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Chapter 1

Introduction

1.1 Motivation

Cutaneous melanoma is an aggressive form of skin cancehwiais increased in incidence over
recent decades in most Western countries (Thompson, 3c&lyefford 2005). In particular,
both New Zealand and Australia have very high incidencesratéhe disease. The most recent
statistics available show that in 2004 melanoma was the owatmon cancer affecting 25 - 44
year old males in New Zealand, and the most common cancettiafiel5 - 24 year old females
(NZHIS 2007). Meanwhile for the same year in Australia, melaa was the fourth most common
cancer in men and the third most common cancer in women (AIl08P

Melanoma that is left untreated can spread quickly througtiee body, significantly decreasing a
patient’s chance for survival. Usually a primary melanomahe skin will first metastasise via the
lymphatic system to regional lymph nodes, before spreatdimgore distant sites. Currently there
is no highly effective treatment for disseminated diseasd,early diagnosis and treatment remain
vital to reduce disease mortality. Studies have shown tlasingle most important prognostic
factor for melanoma is whether there is metastatic diseasegional lymph nodes draining the
primary tumour (Balch, Soong, Gershenwald et al. 2001). athkty to locate lymph nodes that
drain the primary melanoma for biopsy is therefore cru@aldptimum patient management.

The way melanoma spreads from the skin to lymph nodes is motally predictable however,
and significant variability exists between patients. It baen reported that predictions of skin
lymphatic drainage based on historical assumptions arfeapig incorrect in 30% of individuals
(Thompson & Uren 2005). Individualised treatment is therefnecessary in each patient, to track
which lymph nodes will receive the first cancerous cells itanema has spread beyond the skin.

1
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This can be conducted using lymphoscintigraphy (LS) imagimich locates the lymph nodes
draining the primary melanoma. Accumulated LS data shovitempe of lymphatic drainage,
indicating likely routes of melanoma spread from the skin.

Opportunity now exists to improve visualisation and anialys lymphatic drainage of the skin
using melanoma LS data, thereby providing clinicians withetter understanding of melanoma
metastasis. Researchers at the Auckland Bioengineerstiulie (ABI), at the University of
Auckland, New Zealand, have developed computationallgiefit methods for accurately mod-
elling anatomical structures (Crampin et al. 2004). Theedeats provide the ability to incorporate
physiological function into the anatomical geometry, tregafully integrated anatomical models.

This project has been conducted at the ABI in collaboratidath whe Sydney Melanoma Unit
(SMU)?, at Royal Prince Alfred Hospital in Sydney, Australia. TRd$has been treating patients
with melanoma since it was established in the 1960s (SMU R00%er the last four decades it
has become the world’s largest melanoma unit, treatingoapately one third of all melanoma
patients in New South Wales. It is also a major referral @fdr melanoma patients around the
world where approximately 1200 new patients and 8000 fellppatients are treated each year.
Nuclear medicine physicians at the SMU have been perforrafigmaging for over 20 years,
accumulating a comprehensive dataset of over 5000 patigrith has been used in this study.

The remainder of this chapter provides background on cotaenelanoma, how it can spread
through the lymphatic system, and current forms of treatmd?®revious studies of lymphatic
anatomy and historical views about skin lymphatic drainagediscussed. A full description of
the SMU’s method of lymphatic mapping using LS is providedloived by information regarding
how the SMU have recorded and previously visualised theidata in two-dimensions (2D). The
ability to develop highly detailed anatomical models atAig4 is then discussed and the underly-
ing techniques are proposed as a method to improve vistiahsaf lymphatic drainage patterns
in three-dimensions (3D) using the SMU’s LS data. Lastlypa@rview of this thesis is given.

1.2 Cutaneous melanoma

Cutaneous melanoma is a highly malignant tumour of the noelgas, the skin’s pigment cells. It
arises in the epidermis of the skin, usually appearing askdydaigmented lesion termed the ‘pri-
mary’ melanoma (Figure 1.1). The disease is associatedexabssive sun exposure, particularly
in people of European origin with fair skin.

http://www.bioeng.auckland.ac.nz/
2http://www.smu.org.au/
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() (b)

Figure 1.1: Cutaneous melanoma. Reproduced from Balch €t398).

Primary melanomas can develop anywhere on the skin, evategitkat have not been previously

exposed to the sun. Although it is rare, melanoma can alsor @eche eye, nervous system and

mucous membranes. The likelihood of developing the diseasereased according to various

factors. Major risk factors include: having fair-skin, atary of severe sunburn, excessive sun
exposure, a family history of melanoma, and having a largabar of unusual moles or freckles

(Thompson et al. 2004).

