable laws which apply to patient 

health information or medical records, including laws of confidentiality and privacy. 

4. You will supply copies of Certificates of Currency and right to practice as a registered 

Physiotherapist to fulfil the requirements listed in the CRP agreement. 

Please indicate that you have read and accept these terms by signing and dating the attached copy 

of this letter along with evidence as stated in item 4 and returning these to the undersigned. 

Yours sincerely 

Lorrie Mohsen 

Chief Executive Officer 

Mt Wilga Private Hospital 

Acknowledgement 

I have read and accept the terms of this letter. 

Name: 

Employer: 

Address: 

 

 

 	  

 

  

ane .ei-,:uf‘ Fs 	 ectu eLL, 

01+1 /(lL 90 

Signature: 

Date: 
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APPENDIX G RECRUITMENT DOCUMENTS 

Appendix G.1 Recruitment Letter RCH 

Number/Street Name 

Suburb 

State/Postcode 

Date 

Dear Mr/Ms Surname 

Research Project Title: Skin in Primary Lymphoedema 

I am writing to let you know about a new research project that is taking place at [site] which you/ your child may be 
interested in participating. 

Why are you being asked? 

I am sending you this information because our records indicate you/your child may have primary lymphoedema and 
may be suitable to take part.  

What is the research about? 

Enclosed is an information statement and consent form describing the project.  The form explains the research in 
detail, including: 

• What the aims of the research are

• What is involved if you take part

• What the risks and benefits of participation are

• What happens to information collected and how confidentiality of information is protected

What do you need to do? 

Please take some time to read the information statement and consider taking part. 

Please call or email the research team to let them know if you are interested in taking part or you can sign the consent 
form and return it, along with the contact details form.   
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If the research team does not hear from you in the next 2 weeks, they will contact you to check you received this letter 
and tell you more about the project. 

Kind regards 

Dr Julian Kelly MBBS FRACP 
Consultant Paediatrician 
Department of General Medicine 
The Royal Children's Hospital 
Melbourne 
3 West Clinical Offices, 50 Flemington 
Road, Parkville 3052 
The Children's Private Medical Group 
Suite 3.3 48 Flemington Rd 
Parkville, 3052 
Ph: 9345 6688 

Jane Phillips 

Lymphoedema Physiotherapist 
PhD Candidate  
School of Health Sciences 
Flinders University 
The Children's Private Medical Group 
Suite 3.3 Level 3, 48 Flemington Road 
Parkville 3052    

Jane.phillips@flinders.edu.au  
Ph: 9345 6688

mailto:Jane.phillips@flinders.edu.au
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Appendix G.2 Recruitment Letter Mercy Health 

Mercy Health R_Letter V2 01022019 6 
Based on HREC/16/RCHM/136 V1 Dated 16/11/2016 

Number/Street Name 
Suburb 
State/Postcode 

Date 

Dear Mr/Ms Surname 

Research Project Title: Skin in Primary Lymphoedema 

I am writing to let you know about a new research project that is taking place at Murdoch Children’s 
Research Institute/ site which you/ your child may be interested in participating. 

Why are you being asked? 
I am sending you this information because you/your child may have primary lymphoedema and may be 
suitable to take part.  

What is the research about? 
Enclosed is an information statement and consent form describing the project.  The form explains the 
research in detail, including: 

• What the aims of the research are

• What is involved if you take part

• What the risks and benefits of participation are

• What happens to information collected and how confidentiality of information is protected

What do you need to do? 
Please take some time to read the information statement and consider taking part. 

Please call or email the research team to let them know if you are interested in taking part or you can sign 
the consent form and return it.   

If the research team does not hear from you in the next 2 weeks, they will contact you to check you 
received this letter and tell you more about the project. 

Kind regards 

Tanya Darrer 

Manager 

Mercy Health Lymphoedema Services 
Mercy Hospital for Women 
163 Studley Rd Heidelberg Vic 3084 
Ph: 03 8458 4156 

Jane Phillips 

Lymphoedema Physiotherapist 

PhD Candidate  
School of Health Sciences 
Flinders University 
at Murdoch Children’s Research Institute 
The Children's Private Medical Group 
Suite 3.3 Level 3, 48 Flemington Road 
Parkville 3052    

Jane.phillips@flinders.edu.au  
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Appendix G.3 Recruitment Letter to Therapists 

[Date] 

Primary lymphoedema and the skin 

My name is Jane Phillips; I’m a physiotherapist and lymphoedema therapist investigating 

the skin in primary lymphoedema –before and after compression. Lymphoedema clinical 

assessment tools will be investigated for correlation to the changes measured. 

Participants required 

I will be recruiting participants with primary lymphoedema from age 3 to 40 years old. As primary 

lymphoedema is not common, participants will be sought in three states in Australia, with measuring sites 

planned for Melbourne, Adelaide and Sydney. I will also need age and gender matched participants 

without lymphoedema, so plenty of scope for others to be involved! The study will start in Melbourne, 

with Sydney and Adelaide to follow. 

Why am I telling you this? What do I need? 

National ethical approval has been granted with HREC/16/RCHM/136. The 

information sheet and poster advertising the study are available to prospective 

participants. If you work in a clinic which sees people with primary lymphoedema, it would be appreciated 

if you could display a poster or provide the information sheet regarding the study to people with primary 

lymphoedema who may be eligible or interested. Participants will need attend only once, for about three 

hours, for measures to be taken, before and after a session with pneumatic compression. 

If you know people with primary lymphoedema and may be able to help spread the information regarding 

this study, please provide copies of the poster and participant information sheet and consent form, 

(attached) or for further information, please contact me:  

Jane Phillips 
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 jane.phillips@flinders.edu.au 

With thanks, 

Jane Phillips 

PhD Candidate Flinders University 

Lymphoedema Physiotherapist 

mailto:jane.phillips@flinders.edu.au
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President < Date > 
Lymphoedema Support Groups NSW / SA/ Lymphoedema Association of Victoria/Rotary Health 

Dear [     ], 

My name is Jane Phillips and I am a PhD candidate at Flinders University. My research project is 
investigating the differences in the skin before and after compression, in children and adults with and 
without primary lymphoedema. Information from this study will contribute to the development of 
treatment guidelines for children with lymphoedema and as well, contribute to our understanding of 
changes with compression for people with lymphoedema.  

< Remove for organisations familiar with lymphoedema: Primary lymphoedema occurs from birth or in 
childhood from an inherited or congenital predisposition, and is not as common as lymphoedema from 
secondary causes such as cancer. (However it is now postulated that the occurrence of secondary 
lymphoedema in some people and not others may be due to a primary disposition. This research will have 
useful application for both primary and secondary lymphoedema. )> 
Ethical review and approval under National Mutual Acceptance through the National Ethics Application 
Form (NEAF) has been provided by the Human Research Ethics Committee at Royal Children’s Hospital 
Melbourne (HREC/16/RCHM/136). 

I am seeking people with primary lymphoedema between the ages of 3 and 40 years old who may be able 
to spare time for one visit involving about three hours to participate in this study. The visit would involve 
having the skin measured, before and after having some compression applied. 

As people with primary lymphoedema are not easy to find, I ask your help in disseminating information 
regarding this study to people with primary lymphoedema. You may know or have access to people with 
primary lymphoedema, through a regular newsletter or other publication. I have attached the Poster 
advertising the study; your assistance in providing this information to potential participants would be most 
appreciated. 

For further information, please contact me:  
Jane Phillips jane.phillips@flinders.edu.au 

Thank you for your consideration, 

Kind regards 

Jane 

Jane Phillips 
PhD Candidate  
School of Health Sciences 
Flinders University 
Jane.phillips@flinders.edu.au 

mailto:jane.phillips@flinders.edu.au
mailto:Jane.phillips@flinders.edu.au
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Contact Details (please complete and return with signed consent form) 

 Name : 

Address: 

Home phone: 

Mobile : 

Email: 

Preferred time for contact: 
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APPENDIX H  
PARTICIPANT INFORMATION AND CONSENT FORMS 

Appendix H.1 Master Adult Primary Lymphoedema 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Principal Researcher: Ms Jane Phillips 

Version Number:  3 Version 
Date: 

10/10/2017 

Thank you for taking the time to read this Participant Information Statement and Consent Form 

(Lymphoedema Group).  We would like to invite you to participate in a research project that is explained 

below.   

This document is 5 pages long.  Please make sure you have all the pages. 

What is an Information Statement? 

These pages tell you about the research project.  It explains to you clearly and openly all the steps and 

procedures of the project.  The information is to help you to decide whether or not you would like to take 

part in the research.  Please read this Information Statement carefully. 

Before you decide to take part or not, you can ask us any questions you have about the project.  You may 

want to talk about the project with your family, friends or health care worker.   

Important things you need to know 

• It is your choice whether or not you take part in the research. You do not have to agree if you do not
want to

• If you decide you do not want to take part, it will not affect the treatment and care you get at <site >

Add institution logo 
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If you would like to take part in the research project, please sign the consent form at the end of this 

information statement.  By signing the consent form you are telling us that you:   

• understand what you have read

• had a chance to ask questions and received satisfactory answers

• consent to taking part in the project

We will give you a copy of this information and consent form to keep. 

1. What is the research project about?

Primary Lymphoedema is a rare condition which can occur in some children and adults. It is characterized 

by swelling of the limbs. We do not know how often it occurs in Australia. Currently, the standard 

treatment is to manage the risk of skin infection (that can happen with swelling) and reduce swelling with 

exercise, massage and compression.  We do not know how the skin responds to compression or the best 

way to measure it. 

