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Despite lymphatic function regularly being proposed as one of the causative mechanisms
in the development of pressure ulcers, there has been a paucity of research regarding the
effect of compression on lymphatic function in human tissues. This has motivated the
present work, which has developed and validated techniques to safely assess lymphatic
function and concomitantly measure the physiochemical response in the skin, directly
under and following the application of a uniaxial load in human volunteers.
Lymphatic function was assessed through optical imaging of an intradermally injected
near-infrared fluorophore, namely indocyanine green (ICG), which is rapidly cleared in
lymph. Pro-inflammatory biomarkers were recovered by two minimally invasive collection
techniques involving microdialysis and Sebutape™. Through the application of
established image processing concepts to NIR lymphangiography for the first time, a
method for objectively quantifying parameters of active lymphatic clearance is also
described.
The results of the study suggest that applied pressure of 60 mmHg for a period of 40
minutes can lead to changes in both novel pro-inflammatory and lymphatic parameters,
not previously described in the literature. During the loading period, induced expression or
accumulation of IL-6 and IL-8 in the interstitium was observed (p < 0.01). For IL-6, this upregulation was sustained for over 40 minutes post loading (p < 0.01). The same loading
protocol was associated, through categorical analysis, with impaired lymph formation in
lymphatic capillaries and disrupted valve function in collecting vessels directly under the
load. The velocity of active lymphatic drainage along the loaded pathway was also
significantly reduced (p < 0.05).
The findings from this thesis support the proposal that impaired lymphatic function, with a
corresponding accumulation of harmful biomolecules, are feasible mechanisms which can
contribute to the development of pressure ulcers. The present study strongly supports
further exploration of these hypotheses using the techniques described.
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Chapter 1
1.1

Introduction: Pressure Ulcers

The Skin as a Barrier

The skin represents the largest organ of the body with a total surface area of around 1.8
m2 on average. It provides an interface with the external environment and therefore must
perform a vast number of protective and defensive functions. In addition to possessing
restrictive permeability to hazardous substances and infectious agents, the skin must
regulate trans-epidermal water loss to prevent desiccation and withstand routine
deformation by mechanical forces. The structure of skin is thus complex in nature,
consisting of many cell types and structures, and varies in composition and thickness with
the demands of different anatomical locations.
Any compromise to the barrier functions of skin will inevitably lead to increased risk for
numerous pathologies, ranging from dermatological conditions, such as inflammatory
contact dermatitis (Kezic and Jakasa 2016) , to systemic conditions where permeation of
the barrier allows hazardous substances or infections to enter the blood. Indeed,
management and treatment for secondary complications arising from wounds including
broken skin represent a significant health burden (Guest et al. 2015).
1.1.1

Structure of the Skin

The skin can be divided into two main layers separated by a basement membrane,
namely the epidermis and the dermis, each of which can be divided into further distinct
regions (Figure 1-1).

Figure 1-1 The structure of the skin, National Cancer Institute (2002).
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The epidermis is the most superficial layer of the skin and is avascular, alymphatic and
aneural in nature. Although primarily consisting of a single cell type throughout, namely
keratinocytes, the epidermis is stratified, with distinct layers of cells at different stages of
differentiation (Venus et al. 2010). The outermost layer of the epidermis, the stratum
corneum, is formed of terminally differentiated and dead keratinocytes, termed
corneocytes, which are flattened, anucleate, highly keratinised, and possess a proteinous
cornified envelope in place of a cell membrane. Corneocytes adhere to adjacent and
overlying cells by specialised junctions called corneodesmosomes, which provide the
epidermis with considerable tensile stiffness and strength (Silver et al. 2001). As cells of
the stratum corneum are shed individually by desquamation, they are constantly replaced
by apically migrating keratinocytes, which are formed by progenitor cells in the stratum
basale at the basement membrane, which is generally termed the epidermal-dermal
junction. Newly formed keratinocytes migrate through the stratum spinosum, stratum
granulosum and finally the stratum lucidum before reaching the stratum corneum as fully
differentiated corneocytes, exhibiting progressive hallmarks of differentiation along the
migratory path. These include production of lipid-enriched lamellar bodies (spinosum),
production of keratin 1-10 (spinosum), extensive desmosome linkage (spinosum),
extrusion of nuclei and organelles (apical granulosum) and secretion of lipids (lucidum)
(Menon 2002). The other cell types in the epidermis are the melanocytes, which produce
the colour pigment melanin, Langerhans cells responsible for the immune response and
the touch-sensitive Merkell cells.
Beneath the undulating epidermal-dermal junction lies the dermis, the bulk of which is
composed of a dense network of collagen, elastin and glycosaminoglycans, populated by
fibroblasts, mast cells and dermal dendritic cells. The most superficial region of the
dermis, the papillary dermis, is formed of loose areolar connective tissue and is
characterised by finger-like projections into the epidermis, termed papillae. The deeper
reticular dermis is formed of denser reticular connective tissue. In contrast to the
epidermis, the dermis is highly vascularised by capillaries, venules and lymphatic vessels,
and contains functional structures including hair follicles, mechanoreceptors, sebaceous
and sweat glands in the reticular layer (Vandergriff and Bergstresser 2003).
The diverse functionality of skin can be compromised by the external environment where it
is exposed to a range of insults, which may be mechanical, physical, biological and
chemical in nature. As an example, when the skin is exposed to high mechanical loads
applied over a short time period (<10 seconds), trauma can occur. By contrast, there are
many situations in which the skin can be subjected to sustained mechanical loads, for
example in individuals who are relatively immobile and confined to beds and/or chairs for
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much of their waking day. Prolonged and cyclic loading is also experienced during
activities of daily living, such as standing and walking. In all these cases, loading is
generally a direct result of gravitational forces due to partial or full body weight. However,
there are other situations in which the skin is loaded due to interventional medical devices,
with specific functions ranging from stabilisation of musculoskeletal structures and
provision of support for respiration in Intensive Care Units.

1.2

Pressure Ulcers

Prolonged loading can lead to damage of skin and subcutaneous tissues and result in a
condition termed Pressure Ulcers (PUs). These PUs have been defined by a number of
international organisations, including the European Pressure Ulcer Advisory Panel
(EPUAP) as “localised injury to the skin and/or underlying tissue usually over a bony
prominence, as a result of pressure, or pressure in combination with shear.” (EPUAP
2014). Pressure ulcers are presently recognised as a major component of patient harm for
in-patients in the NHS, as well as other at-risk populations in the community. Although
prominence in international debate has led to the publication of updated policy documents
and initiatives to raise awareness and improve patient care in the NHS, recent reviews of
wound prevalence and risk management have highlighted that prevention of pressure
ulcers remains a significant challenge in the UK and for healthcare systems worldwide
(Isabelle et al. 2016).
Pressure ulcers range in severity from erythema of intact skin to ulceration and tissue
damage of the skin, muscle, fat and bone, and are categorised by severity on a scale of
Category (or Stage) 1 to 4 according to the depth of tissues affected, as defined in the
published guidelines (EPUAP 2014) and summarised in Table 1-1. Deep tissue injuries
(DTIs) are diagnosed separately. In a DTI, damage is initiated in the deeper tissue, most
typically skeletal muscle adjacent to bony prominences, and progresses towards the
epidermis. Due to their late stage detection, DTIs are associated with a highly variable
prognosis and, in some cases, can prove fatal if the deep ulcer becomes infected.
However, the majority of pressure ulcers are Category 1 upon diagnosis and have
occurred following patient admittance to a hospital, termed hospital-acquired PUs
(Vanderwee et al. 2007; Isabelle et al. 2016). However, without appropriate treatment
these ulcers can become more severe and result in prolonged hospitalisation and
development of associated conditions.
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Table 1-1 Pressure ulcer categories, as defined in the international NPUAP/EPUAP Pressure Ulcer
Classification System (EPUAP 2014)

Category

Definition

Category/Stage I

Intact skin with non-blanchable redness of a localized area usually over a
bony prominence. Darkly pigmented skin may not have visible blanching;
its colour may differ from the surrounding area.
The area may be painful, firm, soft, warmer or cooler as compared to
adjacent tissue. Category/Stage I may be difficult to detect in individuals
with dark skin tones. May indicate “at risk” individuals (a heralding sign of
risk).
Partial thickness loss of dermis presenting as a shallow
open ulcer with a red pink wound bed, without slough.
May also present as an intact or open/ruptured serum-filled
blister.
Presents as a shiny or dry shallow ulcer without slough
or bruising.* This Category/Stage should not be used
to describe skin tears, tape burns, perineal dermatitis,
maceration or excoriation.
*Bruising indicates suspected deep tissue injury
Full thickness tissue loss. Subcutaneous fat may be visible but bone, tendon
or muscle are not exposed. Slough may be present but does not obscure
the depth of tissue loss. May include undermining and tunnelling.
The depth of a Category/Stage III pressure ulcer varies by anatomical
location. The bridge of the nose, ear, occiput and malleolus do not have
subcutaneous tissue and Category/Stage III ulcers can be shallow. In
contrast, areas of significant adiposity can develop extremely deep
Category/Stage III pressure ulcers. Bone/tendon is not visible or directly
palpable.
Full thickness tissue loss with exposed bone, tendon or muscle. Slough or
eschar may be present on some parts of the wound bed. Often include
undermining and tunneling.
The depth of a Category/Stage IV pressure ulcer varies by anatomical
location. The bridge of the nose, ear, occiput and malleolus do not have
subcutaneous tissue and these ulcers can be shallow. Category/Stage IV
ulcers can extend into muscle and/or supporting structures (e.g., fascia,
tendon or joint capsule) making osteomyelitis possible. Exposed
bone/tendon is visible or directly palpable.

Category/Stage II

Category/Stage III

Category/Stage IV

Vanderwee et al. (2007) estimated pressure ulcer prevalence in Europe using a survey of
5947 patients across 25 hospitals in 5 countries. They reported a point prevalence of
18.1% across Belgium, Italy, Portugal, the UK and Sweden, with the UK alone averaging
21.9%. Based on an acute NHS hospital with 10,000 new admissions annually and 2011
treatment costs, the cost of hospital-acquired pressure ulcers to an individual provider
organisation was estimated to be £3.36 million annually (Dealey et al. 2012). It is relevant
to note that this sum represented a significant increase in treatment costs for each
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category when compared to estimates made in 2004 (Bennet et al. 2004). It was further
stated that both studies were conservative in their estimations, omitting the cost of
surgical intervention, negative pressure wound therapy, precautions necessary for
patients with methicillin-resistant Staphylococcus aureus (MRSA) and the treatment of
comorbidities. Wound care as a whole, including ulcerated skin, has been recently
conservatively estimated to cost the UK NHS £5.3billion annually (Guest et al. 2015). In
an ageing population where, it is speculated, annual expenditure will continue to rise
(Dealey et al. 2012), this financial burden highlights the need for technological and
management strategies which reduce treatment costs or, preferably, reduce pressure
ulcer incidence rates. Noteworthy, a recent review of monitoring systems including the
NHS Safety Thermometer, Incident Reporting Systems and Strategic Executive
Information System (STEIS) for serious incidents concluded that current systems continue
to under-report numbers (Isabelle et al. 2016).
1.2.1

Predisposing Factors and Risk Assessment

Only a specific proportion of the population is generally at risk of developing a pressure
ulcer. Under normal conditions, both skin and skeletal muscle are tolerant to compression
and are able to recover from typical loading situations (Sanders et al. 1995). A detailed
systematic review of risk factor studies (Coleman et al. 2013) identified several domains
which were consistently found to independently increase risk of PU development. Not
surprisingly, they indicated that impaired mobility represented one of the most significant
predisposing factors, as reflected in pressure ulcer prevalence rates in patients with spinal
cord injury (SCI) (Chen et al. 2005). General skin health was also indicated as important,
with one or more pre-existing Category 1 PUs representing a significant predictor of
≥Grade 2 ulcers in elderly long-term patients. Coleman et al. (2013) also recognised
substantial evidence linking concomitant vascular conditions, particularly diabetes, as well
as skin moisture resulting from dual incontinence as factors associated with an increased
risk of pressure ulcer development. Those factors, such as moisture and incontinence,
influence the integrity of skin tissues and this will contribute to the greater prevalence of
Category 1 and 2 PUs compared to DTIs
Certain surgical procedures, specifically spinal surgery, associated with prolonged
immobilisation over a rigid support surface, and cardiac surgery are also associated with
pressure ulcer development. A meta-analysis of prevalence data reported that the
duration of cardiac surgery is an important risk factor (Chen et al. 2017). Other iatrogenic
forms of pressure ulcer may be formed under clinical diagnostic or therapeutic devices,
involving face masks and tubing for mechanical ventilation or nasogastric feeding (Black
et al. 2015).
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A large number of risk assessment scales (RAS) have been developed to determine
whether an individual is at high risk of developing a pressure ulcer (Schoonhoven et al.
2002), the most common of which are the Waterlow, Braden, and Norton scales
(Hatanaka et al. 2008; Wang et al. 2014). The use of RAS is widely advocated in clinical
practice and subsequently applying preventative measures accordingly. However, the
most commonly used RAS in the UK, the Waterlow Scale, has been criticised for overestimating risk (Pancorbo-Hidalgo et al. 2006; Page et al. 2011). In meta-analysis the
Braden and Norton scales were found less likely to overestimate risk than the Waterlow
Scale, but were reported to be similar in performance to clinical judgement by nurses
alone, as indicated in Table 1-2 (Pancorbo-Hidalgo et al. 2006). Current publications
suggest there is no evidence that correlates use of RAS with decrease of PU incidence. In
addition, their effectiveness in informing the use of limited resources in terms of strategies
for PU prevention is questioned by many international researchers (Schoonhoven et al.
2002; Defloor and Grypdonck 2004; Moore and Cowman 2014).
Table 1-2 The diagnostic validity of pressure ulcer risk assessment scales. Adapted from (Pancorbo-Hidalgo
et al. 2006)

Tool
Braden Scale
Norton Scale

N
6,443
2,008

Sensitivity1
0.57
0.47

Specificity2
0.68
0.62

Waterlow Scale
2,246
0.82
0.27
Nurse Clinical Judgement
302
0.51
0.60
1
Percentage of subjects who develop pressure ulcers that the scale
predicted would develop them.
2
Percentage of subjects who do not develop pressure ulcers that the
scale did not predict would develop them.
1.2.2

Existing Predictive Indicators

As highlighted by Schoonhoven and colleagues (2002), it may be more efficient to
emphasise early detection of tissue damage over subjective assessment, using RAS and
clinical experience. Robust objective measures to indicate impending tissue damage
could be used to inform more efficient care pathways than can currently be established
using RAS with their inherent overestimated risk. However, since the molecular
pathogenesis of pressure ulcers remains to be fully elucidated, reliable biomarkers of
early tissue damage due to mechanical challenges have yet to be identified.
The majority of proposed novel diagnostic measures concern the prediction of healing for
existing wounds. These include a number of studies analysing the protein composition of
PU wound exudate (Ladwig et al. 2002). Nonetheless, the synergy between various active
anabolic and catabolic markers within a wound are necessarily complex in nature and to
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date the definitive set of biomarkers have not been identified, which can reliably
distinguish between healing and non-healing wounds. While advances in this field are
extremely important for patients, the scope of the present work is focused on the
interrogation of the soft tissue changes preceding the possibility of clinical diagnosis with a
fully developed pressure ulcer.
It is well-established that interface pressure can be important in determining risk of
developing pressure ulcers (Loerakker et al. 2011) However, it is also evident that the
complex interplay between magnitudes of pressure, duration of loading, and introduction
of other mechanical forces such as shear, can limit the predictive value of these
measurements (Reenalda et al. 2009). Also, the skin tolerance to mechanical loading will
vary between both individuals and anatomical locations. Interface pressure measuring
systems have been available for many years and have been used in many research and
clinical-based studies. By contrast, the advent of interface shear measurements is
relatively recent, with the reporting of novel stress sensors capable of continual
measurements at the stump-socket interface of lower-limb amputees (Laszczak et al.
2015).
In a recent prospective cohort study of acutely ill patients with impaired mobility, patientperceived pain at pressure areas was reported to be a relatively sensitive predictor of
developing a category ≥2 pressure ulcer (Smith et al. 2017). However, this value is
subjective depending on the patient’s perspective of pain, which may be further influenced
by concomitant conditions. Quantitative analysis of inflammatory mediators, where the
pain stimulus can be caused by localised inflammation, may provide a more robust
measurement. Indeed, a study (n=86) has suggested that pro-inflammatory cytokine
concentrations in the plasma and urine of a subset of at-risk patients with SCI and
pneumonia may be of some predictive value (Krishnan et al. 2017). Localised elevation of
the pro-inflammatory markers interleukin (IL)-1α, IL-1RA, tumour necrosis factor (TNF)-α
and IL-8 as early signals of pressure-induced damage has also been implicated by an in
vitro study using an epidermal model EpiDerm (Bronneberg et al. 2007).
Serum albumin has also been proposed as a biomarker for pressure ulcer risk, based on
the hypothesis that adequate nutrition and protein supply to tissues is necessary to repair
any minor structural damages (Anthony et al. 2011). It has also been suggested that
serum measurements in patients with existing PUs may reflect wound status, representing
a prognostic marker for wound healing. This is supported by several prospective cohort
and retrospective studies (Iizaka et al. 2011; Sugino et al. 2014), which suggest there may
be an association with wound parameters, although prognostic value was unclear. It has
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been suggested that serum albumin may be of prognostic value for deep wounds but not
more common superficial ulcers (Iizaka et al. 2015).
Other methods have been reported to assess the effects of prolonged and intermittent
loading on soft tissues on either localised blood flow (Newson and Rolfe 1982; Akbari and
Younessi Heravi 2014; Woodhouse et al. 2015) or transcutaneous gas tensions which
measure both transcutaneous oxygen pressure (TcPO2) and transcutaneous carbon
dioxide pressure (TcPCO2) (Chai and Bader 2013; Woodhouse et al. 2015). The approach
itself is based on the established hypotheses that ischaemia and ischaemia-reperfusion
(I/R) events are important factors in pressure ulcer aetiology. Indeed, the latter studies
have demonstrated the following three distinct categories of tissue response:
•

Category 1: No marked alteration in TcPCO2 or TcPO2

•

Category 2: Decreased TcPO2 without elevation in TcPCO2

•

Category 3: Decreased TcPO2 and elevated TcPCO2

Response 3, as illustrated in Figure 1-2, is considered to reflect changes from an aerobic
to anaerobic metabolism even within an able-bodied cohort.

Figure 1-2 Temporal profiles of transcutaneous gas tensions at the sacrum of participants on an alternating
pressure support mattress. Continuous lines represent TcPO2 responses and dashed lines represent TcPCO2
responses. Three categories of tissue response are presented, suggestive of different metabolic states
(labelled 1-3) (Chai and Bader, 2013)

In addition, this physiological response was also reported to correlate with the release of
metabolic sweat biomarkers e.g. lactate and urea under representative applied pressures
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(Knight et al. 2001). However, the predictive value of such measurements and their
translation to a clinical setting have not been demonstrated.
Measuring sub-epidermal moisture is currently providing considerable interest as a clinical
method for assessing early tissue damage. The commercial device (SEM Scanner,
Bruins, US) is based on changes in the electrical bio-impedance following cell disruption,
although the prognostic validity of this technique which provides an output in arbitrary
units remains to be fully evaluated (Moore et al. 2017). Such techniques rely on the
initiation of measurable tissue damage and thus their timeliness for prevention of early
signs of damage is still to be demonstrated.

1.3

Pressure Ulcer Prevention

Prevention of pressure ulcers can be demanding on both nursing time and on limited
specialised resources. It is therefore important to establish how effective any of these
measures are in preventing the development pressure ulcers. Currently recommended
approaches include reducing the magnitude, duration or frequency of pressure applied to
vulnerable areas in patients identified by RAS to be at high risk improving skin health,
controlling the microclimate at the interface and removing preventable risk factors such as
poor nutrition.
Pressure relief is typically achieved by regular manual turning or by allocation of
specialised constant-low-pressure or alternating pressure support surfaces (McInnes et al.
2011). A 2011 Cochrane review of randomised control trials suggests there is some
evidence to support that constant-low-pressure support surfaces including sheepskins and
higher-specification foam mattresses may reduce incidence of pressure ulcers in those at
risk, while the benefit of alternating pressure mattresses was not clearly demonstrated
(McInnes et al. 2011). However, in addition to the recognised limitations of the studies
included in the meta-analysis, the authors’ conclusions are limited by the accuracy of RAS
used to identify patient risk and inform allocation of preventative measures. In an
alternative approach, using computational biomechanical modelling, contoured foam
cushions were reported to provide protection to individuals at early stages following SCI
(Shoman et al. 2015). However, this efficacy decreased with time, particularly if the
cushion was not replaced, in association with patho-anatomical changes associated with
SCI, typically a decrease in muscle mass and altered fat deposition.
There is some evidence to suggest that manual repositioning may significantly reduce the
risk of new pressure ulcers when compared to standard care (Chou et al. 2013).
Furthermore, a recent study comparing the biomechanical and physiological effects of
turning by manual repositioning and automated mattress tilting found that the two
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repositioning strategies were associated with comparable peak interface pressures over
the left and right scapula and sacrum, as well as similar trends in transcutaneous gas
tensions (TcCO2 and TcO2) for healthy volunteers (Woodhouse et al. 2015).
Some limited evidence was also identified to suggest that supplementation with zinc in
individuals with a compromised nutritional status and established ulcers may improve
wound outcomes (Heintschel and Heuberger 2017). However, a systematic review of
general nutritional supplementation, both enteral and by mouth, found no significant
benefit for the prevention of new ulcers (Chou et al. 2013).
It is also recognised that standards of skin care, including the products used, associated
with moisture and friction are likely to be important considerations for patients at high risk
of developing PUs. Indeed, in another recent study, the frictional behaviour of human skin
in vivo was reported to be a function of the product of humidity and temperature, with
warm and moist conditions leading to an increase in the coefficient of friction (Klaassen et
al. 2016), which supports the importance of managing the microclimate. One small
randomised control trial reported a lower risk of pressure ulcer for a gentle skin cleanser,
compared to standard care consisting of soap and water (Cooper and Gray 2001). There
is very limited evidence to support the effectiveness of preventive therapeutic creams and
dressings, however, two small trials employing essential fatty acid creams reported a
decreased risk of pressure ulcers (Declair 1997; Torra i Bou et al. 2005). Mathematical
modelling has also suggested that prophylactic dressings may be capable of reducing
DTIs in the heels (Levy and Gefen 2016). The authors propose that specific siliconebased multilayer dressings act as an additional interface and reduce tissue loading and
internal deformations.
It is clear from the literature that the development of novel or repurposed therapies
targeting the pathophysiological basis of tissue breakdown in humans is hampered by an
incomplete understanding of pressure ulcer aetiology.

1.4

Aetiology

For many years, pressure ulcers were thought to be caused primarily by ischaemia in
mechanically loaded soft tissues. However, as a result of hierarchical studies using a
range of models from cells to animals to humans, it is now accepted that there are four
basic mechanisms associated with the development of pressure ulcers, namely,
ischaemia, mechanical deformation, ischaemia-reperfusion (I/R) and dysfunction of the
lymphatic system and associated interstitial fluid flow (Bouten et al. 2003; Stekelenburg et
al. 2008). Each of these mechanisms may be important at different magnitudes and
timings of loading. Pressure ulcer aetiology is therefore considered to be a complex
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phenomenon, with multiple pathways and associated interactions between the damaging
mechanisms, as illustrated in the schematic (Figure 1-3). Each mechanism will be briefly
discussed separately.

Figure 1-3. A summary of the proposed aetiological pathways associated with pressure ulcer formation.
(Mirtaheri et al. 2015)

1.4.1

Ischaemia

One of the earliest and most established hypotheses for the initiation of tissue damage in
pressure ulcers is the mechanical occlusion of capillaries leading to partial or total
ischaemia. It is well established that normal interface forces over bony prominences
decreases tissue oxygenation, as evaluated at the heel (Wong et al. 2007), sacrum (Berg
et al. 2010) and scapula (Chai and Bader 2013). Decreased perfusion will necessarily
restrict the supply of vital nutrients to local cells. Additionally, capillary occlusion may be
associated with an increase in values of transcutaneous carbon dioxide tension, TcPCO2
(Figure 1-2) (Knight et al. 2001), a condition which can modulate vascular tone (Bogie et
al. 1995) and may predispose tissue to further compression-induced ischaemia (Mirtaheri
et al. 2015).
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A recent computational two-dimensional finite element model suggested that skin
microvessels may be occluded at the sacrum by an interface pressure of 75 mmHg,
although recovery was reported following pressure reduction to 37.5 mmHg (Yamada et
al. 2017). The model also demonstrated that vessel collapse was additionally dependent
upon intraluminal pressure and vascular stiffness.
It is known that sustained ischaemia in skin and skeletal muscle leads to decreased
cellular metabolism, eventually decreasing cell viability and culminating in cell necrosis
(Boutilier 2001; Blaisdell 2002). A correlation between the depletion of glycogen and
subsequently adenosine triphosphate (ATP) and the severity of necrosis in muscle tissue
has been demonstrated (Labbe et al. 1987; Forrest et al. 1989). In anoxic tissues, the
depletion of ATP may be replaced initially by anaerobic respiration, which leads to the
accumulation of lactate and progressive tissue acidosis (Knight et al. 2001). Tissue
acidosis, in turn, causes further downregulation of cellular metabolism and protein
synthesis (Gawlitta et al. 2007).
Vascular changes have been observed in ischaemic human skeletal muscle within the first
3 hours of ischaemia. Capillary endothelial cells are seen to develop membrane
abnormalities including luminal projections and cytoplasmic invagination, eventually
leading to gross disruption of capillary endothelia and progressive endothelial cell oedema
(Hammersen et al. 1989).These authors also reported that ischaemia caused endothelial
cells in capillaries, small veins and large venules to exhibit increased leukocyte
adherence, which upon reperfusion led to capillaries becoming blocked by quiescent
leukocytes and monocytes.
However, even skeletal muscle tissue, known to be susceptible to ischaemia (Blaisdell
2002), is tolerant to ischaemia over short loading episodes and exhibits oxygen
conformance behaviour as perfusion decreases, downregulating oxygen demand initially
with little effect on protein synthesis (Arthur et al. 2000). As tissue and cell damage
resulting from compression has been shown to occur within the period in which skeletal
muscle can tolerate ischaemia (Blaisdell 2002; Gawlitta et al. 2007), additional factors
must be important in the early onset of tissue damage.
1.4.2

Mechanical Deformation

Most soft tissues are regularly exposed to mechanical loads. The degree of the
deformation resulting from an applied load is largely dependent on the mechanical
properties and the thickness of the intervening soft tissues. Many cell types have been
shown to respond to gross mechanical loads with altered behaviour including, but not
limited to, differentiation, proliferation, altered expression profiles and apoptosis (Bader
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and Knight 2008). This translation of mechanical stimulus to cellular response is termed
mechanotransduction.
In vitro model systems involving a skeletal muscle tissue engineered construct, consisting
of a network of multinucleate contractile myofibres, demonstrate that cell death can occur
within 2 hours of clinically relevant strain. Indeed the percentage of non-viable cells, as
determined by staining for necrosis and apoptosis, was dependent on both the magnitude
and duration of compression (Breuls et al. 2003; Gawlitta et al. 2007). The importance of
deformation in the initiation of compression-induced tissue damage has also been
demonstrated in vivo by Stekelenburg (2005), by indenting the tibialis anterior muscle of a
rat hind limb. After 2 hours of local indentation, T2-weighted magnetic resonance imaging
(MRI) images revealed that within ischaemic tissue, damage was confined to a localised
area. Using finite element modelling to predict the internal strains in the indented limbs in
individual animals, Ceelen et al. (2008) reported a correlation between maximum levels of
shear strain and severity of tissue damage (Figure 1-4).

Figure 1-4 A colour map of internal maximum shear strain values in the indented rat tibialis anterior muscle
(colour ranging from blue (0.0-0.3) to brown (0.9-1.1). White dots indicate areas of tissue damage 2 hrs
after unloading, as estimated by T2-weighted MRI. (Ceelen et al. 2008)

Finite element modelling based on MRI images of the sacral region of healthy volunteers
found that the highest strains are present in muscle and fat tissue in the supine position
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(Oomens et al. 2016). These maximum strains were observed to decrease by tilting the
support surface from 0° (horizontal position) to 45°, which has important implications as a
preventive strategy for PUs.
The exact mechanisms by which an applied load is translated into cell damage or death
remain unclear. There are several potential pathways indicated in vitro, involving different
cell types. For example, using confocal laser-scanning microscopy and Ca2+ fluorescent
probes, Campbell et al. (2008) and Roberts et al. (2001) demonstrated a significant
increase in the frequency of calcium oscillations, implicated in gene regulation (Cai et al.
2008), in mesenchymal stem cells (MSCs) and chondrocytes respectively, when seeded
in biomaterial gel constructs subjected to a gross strain. Deformation of cellular organelles
including the nucleus (Guilak 1995) rough endoplasmic reticulum (Szafranski et al. 2004),
mitochondria (Knight et al. 2006) and cilia (Jensen et al. 2004) have also been implicated,
all of which represent potential pathways of mechanotransduction.
1.4.3

Ischaemia-Reperfusion (I/R)

Reperfusion following occlusion of blood flow by applied loading is known to produce a
hyperaemic response in skin tissues (Herrman et al. 1999; Yan et al. 2010). The
increased blood flow increases delivery of oxygen, nutrients and fluid, but also provides
access to the previously isolated tissue for components of the immune system. It is now
well-established that damaging mechanisms may be activated during the reperfusion
phase, associated with the production of oxygen free radicals, also known as reactive
oxygen species (ROS), and increased immune cellularity (Korthuis et al. 1985). Activation
of complement by the alternative pathway has also been proposed as a key damage
pathway (Riedemann and Ward 2003), however the relative importance of direct cell
damage by membrane attack complexes (MAC) and leukocyte recruitment and activation
by complement fragments has not been clearly examined.
ROS are thought to play a key role in the evolution of tissue damage within the first 1-3
hours following reperfusion of ischaemic tissues, including skeletal muscle and dermal
layers of skin (Jiang et al. 2011; Lejay et al. 2014). Increased ROS production in reperfused tissue is thought to be due to conversion of the enzyme xanthine dehydrogenase
(XDH) to ROS-forming xanthine oxidase (XO) during ischaemia (Gute et al. 1998).
Moreover, the activity of protective radical scavenging species, such as superoxide
dismutase (SOD) has been reported to decrease under ischaemia (Jiang et al. 2011).
Thus the overproduction of ROS, in excess of the decreased scavenging capacity, leads
to tissue damage by lipid peroxidation, deoxyribonucleic acid (DNA) damage and protein
damage, as well as driving chemotaxis of leukocytes (Hattori et al. 2010). It is interesting
to note that both vitamins C (ascorbic acid) and E (tocopherol) have ROS scavenging
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capacities (McGinley et al. 2009) and this can partly explain why nutrition has been
implicated as a factor in pressure ulcer risk, particularly in elderly fragile subjects.

Figure 1-5 Increased leukocyte adherence/infiltration in I/R injury.(Gute et al. 1998), derived from (Jerome et
al. 1994)

Reperfusion of skeletal muscle is associated with marked accumulation of leukocytes
(Figure 1-5), particularly involving an increase in the populations of neutrophils (Walden et
al. 1990; Jiang et al. 2011). Leukocytes are recruited to I/R injury sites by increased
production of chemotactic molecules during ischaemia, in association with upregulated
cell surface expression of cellular adhesion molecules by capillary endothelial cells
(Jerome et al. 1994). Elevated levels of P-Selectin, E-Selectin and Intercellular Adhesion
Molecule (ICAM)-1 each contribute to a particular state of arrest and extravasation of
leukocytes into the tissues (Chamoun et al. 2000). The importance of leukocyte
recruitment in I/R injury has been demonstrated by the protective effect of a cyclic peptide
blockade of ICAM-1 (Merchant et al. 2003) and attenuation of I/R damage in animals
rendered leukopenic (Korthuis et al. 1988). Once activated, leukocytes are potent drivers
of I/R tissue damage through secretion of granular enzymes and respiratory burst
production of ROS by membrane-bound and secreted enzymes. Strong leukocyte
adherence interactions both localise tissue damage and enhance the cytotoxic activity of
neutrophils (Gute et al. 1998).
Mitochondria-mediated, apoptotic pathways have also been implicated in animal models
of I/R-induced pressure ulcers(Wang et al. 2016b). Specifically, expression of hypoxia15

inducible factor-1α was upregulated in muscle tissue exposed to 5 I/R cycles, which was
associated with increased Terminal Deoxynucleotidyl Transferase (TdT)-mediated dUTP
nick-end labelling (TUNEL) as a marker of apoptosis.
1.4.4

Lymphatic Dysfunction

Lymphatic dysfunction was originally proposed as a causative pathway over 30 years ago
(Krouskop et al. 1978), in recognition of the direct effects of loading on lymphatic vessels,
which would be as likely to collapse as has been shown extensively with blood vessels.
Indeed computational modelling, demonstrating increased lymphatic pressure as a result
of lymphatic vessel occlusion, supported the view that vessel collapse would likely lead to
such aberrations as dermal backflow and accumulation of harmful components (Reddy et
al. 1975).
A seminal study in a canine model (Miller and Seale 1981) first reported that uniaxial
pressure of a low magnitude increased the rate of lymphatic clearance in the canine hind
leg, as measured by lymphoscintigraphy with a technetium-99m radioisotope. At 60
mmHg (8kPa), the responses could be divided into two categories of ‘low’ (occluded)
clearance or a continued trend towards elevated clearance, termed ‘high’ clearance.
These results are suggestive of 60 mmHg representing a threshold value capable of
occluding lymphatic vessels in the hind leg of some but not all canine subjects. At 75
mmHg, lymphatic vessels in the canine hind leg were consistently occluded, resulting in
negligible lymphatic clearance in all cases (Figure 1-6). In addition, following 30 minutes
of lymphatic occlusion at 75 mmHg, recovery of lymphatic clearance was subsequently
reported to be dependent on the post-occlusive applied pressure (Miller and Seale 1987).
No recovery of lymphatic clearance was observed with an applied pressure of 45 mmHg,
whilst partial recovery of lymphatic clearance was reported at 30 mmHg (54% recovery)
and 0 mmHg (23% recovery), with important implications for the efficacy of off-loading
strategies for risk management. The mechanism responsible for poor or negligible
recovery of lymphatic function with sub-occlusive applied pressure was not determined.
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Figure 1-6 Attenuation of lymphatic clearance by uniaxial loading at 60 mmHg (8 kPa) and above. (Miller &
Seale, 1981)

A further animal-based study evaluated the effect of an alternating pressure mattress on
lymph flow in anaesthetised sheep, compared to a standard mattress (Gunther and Clark
2000). The study reported that alternating pressure was associated with a significant
increase in the transport of lymphatic proteins. It was hypothesised that manually
encouraging lymph flow might protect lymphatic vessels from collapse when loaded.
However, there has since been a paucity of research into lymphatic function with respect
to the aetiology of pressure ulcers, despite its recognition as a potential pathway. This
may be due to both a limited understanding of the lymphatic system, and the lack of wellestablished acceptable minimally invasive techniques for investigating lymphatic function
in the human model until fairly recently.
The lymphatic system is now understood to be integral to the homeostasis of healthy
tissue, in particular the drainage of tissue fluid, transport of components of the immune
system and the clearance of several other potentially damaging substances including
waste products, toxins, exudates and pathogens. Additional functions performed by the
lymphatic system continue to be described in the literature, such as the local metabolism
of hyaluronic acid, small fragments of which are potently pro-inflammatory (Jardin et al.
2012). It remains to be elucidated how these functions are compromised by loading and
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how tissue viability is affected in periods of prolonged mechanical loading. Nonetheless, it
is reasonable to hypothesise that impaired function would be reflected both directly in
lymphatic factors and in associated interstitial fluid.

1.5

Researching Pressure Ulcers – Model Systems

Although controlled application of pressure to a limb is easily achievable using a pressure
cuff, this represents a hydrostatic form of loading. Thus the associated distribution of
shear and compressive strain under a cuff does not resemble the mechanical state of
tissue loaded in a single axis system (Callaghan 1987), as would occur with the use of
common support surfaces, such as a cushion or mattress. In addition, pressure cuffs are
also impractical for applying to some tissue sites, such as the sacrum or heel, which are
commonly affected by pressure ulcers.
Application of a uniaxial load with an indenter, rounded at its edges to minimise stress
concentrations, has previously been used in pressure ulcer research (Bader 1990) to
simulate the mechanical environment of tissue compressed between a bony prominence
and a support surface. The magnitude of pressure applied through the indenter can be
calculated from the force per unit area, where possible, or by using a pressure sensor
directly under the indenter. Mathematical finite element modelling has also been used to
gain insight into the distribution of compressive strain and shear both beneath uniaxial
indenters and within tissues overlying a bony prominence when loaded by a support
surface (Ceelen et al. 2008). However, to develop an appropriate finite element model,
accurate images of the tissues are required in both the unloaded and loaded state. These
generally involve either MRI or ultrasound facilities. In addition, the model requires
realistic boundary conditions and material properties of the tissues, both of which are not
readily available in the research literature.
Uniaxial compression with both rigid indenters and ‘pinch’ pressure applicators, which
typically involve the use of one or more magnets to clamp a fold of skin, have been
reported in murine models to produce tissue breakdown consistent with pressure ulcer
categories 1-3, dependent on the severity of the insult (Ceelen et al. 2008; Kasuya et al.
2014; Maldonado et al. 2014). These models have proved adequate for examining the
mechanisms underpinning ischaemic-reperfusion damage (Pierce et al. 2000), as well as
specific models for at-risk populations such as individuals with SCI (Ahmed et al. 2016).
Healthy human volunteers are an important model system for the majority of early-phase
biomedical research. Although ethical considerations prohibit their use in validating
mechanisms and markers associated with wound development, establishing the response
of able-bodied humans to loading represents an important stage in identifying potential
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biomarkers. Indeed recent research has continued to demonstrate physiological
responses to loading in healthy individuals which, if sustained beyond the protocol, might
contribute to the initiation of tissue breakdown (Woodhouse et al. 2015; Worsley et al.
2016). Furthermore, the aforementioned animal models suggest that no predisposing
factors are necessary for an individual to develop a wound if the mechanical insult is
sufficient in magnitude, therefore transient loading in healthy volunteers can still provide
valuable insights.