Without treatment, a primary melanoma can grow deeper ireskin, enabling cancerous cells to
enter lymphatic vessels or blood vessels. Cells that haegezhlymphatic vessels can then travel
to lymph nodes to create secondary tumours. From the lymgasienelanoma can metastasise to
distant sites to create additional tumours, for examplthiwthe lungs or the brain. Although it is
less common, melanoma cells can also metastasise diremtfythe primary melanoma to distant
sites through the bloodstream. Figure 1.2 schematicaflyshhe typical sequence of melanoma
spread throughout the body.

Lymph Nodes

lymph (secondary tumour)
Stage Il
Skin Distant
(primary melanoma) blood Sites
Stage | &I Stage IV

Figure 1.2: The sequence of melanema spread through the body
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1.2.1 Staging

Patient prognosis and treatment plans are largely detedriiy how far the cancer has spread.
Clinical categorisation (also called staging) is carrietivoa various diagnostic and imaging tech-
niques to determine the extent of the disease and wheredtatdd in the body. The American

Joint Committee on Cancer (AJCC) have defined clinical stfgganelanoma according to various
prognostic factors (Balch, Buzaid, Soong et al 2001), winak been validated by a major study
conducted across 13 cancer centres and organisationss00lmelanoma patients (Balch, Soong,
Gershenwald et al. 2001). Table 1.1 outlines each of thagest

| Stage| Extent of the disease |

IA | Tumour <1.0mm without ulceration and Clark level II/lll tumour; ngnhph

node involvement; no distant metastases

IB Tumour<1.0mm with ulceration or Clark level IV/V tumour, or tumouiOl -

2.0mm without ulceration; no lymph node involvement; ndalis metastases

lIA* | Tumour 1.01 - 2.0mm with ulceration, or tumour 2.01 - 4.0mntheut ulcera-
tion; no lymph node involvement; no distant metastases

[IB | Tumour 2.01 - 4.0mm with ulceration, or tumok#t.0mm without ulceration
no lymph node involvement; no distant metastases

[IC | Tumour>4.0mm with ulceration; no nodal involvement; no distantasétses

1A | Tumour of any thickness without ulceration, with 1-3 lympbddes containing
micrometastases

IB | Tumour of any thickness without ulceration, with 1-3 pagtlymph nodes, at
least 1 containing macrometastasis, or tumour of any ties&mwith ulceration
with 1-3 positive nodes and micrometastases, or in-tramsiastasis/satellite(s)
without metastatic nodes

IC | Tumour of any thickness with ulceration with 1-3 lymph nodaisleast 1 con;
taining macrometastasis, or tumour of any thickness with shore metastatic
nodes, or matted nodes, or in-transit metastases/sagedlith metastatic nodes
IV | Tumour of any thickness with distant metastases

Table 1.1: Clinical stages of melanoma (Balch, Soong, Genshld et al. 2001).

The first step involved in staging melanoma is to measure resp dhe primary tumour extends
into the skin in millimetres, as shown on the vertical axid=igure 1.3. This vertical thickness
measurement is termed the Breslow thickness (Breslow 1@nid)provides a reliable indicator of
how likely it is that the primary melanoma has spread to gblagts of the body. A thin melanoma is
considered to have Breslow thicknes$.0 mm; an intermediate thickness melanoma has Breslow
thickness between 1.01 mm and 4.0 mm; while a thick melan@s®&heslow thickness4.0 mm.
There are also a number of additional factors that influeme@tognosis, including the presence or
absence of ulceration. Ulceration is defined as the absérmeeintact epidermis overlying a major
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portion of the primary melanoma (Balch et al. 1980), wheeeglhognosis is worse if a primary
melanoma has ulceration. Clark level is also assessedhughitefined as the level of invasion into
the skin of the primary melanoma according to its anatonyieds This is shown in Figure 1.3 on
the horizontal axis, where Clark levels range from levetsVt(Clark Jr et al. 1969).
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Figure 1.3: Schematic demonstrating the melanoma stagstgras of both Clark and Breslow.
Modified from SMU (2005).

The AJCC stages in Table 1.1 also include additional clirfeatures, which are defined as fol-

lows. Micrometastases, also called clinically occult retgaes, are a small number of cancer
cells that have spread from the primary tumor to other pdriseobody which cannot be detected

in a screening or diagnostic test. Macrometastases arestages that are clinically detectable.
In-transit metastases are any skin or subcutaneous netadtet are more than 2 cm from the
primary melanoma, but not beyond the regional nodal bashere the regional nodal basin is

defined as lymph nodes located within a particular regiomefitody, such as the groin. Satellite

lesions are considered intralymphatic extensions of thregry melanoma. A group of nodes that

appear connected and move as a unit is said to be ‘matted’.