This project aims to compare the skin of children, young people and adults aged between 3-40 years old, 

with and without lymphoedema, before and after a compression treatment is applied. This will provide 

information to help provide better management of lymphoedema and to help development of 

lymphoedema treatment guidelines for children. 

It is hoped a total of 100 people will take part in this research. 

2. Who is funding this research project?

The research is being conducted by Jane Phillips, as part of her PhD thesis, supported by Flinders 

University, South Australia. The project will take place at hospitals in Melbourne, Adelaide and Sydney. 

3. Why am I being asked to be in this research project?

We are asking you because you have primary lymphoedema and are aged between 3 and 40 years of age.  

We are also looking for people without lymphoedema to take part in this study as well. This is because it is 

important to know what is normal. People without lymphoedema are not usually tested in this way, 

especially young people and children. 

We are asking you if you could “bring a buddy”: invite an unaffected friend to take part too.  If you have a 

friend of the same age, please tell them about the study and ask them to contact us for more information. 

(Principal Researcher: Jane Phillips) 

If this is not possible, we would still very much like you to take part. However, it is important for the study 

to have people with no lymphoedema as well. 

4. What do I need to do in this research project?
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We would like you to attend an appointment at <insert site name>.  This appointment will take up to three 

hours to complete and will be organised at a time that suits you best.  The appointment involves some 

assessment procedures and a compression treatment. 

Assessment Procedures 

We will complete the following procedures before you are given the compression treatment: 

• Ask you to visit the bathroom to empty your bladder before we complete any procedures

• Measure your height, weight and skin temperature

• Ask you to lie on a bed for 20 minutes to allow your body to adjust before taking some ultrasound

pictures.  You will need to remove any compression garment you are wearing.  We will cover your

affected arm or leg with a towel except while measuring

• Ask you some questions during this 20 minute adjustment time, including what is your preferred hand

or leg, and how you manage the lymphoedema on a day-to-day basis

• Take ultrasound pictures of three different places on your arms or legs

• Following the ultrasound we will measure:

1. Around your arms or legs using a tape measure

2. How much the skin pushes back using a small machine called an Indurometer. This rests on your

arm or leg and presses on the skin

3. How stretchy your skin is by using an elasticity measure, which has a tiny cup that sucks on the skin

4. How much moisture or water there is in the skin using a moisture meter

5. The amount of water in the arm or leg by doing a Bioimpedance test. This involves placing some

sticky patches in different places on your arms and legs.

Compression Treatment 

We will massage (called manual lymphatic drainage) your armpits, the top of your legs and your trunk for 

approximately five minutes.  

We will use an Intermittent Pneumatic Compression (IPC) device on your affected arm or leg.  This 

treatment will take about 50 minutes to complete.  This is a standard treatment for lymphoedema and is 

sometimes used to treat swelling related to sports injuries. An air-filled sleeve will apply waves of 

compression, in the same pattern as lymphatic massage is given. This will feel like gentle pressing on the 

leg or arm, starting at the top (thigh or arm) and gradually will include the hand or foot. The pressing is 

usually on for about 30 seconds, and then off for about 10 seconds. This will continue for about 40 

minutes. 

Following the compression treatment, we will repeat all the assessment procedures, as described above. 

Other important information 

Before the appointment, please ensure you: 

• Do not exercise for two hours

• Do not drink any caffeine (coffee or tea, sports drinks such as Red Bull or cola) for two hours
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• Do not drink alcohol (if applicable) for 12 hours

• Do not apply moisturizer to your skin on the day of the appointment

• Wear light, loose-fitting clothing (such as t-shirt and tracksuit pants)

• Brings something to do while lying down, such as:

- a book

- an iPod with music to listen to

- an iPad with a movie to watch.

Bring a buddy 

We are also looking for people without lymphoedema to take part in this study as well. We are asking you 

if you could “bring a buddy”: invite a friend to take part in this study too.  If you have a friend of the same 

age, please tell them about the study and ask them to contact us for more information. (Principal 

Researcher contact details are at the end of this section).  

5. Can I withdraw from the project?

If you give your consent and change your mind, you can withdraw from the project. You do not need to tell 

us the reason why you want to stop being in the project.  If you leave the project, we will use any 

information already collected unless you tell us not to. 

6. What are the possible benefits for me and other people in the future?

This project may give you some benefits. We will give you a copy of your results with your individual 

measures before and after compression treatment. This information may help you to manage your 

lymphoedema and could be useful if you wish to share the information with other health professionals in 

the future. 

If you have not had compression treatment before, it may help your condition.  If you would like more 

information on how to access this treatment after you have completed the research project, please ask us. 

We hope the information we get will benefit others in the future, by giving therapists more information for 

managing lymphoedema in both children and adults as well as helping to form treatment guidelines.  

7. What are the possible risks, side-effects, discomforts and/or inconveniences?

None of the measurements should hurt or cause discomfort. If you are uncomfortable, please tell us. You 

will have a towel to cover you and we will only uncover the areas near your ankle and knee or your arm 

where measurements are taken. You will be monitored during the compression treatment and a bell will 

be available for you to use if our attention is needed.  

Measurement and treatment time will take 2 ½ -3 hours, during which time you will need to lie still for a 

few minutes at a time while measures are recorded. In between, while we set up each new measure, you 

will be able to wriggle. During the compression treatment, lying still is preferable, for approximately 40 

minutes, which is when a game, book or other entertainment device could be useful. A bookstand which 
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may assist in holding devices or books will be available. (If you bring an electronic game, please consider if 

it can be played lying down, or, if you will need both hands available to play it with, as you might not have 

the use of both arms all the time during measures and treatment.  You can check this with us before you 

agree to participate.) 

Taking part in this study may cause some inconvenience as it needs approximately 2 ½ to 3 hours of your 

time. Appointments will be made for a time that suits you best, and out-of- business hours and weekends 

will be available wherever possible.  We will pay for parking costs at the <insert site name>.  You will be 

given a Hush Foundation CD as a thank you for taking part in the research project. 

8. What will be done to make sure my information is confidential?

Any information we collect that can identify you will be treated as confidential.  It will be used only in this 

project, unless otherwise specified.  We can disclose the information only with your permission, except as 

required by law. 

All information will be stored securely in the School of Health Sciences at Flinders University. The results 

will be kept until the youngest participant is 25 years old.  The research information may be destroyed or 

kept indefinitely in secure storage after this time. The only people who can access this information are the 

research team involved with this project and members of the Human Research Ethics Committee.  

The stored information will be re-identifiable.  This means that we will remove identifying information such 

as your name and give the information a special code number.  Only the research team can match your 

name to your code number, if it is necessary to do so.  

In accordance with relevant Australian and/or <insert applicable state name> privacy and other relevant 

laws, you have the right to access and correct the information we collect and store about you.  Please 

contact us if you would like to access this information. 

At the end of the study, results may be presented at conferences or published in medical journals.  This will 

be done in such a way that you cannot be identified. The results of this research will be used by Jane 

Phillips as part of her PhD thesis requirements. 

9. Will we be informed of the results when the research project is finished?

We will send you a summary of group results at the end of the study. The summary will be of the whole 

group of research study participants, not individual results.   

10. Who should I contact for more information?

If you would like more information about the project or if you need to speak to a member of the research 

team in an emergency please contact: 
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Name: Jane Phillips  

Email: jane.phillips@flinders.edu.au 

If you have any concerns and/or complaints about the project, the way it is being conducted or 

your child’s rights as a research participant, and would like to speak to someone independent of 

the project, please contact: Director, Research Ethics & Governance, The Royal Children’s Hospital 

Melbourne on telephone: (03) 9345 5044. 

mailto:jane.phillips@flinders.edu.au
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CONSENT FORM 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Version Number:   3 Version Date:  10/10/2017 

• I have read, or had read to me in my first language, the information statement version listed above and

I understand its contents.

• I believe I understand the purpose, extent and possible risks of my involvement in this project.

• I voluntarily consent to take part in this research project.

• I have had an opportunity to ask questions and I am satisfied with the answers I have received.

• I understand that this project has been approved by The Royal Children’s Hospital Melbourne Human

Research Ethics Committee and will be carried out in line with the National Statement on Ethical

Conduct in Human Research (2007) - including all updates.

• I understand I will receive a copy of this Information Statement and Consent Form.

Participant Name Participant Signature Date 

Declaration by researcher: I have explained the project to the participant who has signed above, and 

believe that they understand the purpose, extent and possible risks of their involvement in this project. 

Research Team Member Name Research Team Member 

Signature 

Date 

Note: All parties signing the Consent Form must date their own signature. 
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Appendix H.2 Master Adult Non-Lymphoedema PICF 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Principal Researcher: Ms Jane Phillips  

Version Number: 3 Version Date:  10/10/2017 

Thank you for taking the time to read this Participant Information Statement and Consent Form (Non-

Lymphoedema Group).  We would like to invite you to participate in a research project that is explained 

below.   

This document is 5 pages long.  Please make sure you have all the pages. 

What is an Information Statement? 

These pages tell you about the research project.  It explains to you clearly and openly all the steps and 

procedures of the project.  The information is to help you to decide whether or not you would like to take 

part in the research.  Please read this Information Statement carefully. 

Before you decide to take part or not, you can ask us any questions you have about the project.  You may 

want to talk about the project with your family, friends or health care worker.   