1.6

Chapter Summary

Pressure ulcers are a serious and growing problem both in healthcare settings and for
many at-risk populations in the community. Current prevention and treatment strategies
are limited by incomplete knowledge of the aetiology of pressure ulcers, although model
systems and patient data continue to be used to study the aetiological pathways that are
hypothesised to underpin the tissue breakdown. In some cases, these experiments have
begun to elucidate the potential mechanisms by which applied pressure can have a
deleterious effect on tissue viability.
However, it has been highlighted that there was a comparative paucity of empirical
evidence of clinical relevance to support the contribution of impaired lymphatic function as
a causative mechanism of PUs. This is perhaps surprising given the sound theoretical
basis and supportive evidence from animal experiments e.g Miller and Seale (1981,
1987). With the advent of safe and minimally invasive techniques for the study of
lymphatic function in humans, it is now possible to address this gap in research, exploring
this proposed pathway in healthy human volunteers.

1.7

Global Project Aims:
1. To develop and validate techniques for studying the under-researched pathways of
lymphatic dysfunction and accumulation of metabolites in the interstitial space in
loaded soft tissues.

2. To explore the physiological manifestations of uniaxial-loading-induced lymphatic
dysfunction in healthy volunteers.
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Chapter 2

The Lymphatic System as a

Mechanistic Pathway
2.1

Anatomy of the Lymphatic System

Whilst the lymphatic and circulatory system are structurally distinct throughout the body,
they are functionally related and indeed the vessels in the skin are often closely
associated (Skobe and Detmar 2000). An expansive network of blood capillaries
permeates most organs, including the skin, and provides a large surface area for the
diffusion of vital nutrients and oxygen into tissues. However, not every cell is in direct
contact with a capillary, thus most cells rely on the diffusion of substances through fluid
filtrate in the interstitial space, called interstitial fluid. Drainage of interstitial fluid into
nearby terminal vessels of the lymphatic system encourages the continued efflux of fluid
and dissolved macromolecules from capillaries and through tissues, termed interstitial flow
(Boulpaep and Boron 2008). The lymphatic system also fulfils a number of important
functions in addition to fluid and protein homeostasis, including transport of immune cells
and a central role in developing immune responses.
Fluid and substances within the interstitial space which are taken up by blind-ended
lymphatic vessels is collectively termed lymph. Under normal conditions, substances
including dietary lipids, inflammatory molecules and pathogens are cleared from the
interstitium by interstitial flow and transported in the lymph. The rate of lymph formation is
dependent on a number of factors and is described by Starling’s law (Boulpaep and Boron
2008; Jackson 2009) (Equation 1). The literature suggests that the standing fluid pressure
gradient between collecting lymphatics and interstitial fluid actually opposes entry of
interstitial fluid into the lymphatics (Zawieja 2009). Indeed, under normal circumstances,
the majority of lymphatic capillaries in the skin are collapsed. One of several theories to
explain how lymph is still formed, and that which many believe is best supported by the
evidence (Zawieja 2009), is that this pressure gradient is transiently reversed by activities
either in the tissue or lymphatics, temporarily favouring formation of lymph.
./0 2340560378 = 9p; [(>c − >if) − D(Ec − Eif)]
Equation 1. Where Lp is capillary permeability, S is the surface area available for filtration, Pc and Pif are
capillary and interstitial fluid pressures, πc and πif are capillary and interstitial fluid oncotic pressures, and s
is the reflection coefficient for proteins at the capillary wall.

The vasculature of the lymphatic system consists of two structurally distinct types of
vessels, namely the blind-ended lymphatic capillaries and larger lymphatic collecting
vessels. Lymphatic capillaries or ‘terminal lymphatics’ are formed of a single layer of
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overlapping oak leaf-shaped lymphatic endothelial cells (LECs), with discontinuous tight
junctions allowing one-way entry of fluid in the formation of lymph (Lynch et al. 2007). The
capillary endothelium is attached to the extracellular matrix by anchoring filaments formed
of emilin-1 and fibrillin, which provide a low-resistance pathway for the transport of tissue
fluid (Ryan 1989). These filaments are thought to encourage the vessels to remain open
during oedematous swelling, as well as opening junctions and promoting drainage when
tissue fluid volume increases (Figure 2-1). Lymphatic capillaries drain into collecting
vessels, which are less permeable to lymph. Collecting vessels exhibit a continuous tight
junction barrier, a basement membrane, an adventitial layer and a contractile layer of
smooth muscle, as well as closely spaced intraluminal bicuspid valves to enforce
unidirectional drainage of lymph (Bolognia et al. 2012). The smooth muscle of collecting
vessels shares several protein markers with cardiac muscle and vascular smooth muscle,
and is similarly capable of spontaneous, rhythmic contraction. The contractile elements of
collecting vessels between valves are called lymphangions.

Figure 2-1 A lymphatic capillary in the collapsed (Left) and distended (Right) state. (A) represents the ECM,
attached to LECs (C) via anchoring filaments (B). Arrows denote the flow of interstitial fluid (D). (Bolognia et
al. 2012)

Collecting vessels throughout the body are punctuated by lymph nodes, which are
particularly prominent in clusters at the groin, axilla and abdomen. Lymph nodes are small
oval-shaped organs of the lymphatic system which are integral to the generation of
immune responses, as antigens, antigen presenting cells and stimulatory cytokines are
transported in the lymph from peripheral tissues (Willard-Mack 2006). They contain
functional units called lobules, which are further compartmentalised by follicles, allowing B
cells and T cells to separately interact with presented antigens and proliferate (Gretz et al.
1997). Unlike other organs, the parenchyma of lymph nodes is composed of highly mobile
lymphocytes, which can migrate on a mesh of fibroblastic reticular cells and associated
fibres, and leave the node freely in efferent lymph (Gowans and Knight 1964).
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In humans, lymph drains towards either the thoracic duct (ductus thoracicus) or the right
lymphatic trunk (ductus lymphaticus dexter), whereby it returns to venous blood
circulation. Lymph from the left side of the body, the abdomen and both lower limbs is
transported to the thoracic duct, whilst the right upper torso and head drain into the right
lymphatic trunk.
2.1.1

Vessel and Node Distribution

In the past, detailed histological study of lymphatic vessels has been hampered by a lack
of unique markers for the differentiation of lymphatic vessels and blood vessels. Early
techniques required staining for both a shared marker of blood and lymphatic vessels
(such as CD31) and a marker unique to blood vessels (Skobe and Detmar 2000). With the
development of markers expressed exclusively by LECs, including podoplanin (Weninger
et al. 1999) and the lymphatic vascular endothelial hyaluronan receptor (LYVE-1) (Banerji
et al. 1999), it has become possible to specifically stain lymphatic vessels and more easily
ascertain their distribution and density.
Lymphatic vessels can be found in the majority of tissues in the body, but were previously
thought to be absent in immunologically privileged sites, such as the brain and retina, as
well as cartilage and bone. However, vessels were recently discovered in the dural
sinuses, serving to drain both fluid and immune cells from cerebrospinal fluid, leading to a
re-evaluation of this accepted principle of neuroimmunology (Louveau et al. 2015). Deep
lymphatic vessels receive lymph from internal organs as well as vessels of the superficial
lymphatic system, which drains the skin. The superficial lymphatic vessels, which are the
focus of the present research, are thought to be largely distinct from those of the deep
lymphatic system (Suami et al. 2008).
Attempts to delineate the typical organisation of superficial lymphatic vessels using
tracers, including simple tracers such as mercury, along with dissection of human
cadavers date back to as early as the 18th century (Cruikshank 1786; Mascagni 1787;
Sappey 1874). As a result of these studies, the density of lymphatic vessels is known to
vary greatly both between individuals and with anatomical location, with vessels being
particularly abundant in the hand, sole of the foot and the scrotum (Lubach et al. 1996).
More recently, radiographic imaging techniques have been employed in attempts to
determine the drainage pathway and destination nodes associated with different
anatomical areas, termed lymphosomes (Uren 2004; Suami et al. 2007; Suami et al.
2008). A weak correlation has been noted between the number of vessels and the
number of destination nodes. Vessels are reported to both diverge and meet more than
one lymph node, most commonly in the lower limb towards the groin, and converge and
drain into a common node, most commonly in the upper limb towards the axilla. The
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authors of these studies have concluded that the destination nodes and drainage
pathways associated with an area of skin cannot be reliably predicted. Accordingly, the
study of vessels therefore requires individualised localisation.
The lymphatic vessels of the skin are organised into the upper and lower horizontal
plexuses (Figure 2-2). In the sub-papillary dermis, vertically draining lymphatic capillaries
of the upper plexus are closely associated with blood capillary loops, and drain directly
into the large collecting vessels of the lower plexus. The lower plexus is present in the
deep dermis and superficial subcutis, underlying the dermal arterial plexus, with very few
vessels present in the deeper subcutaneous tissue (Skobe and Detmar 2000).

Figure 2-2 The organisation of lymphatic capillaries and blood capillaries into plexuses in the dermis,
beneath the papillary dermal border. (Skobe and Detmar 2000)

2.2
2.2.1

Normal Lymphatic Clearance
Active and Passive Mechanisms of Propulsion

Many lower order vertebrates possess ‘lymph hearts’, representing specialised muscular
pumping organs which propel lymph (Wilting et al. 2004). As these organs are absent in
mammals, lymph flow was long considered a passive process, resulting from interstitial
fluid pressure, adjacent arterial contraction, intestinal peristalsis, compression of tissues
and vessels during muscular activity, or indeed applied pressure, and changes in thoracic
pressure during breathing (Aukland 2005). However, it is now well-recognised that lymph
is normally propelled by a combination of both active processes, in the pumping of smooth
muscle-lined lymphangions, and these passive processes (Reddy 1986).
Contractile pumping of collecting vessels was first described in 1869 (Heller 1869).
However, only towards the end of the 20th century did texts begin to consistently
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recognise the contribution of intrinsic phasic contraction of smooth muscle in propelling
lymph (Aukland 2005). Contraction of the lymphangions causes a rapid decrease in
vessel diameter, increasing the local lymph pressure which, in turn, causes closure of the
upstream valve, opening of the downstream valve and flow of lymph downstream. Florey
(1927) demonstrated in excised mesentery that lymph vessel contraction was not
dependent on external neuronal stimulation. It is now an accepted paradigm that, much
like the stimulation of cardiac muscle, contraction of lymphatic smooth muscle occurs as a
result of spontaneous action potentials, generated by pacemaker cells in the vessel (von
der Weid et al. 1996; Beckett et al. 2007; Krupatkin 2014). Little is known, however,
regarding the population of cells responsible for pace making in lymphatic vessels,
however it has been demonstrated that nitric oxide (NO) originating from LECs (von der
Weid et al. 2001; Gashev et al. 2002) and possibly neuronal input from the sympathetic
nervous system (Hughes and Allen 1993; van Helden et al. 2014) can influence their pace
making activity.
Lymphatic pumping has been demonstrated to be highly responsive to changes in local
(distention) and peripheral (inflow and outflow) pressure, through myogenic modulation of
vascular tone and the strength of contractions (McHale and Roddie 1976; Davis et al.
2009; Dongaonkar et al. 2013). Adapting to increased outflow pressure or decreased
inflow pressure facilitates complete closure of intraluminal valves (Scallan et al. 2013),
protecting upstream lymphatic capillaries, preventing oedema and encouraging centripetal
flow even with an adverse pressure gradient. Accordingly, as cardiac output is dependent
on venous return, lymph pumping is dependent on the rate of lymph formation in
lymphatic capillaries.
It is important to note that the passive and active propulsion of lymph are not isolated, as
the contractile activity of vessels is modulated by passive lymph flow. Where passive
means encourage sustained flow, contraction of lymphangions is not energetically
favourable. Indeed, it has been demonstrated that sustained passive flow inhibits
contractile force and frequency in isolated mesenteric lymphatic vessels and the thoracic
duct, probably via synthesis of NO by LECs as a result of fluid shear (Gashev et al. 2002;
van Helden et al. 2014). NO is thought to act upon smooth muscle through a number of
mechanisms, including limiting Ca2+ signalling and thereby pacemaking activity and
altering vascular tone (Munn 2015). Thus, while lymph flow in vivo is the sum of both
active and passive pumping, the relative contribution of each varies and remains poorly
understood.
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2.2.2

Lymph Velocity

The velocity of lymph flow is not uniform in different skin sites (Table 2-1), nor constant.
Lymph velocity varies as a result of many factors, including, but not limited to, temperature
(Uren et al. 2003), gravitational resistance (and therefore also posture) (Franzeck et al.
1996) and vessel type. Lymph velocity is unsurprisingly significantly lower in lymphatic
capillaries than in contractile lymphatics, with reported values ranging from the order of
several hundred microns/min and several cm/min, respectively (Fischer et al. 1996; Uren
et al. 1997).
Many studies instead measure the ‘transit time’ of lymph from a point of injection to a
known downstream destination, typically the foot and groin or hand and axilla respectively
(Modi et al. 2007). However, this approach requires detection at a predictable destination
and is hence only suitable for the study of extremities with a clear centripetal path.
Table 2-1 Anatomical Locations and Lymph Flow Velocity, as measured by 99mTc antimony sulphide colloid
lymphoscintigraphy (Uren et al. 1997)

Anatomical Location

Average lymph velocity
(mm/min)

2.2.3

Head/Neck

15

Upper Arm/Shoulder

20

Anterior Trunk

28

Posterior Trunk

39

Upper Leg

42

Leg/Foot

102

Forearm/Hand

55

Lymph Pressure

Lymph pressure in terminal lymphatic vessels is low, with mean values estimated by strain
gauge plethysmography of 2.6±2.8 mmHg in the leg of healthy volunteers (n = 18)
(Gretener et al. 2000). The pressure within contractile lymphatic vessels naturally varies
according to stage of contraction and is usually described by a peak pressure value,
which corresponds to lymphangion systole. Using fluorescence lymphography, Unno et al.
(2008) estimated a mean collecting vessel peak pumping pressure of 25.2±16.7 mmHg in
the lower leg skin of supine human volunteers (n=15).
As mentioned previously, vessels modulate pumping pressure according to demand.
Additionally, substantial variation in peak pumping pressure, as well as significant
correlations with age and gender has been demonstrated with a large number of
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volunteers (n= 399) (Unno et al. 2011). Average values must therefore be considered with
caution, and further work is needed before a healthy range can be established.

2.3

Decreased Lymphatic Function and Risk of Tissue Damage

Altered lymphatic clearance and abnormal lymphatic vasculature have been reported in
several disease states. As an example, SCI has been linked to dysfunction of lymphatic
vessels, development of oedema and risk of fibrosis (Trettin 1992; Scelsi et al. 1995),
whilst type 2 diabetes reportedly leads to increased skin lymphatic vessel density and an
altered expression profile in LECs (Haemmerle et al. 2013). It has recently been
proposed, following findings in a murine model (Gashev and Chatterjee 2013), that age
may also be associated with reduced lymphatic vessel contractility, resulting from
oxidative stress, accompanied by altered arrangement of smooth muscle cells and
disruption of NO-dependent regulatory mechanisms.
Nonetheless the most commonly diagnosed and studied condition affecting the lymphatic
system is lymphoedema (Moffatt et al. 2016). While lymphoedema has not been identified
as a significant risk factor of pressure ulcers, this may be explained by low incidence rates
in studies; indeed, chronic oedema is clearly linked to decreased tissue viability, with 40%
of cases from a study of Derby hospitals presenting with concomitant leg ulcers (Moffatt et
al. 2016).
Lymphoedema has both primary (inherited) and secondary (acquired) forms, with the
aetiological mechanisms in many of the pathways remaining poorly understood (Mortimer
and Rockson 2014). One particularly common form, namely breast cancer-related
lymphoedema (BCRL), results from surgical termination of clearance pathways following
resection of lymph nodes. In each pathway, lymphatic clearance is significantly
decreased, resulting in increased lymph pressure in lymphatic capillaries (Gretener et al.
2000), decreased lymph formation and rhythmic cutaneous reflux of lymph, originating
from the intrinsic contractions of collecting vessels (Fischer et al. 1996). Lymphangion
contractility has also been demonstrated to be decreased in chronic oedema using laser
doppler flowmetry (Krupatkin 2014), whilst recent evidence has suggested that low levels
of contractile activity may represent a predisposing factor for BCRL (Bains et al. 2015).
The resulting tissue oedema leads to fibrosis and tissue damage (Daroczy 1995), as well
as being associated with increased risk of infection (Damstra et al. 2008).

2.4

Lymphatic Function and Compressed Tissue

Closure of lymphatic capillaries is normally opposed by anchoring filaments, however,
these can be expected to be far less effective in compressed tissues. Collecting vessels
have been reported to pump at comparable pressure to the average pressure of blood
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capillaries, measured in the fingernail fold to be 26.2±5.6 mmHg (de Graff et al. 2002).
The hypothesis that lymphatic vessels may similarly collapse under clinically relevant
magnitudes of applied pressure (Newson and Rolfe 1982; Knight et al. 2001) and at lower
pressures with associated shear (Linder-Ganz and Gefen 2007) therefore provides a
logical supposition.
Only three publications evaluating functional lymphatic drainage in uniaxially compressed
tissue were identified, two of which were conducted on a canine model by Miller & Seale.
These were previously described in section 1.4.4. A more recent study involved the
pinching of dorsal skin between two magnets in a murine model (Kasuya et al. 2014). This
study reported that sustained loading at a nominal pressure of 50 mmHg for 16 hours was
sufficient to cause degradation of lymphatic vessel endothelium. This loss of lymphatic
vessel patency was also associated with impaired clearance of an injected contrast agent
called Indocyanine Green (ICG), as determined by the intensity of fluorescence at the
injection site, suggesting that by-products of tissue damage were also likely to
accumulate, further contributing to the chronic nature of the wound.
The effect of radial compression of a limb has been more commonly studied, possibly
owing to the common use of hydrostatic pressure dressings to promote lymphatic
clearance and prevent oedema (Wood 1959) and to arrest lymph flow in peripheral snake
or spider envenomation (Howarth et al. 1994). Indeed, in the human ankle, sustained
radial compression of a low magnitude (25-30 mmHg) was found to increase the rate of
lymphatic clearance (Lentner and Wienert 1996; Meussen et al. 1998), whereas sustained
compression at greater magnitudes, in excess of collecting vessel pumping pressure,
causes collapse of collecting vessels and lymph stasis at the border of compression
(Howarth et al. 1994; Unno et al. 2008; Unno et al. 2011). Lymphatic vessel collapse is
associated with an increase in upstream lymphatic capillary pressure (Gretener et al.
2000) and presumably decreased formation of lymph, resulting in retention of interstitial
fluid.
Rhythmic radial compression of the ovine hoof has also been demonstrated to increase
the rate of lymphatic clearance directly under the cuff (Pippard and Roddie 1986;
McGeown et al. 1987, 1988), both at low magnitudes of pressure and magnitudes up to
320 mmHg, when applied in on/off cycles of 16 seconds (McGeown et al. 1988). The
increase in flow rate is dependent on the deflation period, particularly at values of 8
seconds or greater, during which McGeown (1987) hypothesised tissue fluid is replaced
from the blood vasculature and lymphatic vessels refill from this reservoir. Pippard and
Roddie (1986) demonstrated that the increase in lymphatic clearance observed during
intermittent compression is diminished, but not abolished, by arterial occlusion, which
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restricts refill of interstitial fluid. Post-procedural lymphatic function was not reported upon
in any of these studies. Thus, it remains unclear whether there is a threshold duration of
occlusive pressure for establishing lymphatic dysfunction, delayed onset of lymphatic
dysfunction following applied pressure above this threshold, or a protective effect of
rhythmic compression. Normal lymphatic vessel behaviour involves collapsing and
draining in a rhythmic fashion (Choi et al. 2012), therefore a tolerance towards brief
periods of closure may be expected.
Although these studies support that lymphatic function may indeed be perturbed by
mechanical forces, their direct relevance to pressure ulcer aetiology is limited. The use of
animal models and hydrostatic loading, the latter of which was previously shown to
produce a different biological response to uniaxial loading (Polliak et al. 1993), may
activate different mechanisms to those occurring in humans under uniaxial loading.
Furthermore, magnitudes of both compressive strain and shear are thought to influence
collapse of vessels (Goossens et al. 1994), and these are distributed differently under a
cuff to in uniaxially indented tissue, reaching maximum values radially beneath both
borders (Callaghan 1987).

2.5

Consequences of Lymph Stasis in the Skin, Muscle and Vascular Tissue

A search of key databases (PubMed, Science Direct and EMBase) was conducted using
the following search terms, most recently updated June 2017:
(Pressure OR (Mechanical AND Load*) OR Indent* OR Compress* OR Strain OR
Deformation) AND (Lymph* OR “Interstitial fluid”)
Results were screened manually to identify studies into the application of external
pressure only; studies into pressure generated within biological compartments (such as
tumours) or within lymph or interstitial fluid in the absence of an intervention were not
included. The search returned only one publication on tissue pathology where the
application of external pressure was linked to impaired lymph flow. In this study (Kasuya
et al. 2014), two magnets were utilised to produce compressive pressure of approximately
50 mmHg over an area 12 mm in diameter in the dorsal skin of Balb/c wild-type mice,
which was sustained for either 4, 8, 12 or 16 hrs. No macroscopic changes were observed
within 14 days following 4 or 8 hours ischaemia reperfusion, however 12 hours was
sufficient to produce non-blanchable erythema and 16 hours was associated with the
development of an open ulcer. Histological analysis with immunostaining of LYVE-1
revealed that 16 hours of ischaemia followed by 8 hours of reperfusion was associated
with destruction of lymphatic vessel endothelium, but not blood capillary endothelium.
LECs in vitro were separately demonstrated to be more susceptible to apoptosis as a
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result of reactive oxygen species, which was also reported to be significantly increased in
the mouse model of reperfusion injury, according to expression of the stress marker 8hydroxy-2’-deoxyguanosine. A similar model, compressing the hind limb of rats but
without assessing lymphatic function, was associated with upregulation of matrix
metalloproteinase (MMP)-2 expression, TNF-α expression and phosphorylation of nuclear
factor (NF)-κB in skin tissues, as well as initial changes in tissue morphology including
perturbed collagen metabolism (Wang et al. 2016a).
Surgical ablation or ligation of lymphatic vessels in mouse and rat tails has been more
widely adopted as model systems for in-depth study of lymphatic dysfunction pertaining to
the condition of lymphoedema, due to the associated vessels being highly organised and
accessible (Slavin et al. 1999). These methods of establishing lymph stasis are nonspecific and lack potentially confounding aetiological mechanisms of lymphoedema, and
are hence considered to be an acceptable model for forming hypotheses around lymph
stasis due to mechanical loading. Research using this model has indicated that several
signalling pathways may contribute to decreased tissue viability as a result of lymphstasis.
Tissue damage in lymphoedematous human limbs is indicated by an increase in apoptotic
DNA fragments (Olszewski 2003), however the exact mechanisms responsible are
unknown. Tissue damage is replicated in animal models of lymphoedema. Solti (1991)
observed degeneration of the muscle layer of the arterial wall due to lymph stasis, while
Tabibiazar et al (2006) described derangement of tissue structure at the epidermal-dermal
junction, dermal papillae and epidermis, and late stage destruction of bystander muscle
tissue. Increased tissue thickness is reported in the majority of studies, and is associated
with tissue oedema (Tabibiazar et al. 2006; Zampell et al. 2012c; Avraham et al. 2013),
adipose deposition (Aschen et al. 2012), collagen deposition and fibrosis, particularly
fibrosis of adipose tissue and lymph vessels (Knight et al. 1987; Solti et al. 1991; Zampell
et al. 2012a; Avraham et al. 2013). In addition, Zampell et al. (2011) reported increased
expression of the danger signals heat shock protein (HSP)70 and high-mobility group box
(HMGB)1, particularly by LECs. Lymph stasis also increased levels of malondialdehyde
(MDA) (Ohkuma 1993), a marker of oxidative stress and carcinogen.
Several studies have reported increased cellularity in the murine model (Galkowska and
Olszewski 1986; Olszewski et al. 1992; Tabibiazar et al. 2006; Zampell et al. 2012a;
Zampell et al. 2012c; Avraham et al. 2013), noting increased tissue populations of
activated small lymphocytes, macrophages and fibroblasts in particular. Whilst the activity
of natural killer cells is reportedly attenuated in lymph stasis (Galkowska and Olszewski
1986), there is an enhanced mononuclear immune response (Galkowska and Olszewski
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1986; Zampell et al. 2012a), and immune stimulation of many cell types (Olszewski et al.
1992). Lymph stasis is further associated with increased levels of inflammatory cytokine
expression by these populations (Olszewski 2003; Zampell et al. 2012b; Avraham et al.
2013).
Lymphatic dysfunction, once established in the model, is maintained by antilymphangiogenic cytokines (Zampell et al. 2012b) and fibrosis (Avraham et al. 2013), both
of which have been linked to an enhanced mixed TH1/TH2 response (Wynn 2004; Zampell
et al. 2011). TH1/TH2 populations are amongst the first to increase in lymph stasis, and are
the primary cell types responsible for the increase in Interferon (IFN)-γ (Zampell et al.
2012b) and interleukin (IL)-13 (Avraham et al. 2013). In addition to being an antilymphangiogenic cytokine (Zampell et al. 2012b), IFN-γ may increase the effector function
of IL-13 (Wynn 2004), which promotes collagen deposition by downregulating production
of matrix metalloproteinase (MMP)-1 and MMP-3 and promoting expression of tissue
inhibitor of metalloproteinase (TIMP)-1 by fibroblasts (Oriente et al. 2000). Either depletion
of CD4+ cells or preventing differentiation of TH0 cells to TH2 inhibits the pathological
changes, by significantly decreasing fibrosis, oedema, inflammation and adipose
deposition (Zampell et al. 2012b; Zampell et al. 2012c). Avraham et al. (2013) further
demonstrated that a monoclonal antibody blockade of TH1/TH2 cytokines protects lymph
function and significantly decreases fibrosis, whilst a blockade of signalling by other
inflammatory cytokines via signal transducer and activator of transcription (STAT)-3
rescues neither lymph function nor fibrosis. These results suggest that CD4+ cell
recruitment and levels of IFN-γ and IL-13 may be effective and early biomarkers for tissue
damage due to lymphatic dysfunction.
Whilst lymph stasis reportedly downregulates MMP activity in favour of fibrotic collagen
deposition, the expression profile of fibroblasts in pressure ulcer wound beds has
previously been found to be highly proteolytic in nature (Ladwig et al. 2002), typical of the
senescent fibroblast cell stage, and associated with impaired wound healing (Vande Berg
et al. 2005). Further research is needed to determine the stage in pressure ulcer
development in which fibroblasts adopt the proteolytic profile. Fibroblasts cultured under
compression have been shown to reach senescence after fewer cell divisions than
controls (Stanley et al. 2005), however it is unclear whether the increase in fibroblast
population caused by lymph stasis (Tabibiazar et al. 2006) is due to increased rates of
replication of dermal fibroblasts or recruitment. Hyaluronan represents a signalling
molecule which is cleared exclusively in the lymph, and which is upregulated in the murine
tail model of lymph stasis (Liu et al. 2002; Roberts et al. 2012). Low molecular weight
hyaluronan is strongly pro-inflammatory (Cyphert et al. 2015), regulates fibroblast
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differentiation (Maharjan et al. 2011), and has previously been shown to upregulate MMP
expression by fibroblasts (Fieber et al. 2004). Accumulation of hyaluronan fragments or
altered cytokine signalling, rather than senescence, may also explain a change in
expression profile of fibroblasts towards damaging proteolysis.
Recent evidence also suggests that lymphatic dysfunction may also cause lymph proteins
to access peripheral blood in some individuals, based on technetium Tc 99m nanocolloid
lymphoscintigraphy(Soares et al. 2016). It was speculated that this may be through
lymphovenous communication within lymph nodes.
It is important to recognise that the biological responses reported in these models of
lymphoedema may differ when lymph stasis is established by externally applied uniaxial
pressure in humans in a clinical setting. Surgical ablation and ligation of lymph vessels
lacks the stimuli of mechanical deformation and ischaemia, which may affect cellular
recruitment and activity (Lee and Bader 1997; Pingguan-Murphy et al. 2006; Campbell et
al. 2008; Bonzani et al. 2012). Lymph stasis was also associated with impaired removal of
immunocytes (Tabibiazar et al. 2006) and likely impaired removal of pathogens; however
the destructive potential of impaired clearance may not be fully recognised in controlled
laboratory studies of healthy animals. With the majority of pressure ulcers being hospitalacquired (Vanderwee et al. 2007), most patients will have a concomitant disease or
pathology, as well as being exposed to common pathogens associated with the hospital
environment.

2.6

Techniques for Measuring Lymphatic Function

The assessment of lymph function is a necessary phase in diagnosing several conditions,
specifically lymphoedema, monitoring certain treatment protocols and for guidance during
surgery. As a consequence, a number of techniques have been proposed to assess
lymph function, both in clinical practice and research settings. However, none were
directly available in the host laboratory and appropriate for an experimental research
investigation.
2.6.1

Clinical Practice

Historically, delineation of the lymphatic system was achieved by direct lymphography.
Lymphography requires identification of lymphatic vessels using an intradermal injection
with a vital dye, followed by exposure, cannulation and perfusion of a lymphatic vessel
with an oily contrast agent which absorbs X-rays, such that the lymphatic system was
delineated upon exposure to X-rays (Sharma et al. 2008). However, the exposure and
cannulation of lymphatic vessels requires considerable technical skill, and although
certain water-soluble contrast agents may be injected intradermally or subcutaneously,
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safely administering a sufficient volume can be problematic. Indeed X-ray lymphography
is associated with several risks, as the contrast agents have been reported to cause
damage to the lymphatic endothelium and can even result in a pulmonary embolism
(Silvestri et al. 1980).
Whole-body lymphangioscintigraphy is a nuclear imaging technique, which has
succeeded x-ray lymphography as the standard clinical practice in the UK for delineation
of the lymphatic system. Nuclear imaging involves intradermal injection of
radionucleotides and the detection of either gamma photons or annihilation photons,
which are emitted during their spontaneous decay. In Europe, lymphoscintigraphy is
typically performed using Technitium-99m radiocolloid and a specialised gamma camera
system (Sharma et al. 2008). Lymphoscintigraphy is associated with far greater sensitivity
than lymphography, however real-time dynamic imaging cannot be achieved due to the
restrictions of gamma cameras, and the technique still carries some risks due to exposure
to ionising radiation.
2.6.2

Research Techniques

The risks associated with current clinical technologies for assessing lymphatic function
limit their use in research. However, techniques described in current research are being
developed to supersede lymphoscintigraphy with fewer associated risks.
MRI represents an extremely versatile technique with a broad range of applications, by
generating high-resolution images dependant on the interaction of specific nuclei with a
strong magnetic field (Sharma et al. 2008). Although not commonly employed for
assessing lymph function, MRI successfully delineates the structural morphology of the
lymphatic system, including vessels and nodes, after subcutaneous injection with a
standard MRI contrast agent, such as gadolinium-labelled diethylene-triaminepentaacetic
acid (Gd-DTPA) (Lohrmann et al. 2007). However, routine access to the costly facilities
and trained staff is not always available to researchers, and the strong magnetic field
restricts the equipment which may be used in concurrent protocols. Accordingly, it does
not represent a feasible technique for the current research.
Optical imaging of lymphatic vessels and lymph nodes is established as an accessible,
safe and effective technique for delineating lymphatics (Unno et al. 2008; Alander et al.
2012). This is achieved by means of intradermal injection with an agent capable of
detectable fluorescence, termed a fluorophore. Fluorescence occurs when the fluorophore
absorbs a photon of an appropriate wavelength, causing an electron within the molecule
to be raised to a higher quantum state. When the electron spontaneously relaxes back to
its ground state, it releases the excess energy in the form of another photon. Ideally the
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emitted photons will have a wavelength that is distinct from the excitatory photons,
enabling filtering to isolate fluorescence signal.
Optical imaging techniques are capable of producing real-time images, but the depth of
imaging is limited by tissue absorption and scattering of both excitation and fluorescence
light. This occurs both at the air-tissue interface and within the tissue due to components
such as cells, organelles and matrix fibres (Tuchin 2007). An ‘optical window’ occurs at
near-infrared (NIR) wavelengths between 670 nm-920 nm, where tissue absorption is less
significant, owing to the absorption minima of endogenous chromophores and tissue
constituents, including haemoglobin (Hb) and oxyhaemoglobin (HbO2), as indicated in
Figure 2-3. Optical imaging within this window therefore exhibits superior depth of
penetration (Jonak et al. 2011). NIR fluorescence is not observable by the naked eye and
therefore requires a sensitive camera system.
NIR optical imaging has few associated side-effects and is an accessible technique for
research. It is therefore the technology of choice in the present study.

Figure 2-3 Absorbance of main tissue constituents in the 600 nm-1000 nm spectral range (Taroni et al. 2003)

2.6.3

Indocyanine Green: In Vivo Behaviour and Intradermal Delivery

ICG is available in the UK from Pulsion Medical as ICG-Pulsion®. It is supplied as a
powder with sterile water for reconstitution.
The choice of fluorophore determines many characteristics of the excitatory signal to be
imaged, as well as the spectral range of excitation and therefore the required
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specifications of the other components. Important characteristics of fluorophores are
summarised in Table 2-2.
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Table 2-2 Important Optical Properties of Fluorophores

Characteristics

Definition

Significance

Absorption
Spectrum
In Vivo Excitation
Spectrum

An X,Y plot of wavelength versus
absorbance by the fluorophore.
An X,Y plot of excitation
wavelength versus number of
fluorescence photons generated by
a fluorophore.

In Vivo Emission
Spectrum

An X,Y plot of emission wavelength
versus number of fluorescence
photons generated by an excited
fluorophore.

Quantum Yield

The number of photons emitted per
photon absorbed.

Stokes Shift

The difference in wavelength
between the peak excitation
wavelength and peak emission
wavelength.
The fluorophore concentration
above which fluorescence is
masked by reabsorption of
fluorescence photons by the
fluorophore.

Quenching
Threshold

(as Excitation Spectrum)
Excitation within the NIR optical
window of tissue benefits from
superior penetration.
Light source cost may be
increased for certain wavelengths.
Fluorescence within the NIR
optical window of tissue has
superior penetration. Sensors may
be more sensitive to certain
wavelengths.
High quantum yield fluorophores
are more easily detected by
economical sensors.
Adequate Stokes shift allows
filters to isolate fluorescence from
excitation light.
Solutions must be prepared such
that, upon injection, the
fluorophore concentration is
below the quenching threshold.

A recognised limitation of ICG is the relatively low quantum yield (Frangioni 2003), which
is only 4% that of fluorescein (van den Biesen et al. 1995). The low quantum yield
necessitates the use of a sensitive camera and camera filter with good transmission at the
peak emission wavelength.
ICG consists of two lipophilic polycyclic benzoindotricarbocyanin elements, joined by a
hydrocarbon chain (Figure 2-4). The sulphyl groups on each polycyclic part are hydrophilic
in nature, making ICG an amphiphillic molecule.

Figure 2-4 The Structure of ICG (Desmettre et al. 2000)
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When suspended in aqueous solution at a low concentration (<5 µM) ICG remains
predominantly monomeric, however, at higher concentrations (≥100 µM), it polymerises to
form oligomers (n > 4). In physiological saline, ICG additionally forms aggregates.
Although aggregated ICG exhibits a shifted absorption spectrum which peaks at 690 nm
(Desmettre et al. 2000) and is unsuitable for injection, protein or lipid interaction inhibits
aggregation in vivo, thereby stabilising the spectral properties of ICG. Indeed, ICG readily
binds proteins, particularly the hydrophobic region of human serum albumin. Proteinbinding is associated with a shift of absorption and emission spectra towards longer
wavelengths with peaks of 780 nm and 830 nm, respectively. Accordingly, the abundance
of protein and lipids in the extracellular compartment means that injection into the
epidermis leads to stabilisation of ICG and an associated shift in spectra (Figure 2-5).

Figure 2-5 The optical density (absorption) of ICG in glycerol-ethanol solution (1) and in two layers
of human epidermis (2, 3), showing a peak shift toward longer wavelengths (Genina et al. 2001).

In vivo, the absorption and emission spectrum of ICG both occupy the optical window,
with an acceptable Stokes shift for optical imaging (Figure 2-6).
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Figure 2-6 ICG Absorption (1) and Emission (2) peaks both lie within the near-infrared optical
imaging window (Light Blue, *) Adapted from Miwa (2010).

ICG is taken up exclusively by parenchymal hepatocytes and secreted in bile. Upon
intravenous injection, ICG has an extremely short circulatory half-life, typically eliminated
at a plasma disappearance rate of 18% per minute or greater (Sakka 2007; Sakka et al.
2007), however intradermal injection delays entry of ICG into blood circulation and
accordingly delivery to the liver. Accordingly, ICG remains detectable after intradermal
injection for several days as it is gradually cleared by the lymphatics (Jonak et al. 2011).
As this technique leads to retention of ICG in a concentrated deposit, it is important to
consider the quenching threshold, which for ICG is reported to be approximately 50 µM in
0° geometry (Gioux et al. 2010). For common applications, ICG is typically delivered as an
intravascular bolus injection of up to 0.5 mg/kg body weight at a weight/volume
concentration of 5 mg/ml. However, it was reported in a relatively recent dose escalation
study that delineation of superficial lymphatic vasculature and lymph nodes using ICG
may be achieved with intradermal injections of substantially decreased micro-doses as
small as 10 µg in a 0.1-0.3 mL volume (Sevick-Muraca et al. 2008).

2.7

Optical Imaging of Normal Lymphatic Drainage

Due to the novel nature of the research, few indicators of lymphatic function detectable by
the optical imaging technology have been described. The typical parameter for measuring
the effect of an intervention, particularly applied to a limb, is transit time. Transit time is
defined by the elapsed time between injection of ICG and its detection at a point along its
predictable (usually centripetal) drainage pathway, over a predetermined distance.
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However, where an intervention is highly localised to an individual drainage pathway it is
unlikely that transit time will be significantly affected, as the tracer is likely to be cleared
via an undisturbed route. Patterns of disturbed fluorophore clearance in lymphoedema are
well-described, including a ‘splash pattern’, indicative of mild lymphatic vessel damage,
and a ‘diffuse pattern’, indicating severe lymphatic vessel damage and significant dermal
backflow (Mihara et al. 2012)(Figure 2-7). However, these patterns result from extreme
and sustained lymphatic dysfunction and tissue damage, which will not be present in the
present study. Normal lymphatic drainage in delineated vessels has previously been
described as ‘linear pattern’ drainage (Figure 2-7). Preliminary work might identify
additional, more suitable, lymphatic patterns and behaviour detectable by the technology.