1.2.2 Treatment

Different treatment options are indicated according tostiage of the disease, where surgery is the
primary form of treatment. At all stages the primary melaacand skin either side of the lesion
are surgically removed. The amount of skin that is removetkses in proportion to the Breslow
thickness.
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At the SMU, all patients with intermediate and thick melar@or patients with thin melanomas
that are ulcerated or have other adverse features presel@igo a sentinel node biopsy (SNB).
A SNB is used to detect whether melanoma cells have metssth® the draining lymph nodes.
These lymph nodes are termed ‘sentinel nodes’ (SNs), arakéireed as ‘any node receiving direct
lymphatic drainage from a primary tumour site’ (Thompson 8k/2000). SNs are detected using
LS, which is a nuclear medicine scan used to map the pattelyngfhatic drainage from the
primary melanoma site to draining SNs. Studies have shoaitnifta SN is tumour free then the
remaining lymph nodes in the regional lymph node basin vslbde tumour free (Reintgen et al.
1994). However, if a SN contains metastases, other nodégiregional basin may also contain
metastatic melanoma and a complete lymph node dissectiodLis performed to remove all
lymph nodes within that basin.

Recently, a study conducted to test the SNB procedure, shtivee it improved disease-free sur-

vival (Morton et al. 2006), which means survival without @emnce of recurrence or metastasis.
This trial also showed an improvement in overall survivalgatients with metastatic nodal dis-

ease who had an immediate CLND. Hence, SNB has now beenyckstdblished as a staging

procedure for melanoma and as a guide to determine patieghpsis (Thompson & Shaw 2007),

and has recently been declared by the World Health Orgamisas the standard of care for patients
with melanoma (Cascinelli 1999).

Multiple clinical trials are presently underway to assesgent approaches for melanoma treat-
ment, and to investigate new forms of treatment. These dacfurther assessment via magnetic
resonance imaging (MRI) and computed tomography (CT) terdehe whether the cancer has
spread to more distant sites in the body. Radiotherapy, otie@rapy or immunotherapy are all

possible adjunct therapies that can be given at later sté#dhe disease.

1.3 Lymphatic anatomy

Tumour metastasis is a complex process, and the abilitydenstand melanoma spread requires
a thorough knowledge of lymphatic anatomy. The lymphat&tey is regarded as a component
of the circulation system, comprised of lymphatic vesdgtaph nodes, lymphoid tissue and lym-
phatic organs. It has three main functions, which are: to®dibexcess interstitial fluid called
‘lymph’ and return it to the bloodstream, to absorb lipidghe gut to return to the bloodstream,
and to defend the body against disease.

In contrast to the blood circulation system, relativelyldiresearch has been conducted to char-
acterise the anatomy of the lymphatic system. This limiteovidedge of lymphatic anatomy has
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contributed to a lack of understanding of the patterns ofllgatic metastasis (Swartz 2001). How-
ever, in recent years it has become the focus of much reseaiioly to its recognised importance
in cancer spread. The following section details the anatobhymphatic vessels and lymph nodes,
with particular focus on the lymphatics that drain the skitnjch are of primary interest in this
thesis.

1.3.1 Lymphatic vessels

Lymphatic vessels are found in all regions of the body aparnfthe bone marrow, central ner-
vous system, and tissues that lack blood vessels such apittegrais. Figure 1.4 shows selected
lymphatic vessels and nodes.

— Preauricular nodes
— Mandibular nodes
Submandibular nodes

— Superficial cervical nodes

Axillary nodes

Tharacic duct — :l“
Cisterna chyli —@=F
Mesenteric nodes —5
Right lumbar nodes g“
&

Left lumbar nodes —}

External iliac nodes — =

Internal iliac nodes

Superficial inguinal nodes

Figure 1.4: Schematic of certain lymphatics of the headpat®h, pelvis and limbs. Reproduced
from Clemente (1997).
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The smallest lymphatic vessels are called lymphatic G, and are comprised of a single
layer of endothelial cells. In the skin they begin in the dalrpapillae just below the epidermis.
Lymphatic capillaries are optimally suited for fluid and fpele uptake, since excess fluid easily
flows into them through large gaps between adjacent endaitloells (Swartz & Skobe 2001).
This characteristic is exploited during melanoma met#stasce this allows melanoma cells to
easily enter lymphatic vessels as demonstrated in Figafeid.Section 1.5.

Lymphatic capillaries eventually join to form larger lyrmadfc collecting vessels, which have
valves spaced at regular intervals which function to moelyimph fluid unidirectionally. The
flow of lymph through lymphatic vessels can be increased lay, massage, inflammation, move-
ment or an increase in hydrostatic pressure within the Vassen. An increase in the interstitial
pressure can also increase the rate of lymph flow (Fischdr 086). Meanwhile flow can be
decreased by cold, lack of movement or external pressure.

Along the course of the lymphatic vessels lie lymph nodesnply travels through these nodes,
before passing to one of two lymphatic ducts where it will bgoéed back into the bloodstream.
The right lymphatic duct drains lymph from the right sidelod head, neck, thorax, and right upper
limb into the right subclavian vein. Lymph from the rest oéthody flows into the thoracic duct
which empties into the left subclavian vein.