Important things you need to know 

• It is your choice whether or not you take part in the research. You do not have to agree if you do not

want to

• If you decide you do not want to take part, it will not affect any treatment and care you get at <site >

If you would like to take part in the research project, please sign the consent form at the end of this 

information statement.  By signing the consent form you are telling us that you:   

• understand what you have read

• had a chance to ask questions and received satisfactory answers

• consent to taking part in the project

Add institution logo 
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We will give you a copy of this information and consent form to keep. 

1. What is the research project about?

Primary Lymphoedema is a rare condition which can occur in some children and adults. It is characterized 

by swelling of the limbs. We do not know how often it occurs in Australia. Currently, the standard 

treatment is to manage the risk of skin infection (that can happen with swelling) and reduce swelling with 

exercise, massage and compression.  We do not know how the skin responds to compression or the best 

way to measure it. 

This project aims to compare the skin of children, young people and adults aged between 3-40 years old, 

with and without lymphoedema, before and after a compression treatment is applied. This will provide 

information to help provide better management of lymphoedema and to help development of 

lymphoedema treatment guidelines for children. 

It is hoped a total of 100 people will take part in this research. 

2. Who is funding this research project?

The research is being conducted by Jane Phillips, as part of her PhD thesis, supported by Flinders 

University, South Australia. The project will take place at hospitals in Melbourne, Adelaide and Sydney. 

3. Why am I being asked to be in this research project?

We are asking you because you do NOT have lymphoedema and are aged between 3 and 40 years of age. 

4. What do I need to do in this research project?

We would like you to attend an appointment at <insert site name>.  This appointment will take up to three 

hours to complete and will be organised at a time that suits you best.  The appointment involves some 

assessment procedures and a compression treatment. 

Assessment Procedures 

We will complete the following procedures before you are given the compression treatment: 

• Ask you to visit the bathroom to empty your bladder before we complete any procedures

• Measure your height, weight and skin temperature

• Ask you to lie on a bed for 20 minutes to allow your body to adjust before taking some ultrasound

pictures.  We will cover your arm or leg with a towel, except while measuring

• Ask you some questions during this 20-minute adjustment time, including what is your preferred hand

or leg
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• Take ultrasound pictures of three different places on your arms or legs

• Following the ultrasound, we will measure:

1. Around your arm or leg using a tape measure

2. How much the skin pushes back using a small machine called an Indurometer. This rests on your

arm or leg and presses on the skin

3. How stretchy your skin is by using an elasticity measure, which has a tiny cup that sucks on the skin

4. How much moisture or water there is in the skin using a moisture meter

5. The amount of water in the arm or leg by doing a Bioimpedance test. This involves placing some

sticky patches in different places on your arms and legs.

Compression Treatment 

We will massage (called manual lymphatic drainage) your armpits, the top of your legs and your trunk for 

approximately five minutes.  

We will use an Intermittent Pneumatic Compression (IPC) device on your arm or leg.  This treatment will 

take about 50 minutes to complete.  This is a standard treatment for lymphoedema and is sometimes used 

to treat swelling related to sports injuries. An air-filled sleeve will apply waves of compression, in the same 

pattern as lymphatic massage is given. This will feel like gentle pressing on the leg or arm, starting at the 

top (thigh or arm) and gradually will include the hand or foot. The pressing is usually on for about 30 

seconds, and then off for about 10 seconds. This will continue for about 40 minutes. 

Following the compression treatment, we will repeat all the assessment procedures, as described above. 

Other important information 

Before the appointment, please ensure you: 

• Do not exercise for two hours

• Do not drink any caffeine (coffee or tea, sports drinks such as Red Bull or cola) for two hours

• Do not drink alcohol (if applicable) for 12 hours

• Do not apply moisturizer to your skin on the day of the appointment

• Wear light, loose-fitting clothing (such as t-shirt and tracksuit pants)

• Brings something to do while lying down, such as:

- a book

- an iPod with music to listen to

- an iPad with a movie to watch.

5. Can I withdraw from the project?

If you give your consent and change your mind, you can withdraw from the project. You do not need to tell 

us the reason why you want to stop being in the project.  If you leave the project, we will use any 

information already collected unless you tell us not to. 



6. What are the possible benefits for me and other people in the future?

There are no clear benefits for those without lymphoedema. We will give you a copy of your results with 

your individual measures before and after compression treatment, which you might find interesting.  

We hope the information we get will benefit others in the future, by giving therapists more information for 

managing lymphoedema in both children and adults as well as helping to form treatment guidelines. This 

project will also provide information about the skin after compression for the general community, which 

will be of interest to therapists who use compression for travel or sporting purposes (recovery). 

7. What are the possible risks, side-effects, discomforts and/or inconveniences?

None of the measurements should hurt or cause discomfort. If you are uncomfortable, please tell us. You 

will have a towel to cover you and we will only uncover the areas near your ankle and knee or your arm 

where measurements are taken. You will be monitored during the compression treatment and a bell will 

be available for you to use if our attention is needed.  

Measurement and treatment time will take 2 ½ -3 hours, during which time you will need to lie still for a 

few minutes at a time while measures are recorded. In between, while we set up each new measure, you 

will be able to wriggle. During the compression treatment, lying still is preferable, for approximately 40 

minutes, which is when a game, book or other entertainment device could be useful. A bookstand which 

may assist in holding devices or books will be available.  

(If you bring an electronic game, please consider if it can be played lying down, or, if you will need both 

hands available to play it with, as you might not have the use both arms all the time during measures and 

treatment. You can check this with us before you agree to participate.  

Taking part in this study may cause some inconvenience as it needs approximately 2 ½ to 3 hours of your 

time. Appointments will be made for a time that suits you best, and out-of- business hours and weekends 

will be available wherever possible.  We will pay for parking costs at the <insert site name>.  You will be 

given a Hush Foundation CD as a thank you for taking part in the research project. 

8. What will be done to make sure my information is confidential?

Any information we collect that can identify you will be treated as confidential.  It will be used only in this 

project, unless otherwise specified.  We can disclose the information only with your permission, except as 

required by law. 

All information will be stored securely in the School of Health Sciences at Flinders University. The results 

will be kept until the youngest participant is 25 years old.  The research information may be destroyed or 

kept indefinitely in secure storage after this time. The only people who can access this information are the 

research team involved with this project and members of the Human Research Ethics Committee.  

The stored information will be re-identifiable.  This means that we will remove identifying information such 
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as your name and give the information a special code number.  Only the research team can match your 

name to your code number, if it is necessary to do so.  

In accordance with relevant Australian and/or <insert applicable state name> privacy and other relevant 

laws, you have the right to access and correct the information we collect and store about you.  Please 

contact us if you would like to access this information. 

At the end of the study, results may be presented at conferences or published in medical journals.  This will 

be done in such a way that you cannot be identified. The results of this research will be used by Jane 

Phillips as part of her PhD thesis requirements. 

9. Will we be informed of the results when the research project is finished?

We will send you a summary of group results at the end of the study. The summary will be of the whole 

group of research study participants, not individual results.   

10. Who should I contact for more information?

If you would like more information about the project or if you need to speak to a member of the research 

team in an emergency please contact: 

Name: Jane Phillips  

Email: jane.phillips@flinders.edu.au 

If you have any concerns and/or complaints about the project, the way it is being conducted or 

your rights as a research participant, and would like to speak to someone independent of the 

project, please contact: Director, Research Ethics & Governance, The Royal Children’s Hospital 

Melbourne on telephone: (03) 9345 5044. 

mailto:jane.phillips@flinders.edu.au
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CONSENT FORM 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Version Number:    3 Version Date:  10/10/2017 

• I have read, or had read to me in my first language, the information statement version listed above and

I understand its contents.

• I believe I understand the purpose, extent and possible risks of my involvement in this project.

• I voluntarily consent to take part in this research project.

• I have had an opportunity to ask questions and I am satisfied with the answers I have received.

• I understand that this project has been approved by The Royal Children’s Hospital Melbourne Human

Research Ethics Committee and will be carried out in line with the National Statement on Ethical

Conduct in Human Research (2007) - including all updates.

• I understand I will receive a copy of this Information Statement and Consent Form.

Participant Name Participant Signature Date 

Declaration by researcher: I have explained the project to the participant who has signed above, and 

believe that they understand the purpose, extent and possible risks of their involvement in this project. 

Research Team Member Name Research Team Member 

Signature 

Date 

Note: All parties signing the Consent Form must date their own signature. 
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Appendix H.3 Master Parent Guardian Lymphoedema PICF 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema     (Lymphoedema Group) 

Principal Researcher: Ms Jane Phillips 

Version Number: 2 Version 

Date: 

 03/10/2017 

Thank you for taking the time to read this Parent/Guardian Information Statement and Consent Form.  

We would like to invite your child to participate in a research project that is explained below.   

This document is 5 pages long.  Please make sure you have all the pages. 

What is an Information Statement? 

These pages tell you about the research project.  It explains to you clearly and openly all the steps and 

procedures of the project.  The information is to help you decide whether or not you would like your child 

to take part in the research.  Please read this Information Statement carefully. 

Before you decide if you want your child to take part or not, you can ask us any questions you have about 

the project.  You may want to talk about the project with your family, friends or health care worker.   