Figure 2-7 Typical appearance of Linear Pattern (A), Splash Pattern (B) and Diffuse Pattern (C) lymphatic
drainage in lymphoedema patients. Adapted from (Mihara et al. 2012).

2.8

Techniques for Sampling Interstitial Fluid

Perhaps the most obvious method of collecting samples of mediators in the interstitial
compartment is the harvesting of a biopsy that includes viable layers of the skin. Most
standard laboratory assays include suitable guidelines for the preparation of samples
including cellular components. Physical sampling techniques commonly applied to the
skin include tape-stripping, suction blister and punch biopsy. Tape-stripping is limited to
removal of dead cells in the stratum corneum (Myer and Maibach 2013), and therefore
cannot directly examine viable layers in the dermis, whereas suction blisters are formed
by cleaving of the lamina lucida from the underlying dermis by negative pressure, resulting
in a fluid-filled blister which may be cut to liberate the epidermis. In contrast, punchbiopsies may be of variable thickness and size and may also be used to sample the
dermis. However, as these techniques are associated with damage to the tissue and are
therefore restricted to a single time point, they are not suitable for use in a study
examining the longitudinal profiles of tissue analytes.
Sampling from biological fluids of the skin, namely interstitial fluid itself and sebum,
represents a less-disruptive alternative to harvesting tissue. Microdialysis and collection of
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fluid from suction blisters represent established minimally invasive techniques for
sampling interstitial fluid in the skin (Kool et al. 2007), whereas sebum can be collected
non-invasively from the skin surface using a lipid-porous tape such as Sebutape®
(CuDerm, Corp., Dallas, Texas)(Agache and Humbert 2004). Microdialysis requires the
implantation of tubular partially-permeable fibres parallel to the skin surface, such that
both ends of the fibre are visually exposed by a distance of approximately 20 mm (Figure
2-8), which is achieved via a guide cannula. The fibres are gradually perfused from one
end, typically with phosphate buffered saline (PBS), at a constant flow rate using a
specialised microdialysis pump. Depending on the pore size of the fibre, soluble
molecules in the interstitium with a molecular weight less than a threshold determined by
the fibre polymer can diffuse across the membrane of the fibre and into dialysate.
Dialysate is collected from the free end of the fibre at regular intervals, typically ≥15
minutes.

Figure 2-8. Microdialysis fibres implanted superficially for a distance of 20 mm in the dermis of the volar
forearm.

Several studies have presented a comparison of microdialysis and blister suction in the
context of pharmacokinetics, specifically availability of oral or intravenously delivered
medications in cutaneous or dermal tissue, compared to plasma levels. At a dermal depth,
samples from both techniques exhibit excellent accordance with plasma levels of
acetylsalicyclic acid and even closer correlation between the two sampling techniques
(Benfeldt et al. 1999). This study concluded that microdialysis was superior when
comparing tolerability, ease of analysis and detail in chronology. In subcutaneous tissue,
microdialysis recovered similar concentrations of fluconazole to plasma levels, whereas
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blister suction did not (Sasongko et al. 2003). It was further reported that concentrations
derived from microdialysis samples correlated well with concentrations predicted by a
blood flow-limited pharmacokinetic model. Given the importance of blood flow and
ischaemia in pressure ulcer aetiology, this represents a compelling argument for the use
of microdialysis over blister suction.
Although fluid sampling from suction blisters does not necessarily preclude resection of
the epidermis, the procedure is still associated with compromised tissue viability after
sampling, leading to some scarring. It is also recognised that several factors, particularly
age, influence peak blister formation time. At the point of peak blister formation,
substances enter the sampling fluid by convection as opposed to diffusion (Agache and
Humbert 2004), therefore temporal variability is undesirable.
2.8.1

Principles of Microdialysis

Microdialysis is a well-established technique for continuous sampling of substances in the
extracellular compartments of various tissues (Shippenberg and Thompson 2001). Indeed
microdialysis of the skin has been reported to be well tolerated by human volunteers
(Voegeli 2001). By quantitation of analytes in dialysate, it is also possible to estimate their
concentration in the extracellular area adjacent to the fibre. The technique is
advantageous in allowing the sampled area to be subjected to obstructive interventions
which leave the collection end of the fibres accessible.
It is established that the transport of substances across the annular width of the
microdialysis fibre membrane in typical experiments is driven primarily by diffusion and
negligibly by convective processes, such as osmotic or hydrostatic pressure gradients
(Benveniste 1989; Bungay et al. 1990), and is thus dependent on the concentration of the
analyte. As analytes diffuse across the membrane, an area around the fibre becomes
depleted of analytes and other dialysable substances. However, because the depleted
medium is continuous with a large area of undisturbed tissue, the deficit in substances in
the depleted area are restored by gradual diffusion from an undisturbed area at higher
concentration, as well as by any synthesis within the depleted area. The size of the
depleted area, and thus penetration distance of the technique, differs between analytes
and tissues and increases with the rate of analyte removal.
As the rate at which analyte is removed by flow within the fibre is typically greater than the
rate at which analyte is resupplied to the surface of the fibre, the analyte contained in
collected dialysate represents a fraction of the actual concentration present in the
extracellular space, termed the ‘extraction fraction’. The extraction fraction is inversely
proportional to the rate of perfusion (Zetterstrom et al. 1988). Estimation of tissue analyte
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concentration requires characterisation of its extraction fraction, which is typically
achieved in vitro using calibration baths of known analyte concentrations (Shippenberg
and Thompson 2001).
2.8.1.1

Limitations

It is well-recognised that the uptake of analyte during microdialysis is not accurately
described by Fick’s Law of simple diffusion (Equation 2), which assumes a single
continuous and homogenous medium and a concentration gradient existing at steady
state, neither of which are applicable for microdialysis (Shippenberg and Thompson
2001).

G = −H(∆J/∆5)
Equation 2. Where J is the “diffusion flux”, D is the “diffusion coefficient”, ∆c is substance concentration
gradient, and ∆r is diffusion length.

A more detailed description of transport associated with microdialysis incorporates
additional parameters, namely three physical media with independent resistances,
metabolism of analyte, vascular exchange and penetration distance (Bungay et al. 1990).
It is therefore important to recognise that a change in dialysate analyte concentration may
reflect not only a change in its extracellular concentration, but also a change in any of the
parameters governing the rate of analyte diffusion or extraction.
Estimating the tissue analyte concentration using values obtained in vitro is of limited
accuracy. As mixing of the external medium significantly alters extraction fraction,
calibration baths with uncharacterised convective mixing do not provide accurate
estimates of extraction fractions in tissue (Bungay et al. 1990). For this reason some
studies utilise homogenous gel constructs, although these still do not accurately represent
the tortuosity of molecular transport or hindrance of tissue (Shippenberg and Thompson
2001).
The tissue response to the trauma of fibre insertion, specifically localised oedema,
hyperaemia and disruption of metabolism may also affect the rate of recovery (Dykstra et
al. 1992). However, provided that between 1.5-2 hours is allowed between implantation
and testing, it has been reported that these localised changes do not have a significant
adverse effect on the technique(Anderson et al. 1994; Krogstad et al. 1996).
Within the host Faculty, the financial cost of commercial single-use fibres is recognised as
a major limitation. As such, alternative fibres are constructed using inexpensive
components in the host laboratory. However, it must be recognised that these economical
fibres may prove more fragile than their commercial counterparts and are occasionally
damaged during the protocol associated with microdialysis. Fibre damage may include
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breaking of the fibre close to the exit point, normally as a result of insufficient moisture
when bandaging or incomplete cleaning of any blood at the exit point. More commonly,
the seal between the fine-bore tubing and fibre is damaged by movement of the test area,
in which case repair of the seal can be attempted using fast-drying cyanoacrylate
adhesives (superglue). Nonetheless, with experience by the researcher, and careful
preparation and use of fibres, the incidence of fibre breakage may be acceptable.
2.8.2

Principles of Sebum Collection (Sebutape)

Sebaceous glands are exocrine glands that are ubiquitous in the skin, with the exception
of the soles of the feet and palms, which are typically associated with a hair follicle in a
pilosebaceous unit. They may be found in particularly large numbers on the face and
scalp, where they may be as dense as 400-900 glands/cm2 (Smith and Thiboutot 2008).
Sebocytes within the gland produce a lipid-rich substance called sebum, which may be
stored or secreted alongside the hair shaft onto the skin surface. At the stratum corneum,
sebum serves to preserve the pH and integrity of the acid mantle, thereby facilitating its
barrier function.
Cytokines have been shown to be present in normal sebaceous glands (Makrantonaki et
al. 2011). Furthermore, it has been demonstrated in vitro that IL-1α, IL-6, IL-8 and TNFα
are all produced by healthy sebocytes and significantly upregulated under stress in the
form of LPS, arachidonic acid and calcium ionophore (Kurokawa et al. 2009). That these
inflammatory cytokines are barely detectable in the sebaceous glands of healthy skin, but
are significantly increased in acne patients (Alestas et al. 2006) and at UVB-exposed
hamster skin sites (Hirao et al. 1997) supports that the cytokine profile of sebum may
reflect the tissue response to stressors affecting the dermis, or in fact contribute to the
pathogenesis of inflammatory conditions. Indeed, it is hypothesised that pro-inflammatory
components of sebum may contribute to the initiation of skin inflammation in acne via
several mechanisms, including increased populations of neutrophils and increased
expression of MMPs.
Sebutape (Figure 2-9) is an established product for collecting sebum in a non-invasive
manner. Consisting of small silicone-coated tabs with numerous empty ‘pockets’,
permeable to lipids but not water, and a single side of adhesive, Sebutape selectively
absorbs sebum from the skin, along with lipid-soluble substances. Cytokines in the sebum
bind weakly to the polymer in a process called adsorption, specifically physisorption in the
form of van der Waals forces. After application to the skin, tapes can be stuck to backing
card for quantitation of sebum collected and sebum pore density; alternatively, proteins
including cytokines may be liberated from the tape (desorped) by a solvent in an
established process (Perkins et al. 2002) and quantified using standard laboratory assays.
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The method has previously been demonstrated not to strip the stratum corneum in the
same manner as tape-stripping; this further indicates the technique as a potential
assessment tool for use in the clinical setting, where preservation of skin integrity must be
prioritised.

Figure 2-9 Sebutape (A) consists of a small adhesive tab, 28.58 mm x 19.05 mm. The process is non-invasive
and minimally disruptive to other techniques (microdialysis fibres (B) and collection vials (C) pictured).
2.8.2.1

Limitations

Sebutape is not suitable for continuous sampling, particularly where an obstructive
intervention is used. The availability of sebum is a further limiting factor. Which is to say
that following sampling, a refractory period must be incorporated for sebum on the skin
surface to be replenished. The duration of this period will be dependent on the rate of
synthesis, volume stored and rate of excretion at the skin surface and will therefore be
variable between individuals.
The ability of Sebutape to bind proteins in sebum is limited by its adsorptive capacity.
Adsorption is a competitive process and, as it cannot be assumed that all adsorbates
have an equivalent affinity or are transported equally, it is important that the capacity is
not met. However, given the large surface area of Sebutape and that the tape typically
remains in situ for only 2 mins, it is unlikely that this will be an issue for a typical protocol.
Sebum recovery by Sebutape varies significantly by site. In addition, the recovery
(desorption) and sample preparation process is likely to differ between tapes. It is
currently accepted practice to correct the measured values of all analytes by the total
protein desorped from the tape (Perkins et al. 2001). However, where the analytes being
quantified represent a fraction of the proteins present in the sample, this process may
confound results. For example, an unexamined protein may be significantly down- or upregulated by the intervention, artificially inflating or deflating analyte values respectively.
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It should also be recognised that, while cells of the sebaceous gland are bathed in
interstitial fluid, it is unclear whether there is a correlation between the levels of cytokines
in interstitial fluid and sebum or indeed transfer between the two substances. This
technique may therefore sample a distinct environment within the dermis which, although
potentially relevant to the formation of pressure ulcers, may have limited relevance to the
lymphatic pathogenesis hypothesis.

2.9

Chapter Summary

A focussed review of the literature around lymphatic pathologies relevant to loaded
tissues revealed a number of causative mechanisms, which might logically be
hypothesised to also impact tissue viability under loading-induced lymph stasis. Due to a
paucity of research in this area outside of animal models, the primary aim of the biomarker
project is to validate techniques for the study of these markers under direct loading.
Given the identified limitations of the blister suction technique and the expertise in
microdialysis within the research group, the decision was made to employ the techniques
of microdialysis and Sebutape® in the present study. Microdialysis clearly represents the
most suitable technique to address the research objectives, in that it represents the most
direct method of sampling interstitial fluid – the reservoir from which lymph is formed.
However, the technique is not suitable for use in the clinical setting due to its invasive
nature and the patency of fibres under direct loading has not previously been explored. As
a result, sebum collection with Sebutape® will also be employed, to ensure successful
sampling at key time points and to explore accordance between these two techniques.
Particular biomarkers of note include a number of cytokines, specifically molecules which
may contribute to sustaining lymphatic dysfunction, such as the anti-lymphangiogenic
cytokine IFN-ɣ, as well as molecules associated with an inflammatory phenotype. As a
primary cytokine, TNF-α is typically elevated early in the initiation of an inflammatory
response, making it an important checkpoint marker. It is known to induce IL-8 expression
by keratinocytes (Ansel et al. 1990) and together, TNF-α and IL-8 are potent proinflammatory cytokines associated with the initiation of both local inflammation and the
systemic acute-phase response. Both function as a chemoattractant for neutrophils
(Smart and Casale 1994), whilst IL-8 has also been shown to recruit T-cells (Gesser et al.
1996). These key molecules, along with a broader pro-inflammatory panel including the
markers of TH1 and TH2 responses implicated in lymphatic pathologies, will be prioritised
in sample analysis.
Fundamentally, altered lymphatic behaviour, specifically around the formation of lymph
and active clearance mechanisms, might be expected to contribute to the accumulation of
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these signalling molecules and harmful metabolites. A review of current and experimental
techniques for delineating lymphatic vessels and quantifying lymphatic function identified
NIR optical imaging as the most suitable technology available for quantifying these
parameters. The optical imaging technique is uniquely situated to affordably characterise
drainage patterns and vessel morphology, as well as imaging contractile vessel behaviour
in real-time (Rasmussen et al. 2009).
As image patterns associated with transiently impaired lymphatic clearance have not been
described in the literature, the present project aims to characterise for the first time normal
and aberrant drainage patterns in loaded skin, as well as characterising altered vessel
behaviours which, if sustained, might compromise tissue viability.

2.10 Specific Project Aims
Primary Objectives:
•

Develop or validate a technique for the quantitative study of lymphatic clearance in
the loaded tissues of healthy volunteers.

•

Validate the methods of microdialysis and Sebutape for the quantitation of
potential biomarkers indicating an inflammatory response in loaded tissues.

Secondary Objectives:
•

Explore the relevance of 60 mmHg uniaxial loading as a potential threshold value
for lymphatic dysfunction in humans.

•

Characterise hallmarks of any lymphatic dysfunction produced by uniaxial loading,
including both lymph formation and active clearance.

•

Quantify changes in cytokine signalling caused by uniaxial loading. To include the
pro-inflammatory analytes IL-1α, IL-1β, and IL-8, as well as subsets indicative of
TH1 (IFN-γ, IL-12, IL-2) and TH2 (IL-4, IL-6, IL-10 and IL-13) responses implicated
by the literature.

2.11 Ethics
Initial development using the microdialysis technique was able to be carried out under
existing ethics approval from the Faculty of Health Sciences research ethics committee
held by the supervising researcher Dr David Voegeli.
Separate ethical approval was granted by the Faculty of Health Sciences research ethics
committee to recruit up to 20 healthy participants from the staff and student population of
the University of Southampton for preliminary studies using the microdialysis and optical
imaging techniques, leading into the full project (Project ID: 8309). The approved protocol
(Appendix 1) allowed volunteers to consent to both the biomarker sampling techniques as
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well as imaging study. Volunteers were also able to elect to participate with only one
technique. For participants consenting to both procedures, a separate testing session was
required for each technique.
Volunteers were fully informed of the study protocol by a participant information sheet and
discussion with the research team. Participants were required to consider this information
for a minimum of 24 hours before consenting to the procedure(s).
A screening consultation was undertaken as part of the consent process, to assess
eligibility, including general criteria designed to confirm informed consent. Supervision
was provided by a registered nurse (D. Voegeli; M. Woodhouse). Technology-specific
exclusion criteria were also applied. For lymphatic imaging using ICG, these included
contraindications for Cardiogreen injections, including related allergies to iodide or
shellfish as a previously reported predictor of adverse reactions with adequate sensitivity,
but poor specificity. Exclusion criteria pertaining to sampling of the interstitium with
microdialysis and Sebutape included historic adverse reactions to any components of the
topical anaesthetic, or current anti-inflammatory medication which is topical to the test
site(s) or systemic in action. Participants were also required to confirm no prior health
condition or wound which might exacerbated by the technique(s) or the application of a
uniaxial load to the test site.
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Chapter 3

Methods and Proof of Concept:

Sampling the Interstitial Tissue Environment
3.1

Chapter Introduction

This chapter provides an account of the preliminary investigations which were undertaken
for the development and validation of both techniques and equipment for the sampling of
specific analytes in the interstitial space, under and following the application of a uniaxial
load. It details a series of iterations to the technique in order to address specific
challenges encountered during the preliminary work.
An initial proof of concept protocol for detecting elevated inflammatory mediators under
lymph stasis using microdialysis was also sought for the first time. The resulting data were
required to inform the flow rate and collection intervals required for a comprehensive
study. In addition, the custom fibres and selected assays were validated for recovery and
quantitation of a series of target molecules. The effectiveness of the technologies was
assessed using both objective and subjective performance parameters.

3.2

Principles and Method: Electrochemiluminscence Immunoassays

Electrochemiluminscence immunoassays adopt the same basic principles as standard
enzyme-linked immunosorbence assays (ELISAs), in that plates are typically purchased
with wells pre-coated with a capture antibody which is highly specific for the intended
analytes. However, for multiplexed kits, capture antibodies for multiple analytes must be
included in the base of each well, isolated into individual spots.
However, electrochemiluminscence immunoassays differ from traditional methods
primarily in the mechanism of quantitation. A traditional ELISA utilises a detection
antibody associated with an enzymatic conjugate, typically horseradish peroxidase, which
produces a colorimetric reaction upon the addition of its substrate. Concentrations are
estimated according to absorption of light at a relevant wavelength for all wells. By
contrast, MSD electrochemiluminscence assays utilise a detection antibody conjugated to
a fluorescent tag, termed SULFO-TAG.
Plate readers apply an electrical current across electrodes situated on the base of the
plate, causing the electrochemiluminescent label to emit light at a wavelength of 620 nm.
The light emission is captured and quantified by a sensitive cooled CCD camera, with a
high dynamic range, allowing for both high and low values to be measured. Capture spots
are arranged geometrically, such that concomitant measurements may be taken for all
analytes.
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An advantage of the technology is that the dynamic range of values is far greater than for
colorimetric methods, allowing for a greater range of quantifiable concentrations for
analytes. Importantly, given the limited volume of sample collected with the microdialysis
technique, the multiplexed technology also enables multiple cytokines to be studied.
Samples were loaded into individual wells by reverse pipetting technique. The plate was
then sealed with an adhesive plate seal, mixed using an orbital microplate shaker at 700
rpm for two hours and subsequently incubated overnight at 5°C, allowing analytes to bind
to their respective capture antibodies. Calibrator samples containing prescribed
concentrations of all analytes were also included. These are used by the associated
software to produce a calibration curve against which the concentration of analytes in
each sample can be estimated. Following incubation, excess sample was thoroughly
washed from the plate in triplicate using a proprietary MSD wash buffer (R61AA-1, Meso
Scale Discovery, Rockville, Maryland, USA).
Stock detection antibodies for each analyte were combined for a dilution of 1/50 and
vortexed thoroughly, as recommended in the assay protocol (Meso Scale Discovery,
Rockville, Maryland, USA). All solutions were foil-covered, to prevent excitation of the
fluorescent tag. Following addition of 25 µL of detection antibody solution to each well,
plates were sealed with an adhesive plate seal covered with foil and incubated for a
further 2 hours with vigorous shaking.
Excess detection antibody was removed by a further triplicate wash process and 50 µL of
Tris-based read buffer containing tripropylamine (TPA) (R92TC-3, Meso Scale Discovery,
Rockville, Maryland, USA) was added to each well, to provide the appropriate chemical
environment for consistent electrochemiluminescence with low background signal.
Readings were then processed using a SECTOR Imager 2400 (Meso Scale Discovery,
Rockville, Maryland, USA) and applied to a plate template detailing calibrator
concentrations and sample dilution factors. Estimates of analyte concentrations in
samples were provided by automated fit to the calibration curve, in conjunction with
estimates of the lower limit of detection (LLOD) and lower limit of quantitation (LLOQ) for
each analyte for each plate. The LLOD represents the smallest quantity of analyte which
can be distinguished from an absence of substrate in the well. It is a product of antibody
specificity and measures to remove background fluorescence, typically washing, as well
as the dynamic range and sensitivity of the sensor. The LLOQ represents the practical
limit, as a descriptor of the lowest concentration of analyte which can be estimated against
the calibration curve and is thus also dependent on the concentrations of the calibrator
solutions.
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3.3

Loading Tissue

A uniaxial loading device was commissioned by the research group with consideration
given to the requirements of the current project (Figure 3-1). Specialised round-edged
indenter heads with a nominal diameter of 42.5 mm were also commissioned, suitable for
incorporation into the loading device.

Figure 3-1The uniaxial loading rig, featuring pressure and displacement readout capabilities (A), ball-joint
head (B) and attachment sites for removable interface indenters (C). The rig may be mounted on an overbed arm, or on a compact bench-top mount (as indicated in the diagram).

The indenter system was designed to provide measures of both displacement and applied
pressure, as determined by an internal load cell. To evaluate the variation in applied
pressure, an external pressure monitor (Talley MkIII Pressure Monitor, Talley Medical,
Romsey, UK) was used, both for the novel indenter and for the characterised loads. The
Talley system incorporates a matrix of air cells, each of which is 28 mm in diameter. Air is
pumped at a constant flow rate into each cell individually, until the opposing surfaces of
the interrogated cell begin to separate, which corresponds to the point at which the
pressure in the system is equal to the applied pressure over the cell (Bader and Hawken
1986).
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Two known loads (1000 g +/-5 g and 1500 g +/-5 g) were constructed using a metal bar
and weight disks. By applying these loads through a circular loading surface with an area
of 1257 mm2, a nominal pressure was generated equivalent to 7.8 kPa (58.6 mmHg) and
11.7 kPa (87.8 mmHg), respectively.
Each load was applied to the volar aspect of the forearm of two able-bodied volunteers
(Males, aged 24 and 29), positioned such that the indenter (C in Figure 3-1) made direct
contact with a single deflated pressure cell, which was entirely covered by the loading
surface. Measurements according to the air cell and internal load cell, or calculated
weight, were recorded simultaneously and the load was removed. Following a suitable
recovery period of 10 minutes, the loading system was repositioned and the pressure
measurements repeated. A total of 7 pressures around both 60 mmHg and 90 mmHg
were applied by each system for each participant.
3.3.1

Results

Both the loading system and the known weights were found to exhibit good linearity when
compared to those pressures measured by the Talley MkIII Pressure Monitor (Talley
Medical, Romsey, UK), particularly for pressures close to 60 mmHg. For pressures in
excess of this value, the measured pressure was found to typically under-estimate
magnitude (Figure 3-2). There was some variation in measured interface pressures, even
for constant weights. For example, measurements under the 1000 g weight ranged from
55-68 mmHg.
It was noted that the indenter system was particular sensitive to tissue tone (muscle
flexion) and movement, due to the indenter head being immobile, whilst the known
weights were freely able to rise with any vertical displacement of the interface.
To quantify the linearity between the applied (nominal) pressure and measured pressure
using both techniques, Pearson’s correlation coefficients were calculated, whereby a
value of 1.0 represents perfect agreement between the estimate of the loading system
and measured values. For the known weights, a Pearson’s r of 0.893 was calculated
(Figure 3-2 A), in comparison to a Pearson’s r of 0.905 for the novel indenter system
(Figure 3-2 B).
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A

B

Figure 3-2. A plot of calculated pressures applied by known weights of 1 kg and 1.5 kg (A) and nominal
pressures between 53-105 mmHg applied using the indenter (B), against interface pressures measured by a
pressure cell (Talley Pressure Monitor). Dotted lines represent x = y. Lines of best fit follow equations ! =
2
2
0.4271) + 37.12 (A, R = 0.797) and ! = 0.6027) + 17.05 (B, R = 0.819)

3.4

Microdialysis Under Direct Loading

Whilst probes are commercially available for use with microdialysis, these are prohibitively
expensive for many studies. Previous studies within the faculty have therefore made use
of a validated protocol for constructing custom fibres (Voegeli 2001).
However, there are no previous reports of the microdialysis technique being employed
under direct uniaxial loading, either using commercial or custom-made fibres. Preliminary
work was therefore required to validate the technique and protocol for fibre construction
for use in loaded tissues. Indeed, it is interesting that the recognised limitations of the
methodology (Shippenberg and Thompson 2001) has not considered the situation where
the tissues are exposed to an external loading, where the typical assumptions associated
with microdialysis may not prove appropriate.
Indeed, it might be predicted that the fibres will behave in a similar manner to endogenous
tubular structures in the tissue, such as capillaries, which are known to collapse under
normal loading. This behaviour would be exacerbated if the tissues were also exposed to
external shear forces. Additionally, significant changes in tissue fluid flux and lymph flow
under the applied loading might be predicted. Such physiological changes in loaded
tissues will inevitably affect the re-supply of many of the target analytes to the depleted
area during microdialysis which, in turn, would affect the extraction fraction and size of the
depletion zone.
Custom fibres have previously been reported to perform adequately within standard
experimental protocols. However, initial experience revealed that a limited number of
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fibres failed at the seal joint during the period between implantation and the experimental
protocol. This failure probably occurred as a result of extraneous shear and tensile forces
during bandaging of the arm. Such mechanical-induced damage would reduce the volume
of the dialysate passing through the fibres. Any external forces applied to the tissues
would inevitably exacerbate this problem encountered in previous experimental protocols.
Accordingly, preliminary work was conducted to address the following pertinent questions:
•

Can custom fibres withstand the mechanical forces and deformation of
surrounding tissue during loading?

•

Is the flow of dialysate affected volumetrically by loading?

•

Is the recovery of proteins from the interstitial space affected during loading?

A small sample of healthy volunteers from within the research group were recruited (n = 3,
all male, aged between 24-29) to establish whether the significant forces applied to
custom fibres under direct loading, which are not present during normal experimental
protocols, affect fibre integrity with particular attention to the seal joint.
3.4.1

Fibre Construction

Microdialysis fibres within the host laboratory were constructed using two tubular
components, namely a fine-bore polythene tubing, with a 0.58 mm inner diameter and a
0.96 mm outer diameter. They were designed so that the fibre connected to the syringe
reservoir and a permeable dialysis membrane with a defined molecular cut-off, in
conjunction with a water-tight sealant. The membrane was inserted into the tubing by a
length of 15 mm and carefully sealed with two layers of sealant (Loctite SI1595, Loctite
UK ltd, Herts, UK), as indicated in Figure 3-3 and Figure 3-4.

Figure 3-3 A schematic of custom microdialysis fibres, constructed from a partially permeable membrane (B)
inserted a short way into fine-bore tubing (A) and secured with watertight sealant (C).
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Figure 3-4. A constructed fibre; arrowhead denotes the sealed join between fibre and fine-bore tubing.

To increase the viable number of participants for each study, fibres were constructed in
batches of 16 and sealed in sterile specimen bags prior to use.
Previous studies have also employed a thin (0.1 mm±10%) guide wire of straightened
steel to assist with threading the fibre through the cannula needle (Voegeli 2001). This
wire was inserted into the free end of the fibre extending to a length of 20 mm. However,
initial experience revealed that this step was associated with damage to fibres, both
during insertion and storage. It was additionally determined that a guide wire was not
required to thread a dry fibre, therefore construction of the seal was optimised to allow for
implantation of fibres without first testing integrity.
A dialysis fibre with a molecular cut-off weight of 1000 kDa was selected for all studies.
Although this represents a much higher molecular weight than for all the target cytokines,
this threshold would allow subsequent analysis of the samples for other larger molecules
of potential interest. Of particular note, this range of molecular weights would
accommodate low molecular weight (LMW) fragments of hyaluronan smaller than 500
kDa. These molecules have been reported to be associated with the elicitation of an
inflammatory response (Albano et al. 2016) and may represent a useful marker of the
tissue remodelling associated with lymphatic dysfunction.
3.4.2

Fibre Implantation and Perfusion

A topical anaesthetic in the form of EMLA cream (Eutectic Mixture of Local Anaesthetics,
AstraZeneca AB, Canada) containing 2.5% w/v each of lidocaine and prilocaine was
applied along the intended fibre tracks in deposits approximately 40 mm long and 7.5 mm
wide. The area was covered with an occlusive dressing for one hour, allowing the mixture
to penetrate the dermal layers of the skin in particular the vicinity of the nerve endings.
The active components of EMLA are both amide-type anaesthetics, which function
through the blocking of voltage-gated Na+ channels in neuronal membranes, thereby
inhibiting depolarisation and the transmission of action potentials inherent in the
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conduction of pain. Optimum efficiency of localised anaesthesia efficacy has been
reported to be 120 minutes (Ellis et al. 2004).
EMLA is known to induce a biphasic vascular response, characterised by initial
vasoconstriction which is maximal 90 minutes after application, followed by vasodilation in
some participants. The latter response has been proposed to be due to relaxation of
smooth muscle caused by the active components (Ellis et al. 2004). Due to complications
associated with accumulation of blood within and around dialysis fibres (specifically
blockage and breakages), the time point associated with peak vasoconstriction was
chosen for fibre implantation. After 90 minutes, the dressing and EMLA cream were
removed and the area was confirmed to be adequately numb by pinprick.
Guide cannulas consisting of 21-guage hypodermic needles (BD Microlance 3, Becton
Dickinson, UK) were inserted at an intradermal depth for a length of 20 mm, parallel to
one another and 70 mm apart. Fibres were threaded through the channel before removal
of the guide needle, after which fibres were secured using microporous tape (1530-2, 3M,
Bracknell, UK) over the entrance point thorough the skin surface.
A melolin dressing was dampened with sterile water and applied to each test site, followed
by bandaging of the whole forearm. Fibres were allowed to rest for a further 120 minutes,
for the inflammatory response caused by the trauma of fibre insertion to stabilise and the
effects of EMLA to subside.
The microdialysis pump (CMA 100, CMA, Sweden) controlled flow of PBS (Sterile PBS,
Tayside Pharmaceuticals, UK) through the fibres at a rate of 3 µL/min, based on previous
work in the host laboratory (Voegeli 2001).

3.5
3.5.1

Test Protocols
Fibre Integrity Under Direct Loading

Prior to the construction of the uniaxial indenter, a simple loading device consisting of a
metal bar of known weight (1 kg) and interface surface area (1257 mm2) was used to
apply a pressure of 7.8 kPa (approximately 60 mmHg) directly to one fibre, including both
its entry and exit points. This is indicated in Figure 3-5.
Dialysate was collected separately from both the loaded and unloaded fibres at 15 minute
intervals over a total period of 45 minutes i.e. three separate samples. For the former, the
loading device remained in situ. Dialysate samples were collected in vials, stored on ice
during the test period and subsequently transferred to a freezer at -80°C at the end of the
protocol.
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Figure 3-5 A simple uniaxial loading device of known weight with a circular indenter interface (A) used to
apply uniaxial pressure directly to one implanted microdialysis fibre, while a parallel fibre remained
unloaded. Dialysate was collected from both fibres in vials (arrowheads).

Fibre integrity was compared in both experimental (loaded) and control groups. In total 5/8
cases, the fibres remained undamaged, as summarised in Table 3-1. Of the remainder, 2
fibres appeared to be partially damaged but were repaired during use, using additional
sealant, as defined by a successful collection of dialysate from the free end of the fibre
without visible leakage at the seal joint. Only one of the 8 cases resulted in irreparable
damage of the microdialysis fibres. Importantly, there was no evidence in this small pilot
study that the loading protocol produced a greater incidence of fibre damage than
corresponding fibres in the control group (Table 3-1).
Table 3-1. The functional state of loaded and unloaded fibres throughout 45 minutes of microdialysis.

Condition

3.5.2

No Damage

Damaged
Repaired

Irreparable

Loaded

3

1

0

Control

2

1

1

Dialysate Volume

It was assumed that if ultrafiltration occurred under direct loading, it would be
unidirectional and constant in nature. The occurrence of ultrafiltration would therefore be
detectable as either a decrease or an increase in dialysate volume, dependent on the
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direction of fluid flux. The weight of each vial was measured before and after collection on
a microbalance with a maximum error of approximately ±0.03 percent, to estimate
gravimetrically the collected volume of dialysate (Table 3-2).
Table 3-2. Differences between pre-procedural and post-procedural weight (mg) of collection vials for
loaded and unloaded microdialysis fibres.

Median
Sample

gravimetric

Q1, Q3(IQR)

collection (mg)
Loaded (n=9)*

43.00

42.00-45.30

Control (n=6)*

41.10

38.98-42.33

*The values from damaged fibres were excluded.
A Mann-Whitney U test was performed on the data to test the null hypothesis that the
distribution of gravimetric estimation of sample volume is equivalent in control and loaded
groups. Values from irreparable fibres were excluded. The test yielded probability of 0.209
i.e p>0.05, supporting the null hypothesis. Although it is recognised that the power of this
statistical test was limited, the result supports the observation that volumes of dialysate
appeared to be unaffected by direct loading and equivalent to those collected from control
fibres.
3.5.3

Composition of Dialysate

It is recognised that the above approach associated with gravimetric measurements was
limited in scope as it assumed that all dialysate was equal in density. Accordingly, the
composition of dialysate was analysed separately. This technique for protein separation
was also employed to gain insight into the possible recovery of proteins around the
molecular weight of the target cytokines, as no assays were available.
The protein composition of dialysate was assessed by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Separation of dialysate from one
unloaded and one loaded fibre was achieved in duplicate on two 12% polyacrylamide gels
(TruPAGE, Sigma-Aldrich), in conjunction with a protein ladder covering a broad range of
5 kDa-250 kDa. Gels were run simultaneously over a 75 minute period with a fixed voltage
of 180 V and a current initially prescribed at 110 mA, which slowly decreased to 60 mA at
the end of the period.
To visualise protein bands, gels were washed three times with H2O before overnight
incubation (16 hours) in a standard preparation of Coomassie Blue R-250 stain (10%
acetic acid, 45% methanol, 3 g/L Coomassie Brilliant Blue R-250). Destaining over 24
hours in a standard de-stain solution (10% acetic acid, 10% methanol) was sufficient to
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produce contrast. The resulting protein ladder (Lanes 1 and 2) demonstrated successful
separation of proteins by molecular weight, however it was apparent that protein bands
from microdialysis samples were either absent or stained extremely faintly (Figure 3-6). It
was therefore concluded that Coomassie blue staining technique, with a detection limit of
approximately 100 ng (Weiss et al. 2009), was not sensitive enough to visualise proteins
at the concentration contained in dialysate from either loaded or unloaded microdialysis
fibres.
A second staining protocol was therefore adopted. Accordingly, gels were completely destained overnight with a combination of 10% acetic acid and 10% methanol. Gels were
then re-stained using silver nitrate, which represents a significantly more sensitive
technique, with a detection limit of less than 1 ng (Weiss et al. 2009). Gels were sensitised
for one minute in 0.02% sodium thiosulfate and washed three times with H2O before
staining for 20 minutes at 4°C in silver stain (0.1% silver nitrate, 0.02% formaldehyde).
Bands were developed in a reducing solution (3% sodium carbonate, 0.05%
formaldehyde) until staining was sufficient, at which point staining was terminated in 5%
acetic acid for 5 mins. Images were then taken of the gels. The results, as illustrated in
Figure 3-7, revealed a faint protein band corresponding to a molecular weight between 15
kDa and 20 kDa, which was detected in all but one lane containing dialysate from the
loaded fibre, while no protein bands were present in lanes containing dialysate from the
unloaded fibre.

Figure 3-6. Coomassie Blue stained SDS-PAGE separation of a standard protein ladder (lanes 1-2), dialysate
from a loaded fibre (3-6) and dialysate from an unloaded loaded fibre (7-10). Extremely faintly stained
proteins are indicated (arrowheads).
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Figure 3-7. Silver stained SDS-PAGE separation of a standard protein ladder (Lanes 1-2), dialysate from a
loaded fibre (Lanes 3-6) and dialysate from an unloaded loaded fibre (Lanes 7-10). Faintly stained protein
bands are indicated (arrowheads).

It is unclear from analysis of dialysate by SDS-PAGE whether proteins of the same range
of molecular weights are collected from unloaded fibres and experimentally loaded fibres,
as even sensitive staining techniques did not produce a convincing range of bands.
However, dialysate from the loaded fibre was found to contain one or more proteins of
between 15 kDa and 20 kDa, which encompasses the molecular weight of the target
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molecule IFN-ɣ (16.7 kDa), and which is also a comparable weight to that of the target
molecule IL-13, namely 12.5 kDa.