1.3.2 Lymph nodes

Lymph nodes are often called glands, and are found in valomagions around the body along the
course of lymphatic vessels. Lymph nodes are ovoid or bbhapexl structures usually between
5to 15 mm long. They are commonly located alongside bloodelss and large clusters of
nodes can be found in the armpits, groin, neck and abdomemphynodes act as filters to fight
and destroy bacteria and viruses contained within lympd,tannitiate the immune response for
fighting pathogens in draining tissue.

Figure 1.5 shows a schematic of a typical lymph node. Lympt &aters lymph nodes via afferent
lymphatic vessels and drains into the subcapsular sinug stibcapsular sinus drains into the
cortical and medullary sinuses. A fine mesh of reticulin Bbaee contained in the sinuses, which
are lined with lymphocytes and phagocytes to trap and figreigo particles. The medullary
sinuses converge at the hilum, a slight indentation on atedithe node. Lymph fluid leaves the
node at the hilum, via an efferent lymphatic vessel.

Regions where clusters of lymph nodes are located are calbele fields’. The SMU recognises
25 separate node fields that directly drain the skin, whiehlagrefore possible sites for melanoma
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\5 Afferent vessels
S/ Subcapsular
sinus

=y

| Cortical
sinus

Efferent
vessel

Medullary
sinus

Figure 1.5: Schematic of a lymph node. Reproduced from Urah €1999).

spread. Sometimes lymph nodes are located in a region obidewith no predefined node field.
These nodes are called ‘interval nodes’ and are defined gshlyrades draining regions of skin
which lie on the course of a lymphatic vessel between the aktha recognised node field (Uren
et al. 2000). Figure 1.6 shows the location of each node figltidrains the skin, as defined by the
SMU, on the anatomical model constructed in Section 2.6leTal2 through to Table 1.5 detail
the names of each node field along with a description of itsommiaal location.

| Node Field | Location

Occipital At the back of the head

Preauricular In front of the ear

Postauricular Behind the ear

Cervical: In the neck, these nodes are categorised into five levels:

- level | - anterior to the sternocleidomastoid muscle
(includes submental nodes, but the SMU label these sepgrate

- level Il - around the upper third of the sternocleidomastoid muscle

- level 11 - around the middle third of the sternocleidomastoid muscle

- level IV - around the lower third of the sternocleidomastoid muscle

- level V - posterior to the sternocleidomastoid muscle
(includes supraclavicular fossa nodes, but the SMU labedeh
separately)

Supraclavicular fossa | Above the clavicle in the ‘*hollow’ dip

Submental Under the chin

Table 1.2: Head and neck node field locations.

The anatomical location of the first five cervical node fieklgels in the neck have been defined
according to current classifications given by both the ApseriAcademy of Otolaryngology-
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Supraclavicular
Infraclavicular

(a) Anterior (b) Posterior

Occipital

o< .
C Postauricular
Cervical

Level Il [
Node Fields

N e Level Ill

Upper /
~ Mediastinal R
| y

(d) Anterior

(e) Anterior (f) Anterior

Figure 1.6: Lymph node model visualising different nodedfielcations, shown relative to various
blood vessels and the vertebral bones. The skin of the hebdesk is not shown here since it was
based on a different dataset than that used to create thénlgoge model, so they were not in the
correct geometric space relative to each other.
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Head and Neck Surgery (AAO-HNS) (Robbins et al. 2002), aeddhCC AJCC Cancer Saging
Manual 2002). Note however, that although cervical level | techlcincludes submental nodes,
the SMU have classified these nodes separately becauseotlidynot be classified as being in the
left or right cervical level | node field. Also, cervical léw technically includes supraclavicular
fossa nodes, however the SMU has classified this as a sepaldt€ervical level VIl nodes have
been coded as upper mediastinal nodes (as detailed in T&8pJevhile cervical level VI nodes did
not appear to drain the skin and therefore have not beendedlu

| Node Field | Location |

Axillary Under the armpits

Epitrochlear In the upper limb, just above the elbow crease on the medial si

Infraclavicular Below the clavicle and beside the cephalic vein

Triangular Intermuscular Between three muscles on the back: teres major, teres nmdor a
Space (TIS) the long head of the triceps

Interpectoral Between the chest muscles

Internal mammary On either side of the sternum

Costal margin Superficial nodes near the lower edge of the chest

Intercostal Between the ribs

Paravertebral Alongside the vertebrae

Paraaortic Alongside the aorta

Retroperitoneal Just behind the peritoneum

Upper mediastinal Just behind the upper part of the sternum

Table 1.3: Upper limb node field locations.

| Node Field | Location |
Groin In the groin, the superficial group of nodes are known as fairjor
or inguinal nodes, while the deep group of nodes are caliad |il
or obturator nodes

Popliteal Behind the knee next to the popliteal artery and vein

Table 1.4: Lower limb node field locations.

| Node Field | Location |
Interval These nodes do not lie within a generic lymph node region but
between them, they can be located anywhere and are commonly
located draining the skin of the back

Table 1.5: Other node field locations.
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1.4 Previous lymphatic anatomy studies

As mentioned in Section 1.3, there are relatively few dethdtudies of the human lymphatic
system. In particular, few studies have been conductedsasiigate lymphatic vessels that drain
the skin. Lymphatic vessels are usually invisible to theabéye and are very difficult to visualise
effectively. Techniques have therefore been developedable visualisation of these vessels,
including distension of the vessels, and using a substambgetthem.