Important things you need to know 

• It is your choice whether or not your child can take part in the research. You do not have to agree if you

do not want to

• If you decide you do not want your child to take part, it will not affect the treatment and care your

child gets at < site >

If you would like your child to take part in the research project, please sign the consent form at the end of 

this information statement.  By signing the consent form you are telling us that you:   

• understand what you have read

Add institution logo 
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• had a chance to ask questions and received satisfactory answers

• consent to your child taking part in the project

We will give you a copy of this information and consent form to keep. 

1. What is the research project about?

Primary Lymphoedema is a rare condition which can occur in some children and adults.  It is characterised 

by swelling of the limbs. We do not know how often it occurs in Australia. Currently, the standard 

treatment is to manage the risk of skin infection (that can happen with swelling) and reduce swelling with 

exercise, massage and compression.  We do not know how the skin responds to compression or the best 

way to measure it. 

This project aims to compare the skin of children, young people and adults aged between 3-40 years old, 

with and without lymphoedema, before and after a compression treatment is applied. This will provide 

information to help provide better management of lymphoedema and to help development of 

lymphoedema treatment guidelines for children. 

It is hoped a total of 100 people will take part in this research. 

2. Who is funding this research project?

The research is being conducted by Jane Phillips, as part of her PhD thesis, supported by Flinders 

University, South Australia. The project will take place at hospitals in Melbourne, Adelaide and Sydney. 

3. Why is my child being asked to take part?

We are asking your child because they have primary lymphoedema and is aged between 3 and 18 years 

old. We are also looking for children and young adults without lymphoedema to take part in this study as 

well. This is because it is important to know what is normal. People without lymphoedema are not usually 

tested in this way, especially young people and children. 

We are asking if your child could “bring a buddy”: invite a friend to take part too.  If your child has a friend 

of the same age, please tell them about the study and ask them to contact us for more information. 

(Principal Researcher: Jane Phillips, mobile 0418 104 690) 

If this is not possible, we would still very much like your child to take part. However, it is important for the 

study to have people with no lymphoedema as well. 

4. What does my child need to do in this research project?

We would like your child to attend an appointment at <insert site name>.  This appointment will take up to 

three hours to complete and will be organised at a time that suits you best.  The appointment involves 

some assessment procedures and a compression treatment. 
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Assessment Procedures 

We will complete the following procedures before your child is given the compression treatment: 

• Ask your child to visit the bathroom to empty their bladder before we complete any procedures

• Measure your child’s height, weight and skin temperature

• Get your child to lie on a bed for 20 minutes to allow their body to adjust before taking some

ultrasound pictures.  Your child will need to remove any compression garment they are wearing.  We

will cover their affected arm or leg with a towel except while measuring

• Ask your child some questions during this 20-minute adjustment time, including what is their preferred

hand or leg, and how they manage the lymphoedema on a day-to-day basis

• Take ultrasound pictures of three different places on their arms or legs

• Following the ultrasound we will measure:

1. Around their arms or legs using a tape measure

2. How much the skin pushes back using a small machine called an Indurometer. This rests on your

child’s arm or leg and presses on the skin

3. How stretchy their skin is by using an elasticity measure, which has a tiny cup that sucks on the skin

4. How much moisture or water there is in the skin using a moisture meter

5. The amount of water in the arm or leg by doing a Bioimpedance test. This involves placing some

sticky patches in different places on their arms and legs.

Compression Treatment 

We will massage (called manual lymphatic drainage) your child’s armpits, the top of their legs and their 

trunk for approximately five minutes.  

We will use an Intermittent Pneumatic Compression (IPC) device on your child’s affected arm or leg.  This 

treatment will take about 50 minutes to complete.  This is a standard treatment for lymphoedema and is 

sometimes used to treat swelling related to sports injuries. An air-filled sleeve will apply waves of 

compression, in the same pattern as lymphatic massage is given. This will feel like gentle pressing on the 

leg or arm, starting at the top (thigh or arm) and gradually will include the hand or foot. The pressing is 

usually on for about 30 seconds, and then off for about 10 seconds. This will continue for about 40 

minutes. 

Following the compression treatment, we will repeat all the assessment procedures, as described above. 

Other important information 

Before the appointment, please ensure your child: 

• Does not exercise for two hours

• Does not drink any caffeine (coffee or tea, sports drinks such as Red Bull or cola) for two hours
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• Does not drink alcohol (if applicable) for 12 hours

• Does not apply moisturizer to their skin on the day of the appointment

• Wears light, loose-fitting clothing (such as t-shirt and tracksuit pants)

• Brings something to do while lying down, such as:

- a book

- an iPod with music to listen to

- an iPad with a movie to watch.

Bring a buddy 

We are also looking for children without lymphoedema to take part in this study as well. If your child has a 

friend, particularly if they are of the same age, please tell them about the study and ask their parent or 

guardian to contact us for more information. (Principal Researcher contact details are at the end of this 

section).  

5. Can my child withdraw from the project?

If you give your consent and change your mind, your child can withdraw from the project. You do not need 

to tell us the reason why you or your child want to stop being in the project.  If your child leaves the 

project, we will use any information already collected unless you tell us not to.  

6. What are the possible benefits for my child and other people in the future?

This project may give your child some benefits. We will give you a report with your child’s individual 

measures before and after compression treatment. This information may help you and your child to 

manage their lymphoedema; and could be useful if you wish to share the information with other health 

professionals in the future. 

If your child has not had compression treatment before, it may help your child’s condition.  If you would 

like more information on how to access this treatment after your child has completed the research project, 

please ask us.  

We hope the information we get will benefit others in the future, by giving therapists more information for 

managing lymphoedema in both children and adults as well as helping to form treatment guidelines.  

7. What are the possible risks, side-effects, discomforts and/or inconveniences?

None of the measurements should hurt or cause discomfort. If you think your child is uncomfortable, 

please tell us. Your child will have a towel to cover them and we will only uncover the areas near their 

ankle and knee or their arm where measurements are taken. Your child will be monitored during the 

compression treatment and a bell will be available for you to use if our attention is needed.  

Measurement and treatment time will take 2 ½ -3 hours, during which time your child will need to lie still 

for a few minutes at a time while measures are recorded. In between, while we set up each new measure, 

they will be able to wriggle. During the compression treatment, lying still is preferable, for approximately 

40 minutes, which is when a game, book or other entertainment device could be useful. A bookstand 
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which may assist in holding devices or books will be available. . 

(If you bring an electronic game, please consider if it can be played lying down, or, if the child will need 

both hands available to play it with, as the child might not have the use of both arms all the time during 

measures and treatment. You can check this with us before you agree to your child participating.)  

Taking part in this study may cause some inconvenience as it needs approximately 2.5 to 3 hours of your 

time. Appointments will be made for a time that suits you best, and out-of- business hours and weekends 

will be available wherever possible.  We will pay for parking costs at the <insert site name>.  Your child will 

be given a Hush Foundation CD as a thank you for taking part in the research project. 

8. What will be done to make sure my child’s information is confidential?

Any information we collect that can identify your child will be treated as confidential.  It will be used only 

in this project, unless otherwise specified.  We can disclose the information only with your permission, 

except as required by law. 

All information will be stored securely in the School of Health Sciences at Flinders University. The results 

will be kept until the youngest participant is 25 years old.  The research information may be destroyed or 

kept indefinitely in secure storage after this time. The only people who can access this information are the 

research team involved with this project and members of the Human Research Ethics Committee.  

The stored information will be re-identifiable.  This means that we will remove identifying information such 

as your child’s name and give the information a special code number.  Only the research team can match 

your child’s name to their code number, if it is necessary to do so.  

In accordance with relevant Australian and/or <insert applicable state name> privacy and other relevant 

laws, you have the right to access and correct the information we collect and store about your child.  

Please contact us if you would like to access this information. 

At the end of the study, results may be presented at conferences or published in medical journals.  This will 

be done in such a way that your child cannot be identified. The results of this research will be used by Jane 

Phillips as part of her PhD thesis requirements. 

9. Will we be informed of the results when the research project is finished?

We will send you a summary of group results at the end of the study. The summary will be of the whole 

group of research study participants, not individual results.   

10. Who should I contact for more information?

If you would like more information about the project or if you need to speak to a member of the research 

team in an emergency please contact: 

Name: Jane Phillips 
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 Email: jane.phillips@flinders.edu.au 

If you have any concerns and/or complaints about the project, the way it is being conducted or your child’s 

rights as a research participant, and would like to speak to someone independent of the project, please 

contact: Director, Research Ethics & Governance, The Royal Children’s Hospital Melbourne on telephone: 

(03) 9345 5044.

mailto:jane.phillips@flinders.edu.au


CONSENT FORM 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Version Number: 2 Version Date:  03/10/2017 

• I have read, or someone has read to me in a language that I understand, the information statement

version listed above and I understand its contents.

• I believe I understand the purpose, extent and possible risks of my child’s involvement in this project.

• I voluntarily consent for my child to take part in this research project.

• I have had an opportunity to ask questions and I am satisfied with the answers I have received.

• I understand that this project has been approved by The Royal Children’s Hospital Melbourne Human

Research Ethics Committee and will be carried out in line with the National Statement on Ethical

Conduct in Human Research (2007) – including all updates.

• I understand I will receive a copy of this Information Statement and Consent Form.

Child’s Name 

Parent/Guardian Name Parent/Guardian Signature Date 

Declaration by researcher: I have explained the project to the parent/guardian who has signed above, and believe 

that they understand the purpose, extent and possible risks of their child’s involvement in this project. 