3.6

Microdialysis for Sampling the Effects of Lymph Stasis

A small number of healthy human volunteers from within the research group were again
recruited (n=3, males aged between 24-62). Microdialysis was performed as detailed in
section 3.4, with a single fibre at each of two sites on the volar aspect of the left forearm,
namely close to the anticubital fossa and close to the wrist. Impaired lymphatic clearance
in the limb was imposed by inflation of a pressure cuff to 60 mmHg, located on the upper
arm, centripetal to the location of both fibres. The approach as has previously been
reported to consistently produce both lymphatic and venous congestion (Unno et al.
2010).
Samples were collected at 15 minute intervals through three periods, namely baseline (30
minutes), proximal occlusion (15 minutes) and reperfusion (30 mins). During baseline and
reperfusion readings, the cuff was in position but in a deflated state. To establish proximal
occlusion, the cuff was inflated. Samples were placed on dry ice and transferred to
storage at -80°C.
For analysis, dialysate was diluted to a factor of 0.5, to increase sample volume and in
accordance with assay guidelines on sample preparation. Samples from each fibre and for
each period were individually analysed simultaneously for IL-6, TNF-α, IL-1β and IFN-ɣ
together using a multiplex electrochemiluminescent detection assay (K15052D, Meso
Scale Discovery, Rockville, Maryland, USA).
3.6.1

Results

Mean (+SD) dialysate concentrations from the fibre adjacent to lymphatic occlusion and
the fibre distal to occlusion are tabulated in Table 3-3 and Table 3-4 respectively. The
data are indicative of an inflammatory response to lymphatic and vascular occlusion within
the participants, tending towards up-regulation for TNF-α, IL-8 and IL-6, which was limited
to skin near the site of occlusion. However, it should be noted that there was evidence of
considerable inter-participant variability in cytokine response. In addition, concentrations
of IL-1β were generally lower than the other cytokines and highly variable revealing no
trends between either time periods or the two sites.
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Table 3-3. Estimated concentration of analytes in dialysate collected adjacent to lymph stasis.

TNF-α (pg/ml)

IL-8 (pg/ml)

IL-6 (pg/ml)

IL-1β (pg/ml)

Mean

S.D

Mean

S.D

Mean

S.D

Mean

S.D

Baseline

0.47

0.39

48.70

13.48

5.63

0.38

0.67

0.77

Loading

3.13

2.50

108.23

91.68

9.40

7.40

1.13

1.29

Reperfusion

7.45

6.39

131.55

84.04

9.28

7.16

0.70

0.41

Table 3-4. Estimated concentration of analytes in dialysate collected distal to lymph stasis.

TNF-α (pg/ml)

IL-8 (pg/ml)

IL-6 (pg/ml)

IL-1β (pg/ml)

Mean

S.D

Mean

S.D

Mean

S.D

Mean

S.D

Baseline

2.07

2.18

26.71

23.13

9.80

12.04

0.39

0.18

Loading

1.20

1.37

29.43

19.46

6.40

6.03

0.40

0.17

Reperfusion

1.75

1.77

32.8

14.7

8.98

5.03

0.93

0.43

3.7

Chapter Discussion

This preliminary work set out to establish the feasibility of protocols for loading soft tissues
whilst employing microdialysis and to assess for the first time the efficacy of the
microdialysis technique under these conditions.
The indenter system (Figure 3-1) was shown to perform similarly to known loads, with an
acceptable degree of variation from measured interface pressures (Figure 3-2). As such, it
was considered to provide an appropriate method for evaluating the physiological
response to sustained uniaxial loading. However, conclusions in the literature suggest that
most pressure monitoring systems, including the Talley Pressure Monitor, have a
tendency to underestimate the applied pressures, but are associated with good linearity
(Swain 2005). This is particularly evident for applied pressures in excess of 70 mmHg
(Figure 3-2). As such, a magnitude of 60 mmHg was concluded to be replicable and
appropriate for all future studies, particularly given the potential significance of this
magnitude for lymphatic function, as indicated by the literature (Miller and Seale 1981). It
is noted that the viscoelastic nature of soft tissues will influence the magnitudes of loading
over a period of time. All loads applied in the project are therefore recognised as nominal
in nature with an acceptable degree of variation.
Microdialysis was demonstrated in this preliminary work to be an appropriate technique for
the study of loaded soft tissues. Tailor-made microdialysis fibres, which are considerably
less expensive than commercial fibres, were demonstrated to perform adequately even
under direct loading, both in terms of integrity (Table 3-1) and continuing to pass a
comparable volume of dialysate (Table 3-2).
62

Collection of dialysate at 15 minute intervals with a perfusion rate of 3 uL/min corresponds
to a predicted sample volume of 45 µL. Based on the molecular weight of the constituents
of PBS (Sterile PBS, Tayside Pharmaceuticals, UK), without accounting for proteins
recovered, 45 µL of sample might be expected to weigh 49.5 µL. The results of this pilot
work (Table 3-2), suggest that a lesser volume of sample is recovered by all fibres (both
loaded and unloaded), however, is it unclear whether this is explained by the accuracy of
the microinfusion pump or due to loss of fluid volume to the interstitium. However, the data
supported that dialysate volume was not significantly affected by the addition of a loading
protocol.
Initial experience with MSD multiplexed electrochemiluminescence assays (Meso Scale
Discovery, Rockville, Maryland, USA) indicated this to be a viable technique for analysing
multiple cytokine concentrations in each sample of dialysate. All estimated values were
comfortably within the detection limits of the assay. The volume of some microdialysis
samples was found to be insufficient for reverse pipetting, which requires a small excess
of sample. Reverse pipetting technique is important for minimising the introduction of
bubbles, which can obstruct reading of the assay. Collection intervals of 20 minutes were
therefore used for all subsequent microdialysis studies, representing a compromise
between temporal resolution and collection of adequate sample volume.
Estimated cytokine concentrations from dialysate collected under and following adjacent
hydrostatic loading (to produce lymphatic occlusion) suggest that 15 minutes of lymph
stasis produces a localised detectable increase in cytokine signalling for some individuals,
compared to baseline control values (Table 3-3). Although it is not possible to draw
conclusions from this small sample size, this novel finding provides proof of concept in
humans to support the importance of quantifying pro-inflammatory signalling in models of
early-onset lymphatic stasis.
Where it was not possible to analyse samples using electrochemiluminescence assays,
protein separation by SDS-PAGE of dialysate collected under uniaxial loading provided
evidence to suggest that a more relevant form of uniaxial loading may also produce
upregulation of proteins recoverable by the microdialysis. 30 minutes of loading at a
nominal pressure of 60 mmHg (8 kPa) was found to produce a measurable up-regulation
of protein(s) of approximately the same molecular weight of the target analytes IL-13 and
IFN-ɣ, such that the recovered concentration is within the sensitivity of the silver staining
technique of approximately 0.05 ng/µL. These findings further support that microdialysis is
suitable for the recovery of molecules of this molecular weight from the interstitium during
direct uniaxial loading.
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Chapter 4

Methods, System Validation and Proof

of Concept: Visualising Normal Lymphatic
Drainage
4.1

Chapter Introduction

This chapter describes initial experience while developing a near-infrared (NIR)-based
technique, for imaging of the superficial plexus of lymphatic vessels following intradermal
injection with indocyanine green (ICG). These feasibility and pilot studies ultimately led to
a further iteration of an effective protocol, for use in the comprehensive imaging study.
Early work included a critique of commercially available NIR imaging systems and
construction of an economic alternative system, based on an understanding of
fluorescence imaging techniques. This system was used to provide proof of concept of the
experimental approach. These preliminary findings were discussed with industrial
colleagues from a French company, FluOptics, from Grenoble. This led to the negotiation
of a loan of the Fluobeam 800 system, which represented a significant cost saving.

4.2

Commercially Available Imaging Systems

There are several commercially available systems that have been validated for delineation
of the lymphatic system using NIR fluorophores, including the Photodynamic Eye
(Hamamatsu Photonics Co., Japan), Fluobeam 800 ® (FluOptics ®, France) and MiniFLARE™ (Frangioni Lab, USA) systems.
To determine whether a suitable system was already available, enquiries were made to
the Faculties of Medicine, Engineering and Biological Sciences. Medical practitioners in
the University Hospital Southampton Trust (UHST) with an interest in vascular research
were also consulted. It was determined that no NIR systems were readily available within
the University of Southampton or in use within UHST.
Quotations for purchase, as well as any rental options, were requested from the
manufacturers of the three most established imaging systems. The quotations
summarised in Table 4-1 represent the lowest quotations given following discussion of the
proposed research project. Nonetheless, it was felt at this stage that with limited research
budget both purchase and rental options were considered to be prohibitively expensive.
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Table 4-1 Quoted purchase and rental costs for commercial near-infrared optical imaging systems.

System

Purchase
Cost

Rental
Agreement

Rental Cost

Fluobeam

£46,500

4 Month rental

£10,000

Photodynamic £42,000
Eye

Rentable by
month.

£2000 per month

Mini-FLARE

-

-

£18,500

A review of this literature describing the development of the Hammamatsu NIR imaging
system revealed that a less sophisticated system could be established within the host
laboratory. Thus, a proof-of-concept investigation was conducted with an ‘in-house
system’ (IHS).

4.3

The In-House System (IHS)

Components of the IHS were selected to represent optimal cost-performance. Selections
were made according to a review of the literature, specification documents and upon
consultation with various manufacturers. Each component will be described separately.
4.3.1

Sensor

Sensors designed for use in low light conditions present the challenge of a low signal
intensity when compared to the background signal or ‘noise’ of the system itself and of
ambient light sources. This critical ratio is termed the signal-to-noise-ratio. There are four
major types of camera technology for low-intensity-light imaging applications, namely,
charge-coupled device (CCD), complementary metal oxide semiconductor (sCMOS),
Intensified CCD/Intensified sCMOS (ICCD/IsCMOS), and Electron Multiplier CCD
Cameras (EMCCD). A critique of each type is provided in Table 4-2.
All four types of camera make use of an array of photodiodes, the arrangement and
specifications of which vary between systems. Photodiodes represent specialised
semiconductors which possess a layer called a ‘depletion zone’, within which there is an
absence of charge carriers, either electrons or holes, to conduct the current. Charge
carriers may be generated in the depletion zone as a result of the photoelectric effect,
when a photon of incident light liberates an electron from an atom in the depletion layer.
The resulting electron hole pair move towards the cathode and anode, respectively,
resulting in a ‘photocurrent’. At a digitiser, this current is converted into an output image of
grey levels, with a specific number of electrons corresponding to an increase in the grey
level of the final image. Spontaneous generation of charge carriers in the depletion zone
creates the noise phenomenon termed ‘dark current’, which is difficult to mitigate
computationally, although it may be decreased by cooling.
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Table 4-2 A critique of camera technologies for use with optical imaging.

Type
CCD

Advantages

Disadvantages

High sensitivity
§ Complex design leads to heat
Good resolution
generation; high dark current
High Fill Factor1 (low loss of signal)
§ Medium cost
Relatively high power requirements
sCMOS
High frame rates achievable
§ Less sensitive than CCD
High full well capacity; high DR2
§ High readout noise
Low cost
§ High Fixed Pattern Noise3
Low power requirements
§ Low Fill Factor1 (loss of signal)
4
No ‘Vertical Smear’ image artefacts
§ Low heat generation; low dark current
IsCMOS/ICCD
Very high sensitivity
§ High cost
Good resolution (ICCD)
§ Damageable; Intense light may
Signal multiplication masks system
damage the image intensifier
noise
§ Noise from intensification
§ Fast frame rates achievable at low
§ Decreased Dynamic Range3 in non-lowlight levels
light applications
§ No ‘Vertical Smear’ image artefacts
EMCCD
§ Very high sensitivity
§ High cost
§ Good resolution
§ Noise from intensification
§ Signal multiplication masks system
§ High power requirements
noise
§ Greater noise than CCD without
§ Fast frame rates achievable at low
intensification
light levels
§ Decreased Dynamic Range2 in non-low§ Versatile; can be used in low and
light applications
intense light conditions
§ No ‘Vertical Smear’ image artefacts4
1
Fill Factor: The percentage of the sensor chip covered by photosensitive diodes and/or lenses.
2
Dynamic Range: The range between the ‘Black’ value (Noise only) and ‘White’ (Saturated) value
of a photodiode well.
3
Fixed Pattern Noise: A static noise pattern in the image caused by non-uniformity between
multiple readout circuits on the chip.
4
Vertical Smear: Image artefacts caused by continued accumulation whilst charges are shifted
through the chip during readout.
§
§
§
§
§
§
§
§
§
§
§
§

Although the highest sensitivity is achieved by intensified and electron multiplier systems,
these functions increase both the size and cost of the system. Use of an intensified or
electron multiplier system was not considered to be necessary, as several existing
systems which have been demonstrated to successfully capture fluorescence of ICG have
utilised standard CCD cameras (Alander et al. 2012).
Economical CCD and sCMOS sensors commonly use silicon-based photodiodes, which
have good quantum efficiency between 700 nm and 850 nm (Mancini et al. 2011), making
them ideally suited for use with ICG. Colour systems contain a Bayer filter to separate
colour channels, which decreases the percentage of light transmitted to the array.
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Greyscale CCD cameras therefore offer features of maximal sensitivity, minimal noise and
superior resolution.
All systems available from the major UK suppliers of scientific CCD cameras and
established university suppliers were considered by the researcher. The GUPPY F044B/NIR (Allied Vision, Stadtroda, Germany) was selected.
This represented a greyscale CCD camera, incorporating the Sony ExView HAD
ICX429AKL sensor. It has previously been used successfully for optical imaging of ICG in
vitro (Shin et al. 2013). Compared to other non-cooled sensors as reviewed by Alander et
al. (2012), the sensor exhibited favourable quantum efficiency at 830 nm and uniquely,
utilises hole-accumulation diode (HAD) technology (Sony Corporation). This feature
reduces dark current by trapping spontaneously forming holes in a separate layer of the
photodiode where they cannot conduct current. This reduction of dark current, which
otherwise constitutes a major source of noise, produces an improved signal-to-noise ratio.
4.3.2

Excitation Light Source

A light source providing an area of illumination at a wavelength of 780 nm is required to
excite the ICG fluorophore. An appropriate target fluence rate is that which is known to
produce detectable excitation of ICG, after attenuation by tissue absorption and
scattering. The ‘wide field of view’ version of the established Photodynamic Eye system
(Hamamatsu Photonics Co., Japan), for use in vivo, provides illumination at a fluence rate
of 40 W/m2.
This value is also considerably lower than the maximum permissible exposure (MPE)
value for human skin which is defined from Equation 3 at 2891 W/m2 (British Standard BS
EN 62471:2008), and is therefore suitable for use with healthy volunteers in vivo.
L>M = 2000N4 OJP-2
Equation 3. Maximum permissible exposure (MPE), where C4 is equal to 100
between 700 nm and 1050 nm, for exposure lasting up to 30000 seconds.

02(λ-700)

for wavelengths ranging

According to Gioux and colleagues (2010), ICG undergoes irreversible photobleaching
under excitatory illumination at intensity above 500 W/m2. Therefore, for in vitro studies
using ICG, this represents the maximum appropriate intensity.
Lasers, light-emitting diodes (LEDs), halogen bulbs and xenon bulbs have all been
reported to be suitable light sources for wide-field fluorescence imaging (Gioux et al.
2010), with each capable of providing illumination at a wavelength of 780 nm at or above
an intensity of 4 mW/cm2. A critique of each type of light source is provided in Table 4-3.
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Table 4-3 A critique of light source types for use in optical imaging.

Type

Advantages

Disadvantages

Laser

§ High intensity
§ Extremely good spectral
confinement
§ May not require filtering
§ Low intensity fluctuation

LED

§
§
§
§
§
§

§
§
§
§
§
§
§
§
§
§
§

High cost
High power requirements
High-intensity radiation risk
Limited portability
Non-uniform intensity (speckle pattern)
Complex system (assembly and upkeep)
Lens required for dispersion
Comparatively low intensity
Filter required
Typically non-uniform intensity
Varying angles of illumination

§
§
§
§

Heat risk
High cost
UV radiation risk
High-pressure bulb explosion risk,
particularly during assembly, disposal
and maintenance
Broad spectrum: High-performance filter
required
Cooling required, typically water
Heat risk
UV radiation risk
Broad spectrum: High-performance filter
required

Xenon

Narrow emission spectrum
Relatively low power requirements
Compact
Low cost
Low intensity fluctuation
Simple heat sinks suitable for
cooling (where necessary)
§ Broad spectrum: May be used for
multiple applications by changing
filters.
§ High intensity
§ Wide-angle Illumination

§

Halogen

§ Broad spectrum: May be used for
multiple applications by changing
filters.
§ Compact
§ High intensity
§ Low cost
§ Wide-angle Illumination

§
§
§
§

Of the light source types, LEDs represent the optimal compromise between cost, spectral
confinement and risk factors. Indeed, in vivo imaging with ICG has previously been
achieved using arrays of several 5 mm epoxy resin diodes (Kitai et al. 2005). Alternatively,
high-powered LED chips comprising multiple diodes can provide illumination at a high
intensity, with moderate power demands still achievable using a portable battery-powered
system (Albeanu et al. 2008). Additionally, such chips may fit behind a single standard 25
mm-diameter commercial filter, potentially making a chip an economical alternative to an
array of 5 mm LEDs.
The LED780-66-60 (Pacer International, Berkshire, UK) was identified as the most
suitable LED chip available in the UK. This light source utilises 60 AlGaAs diodes on a
single surface-mounted and lensed chip. According to the manufacturer’s specifications,
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operating the chip with a forward current of 600 mA produces a radiant intensity of 450
mW/sr (41.7 W/m2 at a distance of 60 mm) with a viewing half angle of ±60°.
4.3.3

Filters

Optical imaging of fluorophores typically requires the use of optical interference filters to
limit light reaching the sensor to a defined range of wavelengths, centred around the
wavelength of fluorescence. This is particularly important where an excitatory light source
is used to illuminate the field of view.
Transmission may be restricted to a narrow range either by a band-pass filter or by a
combination of a long-pass and short-pass filters. Exclusion of filtered wavelengths is
achieved by a phenomenon called ‘thin-film interference’. Multiple layers of dielectric or
metallic material in the filter reflect a percentage of incident photons at each interface. By
the careful selection of layer thicknesses, reflected photons of certain wavelengths can
exhibit a disruptive effect on the incident light of that wavelength. An incidence angle of
greater than 0° increases the distance travelled through each layer which, in turn, affects
the wavelength disrupted by the layer. Filters are therefore most effective at an angle of
incidence of 0°.
Interference filters are typically characterised by a number of features, namely:•

central wavelength

•

percentage peak transmission

•

the range of wavelengths over which the filter transmits at 50% of its peak
transmission, termed the full width half max (FWHM) value.

The central wavelength and peak transmission determine the ability of the filter to pass
the fluorescence signal, whilst the FWHM describes the ability of the filter to restrict
transmitted light to only those of the desired wavelengths.
A filter was required to be incorporated in front of the sensor to efficiently exclude all
unwanted wavelengths, including that of the excitation light source. A filter was also
necessary to restrict the emission spectrum of the excitation light source. This is due to
the relatively small Stokes shift of ICG and the limited spectral confinement of the
LED780-66-60, resulting in some overlap between the wavelengths of the excitatory light
source and those passed by the sensor filter.
A long-pass sensor filter (LP830, MidOpt) was found to partially transmit even a spectrally
confined laser light source (780 nm Doppler, Moor Instruments), as illustrated in Figure
4-1B. It was therefore decided that band-pass filters were more suitable, due to their
inherently smaller FWHM values. A relatively inexpensive band-pass filter (F10-820.0.4,
70

CVI Laser Optics, Alburquerque, USA) with a FWHM of 10 ± 2 nm, previously reported to
have been suitable for work with ICG (Mancini 2011), was found to exclude the spectrally
confined laser light source. (Figure 4-1C). The filter exhibits good transmission at 810-830
nm, making it suitable for both in vitro and in vivo studies with ICG.
A second filter by (F10-780.0.4, CVI) was purchased to filter excitatory light from the LED
chip. It also exhibits a FWHM of 10 ± 2 nm and offers good transmission at 770-790 nm,
which encompasses the peak excitation wavelength of ICG. The transmission of this filter
does not overlap with the first sensor filter (F10-820.0.4).

A

B

C
Figure 4-1. Detection of spectrally confined 780 nm laser light by the GUPPY F044-B/NIR sensor, using (A) no
filter; (B) a long-pass filter (LP830, MidOpt); (C) a band-pass filter (F10-820.0.4, CVI)

4.3.4

The Assembled ‘In-House System’ (IHS)

Additional components were required to produce a functioning system, namely:
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•

a CS-Mount lens for wide-field imaging (MF-FI-16-IR-5MP, Stock Optics Ltd.,
Wetherby, UK)

•

a heatsink for the LED chip (DIL IC Heatsink 28p 37 mm, Maplin Electronics Ltd.,
Rotherham, UK)

•

a lens to shield the light source and focus illumination (LED-OPTIC-12, aspheric
glass 12 mm, Roithner-Lasertechnik, Wien, Austria)

Once assembled, the IHS could be positioned over an area of interest at approximately 0°
geometry, such that there is an overlap in the area of illumination and that field of view of
the sensor, which is represented diagrammatically in Figure 4-2.

Figure 4-2. The In-House imaging system in diagrammatic form. Components are labelled: (A) CCD Sensor;
(B) Lens (C) Sensor Filter; (D) Resistor; (E) Heatsink; (F) LED Chip; (G) Shield/Lens; (H) Lightsource Filter.

4.4

Validation of the In-House System (IHS)

Laboratory space was made available to facilitate NIR imaging by the exclusion of solar
radiation and other ambient lighting containing electromagnetic radiation with a broad
range of wavelengths, including NIR wavelengths, as these sources of noise may obscure
any fluorescence signal.
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According to the risk assessment for the project, signage was put in place on all entrances
to warn of dark testing in progress, trip hazards were removed and participants were
instructed to avoid looking directly at the laser light source, which was shielded from
accidental viewing. These mitigating measured were employed for all experiments
involving NIR imaging throughout the thesis.
4.4.1

ICG preparation

Eye protection and a face mask were worn by the researcher, to limit the risks associated
with exposure and inhalation of ICG in powder form.
5 mg (±0.05 mg) of dry powder was measured in a weighing boat and dissolved in 1 mL
pure sterile water for injection from a fresh snap ampule, with a resultant concentration of
0.5% w/v ICG. The solution was transferred to a foil-wrapped polyethylene sample tube
and vortexed thoroughly for two minutes, before further dilution with water for injection by
a factor of 10, to produce a working solution of 0.05% (w/v) ICG.
To limit the injection of aggregates, the working solution was passed through a sterile
syringe filter with a molecular cut-off of 0.22 µm (Millex-GP Syringe Filter Unit, Merck
Millipore), from a 1 mL syringe into a sterile vacutainer, using a 21 gauge needle. The
vacutainer was kept covered with metal tin foil prior to injection, to limit light exposure.
4.4.2

Image Capture Software

Proprietary imaging software provided with the CCD camera (AVT SmartView, Allied
Vision Technologies, Stadtroda, Germany) was used to capture still images using the IHS.
The package allowed for configuration of several parameters, including the accumulation
time, which represents the time for which the sensor is allowed to collect charge before
the signal is digitised. Longer accumulation times correspond to greater sensitivity, but a
lower frame rate. Other options included the frequency of image capture.
Image capture was subjectively optimised during initial experiments at an ISO of S400
and an extended shutter speed (accumulation time) of 409,500 μs, corresponding to a
variable frame rate of approximately 1.22 images per second (0.83 Hz). These settings
were used throughout the research.
4.4.3

Efficacy and Comparative Effectiveness of the IHS

A feasibility study with a single participant (male, aged 24) was performed to determine
whether the IHS could excite and capture fluorescence of ICG at a dermal depth and in
superficial lymphatic vessels.
A single intradermal injection of ICG (0.1 mL, 0.05% w/v) was given on the volar aspect of
the forearm of the participant. 5 minutes was allowed for lymph formation and ICG uptake
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by lymphatic vessels prior to imaging. The LED light source and sensor were positioned
with filters, representing the front-most components, 60 mm from the arm in as close to 0°
geometry as possible. Images were captured over a period of 1 minute.
The system was successfully able to capture fluorescence of ICG within the deposit and
within drainage vessels (Figure 4-3). However, the field of illumination was found to be
severely limited and a repositioning of the light source was required for delineation of the
drainage pathway. Additionally, the necessarily high accumulation time to achieve an
appropriate level of sensitivity was achieved at the expense of frame rate, which inevitably
limited its application to still images.

Figure 4-3 ICG excitation using the IHS at a distance of 70 mm (A). Delineation of both drainage pathways
(red dotted lines) requires repositioning of the light source (B), such that the deposit (*) is no longer excited.
The image has been altered to enhance contrast.

Following discussion of preliminary images and proposed work, FluOptics™ (Grenoble,
France), generously agreed to loan a Fluobeam 800 system free of charge for a period of
2 months to the host laboratory. This system incorporates an integrated laser (780 nm)
and CCD sensor, with appropriate filters to isolate fluorescence of ICG.
The aim of this period was to:•

Develop the protocol to a more advanced stage

•

Characterise normal lymphatic drainage in the skin at two selected sites, namely
the sacrum and forearm.

A small pilot study was conducted to compare images obtained with both systems, using
the volar forearm and sacrum as test sites. The purpose of this study was to generate a
comparative critique of the two imaging systems, as well as to confirm successful
delineation of lymphatic vessels at each site, to inform the future comprehensive imaging
study.
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Three healthy volunteers (male, aged between 24 and 62) were recruited from within the
research team, two of whom consented to the procedure at both sites, which was
performed on separate days.
A single injection of ICG (0.05 mL, 0.05% w/v) was given at an intradermal depth. For
tests over the sacrum, the injection site was situated approximately equidistant between
the sacral cornua. For tests on the volar forearm, a site approximately 70 mm from the
antecubital fossa was selected. Following injection, 15 minutes was allowed for lymph
formation and uptake of ICG into terminal vessels before data capture commenced. Still
images were recorded using both systems at 15 minute intervals over a 90-minute period.
4.4.3.1

Results

At the first time point of the first sacral test (i.e. 15 minutes after injection) it was evident
that the LED light source of the IHS produced insufficient intensity to excite all of the ICG
when positioned at a workable distance. However, when positioned closer to the test site,
namely at a distance of 60 mm, the IHS achieved a similar level of ICG excitation to the
light source of the Fluobeam, although the field of illumination was significantly smaller. At
this distance, it was necessary to further increase the angle of incidence, to approximately
45°, to avoid obstructing the image. This inevitably compromised the effectiveness of the
interference filters, resulting in a decreased signal-to-noise ratio. Furthermore, at such an
angle, the illumination was not uniform in intensity. Excitation of ICG in all subsequent
images and videos taken with the IHS was therefore achieved using the laser light source
of the Fluobeam 800.
Both the IHS and the Fluobeam system successfully delineated lymphatic vessels in the
volar forearm of one volunteer, as indicated in figures Figure 4-3 and Figure 4-4
respectively. However, despite successful imaging of the ICG deposit and surrounding
fluorescence, no vessels were delineated by either system at the sacrum (Figure 4-5 and
Figure 4-6, respectively).
Comparison of images recorded with both systems at the same time point revealed that
they performed similarly in terms of imaging of fluorescence morphology. However, the
Fluobeam was able to capture these details at a significantly reduced accumulation time,
which translates to an enhanced frame rate for the videos. In addition, images taken with
the Fluobeam also contained a greater range of pixel grey levels, which has implications
for distinguishing between pixels of relatively low-intensity fluorescence. The advantages
and disadvantages of each system are summarised in Table 4-4.
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Table 4-4. A comparative critique of the IHS and the commercial Fluobeam 800 system.

System
Fluobeam 800

Advantages
•
•
•

IHS

•
•

•

Remains sensitive at fast
frame rates (video)
0° Geometry
Greater dynamic range
of grey values.
Fully integrated system.
Flexible software. No
automatic compression
of video files.
Image Files 752 pixels by
580 pixels; pixels 8.6μm
by 8.3μm.

Disadvantages
•

•
•
•
•
•
•
•
•

Inflexible software
automatically compresses
video data significantly.
Image Files 696 pixels by
520 pixels
110μm spatial resolution.
Dead Pixel Pattern
Fixed Pattern Noise
(Diagonal Lines)
Slow frame rate at high
sensitivity (video).
>0° Geometry compromises
filters.
Light source not integrated.
Light source produces a
limited field of adequate
illumination.

Figure 4-4 A linear drainage pattern (red dotted line) on the volar forearm, captured by the Fluobeam 800
90 minutes after injection of ICG. Background noise is increased when compared to other images by the use
of integrated white LEDs; the image has therefore been altered to increase contrast.
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Figure 4-5. (A) Fluobeam 800 and (B) IHS images of ICG injected over the unloaded sacrum of Participant 1.
Green boxes represent the imaged area.

Figure 4-6. (A) Fluobeam 800 and (B) IHS images of ICG injected over the unloaded sacrum of Participant 2.
Green boxes represent the imaged area.
4.4.3.2

Discussion

From these preliminary findings it was concluded that, in the present configuration, the
IHS may be suitable for interrogating drainage pathways. The limited area of illumination
could be overcome by stitching images together, as has previously been reported (Unno
et al. 2011). Localised effects of loading and other interventions on lymph formation and
drainage might also be evaluated using this system.
However, the higher frame rate of the commercial system (Fluobeam) at suitable levels of
sensitivity was evidently better suited to the study of active lymphatic clearance using
video data, which constitutes an important component of the research aims. Additionally, it
was anticipated that both the greater dynamic range of grey values possessed by this
system and uncompromised filtering would facilitate the separation of signal from noise for
objective analysis. In recognition of the relative merits of both systems, it was decided that
all subsequent studies would be performed using the commercial system.
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It was also decided not to proceed with the sacrum as a test site, as characterising
patterns of drainage would likely prove problematic at this early stage of development of
the technique. It is hypothesised that these findings may be explained in part by
connections between the superficial and deep lymphatic system, which appear to exist
primarily close to major node clusters, which are plentiful in the pelvic region (Suami et al.
2008). ICG injected over the sacrum may therefore easily enter deeper lymphatic vessels
which cannot be imaged due to the limitations of depth resolution associated with this
technique.

4.5

Optimising ICG Dose and Delivery

It is recommended that ICG Pulsion® is prepared at a concentration of 5 mg/mL (0.5%, or
6000 µM) for intravenous injection. As previously noted, the concentration of ICG to be
imaged will be significantly reduced upon dilution in plasma, such that it is no longer
above the quenching threshold of the fluorophore. In addition, this quenching threshold
was previously demonstrated to be dependent on the geometry of the imaging system,
which is typically 90° for in vitro set ups and 0° for in vivo systems.
A confirmatory dosing study was performed in the arm of the researcher (male, age 24) to
determine the signal strength obtained from ICG at various concentrations in the dermis in
vivo, using the Fluobeam 800. ICG was initially reconstituted as standard at a
concentration of 5 mg/mL (6000 µM) and subsequently serially diluted with sterile water
for injection to produce preparations of 1200 µM, 900 µM, 600 µM (0.05%, per the
microdosing protocol), 300 µM, 150 µM, 75 µM and 25 µM. Preparations were stored on
ice in foil-wrapped polypropylene tubes before immediate use. Starting with the lowest
concentration of solution, 0.5 mL injections were given at an intradermal depth on the
volar forearm. Starting close to the antecubital fossa, successive injections were located
40 mm upstream of drainage, i.e. distally, such that centripetal drainage towards the axilla
from previous injections was unlikely to be captured in subsequent images. Commencing
immediately following injection, four images were captured using the Fluobeam 800
system at 5 min intervals over a period of 20 minutes, with an accumulation time of 100
ms, using an opaque cardboard template to obscure previous injection sites within the
field of view where necessary. Example images for each concentration are shown in
Figure 4-7.
The average signal intensity of each image was calculated as the mean ‘grey level’ using
ImageJ software. The mean values across the images for each deposit are presented in
Figure 4-8. The study confirmed that a strong signal is obtained at a concentration <50
µM, hence, dilution from the typical concentration for intravenous injection appears
appropriate. ICG is also expected to be further diluted during the formation of lymph.
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Figure 4-7 Images taken immediately after intradermal injection of ICG at various concentrations in the
volar forearm, ranging from 25 µM (left) to 1200 µM (right). 600 µM represents a concentration of 0.05%,
per the study protocol.

Figure 4-8. Mean(±SD) ‘grey level’ (signal intensity) over entire images captured with the Fluobeam,
immediately following injection with 0.05mL ICG at a range of concentrations (µM) (n=4).

It is recognised that there was some inevitable variation in deposit volume and depth, due
to the accuracy of the syringe (+/-0.005 mL) and needle guidance based on visual and
tactile cues respectively. These potential confounding factors might be expected to cause
minor alterations in fluorescence intensity.

4.6

ICG Delivery by Microdialysis

A proof-of-concept study was also performed to explore the combination of two proposed
techniques, namely microdialysis and NIR imaging. As previously mentioned in Section
2.8.1, diffusion across fibre dialysis membranes is bidirectional, as such the technique can
be used to deliver substances of an appropriate molecular weight contained within
dialysate into the extracellular space.
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Single fibres with molecular cut-offs of 5 kDa and 100 kDa were implanted at an
intradermal depth on the volar forearm, following standard protocol (Appendix 1), and
subsequently perfused from syringe reservoirs containing a 0.005% w/v ICG solution in
sterile water for injection. 5 minute videos were recorded at 15 minute intervals over a 45minute period.
ICG was observed to successfully permeate both membranes and enter the interstitial
space, leading to accumulation in tissue fluid, as well as clearance within superficial
lymphatic vessels (Figure 4-9).

Figure 4-9 ICG delivery into the interstitium via a 5 kDa-cut-off microdialysis fibre, with linear clearance
(arrowhead). Red dotted line delineates linear lymphatic drainage.

However, it still remained unclear how ICG may affect the recovery, storage or
quantitation of other analytes. It should also be noted that the integrity of the custommade fibres would be a particular concern where dialysate contains a contrast agent, as
leakage would produce a strong alternate signal on the skin surface. For these reasons
this combinatory approach, employing ICG fluorophore delivered via microdialysis fibres,
was not adopted in the main study.
However, it may be of note for future studies that this technique appears promising and
could be utilised to continuously deliver extremely small quantities of ICG at a controlled
depth and over extended durations.

4.7

Initial Indications of Impaired Lymph Formation and Lymph Stasis Under Loading

A pilot study was performed using the full imaging and loading study protocol (Appendix
1). 8 participants were recruited, 2 females, 6 male, aged between 24 and 61 years.
The aim of this study was to inform the uniaxial compression protocol of the full study,
such that the magnitude of loading was sufficient to produce some disruption of normal
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lymphatic clearance. Furthermore, characterisation of drainage patterns both undisturbed
and under compression were required to inform the process of image acquisition and
image parameters to be measured in the full study.
According to extensive literature searches, this work represents the first study to evaluate
interstitial and lymphatic clearance of ICG under direct uniaxial compression in the human
dermis. Findings were published in the Journal of Tissue Viability (Gray et al., 2016) and
presented in poster format at a number of events (Appendix 2), direct excerpts from which
form the basis of this section (4.7).
4.7.1

Method

For all participants, test sites were located on the volar aspect of both forearms, with the
allocation of ‘test arm’ and ‘control arm’ randomised between the left and right limb for
each participant. A micro-dose of ICG (50 µL, 0.05% w/v) was injected at a shallow depth
on both volar forearms, judged to be intradermal by resistance to injection and the visible
raising of a bleb. The total dose of 0.05 mg used in this study represents less than 1% of
the typical intravenous adult dose of 0.1-0.5 mg/kg body weight.
A nominal load equivalent to a pressure of 60 mmHg (8.0 kPa) was applied using the
uniaxial indenter (Figure 4-10). This pressure magnitude was maintained for a period of
45 minutes. Upon removal of the load (T45), still images were captured in both loaded and
unloaded control arms at five minute intervals, for a period of 45 minutes (ending T90)
using the Fluobeam 800.
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Figure 4-10 A photograph demonstrating the loading and imaging set-ups. The imaging head of the
Fluobeam® 800 (A) was held by an articulated arm (B), thus allowing easy repositioning to image both arms.
The indenter (C) was attached to a secure cantilever beam (D).

Due to direct imaging of the ICG deposit, a relatively short accumulation time of 20 ms
was prescribed to prevent excessive saturation of the image. For analysis, the resulting
low-intensity pixel values were multiplied (2-8x) using ImageJ (Rasband 1997-2012), to
delineate the vessels which were present. Signal pattern types were then described and
their frequencies recorded for each image at both T45 and T90.
4.7.2

Results: Patterns of Drainage

Injection with ICG was associated with a strong but short-lived stinging sensation which
was largely tolerable to participants.
The dispersion of fluorescence signal from the deposit followed two distinguishable
patterns, which were not mutually exclusive. The first, termed directional drainage (DD), is
characterised by high signal intensity along a narrow path which is well-contained and is
evident beyond the loaded area (Figure 4-11A). The direction of drainage was exclusively
anatomically centripetal and fluorescence could be traced to the axilla by the end of the
procedure (not shown). It is caused by complete drainage of ICG within a lymphatic
vessel, as has previously been reported under the term ‘Linear Pattern’(Mihara et al.
2012). Close examination reveals that the signal intensity varies along the path in a spatial
manner, most probably coinciding with the locations of lymph boluses or ‘packets’.
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The second pattern, termed non-directional drainage (NDD), is defined by a poorlyconfined dispersion of low-intensity signal from the ICG deposit (Figure 4-11B). A subset
of NDD reveals an additional ‘halo’ pattern, which is characterised by a high-intensity
signal in areas of inevitable stress concentration, specifically under the edges of the
indenter, manifesting as complete or incomplete circles (Figure 4-11C).

Figure 4-11. Typical images at T45 displaying the signal patterns(A) directional drainage (DD) in the control
arm, and (B) non-directional drainage (NDD) and (C) Halos, as indicated with red arrows, in the Loaded arm.
White doted lines represent the area imaged. Loading is represented by a solid green circle.

Table 4-5 summarises the occurrence of patterns at both time points in arms where ICG
was judged to be successfully injected at an intradermal depth, comprising 7/8 control
arms and 7/8 loaded arms. At T45, DD was found to be present in both loaded and control
arms. However, in loaded arms DD was typically confined to a single vessel of greatly
reduced signal intensity, compared to control arms, with no evidence of lymph packets.
Immediately following the reperfusion period at T90, DD signal intensity in loaded arms
was increased, as additional vessels were delineated and lymph packets were defined.
Additional vessels were also delineated at T90 in several control arms. The NDD pattern
was primarily present in loaded arms at T45 and remained apparent at T90. The halo
pattern was only present at T45 in loaded arms and present in association with NDD. At
the end of the reperfusion period, the signal intensity of remaining halo patterns was
greatly diminished.
Table 4-5. A summary of signal pattern incidence in 7 Control and 7 Loaded arms, immediately after loading
(T45) and after a recovery period of 45 minutes (T90).