In 1874, the Frenchman Sappey conducted a study on the Itropk8appey 1874), by injecting
mercury into the interstitial tissue and into lymphaticsels of cadavers. He published his results
in an extensive atlas which contained a number of highlyildetanatomical drawings. Figure
1.7 shows two of these drawings, delineating the superfigiaphatic vessels of the anterior and
posterior trunk. Sappey'’s atlas and conclusions about hatipdrainage were accepted as correct
for over 100 years by the scientific and medical community.cldéned that lymphatic drainage
from skin of the trunk never crossed the midline of the body; a theoretical horizontal line
drawn around the waist. These lines were termed ‘Sappeygs’land defined four zones of skin
on the trunk, from which Sappey claimed lymphatic drainageil occur to the corresponding
axillary or groin node field. These lines were adopted byickms treating melanoma patients as
a guideline for predicting metastatic spread.

Sappey’s concepts of skin lymphatic drainage were chadlémgthe 1970’s, 80’s and 90’s, largely
due to LS studies in melanoma patients. Sugarbaker & McHi8&6) showed that lymphatic
drainage was unpredictable from a strip of skin 2.5 cm eiside of Sappey’s lines (as shown in
Figure 1.8). They suggested new clinical guidelines toudelthis area of ambiguous drainage,
however they still maintained that skin outside these zovmsdd follow Sappey'’s original predic-
tions.

Additional studies over the years, including those by Fee. €1978), Meyer et al. (1979), Sullivan
etal. (1981), Bergqvist et al. (1984) and Eberbach & Wah8@)9demonstrated further variability
of skin lymphatic drainage. Through these studies it wasvshihat Sugarbaker and McBride’s
guidelines were not always correct. Later, Norman et al9{)@xpanded the area of ambiguous
drainage to include the head and neck and a much larger adanobn the trunk, up to 11 cm
either side of Sappey’s lines (as shown in Figure 1.9).

LS studies conducted at the SMU have also visualised varfaiterns of skin lymphatic drainage,
some which had not been previously reported. They obsehagdrt all areas of skin ipsilateral
drainage tended to occur, however contralateral drainagemt uncommon. Some of the unusual
patterns that were seen included: drainage to internal neagnnodes from peri-umbilical skin
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(a) (b)

Figure 1.7: Sappey’s detailed drawings showing superfigraphatic vessels of the (a) anterior
trunk and (b) posterior trunk. Reproduced from Sappey (1874

(Uren et al. 1995), drainage to the TIS node field from skinhef back (Uren et al. 1996), and
drainage to paravertebral and retroperitoneal nodes fneback (Uren, Howman-Giles, Thomp-
son & McCarthy 1998). These SMU studies confirmed that lyrtiplgrainage from skin of the
head and neck is highly complex, often involving multipleledields (de Wilt et al. 2004). Further-
more, results proved again that Sappey’s assertions ateptrédictability of lymphatic drainage
could not be relied upon, and it was estimated that his gumeelwould predict drainage to the
incorrect node field in 30% of patients (Thompson & Uren 2005)

LS studies at multiple cancer centres around the world asdirmed that deterministic clinical
prediction of lymphatic drainage from almost any skin sg@ot possible. Studies conducted in
the United States (Leong et al. 1999), in the United Kingd@iT@ole et al. 2000), and in Europe
(Statius Muller et al. 2002) have all demonstrated clintggbredictability. In addition, LS studies
have shown that previous surgery or radiotherapy can distormal lymphatic drainage patterns.
An example of this was seen at the SMU from a patient who hadpewted drainage to internal
mammary nodes from skin on the anterior chest (Thompsom,8aw & Stevens 2005), after
having an axillary dissection as well as radiotherapy tdlany, supraclavicular and paraaortic
nodes many years earlier.
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(a) (b)

Figure 1.8: A zone of ambiguous lymphatic drainage definccéh either side of Sappey’s lines
shown on the (a) anterior trunk and (b) posterior trunk. Bépced from Sugarbaker & McBride
(1976).