Research Team Member Name Research Team Member Signature Date 

Note: All parties signing the Consent Form must date their own 

signature. 
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Appendix H.4 Master Parent Guardian Non-Lymphoedema PICF 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Principal Researcher: Ms Jane Phillips 

Version Number:  2 Version 

Date: 

 03/10/2017 

Thank you for taking the time to read this Parent/Guardian Information Statement and Consent Form 

(Non-Lymphoedema Group).  We would like to invite your child to participate in a research project that is 

explained below.   

This document is 5 pages long.  Please make sure you have all the pages. 

What is an Information Statement? 

These pages tell you about the research project.  It explains to you clearly and openly all the steps and 

procedures of the project.  The information is to help you decide whether or not you would like your child 

to take part in the research.  Please read this Information Statement carefully. 

Before you decide if you want your child to take part or not, you can ask us any questions you have about 

the project.  You may want to talk about the project with your family, friends or health care worker.   

Important things you need to know 

• It is your choice whether or not your child can take part in the research. You do not have to agree if you

do not want to

• If you decide you do not want your child to take part, it will not affect the treatment and care your

child gets at < site >

Add institution logo 
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If you would like your child to take part in the research project, please sign the consent form at the end of 

this information statement.  By signing the consent form you are telling us that you:   

• understand what you have read

• had a chance to ask questions and received satisfactory answers

• consent to your child taking part in the project

We will give you a copy of this information and consent form to keep. 

1. What is the research project about?

Primary Lymphoedema is a rare condition which can occur in some children and adults.  It is characterised 

by swelling of the limbs. We do not know how often it occurs in Australia. Currently, the standard 

treatment is to manage the risk of skin infection (that can happen with swelling) and reduce swelling with 

exercise, massage and compression.  We do not know how the skin responds to compression or the best 

way to measure it. 

This project aims to compare the skin of children, young people and adults aged between 3-40 years old, 

with and without lymphoedema, before and after a compression treatment is applied. This will provide 

information to help provide better management of lymphoedema and to help development of 

lymphoedema treatment guidelines for children. 

It is hoped a total of 100 people will take part in this research. 

2. Who is funding this research project?

The research is being conducted by Jane Phillips, as part of her PhD thesis, supported by Flinders 

University, South Australia. The project will take place at hospitals in Melbourne, Adelaide and Sydney. 

3. Why is my child being asked to take part?

We are asking your child because he/she does NOT have lymphoedema and is aged between 3 and 18 

years old. 

4. What does my child need to do in this research project?

We would like your child to attend an appointment at <insert site name>.  This appointment will take up to 

three hours to complete and will be organised at a time that suits you best.  The appointment involves 

some assessment procedures and a compression treatment. 

Assessment Procedures 

We will complete the following procedures before your child is given the compression treatment: 
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• Ask your child to visit the bathroom to empty their bladder before we complete any procedures

• Measure your child’s height, weight and skin temperature

• Get your child to lie on a bed for 20 minutes to allow their body to adjust before taking some

ultrasound pictures.  We will cover their arm or leg with a towel, except while measuring

• Ask your child some questions during this 20 minute adjustment time, including ‘what is their preferred

hand or leg’

• Take ultrasound pictures of three different places on their arms or legs

• Following the ultrasound we will measure:

1. Around their arms or legs using a tape measure

2. How much the skin pushes back using a small machine called an Indurometer. This rests on your

child’s arm or leg and presses on the skin

3. How stretchy their skin is by using an elasticity measure, which has a tiny cup that sucks on the skin

4. How much moisture or water there is in the skin using a moisture meter

5. The amount of water in the arm or leg by doing a Bioimpedance test. This involves placing some

sticky patches in different places on their arms and legs.

Compression Treatment 

We will massage (called manual lymphatic drainage) your child’s armpits, the top of their legs and their 

trunk for approximately five minutes.  

We will use an Intermittent Pneumatic Compression (IPC) device on your child’s arm or leg.  This treatment 

will take about 50 minutes to complete.  This is a standard treatment for lymphoedema and is sometimes 

used to treat swelling related to sports injuries. An air-filled sleeve will apply waves of compression, in the 

same pattern as lymphatic massage is given. This will feel like gentle pressing on the leg or arm, starting at 

the top (thigh or arm) and gradually will include the hand or foot. The pressing is usually on for about 30 

seconds, and then off for about 10 seconds. This will continue for about 40 minutes. 

Following the compression treatment, we will repeat all the assessment procedures, as described above. 

Other important information 

Before the appointment, please ensure your child: 

• Does not exercise for two hours

• Does not drink any caffeine (coffee or tea, sports drinks such as Red Bull or cola) for two hours

• Does not drink alcohol (if applicable) for 12 hours

• Does not apply moisturizer to their skin on the day of the appointment

• Wears light, loose-fitting clothing (such as t-shirt and tracksuit pants)

• Brings something to do while lying down, such as:



314

- a book

- an iPod with music to listen to

- an iPad with a movie to watch.

5. Can my child withdraw from the project?

If you give your consent and change your mind, your child can withdraw from the project. You do not need 

to tell us the reason why you or your child want to stop being in the project.  If your child leaves the project 

we will use any information already collected unless you tell us not to.  

6. What are the possible benefits for my child and other people in the future?

There are no clear benefits for those without lymphoedema. We will give you a copy of your child’s 

individual measures before and after compression treatment, which you might find interesting.  

We hope the information we get will benefit others in the future, by giving therapists more information for 

managing lymphoedema in both children and adults as well as helping to form treatment guidelines. This 

project will also provide information about the skin after compression for the general community, which 

will be of interest to therapists who use compression for travel or sporting purposes (recovery). 

7. What are the possible risks, side-effects, discomforts and/or inconveniences?

None of the measurements should hurt or cause discomfort. If you think your child is uncomfortable, 

please tell us. Your child will have a towel to cover them and we will only uncover the areas near their 

ankle and knee or their arm where measurements are taken. Your child will be monitored during the 

compression treatment and a bell will be available for you to use if our attention is needed.  

Measurement and treatment time will take 2 ½ -3 hours, during which time your child will need to lie still 

for a few minutes at a time while measures are recorded. In between, while we set up each new measure, 

they will be able to wriggle. During the compression treatment, lying still is preferable, for approximately 

40 minutes, which is when a game, book or other entertainment device could be useful. A bookstand 

which may assist in holding devices or books will be available. (If you bring an electronic game, please 

consider if it can be played lying down, or, if the child will need both hands available to play it with, as the 

child might not have the use of both arms all the time during measures and treatment.  You can check this 

with us before you agree to your child participating.)  

Taking part in this study may cause some inconvenience as it needs approximately 2.5 to 3 hours of your 

time. Appointments will be made for a time that suits you best, and out-of- business hours and weekends 

will be available wherever possible.  We will pay for parking costs at the <insert site name>.  Your child will 

be given a Hush Foundation CD as a thank you for taking part in the research project. 

8. What will be done to make sure my child’s information is confidential?

Any information we collect that can identify your child will be treated as confidential.  It will be used only 

in this project, unless otherwise specified.  We can disclose the information only with your permission, 
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except as required by law. 

All information will be stored securely in the School of Health Sciences at Flinders University. The results 

will be kept until the youngest participant is 25 years old.  The research information may be destroyed or 

kept indefinitely in secure storage after this time. The only people who can access this information are the 

research team involved with this project and members of the Human Research Ethics Committee.  

The stored information will be re-identifiable.  This means that we will remove identifying information such 

as your child’s name and give the information a special code number.  Only the research team can match 

your child’s name to their code number, if it is necessary to do so.  

In accordance with relevant Australian and/or <insert applicable state name> privacy and other relevant 

laws, you have the right to access and correct the information we collect and store about your child.  

Please contact us if you would like to access this information. 

At the end of the study, results may be presented at conferences or published in medical journals.  This will 

be done in such a way that your child cannot be identified. The results of this research will be used by Jane 

Phillips as part of her PhD thesis requirements. 

9. Will we be informed of the results when the research project is finished?

We will send you a summary of group results at the end of the study. The summary will be of the whole 

group of research study participants, not individual results.   

10. Who should I contact for more information?

If you would like more information about the project or if you need to speak to a member of the research 

team in an emergency please contact: 

Name: Jane Phillips  

Email: jane.phillips@flinders.edu.au 

If you have any concerns and/or complaints about the project, the way it is being conducted or 

your child’s rights as a research participant, and would like to speak to someone independent of 

the project, please contact: Director, Research Ethics & Governance, The Royal Children’s Hospital 

Melbourne on telephone: (03) 9345 5044. 

mailto:jane.phillips@flinders.edu.au
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CONSENT FORM 

HREC Project Number: HREC/16/RCHM/136 

Research Project Title: Skin in Primary Lymphoedema 

Version Number: 2 Version Date:  03/10/2017 

• I have read, or someone has read to me in a language that I understand, the information statement

version listed above and I understand its contents.

• I believe I understand the purpose, extent and possible risks of my child’s involvement in this project.

• I voluntarily consent for my child to take part in this research project.

• I have had an opportunity to ask questions and I am satisfied with the answers I have received.

• I understand that this project has been approved by The Royal Children’s Hospital Melbourne Human

Research Ethics Committee and will be carried out in line with the National Statement on Ethical

Conduct in Human Research (2007) – including all updates.

• I understand I will receive a copy of this Information Statement and Consent Form.

Child’s Name 

Parent/Guardian Name Parent/Guardian Signature Date 

Declaration by researcher: I have explained the project to the parent/guardian who has signed above, and 

believe that they understand the purpose, extent and possible risks of their child’s involvement in this 

project. 