Control
Pattern

Loaded

T45

T90

T45

T90

DD

5

7

3

4

NDD

2

1

6

6

Halo

0

0

5

2
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4.7.3

Discussion

Halo patterns, representing accumulation of the contrast agent, further demonstrate that
peak mechanically-induced stresses/strains within the skin are associated with impaired
interstitial fluid flow, as has previously been hypothesised (Reddy et al. 1981).
Delineation of vessels which do not exceed the area of direct loading (Figure 4-12)
suggests that vessel collapse occurs primarily beneath the edges of the indenter. This
might be predicted as, despite the curved edges, the pressure gradients within the tissue
will necessarily be highest at these locations. However, it is also plausible that the
lymphatic vessels were also collapsed under the entire area of the indenter, but re-fill
immediately upon removal of the load prior to the onset of imaging.
It was further noted that DD within vessels in loaded arms was noticeably different to DD
in control arms at T45, although these differences were less evident following 45 minutes
of reperfusion. This may indicate that the DD patterns present immediately after loading
were not produced by active contractile clearance, but may instead be due to either
passive clearance or the forcing of ICG into collecting vessels during initial tissue
deformation. The effect of loading on the active propulsion of lymph within may therefore
represent a particularly important parameter to measure.
The results of this preliminary study suggest that uniaxial loading at an equivalent
pressure of 60 mmHg (8 kPa) may represent a critical value for lymphatic function in the
human dermis, where lymph formation and transport can become impaired in some ablebodied individuals but not others. In concert with previous developmental work, it supports
that this magnitude of loading is of potential clinical importance, is tolerable to participants
and suitable for use with the two experimental techniques. It was therefore concluded that
the existing loading protocol was suitable for use in the full study.
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Figure 4-12. An image captured in the loaded arm, where vessels are delineated within the loaded area but
not beyond the border of loading (red arrow). White dots represent the area imaged. Loading is represented
by the solid green circle.

4.8

Protocol Development: Interdigital Injection

Some difficulty was encountered in the preliminary study around successful delivery of
ICG at an intradermal depth, leading to a loss of data. Several experts with experience in
lymphoscintigraphy were consulted at the Fluobeam User Day Meeting (2014, Paris)
regarding rapid imaging of vessel activity. There was consensus that superior isolation of
contrast agents to the superficial lymphatic network and rapid uptake by collecting vessels
could be achieved by injection at an intradermal depth in the interdigital webbing
(however, it should be noted that this experience was limited to imaging the leg). Mapping
of drainage fields, termed lymphosomes, in cadavers previously performed by Suami et al.
(2007; 2008) further supports that the interdigital webbing of the hand may be expected to
enter superficial collecting vessels on the dorsal aspect of the forearm. The team reported
that the first and second interdigital spaces from the thumb would most predictably drain
along this single facing.
As this previous mapping work was limited to two cadavers, a study was undertaken to
confirm the drainage pathway from these two injection sites. Single injections of ICG (0.05
mL, 0.05% w/v) were administered intradermally in the two interdigital spaces. These
were tolerated similarly to injections on the volar aspect. Drainage was encouraged for 5
minutes by muscle pump, i.e. participants rhythmically and maximally activating flexors
along the test arm, followed by a further 5-minute wait. Drainage pathways were then
traced in real-time using the Fluobeam 800 and a marker pen
Interdigital injection was associated with rapid entry and clearance of ICG into collecting
vessels in 5/5 participants. Clearance along these pathways was associated with well85

imaged contractile activity. Linear drainage from both injection sites occurred almost
exclusively on the posterior surface, with clearance in a limited number of vessels,
particularly from the first interdigital space, migrating laterally. Often, a single drainage
pathway was observed to be more active, in terms of lymph packets passed per minute,
than other vessels, as indicated in Figure 4-13.

Figure 4-13. The drainage pathway of ICG deposits delivered into the interdigital spaces between the thumb
and second finger, with the most active contractile vessel indicated (green arrow).

4.9

Chapter Summary

For initial experience with the technique of NIR lymphangiography using ICG, an
economical imaging system was constructed, using components optimised for cost
effectiveness. The system was demonstrated to be suitable for simple imaging tasks, such
as characterising the drainage pathway of ICG from a locality over time. However, it is
less well-suited to the study of lymphatic vessel behaviour due to limitations around frame
rate and performance of the excitatory light source. As vessel contractility is hypothesised
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to form an important and changeable parameter in the lymphatic and interstitial
accumulation pathway, an appropriate system for its study (Fluobeam 800) was employed
for the rest of the project.
In discussion with Fluoptics, an extension of the loan for the completion of work and
subsequent discounted rate for rental of the system for the duration of the comprehensive
project was negotiated.
The method of directly loading a deposit of ICG revealed that uptake of interstitial fluid by
lymphatic vessels in the dermis of healthy participants may be affected by the application
of a uniaxial load. That a loading magnitude of 60 mmHg was sufficient to produce
lymphatic insufficiently in some but not all participants is in concert with previous findings
in the animal model by Miller & Seale (1981). Furthermore, results indicated an
accumulation of the fluorophore under areas of peak mechanical stress and deformation
for some individuals, which has implications for the accumulation of harmful metabolites
under prolonged loading. This technique might be particularly suitable when considering
lymph formation in combination with concomitant biomarker measurements. The study
represents the first published work to describe drainage patterns associated with impaired
lymphatic clearance formed by uniaxial loading.
Limitations of this approach included the absence of contractile vessels for the majority of
participants, as well as the intense fluorescence signal associated with direct imaging of
the deposit, which imposed an upper limit on viable sensitivity settings. Work was
therefore undertaken to allow for colocalising of the indenter and a contractile vessel,
rather than the injected deposit, which was employed for the comprehensive imaging
study.
A method was described for the injection of ICG in volumes constituting a microdose,
whereby consistent rapid uptake of the fluorophore along a network of contractile
lymphatic vessels is observed. The drainage pathway was found to be predictable in
general morphology (although unique to each individual) as well as accessible. This
method of administering the drug may be valuable for protocols involving the application
of additional techniques and interventions, which might be applied to the predicted
drainage pathway (the posterior of the forearm) prior to the delineation of vessels.
This approach remains highly relevant to tissue viability, despite not imaging the
accumulation of tissue fluid, as it is well recognised that upstream lymphatic dysfunction
(ie. of contractile vessels) produces harmful downstream consequences, including
impaired lymph formation, dermal backflow and oedema (Mihara et al. 2012).
Furthermore, vessel contractility was noted in the literature review as an important
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potential measure of lymphatic dysfunction. Contractile activity following uniaxial loading
may be interrogated for the first time in human volunteers using the technique.
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Chapter 5

Imaging Study: Alteration of

Lymphatic Flow and Vessel Contractility in
Loaded Tissue
5.1

Chapter Introduction

This chapter describes, for the first time in healthy human volunteers, a method for
quantifying parameters of normal and disrupted lymph vessel contractility based on
tracking ‘packets’ of ICG in transit.
For the full imaging study, the pre-clinical commercial Fluobeam 800 imaging system was
hired for a period of one year. Video data was captured from areas predetermined to
exhibit active lymphatic clearance of ICG. Dedicated protocols for analysing the image
sequences were developed using an iterative process.
A feasible recruitment of 10 able-bodied participants was prescribed, following initial
experience of recruitment rates in the pilot study. Hence, ten participants (3 female and 7
male) were recruited into the study with ages ranging between 24 and 61 years. No
volunteers were excluded following their screening visit and the majority of these (8/10)
also consented to participate in the biomarker study, however, each of the separate test
sessions were scheduled at least one month apart.

5.2

ICG Preparation and Injection

ICG was prepared as described in section 4.4.1, no more than 30 minutes prior to
injection, due to the relatively short half-life of the fluorophore when in solution.
There is a well-established asymmetry in the lymphatic drainage pathways for each arm,
in that the left arm ultimately drains into the thoracic duct, whilst the right arm is drained by
the right lymphatic duct. Therefore, the left arm was selected throughout for all
participants.
Injection sites in the two inter-digital spaces between the thumb and the second finger on
the test arm were sterilised with alcohol wipes. Single ICG injections of 50μL, constituting
a total micro-dose of 0.05 mg, were administrated under guidance of a registered nurse
(Dr Voegeli) at a shallow intradermal depth at each site to delineate dermal vessels.

5.3

Loading an Active Contractile Vessel in Vivo

Each participant was seated with their left arm supported on a vacuum consolidation
pillow at the level of the heart (Figure 5-2). They were requested to remain as still as
possible for the duration of the study, to minimize variations in the contribution of passive
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mechanisms to lymphatic clearance and reduce the impact of movement artefact during
NIR imaging. To encourage rapid uptake of ICG into lymphatic vessels, participants were
instructed to clench their fists 20 times following injection. Upon successful ante-cubital
delineation of lymphatic vessels (Figure 5-1), participants were requested to relax for a
further 5 minutes, during which a suitable focal point for loading on an active dermal
vessel was identified.

Figure 5-1. (A) Participant forearm following ICG injection, (B) successful delineation of dermal lymphatic
vessels.

The focal point for loading on the posterior aspect of the left wrist was selected based on
the following criteria;
(i)

A well-imaged area, suitable for loading without causing discomfort to the
participant

(ii)

(ii) The vessel displaying frequent contractile activity resulting in transient
lymph packets

(iii)

(iii) Post-summation and post-divergence of vessels.

A specially designed indenter, with nominal diameter of 42.5 mm and curved edges to
minimise stress concentrations, was mounted on a cantilever beam with an incorporated
load cell. A load was prescribed equivalent to a pressure of 60 mmHg (8 kPa), for a period
of 40 minutes (Figure 5-2).
Excitation of ICG and video capture of fluorescence emission was achieved using the NIR
system (Fluobeam® 800) with associated software (Fluobeam v3.1.1, Fluopotics, France).
The system was oriented such that the participant’s arm was positioned along the Y-axis,
at an optimal focal length of 150 mm from the skin surface. Three videos, each 5 mins in
duration, were captured at three time points, namely pre-load (T0), immediately following
a 40 min period of axial loading (T40) and then after a 40 min recovery period (T80).
Frames were captured at frequencies of between 3 and 4 Hz, corresponding to image
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accumulation times of 0.33 s and 0.25 s, respectively, individually optimised to maximise
detection of vessels and minimise greyscale saturation.

Figure 5-2. Example mechanical loading over the posterior aspect of a participant’s wrist

5.4
5.4.1

Quantifying Lymphatic Parameters
Isolating Fluorescence of Lymph Packets

The drainage pathway of ICG was found to fluoresce even during occlusion of active
lymph flow. This was thought to be a result of either the passive mechanism associated
with clearance or residual ICG, bound to the vessel. Although active clearance of lymph
packets was observed in the form of mobile areas of concentrated fluorescence, no image
analysis software could be identified which could objectively track these objects.
To isolate ‘new fluorescence’ in each frame, videos were saved as a sequence of JPEG
images. A codec was created in JAVA programming language (Appendix 3), for use with
the commonly used image processing software (ImageJ, U. S. National Institutes of
Health, Bethesda, Maryland, USA). It was developed to subtract pixel values for the
previous frame (n-1) (values of 1 representing pure white while 0 represented pure black)
from pixel values for each image.
A result of this process is that minor movements, amounting to as little as 110 μm, which
corresponds to the width of one pixel, may result in increased level of noise. However, this
is mitigated by the close association of adjacent pixel values, which are unlikely to differ
considerably from one another, as well as by the careful limitation of upper limb
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movement during the experiment. As the majority of pixel values resulting from the
process were extremely low, all pixel values were multiplied by a factor of 6. This
multiplication factor was found to successfully increase the contrast between background
noise and the intended signal i.e. increase the signal to noise ratio.
Lymph packets in transit through areas of low signal intensity, resulted in high contrast
images. By contrast packets overlapping areas of more intense vessel fluorescence,
produce images with lower contrast, although both cases were discernible as objects
against minimal background noise (Figure 5-3).

Figure 5-3. Example images of lymph packets in transit through lymphatic vessels fluorescing at a lowintensity (top) and high-intensity (bottom), isolated by subtraction of pixel values from a previous frame (n1).
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These findings provided sufficient proof of concept to transfer the approach of background
subtraction to differentiate transient lymph packets from other features in the video image
to MATLAB (Matlab, Mathworks, USA), as a more sophisticated platform for the design of
custom software.
For the final version of the code, which is detailed in Appendix 4, a sensitivity analysis of
three different subtraction methods was incorporated. 150 frames of videos were selected
at random for each participant. The three approaches involved:
1. Subtraction of the first frame (Fn − F1)
2. Subtraction of the previous frame (Fn − Fn−1)
3. Subtraction of the moving average of 10 previous frame ( R8 −

STUV,X,Y…V[
V[

)

In place of the previous approach in which pixel values were subjected to a multiplication
factor, greyscale image sequences were converted to binary using an intensity threshold,
with all values above converted to ‘1’ and those below converted to ‘0’. This threshold was
selected following a sensitivity analysis, whereby a range of values were iteratively
assessed above and below a perceived optimum. This perceived optimum was identified
by assessing the maximum pixel intensity for each frame across a given video, following
the moving average subtraction method (3 above). Here a threshold was selected as the
intensity at which transient packages were retained while discarding the background noise
(Figure 5-4). The threshold which produced the highest values for both these measures
was selected for subsequent analysis.
It was also important to filter noise or erroneous objects created in the binary conversion.
This was achieved using two distinct techniques, namely:
•

contiguous objects with an area smaller than 3 mm2 were removed.

•

shape discrimination was applied to ensure only transient events were detected
using a circle metric defined as >50 connecting pixels.

5.4.2

Quantifying Lymph Packet Parameters

Existing open-source code for tracking vehicles in videos from traffic cameras was
modified with the assistance of a Senior Research Fellow in the host laboratory (Dr.
Worsley) for use with MATLAB (Matlab, Mathworks, USA), and incorporated into the
workflow (Figure 5-4).
In order to track and quantify active lymph clearance a droplet morphometry and
velocimetry (DMV) technique was applied. This has previously been described for
applications in microfluidic research by Basu (2013). This iterative technique provided a
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selection of parameters, which reflected the active clearance component of lymphatic
function, namely, the relative spatial and time-dependent properties of transient lymph
packets.
Individual lymph packets were identified using the ‘regionprops’ function in MATLAB to
identify the weighted (using image-subtracted pixel intensities) and unweighted (relating to
the binary image) centroids of each discrete object. For each frame, packet centroids
were analysed to provide x and y coordinates, whereby the resultant displacements could
be estimated.
Unique transient lymph packets were tracked over multiple frames, to calculate the
trajectory, velocity, shape, and other time-dependent parameters. In order to provide this
tracking capability an extended Kalman filter (EKF) was applied to ensure centroid axes
were linked between video frames. The EKF produces a joint probability distribution for
packet locations in each frame, based on both the centroid calculated from the sensor
reading (which is necessarily noisy and affected by some error) and a non-linear
estimation of state based on the previous location and velocity. This resulted in a smooth
profile of centroid movement of each packet over multiple video frames. In addition, for
each packet the mean area, velocity and intensity were calculated in five distinct phases
along the drainage pathway to determine robust average parameters from the
fluorescence lymphangiography videos.
5.4.3

Post-processing and data analysis

The above steps were repeated for each frame of a video to produce a time history
database of each unique transient lymph packet. For each packet a number of parameters
were estimated, including;
•

x and y displacements

•

average velocity

•

average area of packets

•

average pixel intensity.

Analysis of changes in lymph packet parameters between T0, T40 and T80 were
conducted using a Friedman test, using a 95% confidence interval. Comparisons between
post-loading data (T40 and T80) and baseline (T0) values were conducted using Wilcoxon
signed-rank tests. In addition, comparisons between collection periods were made
between participants who exhibited visual pathological changes in lymphatic valve
function (backflow events) and those whose lymph function remained similar across each
of the test phases. This was achieved by defining trends in lymphatic function using
categorical analysis.
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Figure 5-4. Flow chart describing the capture and conversion of ICG fluorescence lymphangiography using a
droplet morphometry and velocimetry (DMV) approach. Sensitivity analyses highlighted at the image
subtraction and binary conversion stages of the process. Bottom figure provides an example of a transient
lymph packet travelling through a dermal lymphatic vessel over a 3.6 s period.
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5.5
5.5.1
5.5.1.1

Results
Sensitivity Analyses
Pixel intensity subtraction

The results revealed that when the subtraction methods were compared the moving
average technique (method 3) was the most efficient in removing background noise while
providing detail of transient lymph packets. For this method, 100% of the observed
transient events were detected in the peak intensity plot, with the profile providing large
changes in maximum intensity during transient packet events. By contrast, the first frame
and previous frame subtraction methods (methods 1 and 2) only detected approximately
30% and 60% of the transient events, respectively. This can be illustrated where, for
example, the first frame subtraction method failed to discriminate packets based on peak
frame intensity (Figure 5-5 a). Considerable background noise remained when subtracting
the previous frame (Figure 5-5 b). By contrast, the moving average method produced a
significant improvement in signal noise ratio (Figure 5-5 c) and was applied for the
subsequent video analyses.
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Figure 5-5. Intensity histogram (top) and peak intensity plot (bottom) over the length of a video sequence for
one participant (P3-T0), using image subtraction methods; a) first frame, b) previous frame, c) moving
average frame.
5.5.1.2

Intensity threshold selection

An initial perceived optimum intensity threshold was selected based on a histogram of
pixel intensities across all frames. This was defined by the level at which peaks
associated with isolated fluorescence, corresponding with lymph packet movement, were
separated from background noise, as depicted to be approximately 55 arbitrary intensity
units in Figure 5-6.
Iterations of three intensity points above and below the perceived optimum were selected
to provide the analysis, resulting in an intensity range of ± 21 points. In order to analyse
the effects of threshold selection, the number of transient packets in each binary video
sequence was calculated and their frequencies were cross-referenced with the original
data capture to assess for sensitivity and specificity.
Analysis revealed that with low thresholds there was a high sensitivity of detecting
transient lymph activity, associated with a poor specificity. These comparatively noisy
images tended to retain residual vessel fluorescence upon binary conversion. As the
threshold increases towards the perceived optimum the specificity increased to 58%,
associated with a sensitivity of 81%. For subsequent increases of the threshold intensity,
sensitivity continued to decrease, with only marginal increases in specificity (Figure 5-7).
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Figure 5-6. Peak intensity profile for one video sequence with perceived optimal threshold highlighted
(dashed line).

Figure 5-7. Mean sensitivity and specificity of the intensity threshold to detect transient lymphatic activity,
where a threshold selection of ‘0’ represents the perceived optimum.

5.5.2

Contractile Clearance in Loaded and Unloaded Tissue

Participant data sets are presented to describe transient lymph behaviour across each of
the test phases, namely, T0 (Baseline), T40 and T80. Data are also collated from all
participants and presented in non-parametric descriptors (median and absolute range).
5.5.2.1

Baseline lymphatic function (T0)

Active clearance of ICG in lymph packets was observed in all baseline (T0) videos, as
summarised in Table 5-1. Although lymphatic vessels were associated with some
branching and radial migration around the arm, they were largely orientated towards the
armpit, resulting in significant displacement of packets in the Y direction (range 14–74
mm). The analyses revealed there were between 1–8 transient events (median=4), with
an average velocity ranging between 4.1 and 20.1 mm/s (median=8.1 mm/sec). Close
examination of the data also reveals some variability in the number of packets observed
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between individuals, and the speed of transient packets across a single data collection
session (Table 5-1).
Table 5-1. Summary of parameters established from baseline unloaded data.
Peak travel (mm)
Participant

Average packet
attributes

No of
packets

X

Y

Evidence of
damage

Velocity
(mm/s)

Area

Intensity

1

2

3.0

74.0

NA

20.1

1699

174

2

8

4.7

26.3

NA

7.1

1383

87

3

6

17.5

33.8

NA

12.6

1255

162

4

3

19.4

32.5

NA

7.6

2836

198

5

2

27.3

28.9

NA

4.1

1483

175

6

4

3.8

14.3

NA

7.5

1402

193

7

1

3.6

33.3

NA

8.6

1061

221

8

3

7.9

37.6

NA

7.2

3634

57

9

5

34.2

51.7

NA

15.8

2144

226

10

5

15.0

32.9

NA

9.1

1115

195

Median

3.5

11.5

32.9

8.1

1442.5

184

Range

1-8

3.0-34.2

14.3-74.0

4.1-20.1

1061-3634

57-226

5.5.2.2

Immediately post-loading (T40)

Immediately following mechanical loading, video analysis suggested evidence of damage
to vessels and valves, in the form of backflow events. In these cases, observed in 4
participants, a lymph packet was observed to move in retrograde motion following
contraction of the vessel (Table 5-2). There were different trends in the number of
transient lymphatic packages when compared to baseline data. Specifically;
•

four participants (P4, P5, P6 and P7) demonstrated a similar number

•

three participants (P2, P9 and P10) revealed a reduced number

•

three participants (P1, P3 and P8) revealed an increase in the number of transient
packets.

The reduction in velocity of transient packets (median = 6.4, range 2.2–13.5 mm/s) was
statistically significant (p < 0.05) when compared to T0 velocity values. However, each of
the differences in the magnitude of displacement, area of packets and intensity of packets
were not statistically significant (p > 0.05).
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Table 5-2. Summary of parameters established from data capture videos immediately post-loading (T40).
Peak travel (mm)
Participant

X

Y

1

No of
packets
6

7.0

2

3

3

Average packet attributes
Velocity
(mm/s)
13.5

Area

Intensity

53.8

Evidence of
damage
NA

1023

192

11.3

14.1

Backflow

2.2

2462

226

8

38.5

54.0

NA

10.3

1250

208

4

4

15.4

26.3

Backflow

11.7

1607

186

5

2

6.4

32.9

Backflow

2.9

3634

57

6

6

8.0

52.6

NA

5.3

1642

164

7

1

5.1

50.4

Backflow

7.2

1784

185

8

7

3.9

38

NA

7.7

3026

215

9

5

16.9

45.1

NA

4.8

1260

187

10

3

21.2

50.6

NA

5.6

1995

212

Median

4.5

9.7

47.8

6.4

1713

190

Range

1-8

3.9-38.5

14.1-54.0

2.2-13.5

1021-3634

57-226

5.5.2.3

Recovery period (T80)

Analysis of the recovery period video revealed that 3/4 vessels in which valve dysfunction
was evident at T40, had recovered at T80 - only P2 still demonstrated some backflow at
T80 (Table 5-3). The number of packets isolated ranged from 1 to 7, with a median packet
velocity of 9.6 mm/s. The magnitude of travel in the Y-axis followed a similar pattern to
that described for each participant in T0 and T40 conditions, ranging from 16.9 to 82.2
mm. Statistical analyses revealed that none of the parameters in the recovery period
(T80) were significantly different to that of baseline data (T0) (p > 0.05 in all cases).
Table 5-3. Summary of parameters established from data capture videos during the recovery phase of
testing (T80).
Peak travel (mm)
Participant

X

Y

1

No of
packets
5

11.3

2

1

3

Average packet attributes
Velocity
(mm/s)
10.1

Area

Intensity

47.2

Evidence of
damage
NA

937

163

23.7

47.0

Backflow

3.9

1557

214

2

9.4

31.4

NA

10.9

1012

221

4

5

18.8

35.7

NA

12.8

3927

210

5

2

11.7

32.9

NA

3.8

1139

182

6

3

2.6

82.2

NA

8.1

1906

218

7

3

7.3

48.5

NA

11.5

1635

203

8

5

7.5

60.0

NA

9.1

3027

204

9

7

15.0

62.0

NA

10.1

2487

155

10

1

7.7

16.9

NA

8.2

1187

188

Median

3

10.4

47.0

9.6

1596

203

1-8

2.6-23.7

16.9-82.2

3.8-12.8

937-3927

155-221

Range

100

When comparisons were made between combined test conditions (T0, T40 and T80)
there was a significant difference in velocity (p < 0.05), with an associated reduction in
transient packet velocity immediately post-loading (T40 median = 6.4, range 2.2–13.5
mm/s) compared to baseline (T0 median = 8.1 mm/s) and recovery (T80 median = 9.6
mm/s) phases. By contrast, there were no significant differences (p > 0.05) in packet
numbers, displacement (Figure 5-8), area or intensity of transient lymph packets.
When observing trends across the three temporal phases of data collection, the response
of the lymphatic vessels to mechanical loading could be divided into three categories
(Figure 5-9):
•

Normal Function—a similar number of transient lymphatic packages were
observed over the data capture period for each phase of the test protocol (P4, P5
and P7).

•

Increased activity post-loading—transient lymphatic packets increased
immediately post-loading (T40) when compared to baseline (T40). However,
following the recovery phase (T80), the number of transient packages were
reduced again (P1, P3, P6 and P8)

•

Decreased activity post-loading—transient lymphatic packet numbers decreased
immediately post-loading (T40). Function may or may not return during the
recovery phase (T80) of the protocol (P2, P9, P10).

5.6

Chapter Discussion

Delineation of lymphatic vessels was achieved for all participants using a micro-dose of
0.05 mg ICG, which was visualised using a commercial NIR imaging system. Injections in
the interdigital spaces were consistently drained primarily along the posterior aspect of the
forearm in the superficial dermal network of lymphatic vessels which, at baseline,
exhibited signs of both passive and active clearance.
From this study, a series of robust quantitative parameters have been derived which can
define contractile lymphatic function, both prior to and following the application of uniaxial
mechanical loading. The sensitivity analyses verify the image processing techniques
which were used to define transient lymphatic activity. This resulted in an optimised image
processing technique (Figure 5-4) that was capable of isolating moving transient lymphatic
packets and quantifying their features including number, displacement, velocity, size and
intensity of fluorescence. There had been no previous reports which have used DMV to
track lymph packets in vivo in humans. This study demonstrated, for the first time, that
active mechanisms of lymphatic clearance contain the fluorophore ICG sufficiently well
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within a singular lymphangion (or a limited number), such that clearance may be
accurately quantified by the approach.
These findings also confirm that an applied uniaxial pressure of 60 mmHg (8 kPa) can
compromise dermal lymphatic vessels in some able-bodied participants, resulting in
impaired valve function and backflow events, as well as significantly decreasing the
average velocity of lymph packets immediately after removal of the pressure. It is
interesting to note that a reduction in velocity was also reported in the arms of patients
with breast cancer-related lymphoedema (BCRL), the magnitude of which increased in
severe stages of the pathology (Stacker et al. 2002; Yamamoto et al. 2014). These
findings are also in concert with the previous animal model employing lymphoscintigraphy
in which lymphatic clearance was impaired at critical uniaxial pressures of between 60
mmHg (8 kPa) and 75 mmHg (10 kPa) (Miller and Seale 1981). The present study utilised
a loading period of 40 minutes, which was similar to that reported in Miller and Seale’s
study (30 mins). However, direct comparisons between the present study and previous
work on animal models must be treated with caution, as the studies used different imaging
protocols and there are differences in lymphatic anatomy and physiology between
species.
Vessel responses were separated into three categorical trends, for which different causal
mechanisms are hypothesized. Participants with minimal changes in lymph packet
parameters throughout the three test phases were relatively unaffected by the period of
uniaxial loading. For these participants, a combination of physiological lymphatic and
tissue properties may have prevented vessel collapse under the nominal load of 60
mmHg. Indeed, in the animal model, a greater magnitude of pressure was required to
consistently impair clearance.
In contrast, for those participants exhibiting increased lymphatic activity, the vessels which
were occluded during loading clearly recovered and resumed draining upon removal of
the indenter. Continued lymph formation upstream may have led to increased luminal
pressure gradients, with lymphangions filling to volumes above the threshold for
mechanical induction of contraction. Continued clearance of lymph from vessels
downstream may also contribute to an increased luminal pressure gradient, favouring
centripetal drainage. By contrast, it is possible that direct damage to vessels and/or valves
occurred in those participants who exhibited decreased activity following loading.
Interestingly, for the participant (P2) who had sustained evidence of backflow (both T40
and T80) there was a continuous reduction in the number of transient packets over the
three imaging phases (T0 = 8 (Table 5-1), T40=3, (Table 5-2) T80=1 (Table 5-3)). It is
noteworthy that drainage via alternate lymph vessels during the loading period might
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supplement or replace the primary drainage pathway, however, it has been previously
demonstrated (Figure 4-13) that vessels draining the ICG deposit were likely to also track
along the posterior aspect of the forearm and would therefore be captured during imaging.
The finding that the magnitude of displacement in the y-axis, number, intensity and area of
lymph packets were not significantly altered following loading, when compared to baseline
values, is consistent with continued drainage of the ICG deposit by active mechanisms in
the centripetal direction. However, both the average area and intensity of fluorescence for
packets also remained unchanged, which strongly suggests that the threshold for
lymphangion contraction might not have been altered by the applied loading process.
Changes in velocity might therefore be associated with changes in other lymphatic
parameters, such as altered propagation of contractions, increased arrest of packets
(stochastic flow) or incomplete passage of lymph between lymphangions. However, to
explore this hypothesis it would be necessary to develop an imaging capability which had
greater temporal and spatial resolution than the system employed in the present study.
Limitations of the study include the sample size (n = 10) and sensitivity of the DMV
technique to define lymph activity, particularly during the selection of the binary
conversion threshold. This potential error was minimized by the use of sensitivity
analyses, although it is clear that selection of the binary threshold value has a substantive
effect on the resultant detection of transient packets (Figure 5-7).

5.7

Chapter Summary

The present study revealed that some individuals present with impaired dermal lymphatic
function immediately after uniaxial mechanical loading. The results indicate that the
average velocity of lymph packets and valve function might be compromised in even
healthy volunteers and may persist through 40 minutes after removal of the load.
The development and validation of a customised MATLAB programme is also described
(Appendix 4). The parameters characterised by the programme represent a significant
improvement on descriptive and subjective analysis of lymphangiography videos, with the
potential to enhance insight from further lymphatic research.
Both the results of the study and a description of the approach to image analysis are
included in a publication in Medical Engineering & Physics (Gray et al. 2016).
More research is clearly needed to investigate the effects of pressure magnitude and
shear on lymphatic vessel patency, as well as the downstream effects of lymphatic
dysfunction on tissue viability.
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Figure 5-8. Displacement of transient lymph packets over the 5 min video sequence for baseline (T0),
immediately post-loading (T40) and recovery phases (T80) for participant 9.

Figure 5-9. Exemplars of three responses to mechanical loading over the secondary lymphatic vessels.
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Chapter 6

Biomarker Study: Inflammatory

Mediators in Loaded Tissue
6.1

Chapter Introduction

For the comprehensive biomarker study microdialysis, as previously described (Section
3.4.2), was employed in combination with sebum collection via Sebutape™, to enable a
comparative study of biomarkers derived from the interstitium and released at the skin
surface, respectively. An identical loading protocol to that adopted in Chapter 5 was
employed.
A target recruitment of 10 participants was prescribed, based on the feasibility in
recruitment and the cost of analysing all samples with multiplexed kits. In total, 12
participants (9 male, 3 female) aged between 24 and 61 years were recruited from within
the University of Southampton. There was some overlap with the participants recruited for
the imaging study (section 5.1), however, all testing sessions were scheduled at least one
month apart. For all participants, age, height, weight and calculated BMI were recorded.

6.2

Sampling and Storage

Test sites were located on the volar forearm, 50 mm from the antecubital fossa and a
further 70 mm distally, one of which was randomly selected to be the loaded site. Samples
were obtained identically from both the Loaded and Control sites. The loading protocol, as
described in Section 5.3, involved 20 minutes of baseline recording, after which a nominal
load of 60 mmHg was applied using an indenter 42.5 mm in diameter to the ‘Loaded’ test
site for 40 minutes (spanning T2 and T3). Measurements continued for a further 40
minutes after removal of the load, termed the ‘reperfusion period’, as indicated by the
period T3-T5 in Figure 6-1. The control site remained unloaded throughout the 100-minute
test period.
Microdialysis samples were collected throughout the experiment, whilst Sebutape
samples were collected at collection time points representing the baseline state, the end
of the loading period and end of the reperfusion period (immediately after the collection of
microdialysis vials) at T1, T3 and T5 respectively, due to the obstruction caused by the
loading protocol (Figure 6-1).
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Figure 6-1 A schematic of loading and sampling time points in the biomarker study.

Two microdialysis fibres were implanted at each site at a shallow depth, as previously
described in section 3.4.2. One fibre at each site was perfused with PBS (Sterile PBS,
Tayside Pharmaceuticals, UK) from a 1 mL syringe reservoir at 3 µL/min, using a
microinfusion pump (CMA 100, CMA, Sweden) (Figure 6-2). Samples were collected at 20
minute intervals through time points T1-T5 in labelled polypropylene tubes and
immediately frozen in dry ice for the duration of the experiment, after which all samples
were transferred to storage at -80°C prior to analysis.

Figure 6-2 A participant with microdialysis fibres in situ (A) under the uniaxial indenter (B). Fibres are
connected to a microinfusion pump (C); dialysate is collected from the free end in polypropylene tubes (D). A
cross section is also shown in the schematic (right), where the blue line represents fine-bore tubing and the
red dotted line represents the partially permeable fibre.
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For each site at each sampling time point, one Sebutape (CuDerm, Dallas, TX, USA) was
located on the skin surface and smoothed down with minimal pressure using sterile
forceps. After 2 minutes in situ, each tape was removed, transferred to a polypropylene
tube, such that the adhesive (sampling) surface faced inwards, without overlapping, and
immediately placed in dry ice. These precautions were taken to maximise exposure of the
sampling surface to the buffer during the extraction process. At the end of the experiment,
all samples were transferred to storage at -80°C prior to analysis.

6.3

Microdialysis Sample Preparation

Sampling for a period of 20 minutes at a flow rate of 3 µL/min corresponds to a sample
volume of 60 µL. To preserve samples and ensure each could be loaded into the assay
wells using reverse pipetting (which requires a small excess of sample), each sample was
diluted 2-fold using the sample diluent provided in the assay kit (K15049D-1, Meso Scale
Discovery, Rockville, Maryland, USA).
6.3.1

Extraction Fraction

Values obtained via microdialysis are typically manipulated according to the ‘extraction
fraction’ (ExF), or the percentage of analyte which diffuses into the fibre at a particular
flow rate (Voegeli 2001). Use of a single correction factor, however, assumes a consistent
rate of diffusion throughout the experiment. However, current techniques for estimating
ExF do not accurately model the rate of diffusion in the interstitium, and are unable to
account for any effects due to loading. Cytokine values for microdialysis were therefore
presented as absolute concentrations which have been recovered. The following
extraction fraction experiments were performed to ascertain whether the proposed
analytes are recovered by the fibres, prior to use of assays for full analysis.
To obtain the extraction fraction for each analyte, single fibres were passed through holes
in both walls of two glass beakers and sealed with silicone sealant (Loctite SI1595, Loctite
UK ltd, Herts, UK), as indicated in Figure 6-3. The baths were then filled with a solution
containing all analytes at either a high or low concentration, consisting of reconstituted
Calibrator-1 and -2 respectively from the MSD 10-plex assay (K15049D-1, Meso Scale
Discovery, Rockville, Maryland, USA). Fibres were perfused at 3 µL/min for 60 minutes.
Vials at the exit of the fibres (Figure 6-3) collected the perfused solution at 20 min
intervals (T1-3).
The bath solution was also sampled by pipette at baseline and at each of the three time
points. Extraction fraction was calculated as the percentage of the bath cytokine
concentration, at the start of each time point, quantified within the dialysate. The results
for all ten cytokines are summarised in Table 6-1.
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The results suggest that the technique and fibres perform relatively poorly for the recovery
of cytokines, with extraction fractions generally between 1 and 5% (Table 6-1). Values
were relatively consistent across time points and comparable for both fibres in each
solution, and marginally greater for the more concentrated solution. This is shown for one
cytokine, IL-8, in Figure 6-4. It is clear from the table that the cytokine IL-2 yielded an ExF
of less than 1% in both solutions, whereas IL-13 was moderately well-recovered at over
8% in the higher concentration solution. When the microdialysis technique was used to
evaluate the concentrations of the target analytes, these findings suggest the need for
high sensitivity assays and/or a slower perfusion rate through the fibres.

Figure 6-3 Set-up for calculation of microdialysis extraction fraction, with fibres submersed in cytokine
solutions. Fibres passing through beaker walls are sealed (arrowheads); perfusion is by microinfusion pump
(A); dialysate is collected in vials (B).

Table 6-1. Extraction fraction (ExF), expressed as the mean (±standard deviation) % of bath concentration
recovered in dialysate across 2 baseline solutions (beakers), 3 time points and 2 fibres (n=12).

Baseline, High

Mean

(pg/mL)

ExF (%)

Baseline,

Mean ExF

±S.D

Low (pg/mL)

(%)

±S.D

IFN-γ

145.00

4.94

0.03

230.00

2.42

0.03

IL-10

29.90

1.95

0.01

62.45

1.02

0.01

IL-12

45.35

2.51

0.01

81.10

1.83

0.01

IL-13

56.00

8.33

0.02

91.50

5.63

0.01

IL-1β

65.00

2.51

0.02

105.00

2.53

0.01

IL-2

151.00

0.89

0.01

296.00

0.86

0.00

IL-4

18.30

3.08

0.02

30.95

1.67

0.01
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IL-6

62.55

1.13

0.01

109.00

1.00

0.01

IL-8

50.95

4.02

0.01

90.70

2.37

0.00

TNF-α

25.75

1.40

0.01

48.10

1.00

0.00

Figure 6-4 Microdialysis extraction fraction of IL-8 for fibres submersed in solutions containing high (n = 2)
and low (n = 2) concentrations of pro-inflammatory cytokines cytokines.

6.4

Sebutape Sample Preparation

For analysis, the protein adsorbed onto the Sebutape must first be liberated into solution.
Sample preparation was based on the protocol previously described by Perkins et al.
(2002). To review briefly, each tape was submersed in 2 mL of buffer solution and rocked
for one hour, after which tubes were sonicated for 10 minutes at ±20°C, individually
vortexed for 2 minutes and finally mixed with a sterile pipette tip.
Further work was undertaken to optimise this process. Specifically, experiments were
performed to ascertain whether the addition of 0.05% TWEEN20, a non-ionic detergent
which acts as an emulsifying agent to facilitate the liberation of proteins adsorbed onto the
tape, increased the total protein in the recovered samples, as well as specifically
improving the recovery of the analytes to be measured in this study. This approach had
previously been reported in the literature (de Jongh et al. 2007), but has not been
compared to liberation by DPBS alone.
Known concentrations of bovine serum albumin (BSA) were prepared at 2.0 mg/mL and
500 µg/mL. For each solution, 6 tapes were spiked with 100 µL, which was dispensed as
two 50 µL droplets, as illustrated in Figure 6-5. A further 6 tapes were spiked with a
cytokine solution from the MSD Assay (A00C0213, Meso Scale Discovery, Rockville,
Maryland, USA), reconstituted in 250 µL sample buffer and further diluted 2-fold. All tapes
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were covered and refrigerated at 5°C overnight, after which three samples were prepared
from the tapes for each batch in Dulbecco’s phosphate buffered saline (DPBS; SigmaAldrich Co., St Louis, MO, USA) and a further three in DPBS+0.05% TWEEN20.