Other lymphatic studies carried out in the last decade delihose by Suami et al. (2005), who
developed a new technique to identify the lymphatics indadwinan cadavers. This technique has
been conducted using radiographic injections followed kyicalous dissection of the vessels, and
has been applied to delineate lymphatics of the upper limlrge number of lymph node atlases
have also been developed as an essential clinical tool ist @efining target volumes for cancer
radiation treatment. These atlases have been largely lmas&tR|l and CT images. Martinez-
Monge et al. (1999) developed a cross-sectional nodal afagy CT images, defining clinical
target volumes of the head and neck, thorax, abdomen, mdléearale pelvis, while Poon et al.
(2004) developed a population-based lymph node map of the &ed neck using MRI images.

Another recent study has taken the idea of a lymph node atkastep further, creating a volumetric
3D atlas of lymph node topography rather than limiting tHasato 2D. This 3D atlas was created
by Qatarneh et al. (2006) using images from the Visible Humate dataset (Spitzer et al. 1996).
Approximately 1200 lymph nodes were localised on imagessliwhich were then compared and
verified with current lymphatic atlases. These located lgmpdes were then added to a whole 3D
body database with the purpose of assisting radiotherapyntrent planning.
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(a) (b)

Figure 1.9: Areas of skin with ambiguous lymphatic drainslgaded in black, (a) anterior and (b)
posterior views. Reproduced from Norman et al. (1991).

1.5 Lymphatic mapping and sentinel node biopsy

Lymphatic mapping via LS imaging is a technique utilisedidgithe SNB procedure (introduced
in Section 1.2.2). This procedure was first described by Moet al. (1992) for melanoma, and
involves three steps: (1) lymphatic mapping to locate thg,SR) surgery to remove SNs and (3)
examination of the SNs. The following describes how thespssare implemented at the SMU
(Uren et al. 2004):

1. Lymphatic mapping to locate sentinel nodes.
Lymphatic mapping via LS imaging is conducted on each metenpatient to accurately
locate SNs before they are surgically removed for assedsmen

A radioactive isotope is injected intradermally around ginenary melanoma or excision
biopsy site. Radiocolloids with diameter 5 - 50 nm are ideallymphatic mapping of the
skin based on the microanatomy of the lymphatic capillgiassshown in Figure 1.10). The
SMU and other melanoma centres across Australia uses 98hmd@eum antimony sulfide
colloid that has a fairly uniform particle size of around 10,rwith some particles measuring
up to 50 nm. The type of radiopharmaceuticals used diffeuraatathe world, according
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to availability and approved practice. For example, onkgédaparticle radiocolloids are
approved for human use in some countries, including the W&require filtration through
a 100 to 200 nm filter to produce an adequate product for LSaodkin (Alazraki et al. 1997).
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Figure 1.10: A lymphatic capillary with gaps between adjg@ndothelial cells allowing particles
to enter. Reproduced from Uren et al. (1999).

Typically four injections are required, although this wdiépend on the size of the primary
melanoma. Almost immediately this tracer enters the lyrmipheessels draining that area
of skin. Particle entry can be enhanced by massage, whidifisantly increases the gap
between endothelial cells. The tracer then travels thrahgivessels to lymph nodes where
itis recognised as foreign, and becomes trapped througinggagion of the colloid. The op-
sonised radiocolloid is then phagocytosed by the macraghagd tissue histiocytes which
line the subcapsular sinus and other sinuses of the lympé (idekn et al. 2006). The ma-
jority of the injected radiocolloid will remain at the injean site, so the relative radioactivity
in SNs is small.

LS imaging is started immediately after injections are gjuesing a gamma camera (a high
resolution collimator) to detect radiation from the trac®&ifferent imaging protocols are

implemented depending on the primary melanoma site, dedigmdetect all SNs. Figure

1.11(a) shows a patient lying in a supine position with theea positioned above them,
giving anterior LS images. Appropriate posterior, latedddlique or vertex views are also
taken if required to accurately locate the SNs (Uren, Hows@das & Thompson 2003).

There are two types of imaging conducted: static and dynarmignamic imaging, also
known as early or flow imaging, is conducted for the first 10 GonZnutes post-injection
(Figure 1.12(a)). Movement of the radiocolloid throughliyraphatic system can be seen, as
it travels from the injection site into lymphatic vesselsiainen to lymph nodes. If required,
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() (b)

Figure 1.11: LS imaging: (a) patient positioned under thamga camera, (b) clinician searching
for a SN using a radioactive point source.
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(a) Early dynamic image (10 (b) Late static image (2&1/2
mins post-injection) tracks the hrs post-injection) shows two
lymph vessel draining the skin SNs located in the axilla

Figure 1.12: LS images of a patient with a primary melanomgherieft forearm and two SNs in
the left axilla. Reproduced from Thompson & Uren (2004).

dynamic scans can be stacked via a computer assisted swnralgorithm to visualise the
full activity of the tracer over the 20 minute period.

Dynamic images allow the confident identification of SNs a&slyfmphatic channels can be
clearly seen draining directly to them. It is important eigrimaging to distinguish between
true SNs and second tier nodes, which is any lymph node tlsatdweived lymph which
has previously passed through a SN. Visualising the movewfethe tracer through the
lymphatics enables this differentiation.