Research Team Member Name Research Team Member 

Signature 

Date 

Note: All parties signing the Consent Form must date their own signature. 
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APPENDIX J STUDY ELIGIBILITY 

Initial Contact Questionnaire all participants 

Questions on first contact, to ensure potential participant has no risks for participation, and is in the 

appropriate category to participate (primary lymphoedema and 3 – 40 years old). 

“Before we start can I please confirm your date of birth?”  ________________________ 

- “You are in the age group that are able to participate in this study.”

OR – “I am sorry you are not in the age group we need for this study. We are limiting the age group due to 

the changes to skin which occur as we get older. Thank you for contacting me.” 

For those with lymphoedema only: “I am interested to know about your diagnosis of primary lymphoedema 

and some history about your condition. Are you happy for me to ask you some questions about this?”  

 Consent:     

A. Where is your lymphoedema/swelling?

____________________________________________________________________________ 

____________________________________________________________________________ 

History and diagnosis 

B. i. How old were you when you or your family first noticed you had swelling?

____________________________________________________________________________ 

B ii. How old were you when you were first diagnosed with LO?  

____________________________________________________________________________ 

B. iii. Who provided the diagnosis? (Did your GP or other medical professional diagnose primary LO?)

____________________________________________________________________________ 

____________________________________________________________________________ 

B. iv. Were you told that it was primary lymphoedema when it was first diagnosed? Has it been decided

since then that it is primary lymphoedema? 

____________________________________________________________________________ 

____________________________________________________________________________ 

B. v.  Were any tests done to confirm the diagnosis? (Genetic testing? Or lymphoscintigraphy? Or other

imaging/test? ) When? What did it show? 

____________________________________________________________________________ 

Yes No 
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____________________________________________________________________________ 

B. vi. Do you have any other syndrome associated with primary lymphoedema?

____________________________________________________________________________ 

Family History/ Hereditary component 

C. Have any other members of your family got primary LO?

Relative Site Relative Site 

Mother Father 

Maternal 
Grandmother 

Paternal 
grandmother 

Maternal 
Grandfather 

Paternal 
Grandfather 

Mother’s sisters / 
brothers 

Father’s sisters 
/ brothers 

Sister 

Brother 

____________________________________________________________________________ 

Outcome Lymphoedema:  Included  Excluded 

If the prospective participant has lymphoedema, but nothing indicating primary lymphoedema, response 

would be: 

“Thank you for your time in answering all these questions. From your answers, it sounds like it would not 

be appropriate for you to be a part of this study. Thank you so much for your interest in this project.” 

OR if has primary lymphoedema: 

 “Thank you for your interest in this project. In this study, we will be using a number of devices to examine 

and measure your skin. Before you commence the study, I need to ask some questions to make sure that 

none of the measures we will be using will pose any risk to your safety. Are you happy for me to ask you 

some questions about this, to check that it is appropriate for you to be a part of the study?”  

 Consent: Yes No 
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For Primary Lymphoedema and Age-matched Controls 

  Right     Left 

A. i. What is your preferred hand? Which hand do you write with?

ii. What is your preferred leg?  What foot do you kick a ball with?

Exclusion from Bioimpedance only No Yes 

1. Do you have a pacemaker? 

2. Are you pregnant? 

3. Do you have any implanted metal? 

Study Exclusion (Yes in right column) No Yes 

4. Do you have a deep venous thrombosis (DVT - or suspected?) 
Or thrombophlebitis? 

5. Do you have active metastatic cancer or malignant lymphoedema (clarify?) 

6. Do you have a pulmonary embolus or pulmonary oedema? 

7. Do you have ischaemic vascular disease? 

8. Do you have heart failure: 
 That is NOT UNDER CONTROL by medication? 

9 a. 

b. 
c. 

Have you had any inflammation or infection of the skin over the past 2 months? 
(Cellulitis or erysipelas):                            Yes           No 
- Have you been on medication (antibiotics) for less than 5 days to treat this?
Site: Arm _______________   Leg  ________________

10. Do you have peripheral neuropathy? 

11. Do you have Complex Regional Pain Syndrome? Do you have any pain (in that limb) 
that is always there, and affects the sensation in that arm/ leg? (Known as Complex 
Regional Pain Syndrome) 

12a. 

b. 

Do you have any open wounds, ulcers, or grafts or recently healed wound on your 
leg/arm?                                                           Yes  No  
Site: Top of foot/back of hand __inside leg above ankle __ or above knee inner 
side___Inside arm above wrist ____ or just above elbow, in inner side __ 

13a. 

b. 

Have you had any recent surgery or injury that has caused increased swelling in your 
arm or leg? (E.g. joint sprain or surgery; skin cancer removed) Y        N   
Site: Top of foot/back of hand _Inside leg above ankle __ or above knee inner side_ 
Inside arm above wrist ___ or just above elbow, in inner side_____ 

14a. 
b. 

c. 

Do you have any skin conditions such as psoriasis, eczema, or dermatitis?  
Do you use any topical cortico-steroid lotion on your arm/leg?       Yes      No  
Type _____________________________________________________________ 
Site: Top of foot/back of hand __ Inside leg above ankle _ or above knee, inner side_ 
Inside arm above wrist ___ or just above elbow, in inner side  ___ 



320

15. Do you have any connective tissue disease such as Marfan’s disease, Systemic Lupus 
Erythematosis (SLE) or Ehlers-Danlos disease?      
If yes, specify:___________________________________________________ 

16. Do you have chronic polyarthritis or rheumatoid arthritis? 

Exclusion from /elasticity measure with tape: 

17. Do you have an allergy to adhesive tape? 

Notes: If these questions are all answered negatively, then the prospective participant may be included as a 

study participant.  

Cautions:  

- Adhesive tape allergy positive: include but not use Cutometer with tape (if double sided tape used to hold

in place); use only body marker for that participant 

- Those from 12, 13 and 14 with site other than those mentioned - Local skin condition not on limb site of

interest: include  

Outcome:  Included Excluded 

If the prospective participant has any contraindications (4-16 above), response would be: “Thank you for 

your time in answering all these questions. From your answers, it sounds like it would not be appropriate 

for you to be a part of this study. Thank you so much for your interest in this project.” 

If included: 

Response: “Thank you for your time in answering these questions; it sounds safe for you to be part of the 

project - we would be very pleased for you to be included in this study.  

1. a. This will involve you coming in for about 3 hours to ……………… (Venue) ……………………………………. for 

your arm/leg to be measured: is there a time that is preferable for you, (weekends/ weekdays; or evenings 

vs midday)? NOTE TIME: ___________________________________________________________________ 

1 b. For some of the measures if your arm or leg are particularly hairy, it would be ideal if you could shave 

the area before you come in for your appointment. Would you be happy to do that?  

(If so, provide details of sites to shave – posterior leg, posterior thigh).  

Note – Likely to need to shave  YES / NO     Happy to shave prior: YES / NO 
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2. This appointment time is likely to be in approximately (MONTH); I will send you out some more

information about the project, to make sure that you are happy to participate and with a definite date and 

time. 

3. Then I will contact you again in the week before your appointment to make sure that nothing has

changed, and confirm that the date and time is suitable for you to come in for the study. 

4. If you have a friend of the same age and gender who could come with you to also participate in the

study, on the same day, it would be helpful for the study and it might make it more enjoyable for you. They 

would need to contact me to be sure that they are safe to participate also, but they could come with you, 

on the same day. Is there someone you can think of that might like to do that? You would need to ask 

them to contact me also, before you come.  

Do you have any questions?” 

____________________________________________________________________________ 

Office use only: 

Name __________________________________________ 

Code Assigned ___________________________________ 

Group ___________________   (LO / Non-LO)   If Non-LO, match with Code ___________ 

Gender __________________ (M / F)   Age _________________________ (Yrs)
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APPENDIX K ATTENDANCE QUESTIONNAIRE 

Attendance Questionnaire 

Skin in Primary Lymphoedema 

Consent form signed   YES 

Ask participant to visit bathroom, as part of the requirements for measurement of bioimpedance. 

Height and weight measured, no shoes.  

1. Age _____________________ (yr/mths) 2. Today’s date ______________________

3. Gender _______________     4 Height ____________ cm    5. Weight ____________ kg

6. Skin thermography ____________________________________________

Ask participant to remove compression garments, and expose the areas where measurements will 

be taken (hand/foot, wrist/ankle and just above elbow or knee) lie on plinth supine one pillow, 

draped appropriately for modesty and warmth. 

“You will be resting in this position for 20 minutes so that everything stabilises before we measure 

you. While you are resting, I would like to ask you some questions about things that can have an 

effect on your skin. Is that OK?”   Yes/No 

This question is about ethnicity, as ethnicity can affect your skin and this study is investigating 

skin:  

7. Where are your ancestors from/ with what people do you identify? Please specify group from:

- Europe/ Caucasian ________________________

- Africa __________________________

- An Aboriginal people ____________________

- Torres Strait Island ________________________

- Pacific Islands _____________________________

- Indigenous peoples from North or South America __________________

- Asia _________________________________
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8. Do you moisturise the skin on your arm  or  leg: 

A. In a usual week, how many days would you moisturise your skin? _____________ Days

9. Are you taking any diuretic medications such as diuretics (for fluid), anti- inflammatory

medication or antibiotics (for infection)? 