Figure 6-5. Sebutapes spiked with BSA (100 mL, 500 ug/mL)

The total protein assay (Micro BCA, Pierce 23235) was conducted according to the assay
protocol and absorbance was read at 562 nm using a VersaMax™ ELISA Microplate
Reader (Molecular Devices, Sunnyvale, California, USA). The mean absorbance of blank
standards was subtracted from all values prior to the estimation of sample concentrations
against the standard curve.
Samples prepared with the addition of TWEEN20 were found to contain significantly
greater levels of BSA than the corresponding samples extracted by DPBS alone, as
indicated by an enhanced colorimetric reaction (Table 6-2; Figure 6-6). This confirms that
with the addition of TWEEN20 there was an improved recovery of the protein from the
tape and/or decreased adhesion to test equipment, such as pipettes, which was
particularly marked at the low concentration, where there was a 3.85 fold increase with
TWEEN20. Liberation of the ten target cytokines was also found to be improved by the
addition of TWEEN20, as indicated in Table 6-3, with fold increases between 1.7 and 3.4.
This data also confirmed that the buffer did not interfere with the assay. This method was
therefore adopted for all subsequent analysis of Sebutape samples.
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Table 6-2. Mean (n=6) total protein concentrations in samples obtained from Sebutape spiked with BSA
when extracted in DPBS and DPBS+0.05%TWEEN20.

Mean Total Protein (μg/mL)
Spike

DPBS

DPBS+TWEEN20

200ug BSA

47.68

64.00

50ug BSA

4.31

16.62

Figure 6-6. A total protein assay of Sebutape samples prepared in DPBS (outlined in blue) and DPBS+0.05%
TWEEN20 (outlined in red). Test samples in rows C, D and E were spiked with 200 ug BSA; samples in F, G
and H were spiked with 50 ug BSA.
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Table 6-3. Mean (± s.d, n = 3) percentage of spiked cytokine concentrations in Sebutape samples, as
liberated by two separate preparation buffers.

DPBS

DPBS+TWEEN20

Mean %
Cytokine

6.4.1

Mean %

Recovered

S.D

Recovered

S.D

IFN-ɣ

19.90

0.07

34.30

0.05

IL-10

4.44

0.02

15.01

0.05

IL-12

6.72

0.04

16.69

0.05

IL-13

47.84

0.12

79.74

0.16

IL-1β

5.03

0.04

14.08

0.01

IL-2

4.63

0.02

11.67

0.04

IL-4

7.82

0.09

15.30

0.04

IL-6

4.92

0.02

8.08

0.02

IL-8

6.13

0.02

16.60

0.06

TNF-α

8.90

0.05

24.37

0.07

Normalising Sebutape values by total sample protein

Quantitation of analytes recovered using Sebutape has previously been reported using a
parameter normalised against the total amount of protein present in the sample (Perkins
et al. 2001). However, it was important to ascertain whether this approach was still
appropriate when loading was incorporated into the test protocol. Accordingly, preliminary
work was undertaken to characterise the effect of loading on total protein.
This was achieved by applying a loading regimen to the volar aspects of the forearm of a
small cohort of able-bodied participants (5 males, 2 females, aged 24-61 years). In 4
individuals, a nominal pressure of 60 mmHg was applied via the load indenter (Figure
6-2), while the 3 remaining individuals were tested with the indenter head resting on the
skin surface representing an approximate load of 0.15 N, equivalent to a nominal pressure
of 0.79 mmHg (control). Fresh Sebutape samples were taken both prior to and
immediately following the 40-minute load period for both groups. Protein concentrations
were obtained using the BSA protein micro assay.
The results, presented as percentage change from baseline concentration in Figure 6-7,
indicate that immediately following loading, the Sebutape technique recovers significantly
greater quantities of protein. Without quantifying all the proteins present in the sample, it is
not possible to ascertain whether this is caused by up-regulation of specific proteins or an
increased volume of sebum. It is therefore proposed that normalisation against this value
would not be appropriate.
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Figure 6-7. % Change total protein recovered by Sebutape following 40 minutes loading at 60mmHg

A further feasibility study was undertaken involving a model of intervention-induced
inflammation, involving tape stripping. This approach represents a well-established and
tolerable method for producing cutaneous inflammation through the mechanical disruption
of the epidermal barrier. Indeed, this process, often representing a positive control
condition for inflammation, has previously been reported to result in a significant increase
in sebum IL-1α concentrations (Wood et al. 1997).
Microporous surgical tape (25 mm by 70 mm, Durapore™, 3M, Minnesota, USA) was
applied with light pressure to the volar arm of two participants (males, aged 24-29 years)
and removed rapidly, and the operation was subsequently repeated for a total of 30 times,
to produce visible redness as illustrated in Figure 6-8. Sebutape samples were collected
at baseline (prior to tape stripping) and 5, 10 and 40 minutes post-stripping, stored,
prepared and analysed for cytokine and total protein as previously described.
The results for one participant are presented in Table 6-4. For both participants, IL-1α was
found to demonstrate a similar temporal profile to that of total protein, with significant
elevation a few minutes after the procedure. However, when normalised against total
protein, the increase in IL-1α was not apparent. The findings of this experiment further
supported the proposal that interventional studies should not include normalising values
from Sebutape, according to the methods reported in previous studies (Perkins et al.
2002; de Wert et al. 2015; Hemmes et al. 2017). Indeed this approach would mask
elevation of cytokines that are known to be elevated under irritation, such as IL-1α (Hänel
et al. 2013). Values for all Sebutape samples are therefore presented as absolute
concentrations in pg/mL, although, for completeness of data, analysis for total protein was
also performed.
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Figure 6-8. Minor inflammation caused by tape stripping on the volar forearm.
Table 6-4 Normalised IL-1α concentrations at baseline and various time points after tape-stripping.

6.5

Total Protein IL-1α (pg)/
(μg)
TP (μg)

Collection point

IL-1α(pg)

Pre-procedure

212.60

4.56

46.64

5 min post

334.69

16.48

20.31

10 min post

233.57

7.16

32.62

40 min post

369.15

11.33

32.58

Analysis: Quantitation of Cytokines

Cytokine values for IFN-ɣ, IL-10, IL-12, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8 and TNF-α were
obtained using a multiplexed electrochemiluminescence immunoassay (V-PLEX Proinflammatory Panel 1, K15049D-1, Meso Scale Discovery, Rockville, Maryland, USA). A
separate single-analyte assay was used to quantify IL-1α (V-PLEX Plus Human IL-1α,
K151RBG-2, Meso Scale Discovery, Rockville, Maryland, USA). Although only
recommended for use with cell culture supernatants, serum, plasma, and urine samples,
the manufacturer confirmed the suitability of both assays for DPBS-based samples
containing low concentrations of cytokines only.
Plates were organised such that all samples from an individual test subject and session
were on the same plate and therefore read against the same calibration curve. Assays
were conducted as previously described in section 3.2.
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6.6

Evaluation of Test Protocols

Volunteers in the study found the loading protocol to be tolerable and no serious adverse
events were recorded. Although the indenter had been designed with rounded edges,
there was still evidence of stress concentrations at its circumference, as indicated in
Figure 6-9, although reddening resolved over the entire loaded area within 1 hour of load
removal.
While consideration may have been given to the use of a larger, hemispherical indenter to
avoid edge effects, it is noted that characterisation of the stress profile under a ball shape
is more challenging; in comparison, a uniform stress distribution may be assumed under
the flat indenter used in the present study.

Figure 6-9. Loading at 60 mmHg over an area with a nominal diameter of 42.5 mm was found to be
tolerable. Concentration of tissue deformation at the edges of the indenter was evident immediately
following load removal.

The custom-made microdialysis fibres performed adequately and continued to function
with unimpeded fluid flow under mechanical loading. Temporary issues with dialysate
collection were encountered with 3 control and 3 loaded fibres, although 50% of these
were subsequently resolved, i.e. 1/3 control and 2/3 loaded. These experiences
highlighted the importance of monitoring fibres throughout the test protocol.
Table 6-5 reveals that the cytokine concentrations in the microdialysate were above the
lower limit of quantitation for the assays of all analytes at baseline. It was also evident that
there was a considerable variation in concentrations both between individuals and
between sites for specific participants. Indeed, the D’Agostino-Pearson Test for normality
was applied to the data and indicated that the results did not follow a normal distribution.
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Accordingly, median and IQR values were therefore presented for all data sets, to limit the
impact of several considerable outlying data points.
By contrast, several analytes collected with Sebutape yielded low concentrations (Table
6-6). As an example, cytokine concentrations for IL-12 and TNF-α fell consistently below
the lower limit of quantitation (LLOQ) and were therefore not recorded, whereas other
cytokines were typically recovered in concentrations close to the LLOQ, such that
concentrations within the detectable limit could not be estimated for some samples.
Nonetheless, results indicated that the technique was particularly effective at detecting IL1α concentrations. In addition, the analytes IFN-ɣ and IL-13 were detected in measurable
quantities from the Sebutape at baseline (Table 6-6).
Due to the magnitude of inter-individual variation in cytokine concentrations at baseline
(Table 6-5; Table 6-6), values are presented as a ratio to the baseline value at each site. It
is well recognised that this approach assumes a stable baseline concentration, with no
associated temporal change. However, due to the relatively short duration of the
experiment and characterisation of this drift at the control site, this limitation was
considered to be minimal. This obviated the need to transform the temporal aspects of the
data to a logarithmic scale. Cytokine concentrations were also noted to differ by fibre and
therefore between loaded and control sites. Values for loaded and control sites are
therefore presented separately and concentrations compared to baseline values for the
specific fibre.
Table 6-5. Median and IQR of baseline concentrations in Microdialysis samples, with Median lower limit of
detection as provided by manufacturer specifications.

Control

Loaded

Median
(pg/mL)

Q1-Q3 (IQR)

Median
(pg/mL)

Q1-Q3 (IQR)

IL-4

0.38

0.30-0.41

0.69

0.42-1.06

Median
LLOD
(pg/mL)
0.02

IL-10

0.49

0.40-0.75

0.75

0.58-1.27

0.03

6.20

5.55-10.21

11.60

8.98-16.93

0.24

9.16

5.59-14.38

9.41

5.68-19.05

0.06

0.85

0.82-2.18

1.69

1.23-8.66

0.11

4.36

4.02-5.56

6.81

3.94-7.19

0.20

1.12

1.08-1.36

1.53

0.85-1.80

0.09

43.35

14.56-111.75

34.55

10.10-149.00

0.04

1.00

0.80-1.47

2.89

1.54-3.94

0.04

1.61

0.62-7.02

1.16

0.76-1.82

0.04

10.42

4.70-17.84

27.46

10.63-61.98

0.09

Cytokine

IL-13
IL-6
IL-12
IFN-ɣ
IL-2
IL-8
IL-1β
TNF-α
IL-1α

116

Table 6-6. Median and IQR of baseline concentrations in Sebutape samples, with median lower limit of
detection as provided by manufacturer specifications.

Control
Cytokine

Median
(pg/mL)

Loaded

Q1-Q3 (IQR)

Median
(pg/mL)

Q1-Q3 (IQR)

Median LLOD
(pg/mL)

IL-4

0.06

0.04-0.07

0.05

0.04-0.05

0.02

IL-10

0.08

0.04-0.11

0.07

0.05-0.08

0.03

IL-13

1.87

1.55-2.32

2.25

1.53-2.72

0.24

IL-6

0.11

0.07-0.16

0.08

0.05-0.11

0.06

IL-2

0.28

0.14-0.54

0.25

0.19-0.37

0.09

IL-12

-

-

-

-

0.11

IFN-ɣ

3.06

2.10-3.53

3.00

2.73-3.51

0.20

IL-8

0.24

0.18-0.33

0.25

0.22-0.35

0.04

IL-1β

0.29

0.26-0.35

0.32

0.20-0.47

0.04

TNF-α

-

-

-

-

0.04

IL-1α

58.33

44.15-75.10

68.36

39.29-86.60

0.09

6.7

Results - Microdialysis

It was decided to divide the analytes into three groups of those cytokines either
associated with a TH1 or TH2 response or other general pro-inflammatory cytokines
included in the assay panel, as a result of the literature review in section 2.5. Thus, three
separate tables are presented for each study phase, namely loaded and reperfusion, each
with values for loaded and control (denoted by ‘C’) fibres (Table 6-7 Table 6-12). The complete raw data is also included in Appendix 5. Differences between
values recorded for loaded and control fibres were analysed at each time point, using the
Wilcoxon signed-rank test. Each cytokine was analysed individually for each time point. In
each table statistical significance was highlighted, where * represents p<0.05 and **
represents p<0.01. In all other cases, the differences were not statistically significant i.e.
p>0.05.
Due to the number of comparisons increasing the likelihood of a type 1 error (incorrectly
rejecting the null hypothesis), correction for the false discovery rate (FDR) was performed
using Benjamini–Hochberg adjusted p-values. For all values, correction for FDR led to
non-significant comparisons between loaded and control sites. However, it is wellrecognised that this process increases the risk of type 2 errors (retaining an incorrect null
hypothesis). It is noteworthy that multiple significant results occurred for two cytokines.
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Therefore, whilst these results must be interpreted with caution, correction for FDR was
not thought to be appropriate.
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6.7.1

Loading phase (T2 and T3)

Table 6-7. TH1 Cytokines quantified under direct uniaxial loading with a nominal load of 60 mmHg, as a
ratio to the baseline measure at the site.

Ratio to Baseline (T2)

Ratio to Baseline (T3)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-2

1.30

0.94-1.46

1.34

1.08-1.65

IL-12

1.19

0.56-3.14

1.91

0.43-4.79

IFN-ɣ

1.30

0.90-1.51

1.19

1.08-2.18

IL-2 C

1.04

0.85-1.13

1.05

0.90-1.46

IL12 C

0.83

0.54-6.09

1.06

0.60-1.26

IFN-ɣ C

1.35

0.98-1.56

1.61

1.21-1.90

Cytokine

Table 6-8. TH2 Cytokines quantified under direct uniaxial loading with a nominal load of 60 mmHg, as a
ratio to the baseline measure at the site.

Ratio to Baseline (T2)

Ratio to Baseline (T3)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-4

0.78

0.36-1.53

1.41

0.92-2.18

IL-10

0.96

0.72-1.18

1.16

0.86-10.21

IL-13

1.02

0.68-3.34

0.9

0.76-3.01

IL-6

2.05**

1.76-2.93

3.03**

2.15-3.37

IL-4 C

1.22

0.80-2.54

1.12

1.11-1.38

IL-10 C

0.96

0.60-1.19

0.79

0.66-1.06

IL-13 C

1.57

1.28-1.61

1.01

0.85-1.28

IL-6 C

0.97**

0.73-1.19

0.92**

0.75-1.29

Cytokine
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Table 6-9. Other pro-inflammatory cytokines quantified under direct uniaxial loading with a nominal load of
60 mmHg, as a ratio to the baseline measure at the site.

Ratio to Baseline (T2)

Ratio to Baseline (T3)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-8

1.28

1.09-2.23

2.38**

1.24-3.04

IL-1β

1.23

0.69-1.67

1.11

0.67-1.70

TNF-α

1.74

1.03-17.45

2.08

1.20-3.69

IL-1α

0.46

0.19-0.82

0.44

0.06-0.78

IL-8 C

1.00

0.87-1.36

1.11**

0.80-1.47

IL-1β C

1.24

0.77-1.55

1.36

0.74-1.41

TNF-α C

0.77

0.29-1.52

0.97

0.32-2.15

IL-1α C

0.64

0.37-1.01

0.36

0.20-0.45

Cytokine

6.7.2

Reperfusion phase (T4 and T5)

Table 6-10. TH1 Cytokines quantified during the reperfusion period, following 40 minutes uniaxial loading
with a nominal load of 60 mmHg, as a ratio to the baseline measure at the site.

Ratio to Baseline (T4)

Ratio to Baseline (T5)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-2

1.19

1.03-1.99

1.34

0.99-1.53

IL-12

1.2

0.51-3.04

0.69

0.54-0.91

IFN-ɣ

1.19

0.77-1.28

1.36

1.07-1.57

IL-2C

1.30

0.91-1.60

1.09

0.82-1.49

IL-12 C

0.78

0.48-1.68

0.89

0.66-9.98

IFN-ɣ C

1.28

0.91-1.76

1.05

0.95-1.16

Cytokine

120

Table 6-11. TH2 Cytokines quantified during the reperfusion period, following 40 minutes uniaxial loading
with a nominal load of 60 mmHg, as a ratio to the baseline measure at the site.

Ratio to Baseline (T4)

Ratio to Baseline (T5)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-4

0.85

0.49-1.12

0.84

0.45-1.13

IL-10

0.95

0.76-1.07

0.96

0.77-1.18

IL-13

1.42

1.06-2.68

1.18

0.77-1.73

IL-6

1.71**

1.50-2.23

2.27**

1.40-2.91

IL-4 C

0.98

0.70-1.52

1.10

0.87-2.09

IL-10 C

0.71

0.40-0.93

0.9

0.80-1.28

IL-13 C

1.37

0.73-2.82

1.66

0.89-2.31

IL-6 C

0.84**

0.68-1.43

1.08**

0.66-1.84

Cytokine

Table 6-12. Other pro-inflammatory cytokines quantified during the reperfusion period, following 40
minutes uniaxial loading with a nominal load of 60 mmHg, as a ratio to the baseline measure at the site.

Ratio to Baseline (T4)

Ratio to Baseline (T5)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IL-8

2.12*

1.01-2.91

2.26

0.94-2.84

IL-1B

1.21

0.76-2.09

0.84

0.53-1.84

TNF-α

1.60

0.66-5.85

0.95

0.72-1.63

IL-1α

0.30

0.13-0.47

0.21

0.06-0.78

IL-8 C

1.14*

0.83-1.40

1.23

0.72-1.58

IL-1β C

1.53

0.94-2.42

1.58

0.87-1.86

TNF-α C

0.73

0.20-0.95

0.79

0.56-1.49

IL-1α C

0.31

0.14-0.59

0.38

0.24-0.65

Cytokine

For the majority of cytokines, there was no statistically significant difference between the
changes in cytokine concentrations at the loaded and control sites (p > 0.05). Indeed, for
the majority of cytokines, an approximately equal number of participants exhibited some
changes in cytokine signalling at the control and loaded sites. For example, for IL-13, the
concentration was upregulated singularly at the loaded site for one participant (P2), at the
control site only for one participant (P5) and at both sites for one further participant (P1)
(Table A5-9, Appendix 5).
However, close examination of the data for IL-6 (Table A5-6) and IL-8 (Table A5-2)
revealed some statistical differences and these data are presented in an alternative format
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in Figure 6-10. For IL-6, the loading period (T2 and T3) revealed a significant increase
compared to controls (p < 0.01). In addition, IL-6 remained significantly up-regulated
throughout the reperfusion phase i.e. periods T4 and T5 (p < 0.01). Figure 6-10 also
reveals an up-regulation of IL-8 for both loading phases i.e. T2 and T3. The difference
between loaded and control sites, however, was only statistically significant (p < 0.01) for
the second loaded time point (T3), corresponding to the period of loading between 20
minutes and 40 minutes. Differences in the up-regulation of IL-8 were statistically
significant for the first 20 minutes of reperfusion (p < 0.05), but not for the subsequent
period (T5).
Although not statistically significant, there was also certain evidence that the cytokines,
TNF-α, IL-13 and IFN-ɣ, may be worthy of further investigation under alternate loading
protocols. Thus, in a limited number of samples, TNF-α was up-regulated at the loaded
site for two participants (P6 and P2), with a further one participant (P5) exhibiting upregulation at both sites (Table A5-10, Appendix 5). For P5 only, there was also a
particularly marked response in IFN-ɣ at the loaded site at T3, whereas P2 revealed
upregulation of both IL-13 and TNF-α across T2-4 (Table A5-9; Table A5-10).

Figure 6-10 Median, IQR and range of IL-6 and IL-8 concentrations in loaded and control fibres. Significant
comparisons between fibres, evaluated by Wilcoxon signed-rank test, are noted (** = p<0.01; * = p<0.05).

122

6.8

Results - Sebutape

Concentrations of cytokines in Sebutape samples are presented as a ratio to baseline for
each individual time point at both the loaded site (Table 6-13) and control site (Table
6-14), for all analytes consistently recovered at a concentration above the LLOQ of the
assay. It was noticeable that fewer analytes were adequately recovered using the
Sebutape technique and, hence, the cytokines were not grouped according to the three
groups i.e. a TH1 response, a TH2 response or general pro-inflammatory.
Table 6-13. Comparison of cytokine ratio to baseline in Sebutape samples from at the Loaded site at T3
(immediately after loading) and T5 (following 40 minutes reperfusion).

Ratio to Baseline (T3)
Cytokine

Ratio to Baseline (T5)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IFN-ɣ

0.94

0.68-1.05

1.18

0.66-1.37

IL-8

1.61

0.90-2.69

1.23

0.84-2.67

IL-1β

1.24

1.15-2.12

1.49

1.18-1.87

IL-2

1.25

0.38-5.06

0.83

0.37-2.76

IL-4

1.06

0.56-1.45

1.06

0.73-1.28

IL-6

1.57

1.33-1.93

2.28

1.90-3.45

IL-10

0.89

0.57-1.63

0.94

0.67-1.31

IL-13

0.94

0.77-1.06

1.07

0.57-1.20

IL-1α

2.13

1.48-2.53

2.39

1.86-3.31

Table 6-14. Comparison of cytokine ratio to baseline in Sebutape samples from at the Control site at T3 (40
minutes after baseline) and T5 (80 minutes after baseline).

Ratio to Baseline (T3)
Cytokine

Ratio to Baseline (T5)

Median

Q1-Q3(IQR)

Median

Q1-Q3(IQR)

IFN-ɣ C

1.19

0.95-1.34

0.94

0.57-1.29

IL-8 C

0.65

0.55-0.86

0.63

0.44-1.77

IL-1β C

1.32

0.97-1.83

1.22

0.98-1.37

IL-2 C

1.39

0.78-1.51

1.32

0.58-2.08

IL-4 C

0.78

0.69-1.49

0.78

0.74-1.02

IL-6 C

0.64

0.42-0.74

0.66

0.33-0.90

IL-10 C

1.02

0.69-1.44

0.74

0.50-1.28

IL-13 C

1.03

0.94-1.47

0.87

0.75-1.19

IL-1α C

1.58

1.37-1.89

1.84

1.49-2.79
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Comparison of loaded and control values was performed in the same manner as for
microdialysis, described in the previous section. However, none of the comparisons
between loaded and unloaded sites were statistically significant at the 5 per cent level (p >
0.05).
It is worthy of note that for IL-6 at the first loading time point (T2) 3/5 participants, namely
P1, P4 and P11, revealed marked up-regulation at the loaded site only (Table A5-6,
Appendix 5). However, there was missing data for the other participants.
For IL-1α, which has previously been considered a key marker of inflammation in the skin
when using the technique, Sebutape results at T3 revealed a 2-fold or greater increase for
P1, P2, P3, P4, P8, P9, P10 and P12 at the loaded site. However, this increase was also
revealed in 6 out of the 8 participants at the control site. Thus, the differences were not
found to be statistically significant (p > 0.05).

6.9

Chapter Discussion

This study constitutes a feasibility study to examine Sebutape and microdialysis
techniques, and demonstrates their suitability for quantifying changes in cytokine
signalling in mechanically loaded tissue. For microdialysis, this represents a novel finding,
which is likely to have implications for future related research.
Analytes were successfully recovered during loading using microdialysis with custommade fibres. Indeed, significantly increased concentrations were detected for the
cytokines IL-6 and IL-8 compared to values at the control site, suggesting that any
negative effect of loading on the extraction of these analytes may be overcome by
increased expression and/or impaired clearance. This is the first time elevation of proinflammatory signalling molecules in the skin has been described under continued
loading, which supports further investigation of loaded tissues with the technique.
The significant findings in microdialysis samples were not replicated when comparisons
were made between loaded and control sites for samples collected at the skin surface
using Sebutape. However, although not significant, categorical analysis revealed that
several of the cohort of 12 participants who exhibited up-regulated cytokine signalling as
measured by microdialysis also exhibited a marked response. For example, in the
Sebutape samples a greater number of participants exhibited at least a 2-fold upregulation of IL-6 or IL-8 at the loaded site than the control site (Table A5-2; Table A5-6,
Appendix 5). These results support the importance of measuring IL-6 and IL-8 using
Sebutape in a larger number of samples.
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Sebutape was also found to be an effective technique for sampling a subset of proinflammatory cytokines, specifically IL-13, IFN-ɣ, IL-2, IL-8, IL-1β and IL-1α, for which
average concentrations were in considerable excess of the LLOD for the assay.
For several cytokines recovered by microdialysis, for example TNF-α and IL-13, absolute
concentrations from the loaded site were greatly increased in some participants but not
others, when compared to the corresponding values from the control site. Marked upregulation of these cytokines is shown for one participant (P2) in Figure 6-11. These
results further support that loading at 60 mmHg may represent a physiologically relevant
threshold, to which some individuals may have a measurable biological response, which
may lead to inflammation if applied for extended time periods.

Figure 6-11. Elevated IL-13 and TNF α recovered by microdialysis under uniaxial loading at 60 mmHg for 40
mins, compared to that recovered from the unloaded control site. Time points 2 and 3, representing T2 and
T3, correspond to the loaded period and 4(T4) and 5(T5) the reperfusion period.
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Following 40mins reperfusion after removal of the load, elevated cytokines levels were
typically found to have decreased back towards normal values (Figure 6-11). It should be
recognised that in all cases involving microdialysis, these tissues were exposed to a
degree of trauma during fibre insertion. However, these findings suggest that loadinginduced up-regulation of cytokines may be resolved within 40 minutes even in mildly
inflamed tissue of healthy volunteers. By contrast, the concentrations of IL-6 typically
remained significantly elevated until the final time point (T5) in individuals exhibiting a
response (Figure 6-10). In contrast, IL-8 appears to exhibit a much more responsive
temporal profile, with delayed upregulation until T3 (20 minutes after commencing loading)
and recovery within the 40-minute reperfusion period. It is interesting to note that this
characteristic response was also reported in some biomarkers collected in skin exposed
to a similar loading regimen (Bader et al. 2005). In this study, all sweat biomarkers were
up-regulated in the loaded periods and some, notably the purines, hypoxanthine and uric
acid, remained elevated during the reperfusion period.
It is well recognised that the duration of this experiment might have limited the relevance
of the dataset for investigating the development of TH1 and TH2 cytokine responses.
Cellular differentiation of TH0 cells, predominantly in response to IFN-ɣ and IL-4,
represents a key mechanism in these processes (Avraham et al. 2013), however neither
of these markers was found to be up-regulated in the present study. However, with the
validation of the two sampling techniques for quantifying the relevant cytokines in a
minimally invasive manner, future studies might seek to evaluate these relationships
under mechanical loading, or indeed in cases where lymphatic pathology is already
established.
It is worthy of note that IL-1α was measured at significant concentration in microdialysis
samples (Table 6-5), but did not appear to reveal up-regulation as a result of loadinginduced inflammation. Indeed, microdialysis values tended to decrease at the loaded fibre
for 7/12 participants, namely P1, P2, P5, P7, P8, P10 and P12 (Table A5-11, Appendix 5).
Previous studies using Sebutape have often focussed on IL-1α as a marker of
inflammation, recovered at the skin surface (Perkins et al. 2002; de Wert et al. 2015).
However, the present results suggest that IL-6 and IL-8 might be more important
indicators of an inflammatory response in the dermis.
Given the present findings, it is appropriate to provide a comparative critique of the two
techniques, to inform future studies, which is presented in (Table 6-15).
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Table 6-15. A comparative critique of Microdialysis and Sebutape for biomarker research into the
inflammatory mechanisms underpinning pressure ulcer aetiology.

Quality
Analytes

Microdialysis
•
•

•

•

Tolerability

•
•
•

Impact on Protocols

•

•
•
Analysis of Samples

•

Superior for TNF-α and IL12
Suitable for IL-1α, IL-13,
IFN-ɣ, IL-2, IL-8, IL-1β, IL4, IL-10, IL-6.
Adaptable sampling (fibre
molecular cut off, flow
rate)
Established for
quantifying numerous
other markers (Hersini et
al. 2014).
Minimally invasive
Tolerated but potentially
compromises local tissue.
Clinical use dependent on
risk assessment.
Requires approximately 2
hours for anaesthetic and
fibre implantation.
May sample through
obstructive interventions.
Fibre malfunction may
lead to loss of samples
Temporal resolution
limited by flow rate.

Sebutape
•

•

•
•
•
•

•
•
•
•

Suitable for IL-1α, IL-13,
IFN-ɣ, IL-2, IL-8, IL-1β.
Potentially also IL-4, IL-10,
IL-6.
Inappropriate for TNF-α
and IL-12

Non-invasive
Well-tolerated with no
contraindications
Clinically viable
Minimal preparation
required; minor impact
on protocols.
Requires direct access to
the skin surface.
Reliable sampling
Limits on temporal
resolution unclear.
Correction of values by
estimation of sebum
volume desirable.

The multiplexed electrochemiluminescence immunoassay was found to be effective for
the concomitant quantitation of multiple cytokines with the limited volumes of sample
provided by microdialysis. However, the assay was found to carry an increased risk, in
that errors in a single well may affect values for multiple analytes (depending on binding
spot geometry). This was evidenced for several samples, where a bubble introduced
during the addition of reading buffer resulted in the generation of spurious values for
multiple binding spots (Figure 6-12). In communication with the manufacturer, it was
confirmed that this might be expected in a very small number of wells per plate.
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Figure 6-12. Image captured by a SECTOR Imager 2400 from a normal well (Right) and a well with a bubble
obscuring multiple analyte binding spots (Left).

Although the majority of cytokines were not consistently up-regulated under loading when
compared to the control site, this might have been predicted when considering that the
loading protocol effectively represents a very minor mechanical insult. A pressure of 60
mmHg was selected as the potential threshold, based on clinical relevance and the single
seminal animal study (Miller and Seale 1981), above which some participants may exhibit
a dermal response. The implication is that this magnitude of loading is unlikely to produce
a damaging inflammatory response in healthy participants. However, these findings do
represent valuable new data, as it is important to characterise both the unloaded tissue
environment as well as the normal physiological response to loading, before such
techniques can be used to investigate the pathophysiological basis of pressure ulcer
development.
It is also demonstrated in the present study that the addition of 0.05% TWEEN20
significantly improves the recovery of protein from Sebutape, which to the group’s
knowledge has not been reported in detail in other publications. This finding was
replicated for all of the intended analytes, approximately doubling the percentage of the
spiked concentrations liberated from each tape (Table 6-2). It is also recognized that
these increased values might also reflect improvements in sample storage and the assay
protocol as a result of TWEEN20, possibly due to decreased adhesion of analytes to
plastics.
6.9.1

Concentration of Sebutape Samples

It is noteworthy that the Sebutape technique may also be suitable for studies involving the
cytokines, IL-4, IL-10 and IL-6, with adaptation of the protocol for sample preparation,
which currently dilutes small concentrations of analyte in 2 mL of buffer. Although
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preparation in a buffer containing TWEEN20 improved recovery of cytokines, the
technique was only able to recover very small concentrations of these analytes, typically
close to the lower limit of quantitation (LLOQ).
Concentration using centrifugal filter devices for protein purification (Amicon Ultra 0.5,
Millipore, Massachusetts, USA) was therefore examined as a further measure to increase
the concentration of cytokines in Sebutape samples. These devices incorporate a
molecular sieve, which retains proteins above a predetermined molecular weight with an
associated reduction in the volume of the sample through removal of buffer.
For four samples, 500 µL of sample was concentrated to 80 µL, representing a
concentration factor of 6.25x, by centrifugation for 15minutes at 14,000 g and a 40° fixed
angle. Cytokine concentrations were then compared before and after centrifugation (Table
6-16). The concentration of certain cytokines appeared to be significantly increased,
notably, IL-1β, IL-8, IL-12 and TNF-α. However, centrifugal concentration did not
consistently increase the concentration of all cytokines. Indeed, for some cytokines, e.g.
IL-10, IFN-ɣ, this process was associated with a decreased protein measure output.
It could be proposed that this technique may be of value when handling samples for which
specific proteins are likely to be below the lower limit of detection for an assay. However,
further characterisation of the variable effect on concentrations is still required.
Table 6-16. Mean (n=4, ± s.d) % increase in cytokine concentrations (pg/mL) following centrifugal sample
volume reduction.