LS studies have shown that lymph flow rates vary betweenrdifteparts of the skin. By
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assessing dynamic LS images, Uren, Howman-Giles, Thompsarerts & Bernard (1998)
showed that the fastest average flow rates can be seen innha fthe extremities, while the

slowest flow rates are observed from the skin of the head arid ii&ée average flow rate for
the leg and foot was 10.2 cm/min; the arm and shoulder 2.0 amimhile the forearm and

hand measured 5.5 cm/min. The head and neck lymphatics flaixsedaverage 1.5 cm/min,
the anterior and posterior trunk at 2.8 cm/min and 3.9 cmimapectively. Differences in
flow rates affect the speed with which SNs are located dunymguhic imaging.

Static imaging, also known as late imaging, is performed%tbours post-injection (Figure
1.12(b)). Images are acquired for 5 to 10 minutes of all negthat could possibly drain the
primary melanoma site. Sometimes faint lymph nodes can éxe @e static images that did
not have a visible lymph channel draining to it on the dynaimages. If this is in a new
node field it is by definition a true SN, since it is possiblestidct lymphatic vessel drained
directly to it from the injection site.

A radioactive transmission source is routinely used oncstatages, placed behind the pa-
tient. The patient’s body attenuates the signal to creadg batlines on the LS images. This
creates a frame of reference, thereby allowing the imagée toterpreted clearly. Often

these images are repeated without the transmission soowesyar, to ensure that faint SNs
in new node fields are not obscured by scattered activity tr@source.

Once all SNs are located, their position is marked beforgesyr Figure 1.11(b) shows a
clinician using a radioactive point source to ensure cof@mtion of each SN, before the
overlying skin is marked with an ‘X’ using indelible ink (Riges 1.13(a) and 1.13(b)). A
permanent point tattoo of carbon black is sometimes alstieapio aid patient follow up
over subsequent years. The depth of each SN from the skindsured in centimetres and
recorded. The depth is measured from the images directlytbralectronic calipers, using
orthogonal views with a radioactive marker held over each siark.

. Surgery to remove sentinel nodes.

Surgery to remove all SNs is usually conducted the day aftephatic mapping. The ‘X’
marks on the skin overlying each SN and the recorded deptdbethe skin are used by the
surgeon to locate the SNs. Blue dye is injected intradeymadit prior to surgery to stain
the lymphatic vessels and nodes blue, to further aid losattohand-held gamma probe is
also utilised during this procedure, to detect radiatiamfrthe SNs. Even 24 hours post
lymphatic mapping, SNs are usually the most radioactiveplymodes. Using the combined
techniques of intraoperative blue dye mapping and the gaprotse improves the accuracy
and speed of locating all SNs for surgical removal.
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Figure 1.13: LS imaging: (a) marking the SN skin locatior),$N location marked with an X.

3. Examination of sentinel nodes by a pathologist.
Each SN removed at surgery is assessed by a pathologisteioriie¢ whether it contains
metastatic melanoma. The SNs are cut into a series of snuak®lwhich are processed
with fixatives and embedded in parafin wax. These blocks ane ¢t into approximately
10um slices using a microtome. Tissue sections are then staitbdchemicals such as
haematoxylin and eosin, and examined under a microscopg.sveall clusters of tumour
cells can also be identified using immunohistochemistrigriges.

Sometimes during examination, tumour cells may be missedaa lack of sensitivity in the
techniques used to sample and analyse the SN. SNs recaveraftirainage in a compart-
mentalised fashion, with a particular area of the skin dngimot only to a specific lymph
node but also to a specific area within the node (Morton et132 The distribution of tu-
mour cells in the lymph node is localised rather than randehich means tumour cells can
easily be missed by staining sections that represent onl§% ef the total nodal volume.
This problem can be minimised by sectioning the entire SNyewer this is impractical
in both time and cost. Carbon dye mapping is described astmalpswlution to this diffi-
culty. This technique labels a node as sentinel and idesttiie intranodal site of lymphatic
drainage for the pathologist, thus highlighting the mdsliy target of tumour cells.

Although LS is not a perfect method for locating SNs, studiase shown that the method is
reliable (Morton et al. 1999), highly reproducible (Urenadt 2007), and is only estimated to
fail in detecting a SN in under 1% of patients overall (Ure®20 The clinical reliability of the
technique therefore validates the accuracy of the datgsethlin this thesis.
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1.6 Sydney Melanoma Unit’'s lymphoscintigraphy database

LS data from 5239 melanoma patients treated at the SMU bat@2duly 1987 and 16 December
2005 have been used in this study. All LS studies were peddrat the Nuclear Medicine and
Diagnostic Ultrasound, Missenden Medical Centre, Campendn Sydney, on patients that had
been referred by the SMU. The following details how the lmoabf the primary melanoma site,
the SN fields and additional details have been recorded tr patient.