 If so, please specify name and dose: 

____________________________________________________________________________ 

____________________________________________________________________________ 

10. Have you ever had cellulitis (infection of the skin needing antibiotics)?     Y   /   N

a. If yes, please say for each time you have had cellulitis:

Month/year : Episode 
1 

Month/year : Episode 
2 

Month/Year Episode 
3 

When was it? 

Did you miss any days 
of work/school due to 
the infection?  
How many? 

Yes / No  Days 
(number) 

Yes / No  Days 
(number) 

Yes / No  Days 
(number) 

Were you in hospital 
for IV antibiotics (a 
drip)?  
For how long? 

Yes  / No 

Length of hospital 
stay 

Yes  / No 

Length of hospital 
stay 

Yes  / No 

Length of hospital 
stay 

Where was the 
cellulitis? (e.g. lower 
leg to knee) 

b. If you have had cellulitis more than three times, please indicate how many you have had:

____________________________ Episodes 

c. And how old you were when you had the first episode: ______________________________
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How does your affected leg feel today (you will be asked these questions again after the 

compression) (p4)? 

Before compression: 

11. On a scale of 0 -10, where 0 is the worst possible and 10 is the best possible, please rate how

your leg feels today. (Please circle a number that best represents how your leg feels today) 

A. How does your leg feel to move?

Tight/heavy   0    1      2      3      4      5  6  7  8  9  10   Light/easy to move 

B. How comfortable does your leg feel?

Aching/  0  1  2  3  4  5  6  7  8  9  10   Comfortable/ no 

Painful pain or discomfort 

12. Please fill out the PedsQL quality of life page.  Thank you
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Following questions only for those with lymphoedema: 

I would also like to ask you some questions about the way you manage your lymphoedema. Is that 

OK?  Yes No  

13 A. Do you wear a compression garment: Yes    No 

i. In a usual week, how many days would you wear it? __________________________ Days

ii. On a usual day, how many hours would you wear it? _________________________ Hours

When you decide not to wear your garment what is the reason?

(E.g. uncomfortable, too hard to don, impractical, going out) _______________________

13 B. If you wear a compression garment:

a. What type of garment(s) do you wear?

Leg: (Class 1 = 15-20 mmHg; 2=20-30 mmHg; 3 = 30-40 mmHg and class 4> 40mmHg)

- below knee Class   1 2 3 4 

- toe glove Class   1 2 3 4 

- thigh high Class   1 2 3 4 

- full leg with belt Class   1 2 3 4 

- pantyhose Class   1 2 3 4 

- one and a half leg with pant attached Class   1 2 3 4 

b. How old were you when you began wearing a garment? ______________ Years

14. Do you do simple lymphatic drainage (SLD) or have a massage (MLD)? Yes  No

A. In a usual week, how many days would you do SLD?  ________________ Days 

B. On a usual day, how many minutes would you spend doing SLD? ______________ Minutes

C. In a usual week, how many days would you have MLD?  ________________ Days 

D. On a usual day, how many minutes would you spend having MLD? ___________ Minutes

15. Do you elevate your arm/leg during the day?  Yes No 

A. In a usual week, how many days would you do elevate your arm/leg? __________ Days

B. On a usual day, how many minutes/hours would you spend elevating? _______Mins/hrs

16. Do you apply bandages?  Yes No 

A. In a usual week, how many days would you apply extra compression? ____________ Days

B. On a usual day, how many minutes would you spend doing SLD? ____________ Minutes

17. Do you apply an Intermittent Pneumatic Compression (IPC) device? Yes No 

A. In a usual week, how many days would you apply the IPC? ___________________ Days

B. On a usual day, how many minutes would you spend on the IPC?  ___________ Minutes

At what pressure: ___________ mmHg  

Pre-treatment cycle: ____________ Minutes 

Cycle time___________ Minutes/seconds 
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18. Do you use any other methods to manage your lymphoedema? (Please specify)

19. Please fill out the lymphoedema specific quality of life on p.5 and 6.

After compression: 

20. On a scale of 0 -10, where 0 is the worst possible and 10 is the best possible, how does your

leg feel? (Please circle a number that best represents how your leg feels now, after the IPC) 

A. How does your leg feel to move?

Tight/heavy   0     1      2      3      4      5  6  7  8  9     10      Light/easy to 

move 

B. How comfortable does your leg feel?

Aching/  0  1  2  3  4  5  6  7  8  9  10   Comfortable/   

Painful  no pain or discomfort 

21. Please comment on the experience of the intermittent pneumatic compression if you would

like to. 
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LYMQOL LEG 

Lymphoedema Quality of Life Tool 

This questionnaire has been designed and validated for patients with chronic oedema/ 

lymphoedema of one or both legs to measure quality of life.  

Please tick the box that best describes how you feel about each of the questions. 

(Q1) How much does your swollen leg affect the 

following activities? 

If any of the items are not applicable to you, please write 

N/A in the relevant answer box(es) 

Not at 

all 

A little Quite a 

bit 

A lot 

a) your walking

b) your ability to bend, eg. to tie shoelaces or cut toenails

c) your ability to stand.

d) your ability to get up from a chair.

e) your occupation

f) your ability to do housework

(Q2) Does the swelling affect your leisure activities/ social 

life? 

Please give examples of this 

............................................................................................................................. ......................... 

...................................................................................................................................................... 
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(Q3) How much do you have to depend on other people? 

Not at 

all 

A little Quite a 

bit 

A lot 

(Q4) How much do you feel the swelling affects your 

appearance? 

(Q5) How much difficulty do you have finding clothes to fit? 

(Q6) How much difficulty do you have finding clothes you 

would like to wear? 

(Q7) Do you have difficulty finding shoes to fit? 

(Q8) Do you have difficulty finding socks/ tights/ stockings to 

fit? 

(Q9) Does the swelling affect how you feel about yourself? 

(Q10) Does it affect your relationships with other people? 

Not at 

all 

A little Quite a 

bit 

A lot 

(Q11) Does your lymphoedema cause you pain? 

(Q12) Do you have any numbness in your swollen leg(s)? 

(Q13) Do you have any feelings of "pins & needles" or      

tingling in your swollen leg(s) 

(Q14) Does (do) your swollen leg(s) feel weak? 

(Q15) Does (do) your swollen leg(s) feel heavy? 
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In the past week…. Not at 

all 

A little Quite a 

bit 

A lot 

(Q16) Have you had trouble sleeping? 

(Q17) Have you had difficulty concentrating on things, e.g., 

reading? 

(Q18) Have you felt tense 

(Q19) Have you felt worried? 

(Q20) Have you felt irritable? 

(Q21) Have you felt depressed? 

(Q22) Overall, how would you rate your quality of life at present? 

   Please mark your score on the following scale: 

 0  1  2  3  4  5  6  7  8  9  10 

Poor  excellent 

Thank you for completing this form.   

If you have any comments or queries about it, please discuss these with Dr V L 

Keeley, Consultant 

Questions 16 to 21 have been reproduced with permission from the EORTC. 

These questions are only a part of the QLQ-C30 Questionnaire. 

Copyright November 2007 Ref LEG V II All rights reserved. This document can be used or 

reproduced freely provided that this copyright statement is left intact, that the source is 

acknowledged, that the user registers and that no changes are made without permission of the 

author. Application for permission and for registration should be forwarded in writing to Dr 

Vaughan Keeley, Consultant in Palliative Medicine, Lymphoedema Clinic, Royal Derby Hospital, 

Uttoxeter Rd, Derby. DE223NE 
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APPENDIX L RESULTS 

Appendix L.1 NLO at baseline 

Table L.1 NLO: Baseline between sides differences in NLO 

Table L.1 Baseline between sides differences in NLO 

Site 

Side 1 

(Side matched with the 
more affected PLO limb) 

Side 2 
Mean Difference 

(95% CI) 
p value 

Mean (SD) 
95% CI 

Mean (SD) 
95% CI 

Measure (n) ECF / ICF (Ri/R0) (13) 

Foot 3.702 (0.854) 
3.056, 4.349 

3.977 (1.055) 
3.384, 4.570 

−0.275
(−0.801, 0.252) 

0.293 

Leg 
1.948 (0.367) 
1.333, 2.564 

1.958 (0.425) 
1.480, 2.435 

−0.009
(−0.406, 0.388) 

0.962 

Measure (n) LEP  (15) 

 Foot 
1870 (580) 
1629, 2112 

1916 (412) 
1655, 2177 

−45.3
(−240, 149) 

0.638 

Calf 
1335 (557.3) 
1078, 1591 

1402 (459.7) 
1142, 1662 

−67.3
(−275, 141) 

0.513 

Measure (n) PWC (16) 

 Foot 
33.5 (7.5) 

29, 38 
34.0 (6.9) 

31, 37 

−0.5
(−4.4, 3.4) 

0.796 

Calf 
33.4 (7.0) 

29, 38 
33.6 (7.8) 

30, 38 
−0.3 (−3.5, 3.0)

0.866 

Measure (n) IU (16) 

 Foot 
2.6 (0.9) 
2.1, 3.1 

2.7 (0.7) 
2.2, 3.2 

−0.1 (−0.5, 0.3)
0.569 

Calf 
3.7 (0.5) 
3.4, 4.0 

3.9 (0.5) 
3.6, 4.3 

−0.2 (−0.5, 0)
0.054 

Note: each measure is given the number of decimal places in concordance with the literature for that measure. 
*Significant p-value <0.05
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Appendix L.2 PLO at baseline 

Appendix L.2.1 Differences between uniPLO and biPLO 

Comparing the affected limb of uniPLO with the more affected limb of biPLO identified  

significantly higher LEP at the posterior calf of biPLO than uniPLO (Table L.2.1). For this reason, 

both uniPLO and biPLO were compared with NLO for differences in LEP. There were no significant 

differences between uniPLO and biPLO on either side in ECF/ICF, PWC or IU. 