Mean
Cytokine

%increase

S.D

IFN-ɣ

-15.81%

23.91%

IL-10

-17.85%

47.68%

IL-12

207.10%

166.41%

IL-13

66.98%

39.14%

IL-1β

523.88%

336.11%

IL-2

3.31%

47.80%

IL-4

52.18%

57.73%

IL-6

22.59%

34.28%

IL-8

443.52%

311.17%

TNF-α

134.18%

38.80%

129

6.10 Chapter Summary
The findings of the comprehensive biomarker study support that microdialysis is a viable
technique for characterising the dermal tissue response to loading and subsequent
offloading, including the use of cost-effective custom-made fibres. Although the method
involving Sebutape is inevitably easier to perform and more tolerated by participants, the
present results suggest that it may be less effective for the quantification of a number of
critical cytokines. Furthermore, the cytokine IL-1α, which has previously been reported as
an important biomarker of skin inflammation using the Sebutape technique, was not
revealed to be upregulated at a dermal depth in microdialysis samples. This has
implications for the relevance of Sebutape results from the skin surface to deeper layers
of the skin.
The results suggest that the cytokines IL-6 and IL-8 may be particularly responsive
markers for loading-induced signalling. These findings are a strong indication that further
studies should include IL-6 and IL-8 as analytes. IFN-ɣ, IL-13 and TNF-α were also
implicated in some individual responses and likely warrant further exploration, particularly
in compromised skin.
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Chapter 7
7.1

Discussion

Meeting the Research Objectives

Both the primary and secondary research objectives, set out in section 2.10, were met
through an iterative problem-solving approach, following initial experience with the
techniques. Technologies for investigating lymphatic activity parameters and proinflammatory biomarkers were employed in separate studies.
To explore the effect of loading on lymphatic function, an initial experimental protocol was
designed to provide insight into the disruption of lymph formation and interstitial fluid flux.
The research objectives specifically designed to characterise normal vessel contractility,
as well as any signs of disruption during or following loading. Thus, a separate protocol for
the capture of video data in a delineated collecting vessel was developed. Intradermal
injection with ICG and subsequent NIR lymphangiography was found to be a safe and
effective method for addressing these objectives in healthy participants in both protocols,
leading to rapid uptake into and delineation of vessels in most participants (Figure 5-1).
The initial imaging study, described in section 4.7, provides insight into the function of
terminal lymphatic capillaries under direct loading. In contrast, the characterisation of
active lymphatic clearance described in Chapter 5 pertains to lymphatic function within the
secondary plexus of contractile collecting vessels. Both aspects of lymphatic clearance
are likely to be important when considering early pathological lymph stasis, indeed, they
are intrinsically linked, with the continual formation of lymph representing a key
mechanism contributing to active clearance (Boulpaep and Boron 2008), and impaired
active clearance being associated with disrupted lymph formation, with dermal backflow
(Mihara et al. 2012).
A tailored analysis package for the quantitation of vessel characteristics in image
sequences was developed and validated, including a sensitivity analyses to assess the
impact of subjective selection of a threshold value. These analyses demonstrated that the
approach for identifying lymph packets, based on isolating particular patterns within a
temporal histogram of fluorescence magnitude, was viable in terms of sensitivity and
specificity (Figure 5-7). Automation or recommendation of a threshold, based on this
approach, might therefore be incorporated into future packages for analytical algorithms.
The software successfully quantified several important parameters of lymphatic activity, of
which only the average velocity of lymph packets was found to differ significantly between
the baseline and post-loaded state.
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To explore the pro-inflammatory manifestations of lymph stasis, several developmental
phases of work were undertaken to validate the performance of the microdialysis
technique under a directly applied mechanical load. These included limited steps to
characterise the volume and protein content of dialysate, as well as the integrity of “homemade” fibres. The results of these studies provided support for their use in soft tissues
subjected to external mechanical loads.
Initial indications for biomarker changes due to lymphatic insufficiency were also sought
under an established model of lymph stasis, produced by a pressure cuff (Unno et al.
2010). A hydrostatic pressure of 60 mmHg was employed on the upper arm, below the
systolic blood pressure of all participants, to limit occlusion to lymphatic vessels. The
findings from this study supported, for the first time, that elevation of pro-inflammatory
cytokines might be detected during lymph stasis by microdialysis (Table 3-3), either due to
increased expression or impaired clearance of cytokines, leading to accumulation in the
interstitial space. Measurements taken from a second site, distal to the pressure cuff,
were not elevated under loading or reperfusion, suggesting that the effects of lymphatic
congestion are initially localised.
For the more comprehensive biomarker study, Sebutape samples were collected in
combination with dialysate for a direct comparison of both non-invasive and invasive
techniques. The two technologies appeared to be well-suited to examine a range of
cytokines, although each was more sensitive to specific cytokines. These findings were in
concert with those of the preliminary work in established lymph stasis, indicating some
elevation of pro-inflammatory cytokines under occlusive pressure (Figure 6-10). When
considered alongside the invasiveness of the two procedures, these data are of
importance for the development of further protocols. Whilst Sebutape is preferable for
limiting trauma at the test site and may be suitable for clinical application, these results
suggest that the technique would have to be adapted to quantify certain analytes of
interest, specifically IL-6.
Collectively, the results from this present approach represent some novel indications
which reflect the physiological effects of uniaxial mechanical loading at a tolerable
magnitude, as set out in the original project objectives. As previously described in the
literature (Miller and Seale 1981), the findings also support that a tolerable magnitude of
60 mmHg may be close to many individual thresholds for lymphatic dysfunction. This work
will likely inform further protocols in pressure ulcer research, around sampling/data
collection and analysis.
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7.2
7.2.1

Critique of Techniques and Results
Loading, as a model technique

It is recognised that the evaluation of the developed protocols was examined throughout
the thesis on cohorts (age range 24-61 years) of able-bodied volunteers. This was
achieved with the necessary Institutional Ethics approval. However, this experimental
approach limited the generalisability of the present findings, so that they could not be
directly extrapolated to sub-populations, who may be at risk of developing pressure ulcers.
The loading protocol of an applied pressure of 60 mmHg for a duration of 40 minutes was
designed to be acceptable and comfortable for the participants, as opposed to ensuring
that it routinely established an occlusive pressure. The applied load was also recognised
to be nominal at time of application, as the inherent viscoelastic characteristics of soft
tissues coupled with the moving artefacts of each participant would clearly influence the
magnitude of applied loading over the test period. This could be rectified with the use of a
feedback-controlled loading system, but that development was considered to be beyond
the scope of the thesis. The present findings therefore do not all represent the
physiological response to lymphatic occlusion, but to a pressure challenge to lymphatic
function. It is not known whether additional parameters and analytes would be altered
where loading ultimately leads to the development of a wound. However, for the
characterisation of a healthy tissue response to a loading scenario, it was important to use
a clinically representative magnitude of nominal pressure, whilst duration was determined
largely by practical considerations, namely the time of the test protocol acceptable to each
of the participants.
Previous work supported that a pressure of 60 mmHg exceeds that of the typical
superficial lymphatic pumping pressure (Modi et al. 2007; Unno et al. 2010). However,
Belgrado et al. (2016) more recently published findings which questioned these values.
This research group applied a transparent sphygmomanometer to the upper arm of 30
healthy volunteers and utilised NIR imaging to visualise lymph flow, whilst applying
pressure at magnitudes increasing by increments of 10 mmHg. Occlusion, as defined by
the pressure at which no lymph bolus traversed the cuff over a period of 5 minutes, was
found at a mean value of 86 mmHg for the upper limb. It should be recognised that the
previous study uses hydrostatic loading, as opposed to uniaxial loading in the present
protocol. Nonetheless, despite not representing a model associated with consistently
established occlusion, the present loading protocol was still able to alter lymphatic
function.
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The nature of the design of the loading system (Figure 6-2), means that the test site is
obstructed. Accordingly, neither the NIR-imaging or sampling with Sebutape could be
performed until the site was off-loaded. It is therefore noted that, in the present study,
imaging and Sebutape data from T40 more accurately describe an accumulated tissue
response immediately following complete off-loading. By contrast, the microdialysis
samples at T40 actually represent the status of loaded tissues.
The distribution of tissue types and therefore mechanical properties of the volar and
posterior forearm, such as stiffness and elasticity, and lack of a bony prominence, also
differ from those at sites more typically associated with pressure ulcer aetiology. Whilst
the indenter head is thought to be representative of a deformation over a bony
prominence, in response to external loading, the direction of deformation is reversed in
this model. Initial experience with performing these techniques at the sacrum as a more
representative site suggested that the lack of a clear lymphatic drainage pathway
hampered quantitation of lymphatic parameters (eg. Figure 4-5). However, this site may
be suitable for interstitial sampling techniques.
7.2.2

Imaging Study

Although the injection of ICG was associated with a strong stinging sensation, this
represented a short-lived response and was therefore considered to be tolerable to all
participants. The use of a topical anaesthetic to minimise discomfort is unlikely to be
appropriate without first giving careful consideration to the possible effects on lymphatic
vessels. This is particularly true for EMLA cream, which is known to alter vascular tone for
several hours (Ellis et al. 2004). Whilst the injection was associated with some very minor
tissue trauma and localised changes in osmotic pressures due to the introduction of a
fluid, any possible effect on lymph transport was minimised through the use of a finegauge needle and the introduction of a micro-dose volume.
Previous work has reported lymph velocity in the forearm or hand to be approximately 0.9
mm/min (Uren et al. 1997), however, peak values as high as 20.1 mm/s were reported in
baseline videos in the present study (Table 5-1). Packet velocity at baseline was found to
vary significantly between participants. These data provide an insight into the rapidity of
transport by passive and active mechanisms of lymphatic clearance, although the
volumetric contribution of each mechanism remains to be elucidated.
It was not possible to image clearance of ICG at the sacrum. There may be difficulties
applying these techniques to areas in close proximity to lymph node clusters, associated
with rapid drainage into the deeper plexus of lymphatic vessels. The imaging modality with
its limited depth resolution of approximately 20 mm (Marshall et al. 2012) may not have
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been able to visualise these vessels. It was not within the scope of the project to evaluate
clearance patterns in other anatomical areas associated with pressure ulcers, but not with
an abundance of lymph nodes, such as the heel. For these areas, NIR imaging may be
suitable for exploring patterns of lymph formation under direct loading, as described in
Table 4-5.
Due to the number of videos and the inherent subjectivity of descriptive analysis,
particularly for selecting the borders and leading edge of lymph packets, it was necessary
to analyse the videos using computational methods. However, it is recognised that
sensitivity was not 100%, and therefore some apparent lymph packets in the original
images were not detected during the analysis. To minimise the potential for bias, a
consistent approach was applied across all videos by an individual blinded to the time
point. As the packet parameters likely to affect detection, such as size and fluorescence
intensity, did not differ significantly between pre- and post-loading images, it is reasonable
to assume that missed packets should be equally distributed across the videos.
The fact that lymph packet velocity was significantly affected by loading might imply
disruptions to cellular signalling, affecting the initiation and conduction of contraction in
lymphangions. The present approach represents a significant improvement on previous
techniques such as laser doppler flowmetry for investigating lymphatic pacemaker activity
(Krupatkin 2014). Valve dysfunction is also hypothesised to have contributed to the
impairment of clearance. Indeed, through categorical analysis it was possible to identify 4
participants for whom valves did not prevent retrograde flow of lymph during contraction
(Table 5-2). If this was caused by mechanical disruption of the valve, it is unlikely that
valve function would be restored within the 40 minutes recovery phase, as reported for 3
out of the 4 cases. It is more likely that altered cellular signalling affects either the
contractility of lymphangions or the coordination between successive segments. For
example, should a lymphangion contract out of sequence, the segment downstream might
also pass lymph in a retrograde motion upon the opening of the valve. A possible
mechanism for recovery of valve function would be the increased demand for clearance
due to an abundance of lymph upstream, following the period of insufficiency, leading to a
greater frequency of contractions which would encouraging ‘pulses’ to resynchronise. This
mechanism would be dependent on the specific demand for the dysfunctional vessel.
Indeed, if multiple drainage pathways were available to the affected lymphosome, the
refractory period might be expected to last longer.
Upon completing of the experiment, participants 1-3 were also asked to firmly grasp a
metal rod, activating the forearm flexors, followed by relaxation of the limb to establish a
repeated motion. Video data was captured at the optimal frequency for the participant.
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While the files were not suitable for analysis, due to the amount of arm movement, each
flexion was accompanied by visible transit of packages in multiple vessels. These findings
highlight the importance of limiting participant movement throughout the protocol, as well
as supporting the importance of the muscle pump for preventing lymph stasis.
7.2.3

Biomarker Study

From the research findings, it was evident that the cytokine concentrations at baseline,
using both microdialysis and Sebutape sampling, exhibit high inter-individual variability.
Cytokines as markers of disease are more typically measured in plasma, where they are
recognised to be strongly affected by both intrinsic and environmental factors, for example
age, gender, exercise, obesity and smoking (Altara et al. 2015). Furthermore, cytokine
expression in the skin can be expected to depend in part on the populations of expressive
cells, typically keratinocytes and other skin resident cells, which are likely to differ
between individuals and even with location. If a tissue is particularly well populated with a
responsive cell type, this would affect both the baseline concentrations as well as the
magnitude of skin response to the mechanical load challenge.
It has also previously been reported that the depth of insertion of the microdialysis fibres
may be critical for the detection of some of the analytes, but not others (Hegemann et al.
1995). Nonetheless, cytokines have been reported to be less affected than analytes such
as histamine (Voegeli 2001). Although the depth of fibres wasn’t characterised,
implantation at a consistently shallow depth was achieved according to the study protocol.
This concern was further mitigated by comparing all values to individual baseline levels at
the specific site.
It was ergonomically necessary to locate the control site on the same arm as the loaded
site. However, it is unclear whether the loading protocol is likely to affect the analytes
recovered by the control fibre. Indeed there is some evidence to suggest that remote
ischaemia induced by hydrostatic loading for as little as 5-15 minutes may have a
protective or anti-inflammatory effect, which reduces ischaemic-reperfusion damage to
several organs (Le Page and Prunier 2015). In addition, it has been proposed that
upregulation of the enzyme haeme oxygenase 1 (HO-1) leads to a reduction in oxidative
stress, although it is unclear whether this occurs in the skin (Cremers et al. 2017).
Furthermore, the uniaxial loading protocol in the present study is unlikely to elicit the same
biological response as ischaemic hydrostatic pressure. The present protocol was deemed
appropriate, as the lateral diffusion of cytokines within the skin i.e. from the loaded to the
control site, is likely to be limited (Voegeli 2001). The fact that the cytokines IL-6 and IL-8
were upregulated to a greater degree at the loaded site further supports the view that the
response to loading is distinctive directly under the indenter.
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Initial work on the preparation and analysis of Sebutape samples led to concerns about
the use of total protein to normalise cytokine values. Inflammation induced by tapestripping was found to be associated with increased quantities of sebum, as determined
by total protein analysis, which was not proportional to the increase in inflammatory
cytokine concentrations (Table 6-4). These findings suggested that proteins not being
quantified within samples may represent significant confounders, where values are
divided by total protein. However, it still remains important to control for the effects of any
intervention on sebum production, efflux or otherwise increased availability of sebum at
the epidermis. An alternative approach for future studies might be to correct for total lipid
content, using commercially available colorimetric assays, although it would first be
necessary to establish whether the lipid concentration of sebum represents a more stable
value, particularly in the inflammatory phase.
While the analysis associated with microdialysis was able to recover quantities of all
cytokines within the lower limit of quantitation, the current protocol for Sebutape was not
found to be suitable for the quantitation of several analytes, particularly IL-12 and TNF-α.
In accordance with previous studies (Perkins et al. 2001), Sebutape was used to sample
over a period of 2 minutes, while each of the microdialysis samples were collected over a
period 20 minutes. Given these limitations associated with Sebutape, it might be
suggested that the tapes were not consistently saturated during sampling and that a
longer sampling period may improve recovery, facilitating direct comparisons between the
two techniques. A further limitation of the current protocol involves the dilution of
Sebutape samples to a volume to 2 mL, which brings many of the analytes close to the
LLOD of even sensitive assays. Indeed, dialysate diluted by the same factor would
contain comparable concentrations of some cytokines (Table 7-1). Nonetheless, the
dilution factor does not fully explain the difference in performance between the
techniques. For example, diluted dialysate would likely contain lower concentrations of
IFN-γ and IL-1α than an average Sebutape sample, but would still contain significantly
greater concentrations of IL-8 and IL-6.

137

Table 7-1. Mean (n=12) baseline cytokine concentrations in Sebutape and Dialysate at the Loaded site, as
well as mathematically estimated concentrations if dialysate were diluted to 2mL.

IFN-γ

Mean cytokine concentration (pg/mL)
Diluted
Dialysate
Dialysate
(estimate)
Sebutape
6.27
1.88
3.27

IL-8

107.04

32.11

0.27

IL-1β

3.30

0.99

0.32

IL-2

1.56

0.47

1.17

IL-4

0.94

0.28

0.04

IL-6

16.69

5.01

0.09

IL-10

0.95

0.28

0.07

IL-12

8.16

2.45

-

IL-13

13.18

3.95

2.09

TNF-α

1.61

0.48

-

IL-1α

60.17

18.05

64.96

Further work with Sebutape should prioritise establishing a method for recovering proteins
into a smaller volume of sample buffer, resulting in a lesser dilution factor, and might
further evaluate the suitability of centrifugal concentration described in section 6.9.1.
The depth at which cytokines are induced may represent one factor in the effectiveness of
the techniques. For example, IL-1α is known to be released from damaged keratinocytes
in the epidermis (Angelova-Fischer et al. 2012), however, other cytokines may only be
produced and released into the interstitium by cell populations that are resident in the
dermis (Hänel et al. 2013). The rate of diffusion of cytokines from the interstitial space into
sebum, and subsequent delay before the sebum is able to be sampled on the skin
surface, has not been characterised. Microdialysis may therefore represent a more
immediate method of sampling the physiochemical response than Sebutape.
Despite the limitations, the findings of these studies suggest that IL-6 and IL-8 may be
significantly upregulated under the application of a uniaxial load of 60 mmHg in some
individuals, supported by samples from the microdialysis technique only (Figure 6-10). It is
encouraging that IL-6 and IL-8 were both also recovered in quantifiable concentrations by
the Sebutape technique, as this may be an appropriate method for further study in the
clinical setting. For IL-6, a statistically significant difference was observed between loaded
and control sites after 20 minutes of loading and this up-regulation was sustained for
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between 20-40 minutes during reperfusion. Upregulation of IL-8 was significant only
following 40 minutes loading and although still upregulated during the first reperfusion
phase had reduced by 40 minutes of reperfusion. These findings represent an insight into
the relationship between pressure, magnitude and duration for this biochemical response
and suggest that between 0-40 minutes is sufficient to produce transient pro-inflammatory
signalling.
These findings are in accordance with previous studies suggesting that IL-6 may be
rapidly induced in response to mechanical stress, in cell types including vascular
endothelial cells and smooth muscle cells, as well as in the dermis in vivo (Sasamoto et
al. 2004; Zampetaki et al. 2005). In both cell types, upregulation of IL-6 has been linked to
regulation by the NF-κB activation pathway, which also importantly induces expression of
IL-8 (Kobayashi et al. 2003). However, it is surprising that an upregulation of the primary
inflammatory cytokines (TNF-α and IFN-ɣ) known to stimulate NF-κB translocation was
not evident in this study, potentially implicating mechanotransduction as a mechanism.
Indeed, recent research has demonstrated that mechanical strain alters the expression
profile of LECs, including that of pro-inflammatory cytokines(Wang et al. 2017).
Sebutape results were recently reported from sustained pressure under two models of
ventilation face masks, positioned at three strap tensions, on a group of able-bodied
participants (Worsley et al. 2016). Interface pressures were highest over the bridge of the
nose for both masks, with mean ± SD values of 84 ± 39 and 94 ± 49 mmHg at the lowest
tension, up to 158 ± 54 and 121 ± 55 mmHg at the highest tension. Statistically significant
(p < 0.05) elevations of IL-1α were also reported corresponding to the highest strap
tension. With regards to IL-8 and IL-6 their concentrations were not consistently elevated,
although there were linear relationships between cytokines in specific groups (Hänel et al.
2013), typically the IL-1 and IL-type II families and the γ chain family, in both loaded and
unloaded states. The inconsistency in response may, in part, be explained by the loading
protocol, as masks were only applied in situ for 10 minutes, with 10-minute refractory
periods between strap tensions. Humidity and skin temperature were also both reported to
be elevated in the study at the interface between masks at skin surface.
Another study utilising Sebutape reported that a loading protocol of 30 minutes at
approximately 30 mmHg was sufficient to induce pro-inflammatory cytokine signalling in
the form of elevated IL-1α concentration (de Wert et al. 2015). This response was further
enhanced in the presence of applied shear forces at the skin surface.
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7.3

Combining Techniques to Explore Biomarkers in Lymph Stasis

An important uncertainty arising from these results is whether the sub-set of participants
with short-term mechanical-induced lymphatic insufficiency produced corresponding
altered expressions of pro-inflammatory cytokines.
To explore any relationships between outcomes in the imaging study and biomarker
study, Sebutape samples were also collected for all participants (n=10) during the imaging
study, at T5, T45 and T85, immediately following image capture. In this case, due to the
location of drainage pathways, samples were collected from the posterior surface of the
arm. These samples were analysed as described in section 6.4.1 for cytokine
concentrations and total protein.
7.3.1

Results

Cytokines were recovered in comparable concentrations to the biomarker experiment.
Unpaired t-tests revealed that total protein values were significantly elevated in samples
from the dorsal forearm in the imaging study, for all time points (p = <0.0001), when
compared to Sebutape samples from the volar forearm in the Biomarker study. The
concentration was also found to vary between time points, but with no consistent trend
(Figure 7-1). Higher levels of causal sebum on the posterior aspect of the forearm than
the volar aspect have previously been reported (Conti et al. 1995), although the ratio
between the two studies appears to be much greater. It is unclear whether differences in
the protocols, specifically microdialysis and NIR imaging with ICG, affect either the
performance of Sebutape, sebum availability or protein constituents within sebum.

Figure 7-1. Total protein concentrations in Sebutape samples for individual participants, at all time points
(T1, T2 and T3) in the Biomarker and Imaging studies.
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It is interesting to note that the significant elevation of IL-6 and IL-8 concentrations from
baseline observed in the biomarker study were not replicated in the imaging study (Figure
7-2). Indeed, the concentration of both cytokines had decreased by T3 for many
participants, although the differences were not statistically significant (p > 0.05). It is
worthy of note that there were trends associated with IFN-γ and IL-10 concentrations with
an increase from baseline values, although none of the differences were statistically
significant (p > 0.05).
Secondary analysis of the data revealed no association between signs of lymphatic
dysfunction, specifically backflow, and concentrations of cytokines.

Figure 7-2. Box and whisker plots of cytokine concentrations, as a ratio to baseline values, in Sebutape
samples from time points corresponding to immediately post-loading (T3) and 40 minutes thereafter (T5)..

7.3.2

Discussion

Findings from this supplementary study confirm the importance of considering
concomitant protocols as potential confounders in any investigation using biomarkers.
Although any effect of microdialysis on sebum collection and analyte concentrations was
mitigated by the use of a control site, it is suggested that the imaging protocol may cause
perturbations in cytokine signalling or sebum collection.
Although the effect of ICG drainage on cytokine signalling remains unclear, tissue
irradiation with near-infrared wavelengths has previously been reported to have a
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localised effect on cytokine concentrations, as well as sebum production in cultured
sebocytes and in the treatment of acne (Sadick 2008; Ju Lee et al. 2015). Expression of
pro-inflammatory cytokines (IL-6, IL-8, IFN-γ, IL-1α) in vivo was found to be decreased
following irradiation, while anti-inflammatory cytokines, for example IL-10, tended towards
increased expression. Irradiation at 830 nm and relevant intensities (over the range of 5
J/cm2 to 30 J/cm2) also decreased sebum production by cultured sebocytes, however the
decrease was not statistically significant (Ju Lee et al. 2015).
While it is conceivable that irradiation resulted in a decreased sebum production in this
study, the increase in total protein caused by loading, as reported in the biomarker study,
may counteract this effect. The resultant significant increase in protein content for
samples suggests that the protocol may further impact on expression of one or more
proteins not analysed with the 10-plex assay, or otherwise increase sebum availability.
Clearly there is a complex interplay between the effects of loading and the effects of nearinfrared irradiation on the up-regulation of analytes.
Limitations to this pilot work include uncertainty around the relevance of Sebutape
samples from immediately under the indenter to vessel function, as it is not clear whether
lymph formed directly under the indenter is cleared within the imaged vessel. Sampling at
the site of injection with complete shielding from excitatory IR light might provide further
insight into the inflammatory responses associated with impaired lymph formation,
upstream of dysfunctional collecting vessels.

7.4

Contractile agonists

A review of the literature highlighted that nitric oxide (NO) represents an agonist of
contractile clearance and therefore a potential mechanism for lymphatic dysfunction. A
selection of Sebutape samples and buffers were therefore analysed by gas phase
chemiluminescence and high-performance liquid chromatography for nitrite (NO2-) and
nitrate (NO3-), both of which are endogenous end products of NO metabolism, but also
importantly represent an alternative O2-independent source of NO.
Table 7-2 Sebutape and buffer sample nitrite and nitrate concentrations.

Sample
DPBS (open)
DPBS (new)
Blank Plaster
Sample 1 (T1)
Sample 2 (T5)

Concentration (μM)
Nitrite
Nitrate
0.10
2.6
0.14
2.7
1.47
126.1
0.43
17.3
0.45
9.4
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The results, as summarised in Table 3-2, indicate that Sebutape is not likely to be a viable
technique for measuring these analytes. Although the concentrations of nitrate and nitrite
in both Sebutape samples were greater than DPBS buffer alone, a sample prepared using
an unused Sebutape strip contained significantly higher levels. This suggests that the
adhesive likely introduces nitrite and nitrate to samples.
Further work seeking to explore the mechanisms behind loading-induced lymphatic
dysfunction should include quantitation of endogenous contractile agonists, but would
have to make use of sampling techniques other than Sebutape, such as microdialysis.
Indeed, methods for the quantitation of NO in dermal microdialysis samples has
previously been described (Voegeli 2001), using relatively inexpensive gas phase
chemiluminescence techniques.
Elucidation of the mechanisms underpinning loading-induced lymphatic dysfunction might
one day contribute to the development of protective or therapeutic strategies for the
viability of loaded tissues.

7.5

Implications for Pressure Ulcer Research

The findings of this project constitute initial indications of the physiological response to
uniaxial loading, which are likely to inform further work in this area. With reference to
Figure 1-3, these novel findings further support some existing hypotheses around the
mechanisms underpinning cell death in the initial development of pressure ulcers (Figure
7-3). Specifically, inhibition of lymph formation and lymph flow under loading were
indicated through NIR imaging. Several imaging parameters also suggested dysfunction
of smooth muscle and the active mechanism of lymph clearance. Separately, the results
of the present study also confirmed that a biomolecular response to loading, in the form of
a local inflammatory response, can be detected even prior to the unloading of soft tissues
using microdialysis. Importantly, this supports that the mechanism of loading itself, and
not just reperfusion, may have a deleterious effect on tissue viability.
There is likely some interplay between the cellular response and impaired lymphatic
vessel function, which leads to accumulation of harmful waste products and proteins. This
was seen in the present study in the form of accumulating contrast agent, giving rise to
the ‘halo pattern’. Although this relationship still remains to be fully explored, microdialysis
has been demonstrated to be an appropriate technique.
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Figure 7-3 An updated schematic of hypothesised aetiological mechanisms of pressure ulcers, depicting
those which might be further evaluated using the techniques validated in the present study and by which
technique. Purple dashed line represents NIR Imaging; Green dashed line represents microdialysis; Red
dashed line represents Sebutape.

A method of analysis has been described for a panel of candidate analytes, which have
been confirmed to be compatible with one or more of the sampling technologies. With
future studies, these techniques might provide further scientific understanding of pressure
ulcer aetiology. This, in turn, could inform the development of novel methods for effective
prevention of individuals at risk of developing pressure ulcers. As an example, it could
provide the introduction of appropriate pressure relief strategies. However, it is accepted
that the potential for patient benefit is unlikely to be realised for several years. In the more
immediate term, characterisation of the tissue response to loading, both in healthy and in
compromised individuals, could lead to important improvements in current risk
assessment strategies. The incorporation of validated biomarkers, whether based on
imaging or biochemical methods, would represent a valuable objective measure.
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It is important to recognise that a biomarker with clinical potential for assessing pressure
ulcer risk would, firstly, exhibit minimal variation within and between individuals (or would
be associated with a defined normal range), even in loaded areas with minimal risk of
tissue breakdown. Detectable alteration of the marker would ideally only be significant, or
in excess of the threshold, in cases where loading has compromised tissue integrity and
may lead to pathological changes. These characteristics correspond to a candidate
marker having a good specificity and sensitivity respectively. It remains to be elucidated
whether any of the target molecules are significantly up-regulated during the initial stages
of pressure ulcer development, and whether their concentrations differ significantly
enough from those described in this study. However, the validation of these two
techniques will facilitate further exploration of these hypotheses.
Analytes which are highly responsive to mechanical insults, such as IL-6 and IL-8, which
were found to be elevated in this study, might additionally represent useful outcomes for
assessing off-loading management interventions, such as turning or alternating pressure
mattresses. The data described in this project suggest that concentrations of IL-6 and IL-8
return to baseline levels following complete off-loading for as short as 40 minutes. This
represents a typical recovery rate against which approaches to pressure management
might be compared.
NIR lymphangiography is unlikely to ever become part of standard clinical practice for the
management of pressure ulcer risk, due to the invasiveness of the procedure, expertise
required and costs. However, it represents a valuable, accessible and efficacious
technology for further exploring the contribution of lymphatic mechanisms to tissue
pathology. Increased understanding might translate to meaningful patient benefits, such
as incorporating advice and interventions for lymphatic function into pressure ulcer risk
management.
A current point of contention in the pressure ulcer field is the proposition that all wounds
associated with pressure should be termed ‘pressure injury' (Salcido 2016). An opposing
opinion suggests that skin lesions caused by sustained pressure insults are different in
nature to those caused by more instantaneous, traumatic pressure insults (Bader and
Schoonhoven 2016). Defined physiological mechanisms associated with decreased tissue
viability over time may be important academically for distinguishing these two forms of
wound. The findings presented in this thesis may support the argument that lesions
caused by sustained pressure are a distinct pathology.
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7.6

Future Work

The results of this project represent a validation of techniques for assessing lymph
formation, active mechanisms of lymphatic clearance and quantitation of specific
biomarkers directly under uniaxial mechanical loading. It is evident that further work is
indicated that can lead to both an improved understanding of the aetiology of pressure
ulcers, as well as translating the research to clinical relevance and ultimate patient benefit.
7.6.1

Clinical validation of biomarkers

A major question still remains as to whether biomarker data collected in healthy
participants differs significantly from data gathered in the clinical setting, particularly when
differentiating patients at low and high risk of developing a pressure ulcer.
Those biomarkers described in the present study which were constantly retrieved from the
Sebutape, particularly the sensitive markers IL-6 and IL-8, are prime candidates for further
exploration in at-risk individuals. A limited amount of feasibility work would be required to
establish the acceptability of Sebutape to both patients and clinical assistants before a
pilot study could be performed in the clinical setting in conjunction with standard risk
assessment and routine follow ups, to generate initial data on the sensitivity and
specificity of these potential markers.
To progress further into clinical validation, it would also be important to explore the
practical aspects of establishing an appropriate test protocol in a clinical study. Cytokine
assays are relatively affordable and used extensively in most hospitals, however, the
present method of Sebutape sample preparation may represent a significant barrier to
adoption. Further work should seek to optimise the sampling process and might involve
the production of a kit for the immersion of Sebutape in sample buffer at the point of care.
The findings of the present project would be important to support the selection of a
focussed panel of analytes, limited to those successfully sampled by the technique.
7.6.2

Further characterising lymphatic dysfunction

Lymphatic clearance under a range of pressures as well as post-occlusion loading were
evaluated in the animal model by Miller and Seale (1987). The imaging protocol validated
in this study is well-suited to exploring the effect of a range of magnitudes of loading for
the first time in humans.
NIR imaging during concomitant loading would require some alteration to the test system,
either to miniaturise the indenter or incorporate the imaging probe into the indenter head.
Such a system could include the application of both direct pressure and shear forces,
which are implicated in the development of pressure ulcers and have recently been
demonstrated to alter cytokine concentrations, particularly IL-1a, recovered by Sebutape
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(de Wert et al. 2015). With these changes, it should also be possible to explore whether
loading at a decreased magnitude sustains occlusion or encourages recovery, which was
not possible in the present study as it required complete off-loading before imaging.
More research is clearly also needed to explore the recovery of normal function after offloading, including the impact of currently proposed therapies such as exercise and manual
lymph drainage techniques on impaired lymph vessels (Shinya et al. 2017). This might
include visualising the effectiveness of these techniques in patients with established
lymphoedema. For example, in the present study, it was demonstrated that NIR imaging
successfully captures the increase in lymph flow during a ‘muscle pump’ activity. With the
present technique, it would be possible analyse not only the effect on clearance during the
treatment, but its efficacy in establishing sustained healthy contractility of vessels.
There are also clear benefits to continuing this work in healthy volunteers and developing
the technique further. Increased knowledge of each individual’s lymphatic architecture
would enhance the understanding of lymph packet volume and how this is affected by
loading. Fluorescence imaging using ICG alone does not provide this information but
combining the technique with an anatomical imaging modality, such as magnetic
resonance lymphography, may produce a basis for more accurate estimation of transient
lymph packet size and volume. Such a combined dataset would likely prove invaluable for
modelling of lymphatic behaviour under mechanical loading and other interventions.
Finally, the parameters described in this study could be validated as measures of
dysfunction by using a pharmaceutical agent known to inhibit active lymphatic clearance,
such as the contractile agonist prostaglandin F2α or an NO donor. This approach has
previously been described in a murine model, using stereo microscopic imaging to
visualise valve function and tonic and phasic changes in lymphatic contractility with the
NIR fluorophore P20D680, introduced directly into the inguinal lymph node (Chong et al.
2016).
7.6.3

Applications in other areas of medicine

The methods described for estimating contractile lymph clearance may provide a valuable
resource for research into other conditions, such as lymphoedema and other circulatory
insufficiencies. Research with NIR imaging has typically made use of the relatively simple
measure of transit time, which provides less insight than the parameters defined in this
project.
In recognition of the limitations of the Fluobeam software, the research group intends to
continue with the development of the in-house software, which will include producing a
graphical user interface (GUI). Making this tool accessible to researchers and clinicians
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could be beneficial to a range of conditions affecting the lymphatic system. Most notably, it
would allow for quantitative analysis of lymph flow in conditions for which diagnosis and
monitoring are currently assessed in specialist clinics, such as lymphoedema and after
resection of tumours. This could represent a significant improvement on current practice,
particularly given that the current gold standard of lymphangiography is associated with
inflammation, scarring and atrophy of lymph vessels, which may exacerbate any
insufficiency of lymph function (Morrell et al. 2005). The research group have since
developed a protocol in this area, aiming to evaluate the utility of software in
lymphoedema, and have submitted a grant in July 2017.
This software represents the first time principles around droplet morphometry and
velocimetry have been applied in the analysis of real-time images of a fluorophore
clearance in lymphatic vessels. The image processing steps could be applied with any
contrast agent (Basu 2013), and so will remain relevant even as superior fluorophores and
imaging agents become available.
Some recent publications have highlighted that lymphatic contractility may be a clinically
important parameter for the prediction of breast cancer-related lymphoedema (BCRL).
There is evidence to suggest that highly active lymphatic clearance before cancer
treatment, specifically pumping pressure, is indicative of women having a predisposition to
developing secondary lymphoedema (Cintolesi et al. 2016). The hypothesis that some
women may be predisposed to BCRL is further supported by observations of low
lymphatic activity in the clinically unaffected limbs of women with BCRL (Bains et al.
2015). These measurements were taken using lymphatic congestion and
lymphoscintigraphy. The techniques validated in the present thesis might prove a valuable
and accessible alternative to congestive lymphoscintigraphy for further research and
ultimately to assess risk at the bedside. While this study reported on maximum pump
pressure, the present study describes alternative robust parameters which describe
vessel contractility.
7.6.4

Damaging effects of lymph stasis

The physiological effects of changes in the measured lymph parameters such as
decreased packet velocity also remain to be elucidated. By combining NIR imaging with a
method of loading to sustain lymph stasis, further work might examine the
pathophysiological basis of tissue damage in mechanical load-induced lymphatic
dysfunction. For ethical reasons, this work would need to be conducted in an animal
model system.
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In addition to important biomarker measurements, histological methods may be used to
co-localise any structural changes, typically fibrosis, or cell death to dysfunctional vessels,
to provide insight into the relevance of vessel patency to the initiation of tissue damage.
Indeed, findings in a mouse model published during data collection for this study (Kasuya
et al. 2014) suggest that LECs may be particularly susceptible to apoptosis under
oxidative stress, leading to impaired clearance of ICG.
A protocol to address these research aims was designed by the author, to be conducted
in collaboration with Professor Arthur Mac from the Chinese University of Hong Kong
(CUHK) (Appendix 6). The protocol was offered an award under the Worldwide
Universities Network (WUN) Global Scholarship Programme for Research Excellence,
although for practical and personal reasons, this could not be realised. The study was
planned to be conducted on the tails of Sprague-Dawley rats, where the location of
collecting lymph vessels is well-characterised, thus allowing mechanical loading to be
applied without prior delineation with ICG, which might otherwise interfere with imaging.
This protocol remains a logical progression from the work of Kasuya et al. (2014), to
further explore the importance of active mechanisms of lymphatic clearance in the onset
of tissue damage.

7.7

Contributions of the Thesis

The findings of the present thesis represent a number of original contributions to the
domain of pressure ulcer research, evidencing for the first time in humans a number of
physiological responses to uniaxial mechanical loading, at a clinically relevant load of 60
mmHg for a duration of 40 minutes, and importantly validating promising techniques for
further study.
To date, research into lymphatic vessel function under loading in humans has been
restricted to subjective measures of lymph flow using lymphography techniques, involving
ICG with cuffs or restrictive collars. Preliminary work demonstrated that uniaxial loading
may also cause perturbations in the formation and initial clearance of lymph. Given that
these images were generated under a model of loading which is more clinically relevant to
pressure ulcers, these findings represent a progression of the knowledge base to support
that lymphatic dysfunction may represent one of the mechanisms in the development of
pressure ulcers (Bouten et al. 2003). Additionally, as this project represents the first
instance of fluorescence lymphangiography in tissues loaded in this manner, these
findings represent a valuable resource for the modelling of lymphatic vessels and
interstitial fluid dynamics.
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The full imaging study further develops this hypothesis, demonstrating that in addition to
the collapse and occlusion of vessels, active mechanisms of lymphatic clearance might be
affected by direct mechanical loading. Through the application of current techniques for
image analysis, a method for isolating and tracking lymph packets has also been
developed. This method provides a significant enhancement over typical parameters
reported in fluorescence lymphangiography with ICG, which has previously been limited to
the measurement of the leading edge of ICG displacement and time, which is unable to
discern active and passive mechanisms of clearance.
A viable imaging system for delineating lymphatic vessels in vivo, constructed from
affordable and commercially available components is also described, termed the In-House
System (IHS). The total cost of constructing the IHS was in the region of £600, whilst the
cheapest commercial system was quoted at £18,500. In the initial phases of this research,
this system was able to confirm the suitability of the imaging protocol, including
fluorophore preparation and dose. This economical system may also be of value for future
basic research, particularly around lymphatic anatomy where real-time images are not
required and the limited framerate would not be a concern.
The mechanical loading protocol was separately associated with a significant elevation in
pro-inflammatory cytokine signalling, which further supports existing evidence of upregulation of pro-inflammatory signalling following loading even with healthy volunteers.
Microdialysis was demonstrated to be an effective technique for sampling the interstitium
under direct loading, including the use of constructed fibres. This represents the first
biochemical sampling technique to quantify cytokines in a relevant model of concomitant
tissue loading.
By way of comparison, microdialysis was also found to be superior to Sebutape for the
study of several specific analytes, however, the results of this study also support the
potential utility of the latter non-invasive method. These data might inform the selection of
a sampling technique for future work, based on the relative recovery of specific analytes.
A significant amount of work was also undertaken to develop and evaluate the protocols
associated with both techniques, which highlighted some important considerations for
future work.
In summary, the present research represents the first to provide evidence in humans to
support lymphatic dysfunction and accumulation of molecules in the interstitium as a
potential aetiological pathway in the development of pressure ulcers.
The preliminary findings, validation of protocols and experience gained within the course
of the research is highly transferrable and there is a clear potential for this work to be
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applied to further research. This project has already led to several further studies, both
within the field of pressure ulcer research and other areas of medicine (Lopera et al.
2017). Importantly, the validation of these experimental techniques will enable further
research to continue to explore these under researched but often-cited mechanisms
(Bouten et al. 2003; Stekelenburg et al. 2008).
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Appendix 1 – Full Study Protocol
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Appendix 2 – FoHS Conference Poster

Lymphatic Dysfunction and Pressure Ulcer Aetiology
Gray, R., Bader, D.L. and Voegeli, D.

Introduction

It was originally suggested in 19781 that lymphatic vessels may collapse under uniaxial compression, and that accumulation
of damaging components in the interstitial space may contribute to pressure ulcer aetiology. Occlusion of lymphatic vessels by uniaxial pressure of
60mmHg and above has been demonstrated in the hind leg of canines using the radioactive isotope Technitium-99m2, however this technique was not
suitable for translation to human research. With the development of new imaging modalities and techniques for measuring the components of tissue
fluid, it has since become possible to safely explore the effect of uniaxial pressure on lymphatic function and the tissue microenvironment in human
volunteers.

Aims In human tissue under uniaxial pressure and following relief

Microdialysis

Microdialysis is an established and minimally
invasive method for quantifying molecules in the
interstitium of skin. Hollow molecular-sieving fibres
are implanted beneath the epidermis (Figure 4) and
gradually perfused with saline. Upon collection
from the free end of the fibre, dialysate contains a
molecular profile representative of local interstitial
fluid, which may be analysed using standard
laboratory assays.

Figure 4. 1000kDa-cut-off
microdialysis
fibres
implanted in the forearm.

Dialysate is collected for 30 minutes before loading,
throughout loading and for 45 minutes after.

of pressure:
Characterise lymphatic function, in particular any threshold pressure
above which clearance of lymph is obstructed .
Quantify changes in the concentration of pro-inflammatory molecules
and proteolytic enzymes in the interstitium.

Method

A pressure of
60mmHg is applied using a
uniaxial indenter (right) to either
the forearm or the sacrum for 45
minutes. This type of loading is
typically used in research to
simulate tissue compression as it
occurs over bony prominences
and locations associated with
pressure ulcer risk.
This study then utilises two
concurrent techniques to study
lymphatic function and to sample
tissue fluid components.

Lymphatic Imaging

Fluobeam 800TM

Figure 2. The FluoBeam 800™ is
optimised for use with ICG. It
contains a sensitive CCD camera,
excitatory laser (780nm) and optical
filters to isolate fluorescence.

Current Stage Approval has been obtained from the
Faculty of Health Sciences Ethics Committee to conduct a pilot study with
a small number of healthy volunteers (n = 20) using the described
method. Recruitment of participants is ongoing.

Figure 1. Loading and imaging of the forearm in
a healthy volunteer. White light is provided by the
Fluobeam 800 ™ to assist operation.

Initial results have been collected and are currently being analysed.
Preliminary analysis confirms a demonstrable effect for loading at
60mmHg on the function of lymphatics in humans. In unloaded limbs, ICG
clearance is visible in delineated vessels within 45 minutes, and lymphatic
pumping can be observed. In loaded limbs, ICG diffuses within the
interstitium but does not enter lymphatic vessels within 45 minutes
(Figure 5). This indicates localised lymphatic dysfunction.
The time taken for normal lymphatic function to be recovered appears to
vary significantly between individuals.