Table L.2.1 Baseline differences between bilateral and unilateral PLO 

Table L.2.1 Baseline differences between bilateral and unilateral PLO 

 in each clinical tool 

Side ‘Affected Side’ ‘Unaffected Side’ 

Group 

Bilateral 

More affected 

side 

Unilateral 

Affected side 

Bilateral 

Less affected 

side 

Unilateral 

Unaffected side 

Mean 

(SD) 
95% CI 

Mean 

(SD) 
95% CI 

Mean 

Difference 

(CI) 

p value* 

Mean 

(SD) 
95% CI 

Mean 

(SD) 
95% CI 

Mean 

Difference 

(CI) 

p value* 

Measure (n) ECF/ICF (Ri/R0) (13) 

Foot 
5.876 
(.642) 

4.503, 
7.249 

6.263 
(1.679) 

5.177, 
7.348 

−.386 
(−2.136, 
1.363) 
0.636 

5.572 
(.889) 

4.689, 
6.455 

4.494 
(.902) 

3.795, 
5.192 

1.078  
(−0.048, 2.204) 

0.059 

Leg 
2.730 

(1.341) 
1.244, 
4.216 

3.325 
(1.599) 

2.150, 
4.500 

−.595 
(−2.490, 
1.300) 
0.504 

2.860 
(1.502) 

1.771, 
3.949 

2.276 
(.797) 

1.415, 
3.137 

0.584 
(−.805, 1.972) 

0.375 

Measure (n) LEP biPLO (7) uniPLO (8) 

Foot 
2863 
(173) 

2643, 
3082 

2640 
(329) 

2434, 
2845 

223 
(−523, 77) 

0.133 

2599 
(441) 

2226, 
2973 

1919 
(471) 

1569, 
2268 

681 
(169, 1192) 

0.013* 

Posterior Calf 
1841 
(421) 

1560, 
2121 

1410 
(260) 

1147, 
1672 

431 
(47, 815) 
0.031* 

1621 
(490) 

1231, 
2012 

1145 
(469) 

780, 
1511 

476 
 (−59, 1011) 

0.077 

Measure (n) PWC (16) 

Foot 
44.0 

(11.0) 
35.9, 
52.1 

44.7 
(10.4) 

36.6, 
52.8 

−0.7
(−12.2, 10.8) 

0.899 

41.2 
(5.2) 

37.1, 
45.3 

37.4 
(5.5) 

33.4, 
41.5 

3.8 
(−2.0, 9.5) 

0.183 

Posterior Calf 
44.3 

(10.9) 
37.2, 
51.4 

49.2 
(7.4) 

42.1, 
56.3 

4.9 
(−5.1, 14.9) 

0.308 

45.8 
(9.7) 

40.0, 
51.6 

41.2 
(4.6) 

35.4, 
47.0 

4.6 
(−3.6, 12.8) 

0.249 

ECF, extracellular fluid. LEP, low echogenic pixels. PWC, percent water content. IU, induration units. * Significant p value < 0.05 
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Table L.2.1 (continued) Baseline differences between bilateral and unilateral PLO 

Side Affected Side Unaffected Side 

Group Bilateral Unilateral Bilateral Unilateral 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 

Difference 

(CI) 

Sig* 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 

Difference 

(CI) 

Sig* 

Measure (n) Indurometry IU (16) 

Foot 
2.4 

(.86) 
1.71, 
3.06 

3.3 
(.92) 

2.63, 
3.98 

−0.9
(−0.04, 1.87) 

0.058 

2.9 
(1.15) 

1.96, 
3.80 

2.8 
(1.29) 

1.87, 
3.71 

−0.1
 (−1.40, 1.22) 

0.883 

Posterior Calf 
3.4 

(.71) 
2.86, 
3.93 

3.7 
(.69) 

3.13, 
4.19 

−0.3
(−1.02, 0.49) 

0.465 

3.3 
(.80) 

2.78, 
3.76 

3.9 
(.46) 

3.38, 
4.37 

−0.6
(−1.31, 0.09) 

0.083 

ECF, extracellular fluid. LEP, low echogenic pixels. PWC, percent water content. IU, induration units. * Significant p value < 0.05 

Appendix L.2.2 Differences between sides in uniPLO and in biPLO 

Using HFU, both uniPLO and biPLO showed a significant difference in LEP between sides, but this 

was only evident in the foot, where significantly higher LEP was seen on the more affected side of 

biPLO and the affected side of uniPLO than their respective contralateral sides (Table L.2.2).  

In BiPLO, there were no significant differences between sides detected by any other clinical tool. 

UniPLO, on the other hand, showed higher ECF/ICF and PWC on the affected than the unaffected 

side. Significantly higher ECF/ICF in the affected limb than the unaffected limb in uniPLO was 

found in both the foot and the leg while significantly higher PWC was seen only at the posterior 

calf of the affected side in uniPLO. The Indurometer showed a significant difference between feet 

in uniPLO: higher IU on the affected foot indicated less tissue resistance on the affected than the 

unaffected side. (Table L.2.2).  



333

Table L.2.2 Baseline differences between sides in bilateral and in unilateral PLO 

Table L.2.2 Baseline differences between sides in bilateral and in unilateral PLO 

Side Bilateral PLO Unilateral PLO 

Group 
More affected 

side 
Less affected 

side 
Affected side 

Unaffected 
side 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
Difference 

(CI) 
Sig* 

Mean 
(SD) 

95% CI 
Mean 
(SD) 

95% CI 

Mean 
Difference 

(CI) 
Sig* 

Measure (n) ECF/ICF (13) Ri/R0 

Foot 
5.876 
(.642) 

4.503, 
7.249 

5.572 
(.889) 

4.689, 
6.455 

0.304 
(−0.630, 
1.238) 
0.489 

6.263 
(1.679) 

5.177, 
7.348 

4.494 
(.902) 

3.795, 
5.192 

1.769 
(1.030, 2.507) 

<0.001* 

Leg 
2.730 

(1.341) 
1.244, 
4.216 

2.860 
(1.502) 

1.771, 
3.949 

−0.130
(−0.924,
0.664)
0.726 

3.325 
(1.599) 

2.150, 
4.500 

2.276 
(.797) 

1.415, 
3.137 

1.049 
(0.421, 1.677) 

0.004 

Measure (n) LEP (BiPLO n=7; uniPLO n=8) 

Foot 
2863 
(173) 

2643, 
3082 

2599 
(441) 

2226, 
2973 

263 
(13, 513) 
0.040* 

2640 
(329) 

2434, 
2845 

1919 
(471) 

1569, 
2268 

721 
(487, 955) 
<0.001* 

Posterior Calf 
1841 
(421) 

1560, 
2121 

1621 
(490) 

1231, 
2012 

219 
(−87, 526) 

0.146 

1410 
(260) 

1147, 
1672 

1145 
(469) 

780, 
1511 

264 
(−22, 551) 

0 .068 

Measure (n) PWC (16) 

Foot 
44.0 

(11.0) 
35.9, 
52.1 

41.2 
(5.2) 

37.1, 
45.3 

2.8 
(−5.0, 10.7) 

0.451 

44.7 
(10.4) 

36.6, 
52.8 

37.4 
(5.5) 

33.4, 
41.5 

7.3 
(−.6, 15.1) 

0.067 

Posterior Calf 
44.3 

(10.9) 
37.2, 
51.4 

45.8 
(9.7) 

40.0, 
51.6 

−1.5
(−7.0, 4.0) 

0.566 

49.2 
(7.4) 

42.1, 
56.3 

41.2 
(4.6) 

35.4, 
47.0 

8.0 
(2.5, 13.5) 

0.007* 

Measure (n) IU (16) 

Foot 2.4 1.7, 3.1 2.9 
2.0, 
3.8 

−0.5
(−1.010, 
0.025) 
0.060 

3.3 2.6, 4.0 2.8 1.9, 3.7 

0.5 
(−0.001, 
1.033) 
0.050* 

Posterior Calf 3.4 2.9, 3.9 3.3 
2.8, 
3.8 

.1 
(−0.31, 0.57) 

0.544 
3.7 3.1, 4.2 3.9 3.4, 4.4 

−0.2
(−0.656, 
0.223) 
0.309 

*Significant p-value <0.05
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Appendix L.3 Response to compression in PLO 

There was no significant response to compression in LEP in biPLO or uniPLO. 

Table L.3 Response to compression in LEP in unilateral and bilateral PLO 

Table L.3 Response to compression in LEP in unilateral and bilateral PLO 

Subgroup (n) Bilateral (7) Unilateral (6) 

Time Pre Post Pre Post 

Low Echogenic Pixels 
(LEP) Mean (SD) Mean (SD) 

Mean Difference 

(95% CI) 

P value 

Mean (SD) Mean (SD) 

Mean Difference 

(95% CI) 

P value 

Foot 2863 (173) 2779 (329) 
84 

(−98, 266) 
0.335 

2646 (355) 2715 (334) 
−69

(−251, 113) 
0.422 

Calf 1841 (421) 1757 (558) 
83 

(−275, 442) 
0.618 

1435 (302) 1327 (442) 
108 

(−280, 495) 
0.553 
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