Imaging lymphatic vessels requires the
introduction of a contrast agent. When
injected intradermally, the MHRAlicensed drug Indocyanine Green (ICG) is
rapidly taken up by the lymphatics. ICG
fluoresces brightly in the near-infrared
spectrum (830nm) under near-infrared
light (780nm). While fluorescing, ICG is an
effective contrast agent and a sensitive
CCD camera with appropriate optical
filtering can image its clearance (Figure
3).
Imaging takes place throughout loading
and for 45 minutes after, using the
Fluobeam 800™ (FluOptics) (Figure 2).

Control (0mmHg)

Loaded (60mmHg)

0 Minutes Post-Loading
A

B

C

D

45 Minutes Post-Loading

Figure 5. Lymphatic clearance in the uncompressed (A, C) and compressed (B, D) forearms of one
healthy volunteer, immediately after compression at 60mmHg for 45 minutes (A, B) and 45 minutes
after ceasing compression (C, D).

Summary
Near-infrared imaging can successfully be used to establish the state of
lymphatic function in compressed and offloaded tissue.
A

B

Preliminary observations suggest that lymphatic function is perturbed
by clinically relevant magnitudes of pressure (in the forearm).

C

Figure 3. ICG before injection (A) and after injection, without (B) and with (C) excitation using a
near-infrared laser.

References

Further analysis is needed to indicate a recovery period for offloaded
dysfunctional lymphatics, the effects of lesser magnitudes of pressure
and changes in the tissue microenvironment during loading.
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Appendix 3 – JAVA Script for ImageJ
//
macro "Subtraction" {
inputDir1=getDirectory("C:\P1 T0\T-1");
inputDir2=getDirectory("C:\P1 T0\T")
saveDir="C:\\\P1 T0\\Output\\";
fileList1 = getFileList(inputDir1);
fileList2 = getFileList(inputDir2);
if (fileList1.length != fileList2.length) {
exit("Input directories must have same number of files.");
}
for (i = 0; i < fileList1.length; i++) {
file1 = fileList1[i];
file2 = fileList2[i];
open(file1);
id1 = getImageID();
open(file2);
id2 = getImageID();
imageCalculator("Subtract create", id1, id2);
id3 = getImageID();
outName = File.getName(file1) + "-" + File.getName(file2);
selectImage(id3);
saveAs("Tiff", saveDir + outName);
selectImage(id1)
close();
selectImage(id2);
close();
selectImage(id3);
close();
}
}
macro "Multiplication" {
MultinputDir =getDirectory("C:\P1 T0\Output");
MultsaveDir ="C:\\\P1 T0\\Output2\\";
fileList4 = getFileList(MultinputDir);
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for (i = 0; i < fileList4.length; i++) {
file4 = fileList4[i];
open(file4);
id4 = getImageID();
run("Multiply...", "value=6");
outName2 = File.getName(file4) + "MULT";
saveAs("Tiff", MultsaveDir + outName2);
}
}
//
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Appendix 4 - MatLab Code
%% Lymphatic analysis Code. Peter Worsley Feb 2016
clear all
close all
% load video to analyse
FileName='2T40_250ms_0018';
FileToRead=sprintf('%s.avi',FileName);
% check video for quality, length, packet frequency and timing.
implay(FileToRead);
% choose the start and end time
prompt = 'What frame do you want to start the analysis?';
data.iStart = input(prompt);
prompt = 'What frame do you want to end the analysis?';
data.iEnd = input(prompt);
% select a known time point where you have seen a transient lymph packet.
prompt = 'What frame can you see a packet?';
data.Packet = input(prompt);
%% have a look at an image
data.obj = VideoReader(FileToRead);
data.Image = rgb2gray(read(data.obj,data.Packet));
imshow(data.Image);
close all
% create image files in a structure ready for analysis (cropped to start
% and end point)
for i=1:(data.obj.numberOfFrames)-2
I=sprintf('I%d',i);
data.image.(I)=rgb2gray(read(data.obj,i));
end
%% choose an optimal substraction method and Threshold
% Subtract3 will create a moving average image to use as a subtraction
% method. The aim is to remove background intensity from lymph vessels
% whilst retaining transient events.
video='Subtract3';
for i=13:(data.obj.numberOfFrames)-3
I=sprintf('I%d',i);
sumImage = double(data.image.(I)); % Inialize to first image and convert to double.
for j=2:11 % Read in the previous 10 images to create the average.
I2=sprintf('I%d',i-j);
rgbImage = double(data.image.(I2));
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sumImage = sumImage + rgbImage; % create the sum of the previous 10 images
end;
meanImage = sumImage / 10; % average it
meanImage = uint8(meanImage); % convert back to unit8
data.(video).Rimage.(I)=imsubtract(data.image.(I),meanImage)*5; % add contrast by
using a multiplier e.g. 5
end
%% use some filters to clean up the image
for i=13:(data.obj.numberOfFrames)-3
I=sprintf('I%d',i);
data.(video).Rimage.(I)=medfilt2(data.(video).Rimage.(I));
end
%% Select region of interest (ROI)
imshow(data.Image);
h = imfreehand; % select the lymph vessel of interest
[pos] = getPosition(h);
c=pos(:,1);
r=pos(:,2);
% create a binary mask around the ROI
BinaryMask = roipoly(data.Image,c,r);
%Create Buffer for ROI
[temp1 temp2]=size(data.Image);
ROI = zeros(temp1,temp2);
%Create Buffer for NONROI
NONROI=zeros(temp1,temp2);
blah=double(data.Image);
for i=1:temp1
for j=1:temp2
if BinaryMask(i,j)==1;
ROI(i,j)=blah(i,j);
else
ROI(i,j)=0;
end
end
end
%% apply ROI to enture video sequence
BM=uint8(BinaryMask);
for i=13:(data.obj.numberOfFrames)-3
I=sprintf('I%d',i);
data.(video).ROIimage.(I)=immultiply(data.(video).Rimage.(I),BM);
end
for i=13:(data.obj.numberOfFrames)-3
I=sprintf('I%d',i);
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data.(video).TH(i,1)=max(data.(video).ROIimage.(I)(:));
end
%% run standard code
%% select threshold for processing
figure
Im=sprintf('I%d',data.Packet);
subplot(2,1,1)
imhist(data.(video).Rimage.(Im),10000);
xlabel('intensity');
ylabel('pixel count');
subplot(2,1,2)
plot(data.(video).TH);
xlabel('frame')
ylabel('intensity')
prompt = 'What threshold would you like to use?';
data.(video).LymphThresh = input(prompt);
data.(video).Image1 = imextendedmax(data.(video).Rimage.(Im),
data.(video).LymphThresh);
figure
subplot(2,2,1)
imshow(data.(video).Rimage.(Im))
subplot(2,2,2)
imshow(data.(video).Image1);
prompt = 'are you happy with the threshold (Y/N)?';
happy = input(prompt,'s');
blah=strmatch('N',happy);
if blah==1
prompt = 'What new threshold would you like to use?';
data.(video).LymphThresh = input(prompt);
data.(video).Image1 = imextendedmax(data.(video).Rimage.(Im),
data.(video).LymphThresh);
figure
subplot(2,2,1)
imshow(data.(video).Rimage.(Im))
subplot(2,2,2)
imshow(data.(video).Image1);
end
prompt = 'press return to continue';
i=input(prompt);
%% choose a threshold
data1.ROIthreshold=data.(video).LymphThresh;
for k=13:length(data.Subtract3.TH)
F=sprintf('frame%d',k);
I=sprintf('I%d',k);
data1.ROI.(F).NonLymph = data.(video).ROIimage.(I);
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data1.ROI.(F).Lymph =imextendedmax(data.(video).ROIimage.(I), data1.ROIthreshold);
end
%% exclude whited out frames (not sure why imextended match is doing this)
for k=13:length(data.Subtract3.TH)
F=sprintf('frame%d',k);
blah = double(data1.ROI.(F).Lymph);
if sum(blah(:))>15000;
data1.ROI.(F).Lymph=~data1.ROI.(F).Lymph;
else
data1.ROI.(F).Lymph = data1.ROI.(F).Lymph;
end
blah=[];
end
%% run analysis with this threshold and subtraction method
%
%
%

F2='dia4_P.avi';
writerObj2 = VideoWriter(F2);
open(writerObj2)
for k=13:length(data.Subtract3.TH)
F=sprintf('frame%d',k);

data1.ROI.(F).Lymph=bwareaopen(data1.ROI.(F).Lymph,30);
data1.ROI.(F).regions = regionprops(data1.ROI.(F).Lymph,
data1.ROI.(F).NonLymph,
'Centroid','WeightedCentroid','PixelValues','BoundingBox','Area','EquivDiameter','MajorAxi
sLength','MinorAxisLength','Orientation','Perimeter','MeanIntensity','MaxIntensity','MinInten
sity');
%
imshow(data1.ROI.(F).Lymph)
title('Weighted (red) and Unweighted (blue) Centroids');
hold on
numObj = numel(data1.ROI.(F).regions);
for k = 1 : numObj
plot(data1.ROI.(F).regions(k).WeightedCentroid(1),
data1.ROI.(F).regions(k).WeightedCentroid(2), 'r*');
plot(data1.ROI.(F).regions(k).Centroid(1), data1.ROI.(F).regions(k).Centroid(2),
'bo');
data1.ROI.(F).regions(k).StandardDeviation =
std(double(data1.ROI.(F).regions(k).PixelValues));
text(data1.ROI.(F).regions(k).Centroid(1),data1.ROI.(F).regions(k).Centroid(2), ...
sprintf('%2.1f', data1.ROI.(F).regions(k).StandardDeviation), ...
'EdgeColor','b','Color','r');
%
%
%
%
%
%
%

end
hold off
FigName1=sprintf('%s_%s.tiff',FileName,F);
printTiff(gcf,FigName1,[15 12],300);
frame=getframe(gcf);
writeVideo(writerObj2,frame);
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close all
end
% close(writerObj2);
% implay(F2);
% close all
%% select location of static lymph nodes
imshow(data.image.I100);
prompt = 'How many packets can you see?';
data1.NoPackets= input(prompt);
[data1.ROI.staticP1.x,data1.ROI.staticP1.y] = ginput(data1.NoPackets);
close all
%% calcuate movement away from static lymph
fq=0.2;%% frequency based on the labeling
ps=0.188;% size of the pixels in mm
for j=13:length(data.Subtract3.TH) % define number of sample to include in the analysis
data1.(video).T(j,1)=j*fq;% create time var
end
X=[];
Y=[];
for k=data.iStart:data.iEnd
F=sprintf('frame%d',k);
numObj = numel(data1.ROI.(F).regions);
for m = 1 : numObj
data1.ROI.(F).regions(m).CentroidNorm(1)=data1.ROI.(F).regions(m).Centroid(1)data1.ROI.staticP1.x;
data1.ROI.(F).regions(m).CentroidNorm(2)=data1.ROI.(F).regions(m).Centroid(2)data1.ROI.staticP1.y;
X(k,1)=data1.ROI.(F).regions(m).CentroidNorm(1);
Y(k,1)=data1.ROI.(F).regions(m).CentroidNorm(1);
scatter3(k,data1.ROI.(F).regions(m).CentroidNorm(1),
data1.ROI.(F).regions(m).CentroidNorm(2),'b.');
hold on
xlabel('frame');
ylabel('lateral movement');
zlabel('axial movement');
title('normalised centroid movement to packet location')
X=[0,1000,1000,0];
Y=[50 50 -50 -50];
Z=[0,0,0,0];
C=[0.80 0.80 0.80];
fill3(X,Y,Z,C,'FaceAlpha',0.01);
X=[0,1000,1000,0];
Y=[0 0 0 0];
Z=[300,300,0,0];
C=[0.80 0.800 0.80];
fill3(X,Y,Z,C,'FaceAlpha',0.01)
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X=[0,1000,1000,0];
Y=[0 0 0 0];
Z=[0,0,-300,-300];
C=[0.80 0.800 0.80];
fill3(X,Y,Z,C,'FaceAlpha',0.01)
end
% detectedLocations(k,:)=data1.(F).regions(1).CentroidNorm;
end
filename=sprintf('%s_OptimisedCentroidNormalised.tiff',video);
printTiff(gcf,filename,[40 12],300);
close all
%% try to track the transient lymph accurately - find nearest centroid from last frame
detectedLocations=[];
for i=data.iStart+2:data.iEnd
detectedLocations(i,:)=[0 0];
end
for k=data.iStart+2:data.iEnd
temp=[];
temp1=[];
temp2=[];
distances=[];
F=sprintf('frame%d',k-1);
F1=sprintf('frame%d',k);
blah=isempty(data1.ROI.(F1).regions);
if blah==1
detectedLocations(k,:)=[0 0];
else
numObj = numel(data1.ROI.(F1).regions);
for m = 1 : numObj
temp(m,:)=data1.ROI.(F1).regions(m).CentroidNorm;
%
tempN=min(temp);
blah1=isempty(data1.ROI.(F).regions);
if blah1==1
%
detectedLocations(k)=0;
temp1=[0,0];
else
numObj1 = numel(data1.ROI.(F).regions);
for n = 1 : numObj1
temp1(n,:)=data1.ROI.(F).regions(n).CentroidNorm;
%
tempN1=min(temp1);
end
end

%

temp2=[detectedLocations(k-1,:);temp1];
distances=pdist(temp2,'euclidean');
distances=abs(distances);
end
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distances1 = squareform(distances);
[h,v]=size(distances1);
for q=1:h
for w=1:v
if distances1(q,w)==0
distances1(q,w)=NaN;
else
distances1(q,w)=distances1(q,w);
end
end
end
blah=length(temp1);
[M,I] = nanmin(distances1(1,2:end));
bl=size(temp1);
if bl(1,1)==1
detectedLocations(k,:)=temp1(1,:);
else
detectedLocations(k,:)=temp1(I,:);
end
M=[];
I=[];
end
end
data1.ROI.detectedLocations=detectedLocations;
%%
%% plot the displacement and speed data
figure
subplot(3,1,1)
plot((data1.ROI.detectedLocations))
title('Change in Axial Location (from selected packet)');
xlabel('frames');
ylabel('Y change in location (pixels)');
data1.ROI.analysis.Cdiff=[];
for j=2:length(data1.ROI.detectedLocations)
data1.ROI.analysis.Cdiff(j,1)=pdist(data1.ROI.detectedLocations(j-1:j,:))*0.188;
if data1.ROI.analysis.Cdiff(j,1)>20;
data1.ROI.analysis.Cdiff(j,1)=0;
else
data1.ROI.analysis.Cdiff(j,1)=data1.ROI.analysis.Cdiff(j,1);
end
end
subplot(3,1,2)
plot(data1.ROI.analysis.Cdiff)
title('Point to point distance change (mm)');
xlabel('frames');
ylabel('Change in Lymph pos (mm)');
data1.ROI.analysis.sp=data1.ROI.analysis.Cdiff/0.2;
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subplot(3,1,3)
plot(data1.ROI.analysis.sp)
title('Speed of Lymph Movement');
ylabel('Velocity of Lymph packet (mm/sec)');
xlabel('Video Time (sec)');
Vid='P9T80';
filename=sprintf('%s_displacement.tiff',Vid);
printTiff(gcf,filename,[40 30],300);
%% get info on individual packets
%% packet 1
P1frames=98:125;
for i=1:length(P1frames);
frame=sprintf('frame%d',P1frames(i));
if length(data1.ROI.(frame).regions)==0;
data1.ROI.analysis.P1.area(i,1)=0;
data1.ROI.analysis.P1.MajorAxisLength(i,1)=0;
data1.ROI.analysis.P1.MinorAxisLength(i,1)=0;
data1.ROI.analysis.P1.Orientation(i,1)=0;
data1.ROI.analysis.P1.EquivDiameter(i,1)=0;
data1.ROI.analysis.P1.MeanIntensity(i,1)=0;
data1.ROI.analysis.P1.MinIntensity(i,1)=0;
data1.ROI.analysis.P1.MaxIntensity(i,1)=0;
else
if length(data1.ROI.(frame).regions)==1;
data1.ROI.analysis.P1.area(i,1)=data1.ROI.(frame).regions.Area(1,1);
data1.ROI.analysis.P1.MajorAxisLength(i,1)=data1.ROI.(frame).regions.MajorAxisLength(
1,1);
data1.ROI.analysis.P1.MinorAxisLength(i,1)=data1.ROI.(frame).regions.MinorAxisLength(
1,1);
data1.ROI.analysis.P1.Orientation(i,1)=data1.ROI.(frame).regions.Orientation(1,1);
data1.ROI.analysis.P1.EquivDiameter(i,1)=data1.ROI.(frame).regions.EquivDiameter(1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions.MeanIntensity(1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions.MinIntensity(1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions.MaxIntensity(1,1);
else
for j=1:length(data1.ROI.(frame).regions)
temp(j,:)=data1.ROI.(frame).regions(j).CentroidNorm;
end
temp1=find(temp(:,1)==data1.ROI.detectedLocations(P1frames(i),1));
data1.ROI.analysis.P1.area(i,1)=data1.ROI.(frame).regions(temp1).Area(1,1);
data1.ROI.analysis.P1.MajorAxisLength(i,1)=data1.ROI.(frame).regions(temp1).MajorAxis
Length(1,1);
data1.ROI.analysis.P1.MinorAxisLength(i,1)=data1.ROI.(frame).regions(temp1).MinorAxis
Length(1,1);
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data1.ROI.analysis.P1.Orientation(i,1)=data1.ROI.(frame).regions(temp1).Orientation(1,1)
;
data1.ROI.analysis.P1.EquivDiameter(i,1)=data1.ROI.(frame).regions(temp1).EquivDiame
ter(1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions(temp1).MeanIntensit
y(1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions(temp1).MinIntensity(
1,1);
data1.ROI.analysis.P1.MeanIntensity(i,1)=data1.ROI.(frame).regions(temp1).MaxIntensity
(1,1);
end
end
end
data1.ROI.analysis.P1.mean(1,1)=mean(data1.ROI.analysis.P1.area);
data1.ROI.analysis.P1.mean(2,1)=mean(data1.ROI.analysis.P1.MajorAxisLength);
data1.ROI.analysis.P1.mean(3,1)=mean(data1.ROI.analysis.P1.MinorAxisLength);
data1.ROI.analysis.P1.mean(4,1)=mean(data1.ROI.analysis.P1.EquivDiameter);
data1.ROI.analysis.P1.mean(5,1)=mean(data1.ROI.analysis.P1.MeanIntensity);
save(FileName,'-v7.3');
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Appendix 5 – Estimated cytokine concentrations
Table A5-1 Estimated IFN- γ concentrations in microdialysis and Sebutape samples.
Concentration IFN-γ, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

3.46

7.24

9.53

7.04

4.13

6.58

-

-

-

-

-

5.94

T2

4.97

8.46

14.60

11.00

3.36

0.06

-

-

-

-

-

3.29

T3

3.27

9.21

23.70

7.73

50.00

7.04

-

-

-

-

-

8.38

T4

4.66

4.58

12.40

8.34

4.97

9.02

-

-

-

-

-

10.60

T5

5.53

8.94

16.90

7.16

6.12

6.08

-

-

-

-

-

6.96

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

3.32

3.95

7.08

5.91

4.49

4.22

-

-

-

-

-

4.32

T2

4.84

8.94

4.44

5.31

5.57

6.71

-

-

-

-

-

5.69

T3

6.16

7.77

3.77

6.87

8.62

5.78

-

-

-

-

-

3.99

T4

3.55

7.77

5.18

5.10

8.30

6.25

-

-

-

-

-

4.43

T5

2.66

4.71

6.54

6.08

10.10

4.53

-

-

-

-

-

5.44

CONTROL

Concentration IFN-γ, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

2.890

3.200

3.650

4.430

2.990

7.770

3.460

1.670

3.010

1.080

2.890

2.240

T3

1.840

3.010

3.410

2.390

8.900

3.510

-

1.380

4.070

-

2.790

2.420

T5

1.780

3.960

4.250

2.990

5.670

4.860

1.020

2.960

3.600

0.983

3.510

4.270

CONTROL

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

2.960

1.610

4.030

1.920

3.160

5.340

3.410

3.870

2.940

2.160

3.370

1.920

T3

2.820

2.440

4.860

3.670

3.740

5.420

4.560

3.670

1.170

2.570

2.290

2.620

T5

3.440

2.240

3.110

3.390

2.840

5.190

4.660

1.560

1.020

2.720

2.080

0.851
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Table A5-2 Estimated IL-8 concentrations in microdialysis and Sebutape samples.
Concentration IL-8, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

35.00

240.00

535.00

233.00

36.80

121.00

5.89

26.90

4.43

0.91

11.50

34.10

T2

24.00

289.00

325.00

265.00

114.00

235.00

7.00

26.00

15.40

1.55

53.20

46.20

T3

20.60

383.00

312.00

236.00

106.00

324.00

-

64.10

23.20

2.91

41.70

50.10

T4

21.50

241.00

456.00

236.00

140.00

287.00

14.20

50.40

15.60

2.46

43.40

49.90

T5

14.20

247.00

389.00

161.00

103.00

269.00

20.10

61.60

17.50

2.38

34.30

34.70

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

51.40

258.00

35.30

120.00

89.00

109.00

8.15

149.00

4.24

1.84

23.00

16.70

T2

69.90

253.00

29.30

123.00

123.00

106.00

5.66

76.80

3.77

3.26

30.30

22.80

T3

61.40

216.00

17.70

121.00

175.00

133.00

12.50

87.00

4.37

3.96

16.10

24.30

T4

61.40

206.00

19.50

115.00

188.00

148.00

8.80

126.00

5.47

4.90

10.70

25.30

T5

61.70

189.00

17.40

83.60

177.00

137.00

11.10

52.00

8.12

7.99

22.40

24.50

CONTROL

Concentration IL-8, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.378

0.079

0.300

0.612

0.371

0.222

0.222

0.151

0.310

0.185

0.120

0.285

T3

1.400

0.542

0.275

0.367

11.200

0.211

0.195

0.321

0.470

0.435

0.205

0.096

T5

0.477

0.178

0.329

0.136

0.447

0.156

0.198

0.482

0.717

0.440

0.150

0.183

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.587

0.150

0.227

0.222

0.187

0.251

0.635

0.326

0.214

0.406

0.243

0.237

T3

0.488

0.096

15.200

0.207

0.206

0.128

0.178

0.235

0.120

0.158

0.159

0.142

T5

0.315

0.087

0.358

0.382

0.395

0.171

0.183

0.093

4.380

0.778

0.084

0.113

CONTROL
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Table A5-3 Estimated concentrations of IL-1β in microdialysis and Sebutape samples.
Concentration IL-1β, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

3.98

1.39

8.17

3.81

0.48

1.97

-

-

-

-

-

-

T2

0.97

3.52

13.20

2.43

0.81

1.67

-

-

-

-

-

-

T3

1.11

6.47

9.50

2.09

0.91

2.07

-

-

-

-

-

-

T4

1.04

3.27

10.70

2.48

1.19

2.18

-

-

-

-

-

-

T5

0.75

2.98

6.36

1.70

1.07

1.79

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.46

1.19

1.56

0.80

0.79

1.60

-

-

-

-

-

-

T2

0.70

3.68

1.12

1.25

0.75

0.94

-

-

-

-

-

-

T3

0.65

2.00

0.77

1.11

1.07

0.85

-

-

-

-

-

-

T4

0.78

3.38

0.71

1.10

2.11

1.27

-

-

-

-

-

-

T5

0.84

2.49

0.67

1.08

1.49

1.13

-

-

-

-

-

-

CONTROL

Concentration IL-1β, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.210

0.221

0.312

0.500

0.327

0.393

0.476

0.157

0.464

0.513

0.102

0.148

T3

0.356

0.789

0.359

0.593

0.896

0.446

0.581

0.320

0.494

0.645

0.241

0.166

T5

0.385

0.502

0.420

0.997

0.387

0.461

0.392

0.632

0.759

0.579

0.177

0.179

CONTROL

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.348

0.266

0.265

0.476

0.345

0.358

0.305

0.329

0.246

0.277

0.152

0.163

T3

0.660

0.292

0.476

0.863

0.744

0.303

0.419

0.309

0.199

0.273

0.191

0.338

T5

0.509

0.334

0.333

0.439

0.398

0.356

0.476

0.210

0.232

1.310

0.204

0.193
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Table A5-4 Estimated concentrations of IL-2 in microdialysis and Sebutape samples.
Concentration IL-2, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.64

1.82

3.13

1.73

0.70

1.33

-

-

-

-

-

-

T2

0.39

2.28

2.61

3.09

1.04

1.80

-

-

-

-

-

-

T3

0.65

2.56

2.38

2.19

1.26

2.30

-

-

-

-

-

-

T4

0.80

1.53

3.50

1.74

1.55

3.43

-

-

-

-

-

-

T5

0.77

3.66

2.39

1.58

1.08

1.96

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

1.08

1.84

1.08

1.43

1.16

0.87

-

-

-

-

-

-

T2

1.04

2.09

0.73

1.61

0.95

1.01

-

-

-

-

-

-

T3

0.96

1.75

0.85

1.64

1.85

1.37

-

-

-

-

-

-

T4

1.70

1.61

0.86

1.46

34.80

1.41

-

-

-

-

-

-

T5

0.71

1.77

0.84

1.75

1.97

1.38

-

-

-

-

-

-

CONTROL

Concentration IL-2, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.174

0.180

0.081

1.350

0.192

9.380

0.364

0.304

0.375

-

0.207

0.254

T3

1.240

0.361

0.492

0.372

14.100

2.760

-

0.192

0.109

-

0.341

0.219

T5

0.246

0.369

1.220

0.330

3.670

1.250

0.030

0.174

0.312

0.103

0.717

0.128

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.525

0.119

0.266

0.591

0.141

2.160

0.119

0.335

0.292

0.106

0.144

1.520

T3

0.213

-

5.120

0.525

0.219

3.010

0.352

0.263

0.222

0.150

0.213

1.190

T5

0.335

0.147

0.375

0.237

0.400

1.380

3.550

0.030

0.437

0.352

0.263

0.177

CONTROL
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Table A5-5 Estimated concentrations of IL-4 in microdialysis and Sebutape samples.
Concentration IL-4, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.27

0.43

2.51

0.42

1.09

0.95

-

-

-

-

-

-

T2

0.28

4.77

0.77

0.71

0.29

0.48

-

-

-

-

-

-

T3

0.29

0.99

2.17

1.00

1.90

0.55

-

-

-

-

-

-

T4

0.36

0.49

1.12

0.45

0.42

0.59

-

-

-

-

-

-

T5

0.31

0.45

0.79

0.50

0.44

0.58

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.27

0.47

0.38

0.39

0.41

0.15

-

-

-

-

-

-

T2

0.19

0.51

0.17

0.53

1.21

2.10

-

-

-

-

-

-

T3

0.30

0.52

0.19

0.43

0.61

0.46

-

-

-

-

-

-

T4

0.32

0.36

0.26

0.07

0.67

0.48

-

-

-

-

-

-

T5

0.35

0.43

0.33

0.21

1.79

0.34

-

-

-

-

-

-

CONTROL

Concentration IL-4, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.038

0.002

0.047

0.053

0.046

0.043

0.047

0.035

0.059

0.018

0.054

0.051

T3

0.064

0.009

0.017

0.057

0.052

0.021

0.041

-

0.030

-

0.084

0.037

T5

0.017

0.049

0.049

0.041

0.059

0.050

0.005

0.021

0.064

0.023

0.046

0.082

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.076

0.049

0.063

0.022

0.059

0.079

0.038

0.032

0.028

0.052

0.067

0.080

T3

0.072

0.006

0.085

0.081

0.027

-

0.109

-

0.043

0.059

0.047

0.055

T5

0.056

-

0.064

0.035

0.028

0.062

0.067

-

-

0.039

0.052

0.050

CONTROL
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Table A5-6 Estimated concentrations of IL-6 in microdialysis and Sebutape samples.
Concentration IL-6, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

8.52

25.70

76.10

18.00

5.35

10.40

1.25

9.41

2.80

-

6.01

20.10

T2

8.30

46.20

190.00

43.00

18.00

20.30

2.56

16.20

12.70

-

38.80

27.40

T3

9.89

87.40

215.00

35.30

17.30

28.10

-

30.70

19.00

0.29

43.60

34.60

T4

9.77

38.30

115.00

29.70

12.10

22.90

4.15

16.10

5.52

0.38

47.10

27.20

T5

11.60

54.00

98.90

25.80

12.40

33.90

11.10

24.10

6.35

0.71

57.70

22.60

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

9.10

15.20

8.72

14.10

20.50

10.50

2.63

19.40

1.98

0.41

6.57

9.22

T2

13.30

15.50

6.54

15.90

36.00

6.92

2.43

7.18

1.65

0.28

9.10

10.00

T3

12.90

11.50

4.17

17.20

53.30

9.05

6.69

7.90

1.56

0.51

4.76

9.07

T4

12.70

11.20

4.50

15.70

47.70

8.14

4.08

6.88

1.51

0.66

3.31

8.40

T5

16.40

9.87

4.42

14.00

43.50

7.01

4.75

3.34

2.30

2.02

12.70

7.30

CONTROL

Concentration IL-6, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.168

-

0.107

0.048

-

0.107

-

0.077

0.061

-

0.035

-

T3

0.230

0.359

0.141

0.281

0.146

0.189

0.048

-

0.121

0.101

0.024

0.141

T5

0.641

0.173

0.104

0.086

0.121

0.237

-

0.181

-

0.065

0.247

0.121

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.141

-

0.065

-

0.068

0.245

-

0.068

0.113

0.162

0.186

0.107

T3

0.104

-

0.141

0.089

0.016

-

0.104

-

-

0.104

-

0.045

T5

0.132

0.132

0.130

0.130

-

0.038

0.080

-

0.127

0.101

0.027

CONTROL
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Table A5-7 Estimated concentrations of IL-10 in microdialysis and Sebutape samples.
Concentration IL-10, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

1.71

0.70

1.42

0.80

0.54

0.52

-

-

-

-

-

-

T2

0.08

6.78

0.97

0.97

0.44

0.57

-

-

-

-

-

-

T3

0.13

9.26

1.19

0.75

12.90

0.73

-

-

-

-

-

-

T4

0.29

0.72

1.24

0.58

0.59

2.07

-

-

-

-

-

-

T5

0.47

0.87

1.02

0.73

0.54

0.77

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.56

0.81

0.39

0.42

0.34

2.28

-

-

-

-

-

-

T2

0.28

0.81

0.36

0.52

4.63

0.27

-

-

-

-

-

-

T3

0.35

0.60

0.33

0.48

0.73

0.40

-

-

-

-

-

-

T4

0.30

0.76

0.35

0.15

14.00

0.38

-

-

-

-

-

-

T5

0.36

0.64

0.38

0.58

0.58

1.93

-

-

-

-

-

-

CONTROL

Concentration IL-10, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.046

0.017

0.051

0.107

0.090

0.139

0.071

0.072

0.055

-

0.072

0.043

T3

0.083

0.004

0.027

0.102

0.203

0.055

-

0.060

0.038

0.074

0.081

0.084

T5

0.049

-

0.121

0.044

0.175

0.104

0.067

-

0.072

0.050

0.048

0.022

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.111

0.018

0.15

0.018

0.08

0.156

0.077

0.017

0.053

0.116

0.096

0.084

T3

0.058

-

0.139

0.079

0.099

0.104

0.116

0.074

-

0.063

0.072

0.094

T5

0.091

0.047

0.111

0.081

0.033

0.134

0.131

-

0.011

0.079

0.033

0.049

CONTROL
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Table A5-8 Estimated concentrations of IL-12 in microdialysis and Sebutape samples.
Concentration IL-12, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.76

1.27

1.57

1.81

1.11

5.05

34.20

-

-

-

19.50

-

T2

4.16

21.20

1.64

2.41

0.70

11.90

12.40

-

-

-

4.82

-

T3

1.67

33.00

5.48

0.80

9.63

8.18

13.30

-

-

-

5.49

-

T4

0.55

3.08

2.62

1.09

6.44

24.60

2.95

-

-

-

4.17

-

T5

0.65

1.36

2.18

1.39

0.35

3.11

21.00

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

3.11

1.24

0.85

0.83

0.82

0.74

8.41

-

-

-

-

-

T2

1.84

1.33

0.42

0.69

10.90

8.19

2.95

-

-

-

-

-

T3

3.34

1.04

0.90

0.30

1.55

1.06

1.56

-

-

-

-

-

T4

4.37

0.74

0.31

0.65

1.59

8.05

2.22

-

-

-

-

-

T5

1.99

0.57

0.91

0.59

19.00

9.56

-

-

-

-

-

-

CONTROL

Concentration IL-12, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

-

-

-

-

-

-

-

-

-

-

-

-

T3

-

-

-

-

-

-

-

-

-

-

-

-

T5

-

-

-

-

-

-

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

-

-

-

-

-

-

-

-

-

-

-

-

T3

-

-

-

-

-

-

-

-

-

-

-

-

T5

-

-

-

-

-

-

-

-

-

-

-

-

CONTROL
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Table A5-9 Estimated concentrations of IL-13 in microdialysis and Sebutape samples.
Concentration IL-13, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

2.99

10.10

13.10

8.60

18.20

26.10

-

-

-

-

-

-

T2

12.20

44.00

11.80

9.72

7.24

15.80

-

-

-

-

-

-

T3

11.00

58.10

9.72

8.59

14.50

19.30

-

-

-

-

-

-

T4

9.19

40.60

17.50

7.62

17.60

39.30

-

-

-

-

-

-

T5

6.69

15.70

9.90

6.85

7.91

46.70

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

5.77

11.70

4.15

6.63

5.47

11.40

-

-

-

-

-

-

T2

8.95

18.60

4.94

5.87

24.00

18.40

-

-

-

-

-

-

T3

7.73

13.00

3.74

5.49

12.50

6.87

-

-

-

-

-

-

T4

18.50

7.26

4.45

3.97

28.60

18.90

-

-

-

-

-

-

T5

13.80

6.58

5.30

5.07

53.90

23.40

-

-

-

-

-

-

CONTROL

Concentration IL-13, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

3.230

1.130

2.770

2.660

2.250

3.040

0.843

1.730

1.650

-

2.300

1.400

T3

1.690

-

2.510

2.590

4.650

2.620

-

1.820

1.820

0.879

0.913

-

T5

1.240

0.494

3.030

0.834

2.920

2.390

1.630

1.850

2.370

2.080

2.470

0.947

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

2.390

-

2.120

1.420

1.560

2.560

1.540

1.670

1.350

2.240

1.870

2.510

T3

0.642

-

3.730

2.540

1.520

2.480

2.320

1.820

-

1.820

2.570

2.340

T5

2.030

1.100

2.710

2.620

1.350

2.170

2.640

0.436

0.879

2.480

1.710

1.400

CONTROL
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Table A5-10 Estimated concentrations of TNF- α in microdialysis and Sebutape samples.
Concentration TNF-α, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

0.34

1.05

2.01

1.26

4.34

0.66

-

-

-

-

-

-

T2

0.78

27.10

1.97

1.50

0.64

14.90

-

-

-

-

-

-

T3

0.66

22.10

1.92

0.87

18.10

1.48

-

-

-

-

-

-

T4

0.79

7.38

1.78

0.73

0.74

19.70

-

-

-

-

-

-

T5

0.61

1.21

1.52

0.89

0.42

18.10

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

2.59

8.50

0.64

0.61

0.49

10.10

-

-

-

-

-

-

T2

4.43

1.36

0.39

0.57

36.70

1.80

-

-

-

-

-

-

T3

6.55

1.10

0.66

0.56

8.37

0.73

-

-

-

-

-

-

T4

2.51

0.71

0.36

0.56

7.61

0.64

-

-

-

-

-

-

T5

4.39

0.86

0.46

0.53

1.88

5.11

-

-

-

-

-

-

CONTROL

Concentration TNF-α, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

-

-

-

-

-

-

-

-

-

-

-

-

T3

-

-

-

-

-

-

-

-

-

-

-

-

T5

-

-

-

-

-

-

-

-

-

-

-

-

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

-

-

-

-

-

-

-

-

-

-

-

-

T3

-

-

-

-

-

-

-

-

-

-

-

-

T5

-

-

-

-

-

-

-

-

-

-

-

-

CONTROL
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Table A5-11 Estimated concentrations of IL-1α in microdialysis and Sebutape samples.
Concentration IL-1α, Microdialysis (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

11.51

41.95

59.10

10.16

122.16

3.72

311.88

12.98

10.78

70.61

8.45

58.71

T2

0.00

29.32

-

12.13

74.82

32.55

44.79

2.69

37.26

21.22

5.27

14.42

T3

0.73

18.33

75.48

14.74

54.13

7.07

22.57

-

5.27

1.13

5.16

3.46

T4

0.05

14.67

21.78

11.46

40.11

22.22

15.84

1.90

2.95

16.35

6.65

5.50

T5

1.20

12.45

13.36

9.65

37.23

17.84

10.26

0.78

2.05

7.72

6.74

4.18

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

8.35

110.40

15.94

18.47

6.54

12.50

3.97

4.08

22.46

3.37

7.52

9.91

T2

5.90

30.54

4.89

10.18

7.28

24.06

2.69

6.20

4.18

2.05

-

-

T3

3.80

21.04

3.49

7.88

9.50

4.14

4.15

0.65

1.22

1.30

-

-

T4

2.79

9.75

3.03

12.45

11.41

1.61

5.05

1.17

0.93

1.10

-

-

T5

2.05

9.55

3.72

11.96

4.25

6.14

4.64

-

26.06

0.88

-

-

CONTROL

Concentration IL-1α, Sebutape (pg/mL)
LOADED

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

39.87

68.63

68.09

53.01

68.94

91.71

84.89

13.41

96.66

35.50

121.27

37.54

T3

84.27

353.51

121.34

138.80

218.06

197.09

115.73

33.53

113.07

80.69

148.80

56.77

T5

204.56

220.25

247.21

198.56

100.09

174.30

120.94

40.80

224.71

87.36

212.11

80.86

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

T1

25.33

51.63

57.41

73.92

25.82

106.17

78.64

46.93

59.24

69.43

150.00

35.79

T3

71.72

94.48

118.85

128.33

61.96

124.20

121.67

75.48

80.66

77.03

205.93

49.73

T5

134.89

178.67

186.82

148.12

68.06

81.16

118.85

101.25

82.89

110.26

211.68

59.77

CONTROL
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Appendix 6 – CUHK-UoS Animal Study Protocol.
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