1.6.1 Recording the primary melanoma site

Each patient’'s primary cutaneous melanoma location onkimevgere recorded as aN andY
coordinate on one of six body outline maps, shown in Figulel.1. The maps were separated
into different regions of the body and have each been drawrually by SMU clinicians. Figure
1.15(a) shows the direction of axes for Map 1. On this mapettaee 38 grid units in theX-
direction, and 56 grid units in thg-direction.

The method used to determiieandY coordinates for each patient was by eye. SMU clinicians
reference previously recorded clinical drawings of thenay melanoma site, and also visually
inspect the melanoma site location to match it to a grid posiin one of the generic body maps.
As a result, there will be a small element of human error preisethese coordinates. A preferred
method to record the skin site coordinates might be to oydrta images on the body maps,
however this is not currently possible due to different battyrphology between patients and the
range of imaging orientations required for different prignenelanoma site locations.

The width of each grid square on the body maps equates to eetiu® - 2 cm on the skin. Due
to this coarse grid resolution a number of patients will hénggr melanoma site recorded in the
same grid square. To allow these individual cases to be Nsgdlas discrete dots without being
superimposed the SMU has added a random number to eachraterdallowing the density of
points in the same grid unit to be displayed. The random nusndpenerated were between -0.499
and +0.499 and added to each of fi@ndY” values to giverand X andrandY . For example, if a
melanoma has ai coordinate of 10 thenand X will be a number between 9.501 and 10.499. For
eachY coordinate however,andY has been recorded as the number calculated by subtracting
and the random number from 100. Sy aalue of 22 will have aandY coordinate value between
77.501 and 78.499. It is important to remember these valge®adisplay purposes only and do
not add any extra spatial information. Figure 1.15 showsdibplay produced by usingundX
andrandY as opposed to simply andY'.
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Figure 1.14: Body maps used to record primary melanomavsitie (X ,Y") coordinates plotted for
the full patient database.
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Figure 1.15: Melanoma sites plotted on the posterior tocgtylmap for the full patient database.
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Figure 1.16: An example body map grid unit.

1.6.2 Recording the sentinel nodes

A number of lymph node fields directly drain the skin (as defiimeSection 1.3.2) and are regarded
as generic regions for SNs to be located. The SMU has spe2biedde fields, where 18 of these
fields are located on both left and right sides of the bodyve gitotal of 43 separate node fields.
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A list of these SN fields and the codes SMU clinicians have tgedcord them in their database
is given in Appendix A. It is important to note that the numbé&ISNs for each patient may not
equate with the number of node fields, since multiple SNs nedpdated in the same field.

1.6.3 Additional data recorded

As well as input fields regarding each patient’s primary mefaa site and SN fields, other details
have been recorded. Each patient has been assigned a raotsdmand their full name, age, sex,
and the date of the LS study have been included in the datalbhsse details were added to the
fields regarding the primary melanoma site and SN fields winbived: a body map numbek,

Y, randX, randY , SN fields, number of node fields and the number of intervaésdthese terms
have been defined in Section 1.3.2).

Over the period of data collection, as the SMU’s understagdf the epidemiological significance
of input fields has developed, input variables have beenaefimitially the depth of each SN from
the skin was measured, however these values were discardedesach patient had a different
body morphology, hampering direct comparison. The radiobflow rate has previously been
recorded after a difference was noted between various patte body. For most patients this
measurement did not impact management, and it thereforeaesed to be added to the database.
Currently, the flow rate is only reported when it is very sltovprovide additional information for
the surgeon to reference for blue dye injection during SNB.

1.6.4 Data visualisation

The SMU has published numerous articles presenting its ldiiys, in both tabular format and in
2D displays, relating primary melanoma sites to drainindenfields. Work that has been carried
out to display this data graphically has involved using dveafe package called ArcVié. This
software has been designed for geographical applicatmashas required 2D images of the body
to be created as ‘countries’ and melanoma sites to be plag&@dwns’. Queries were made to the
SMU'’s database about particular patterns of lymphaticndige, so that files were outputted that
could be read into ArcVief® and displayed.

Figure 1.17 shows an example of one of these displays, ssuglall melanoma sites in the
database that have shown lymphatic drainage to the lefaaBbth anterior and posterior views
are given, and melanoma sites are shown using dots. For ddtlese displays the random

3ArcView® GIS by Environmental Systems Research Institute, Inc.jdvels, California 92373, USA.
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Figure 1.17: SMU display showing melanoma sites that dmaitné left axillary node field. Re-
produced from Uren et al. (1999).

(randX, randY’) coordinates (as explained in Section 1.6.1) have beeregldti enable melanoma
sites that had the same origin&{, Y') coordinates to be effectively visualised.

More complex displays have also been generated, investigatiditional aspects of lymphatic
drainage. For example, Figure 1.18 shows the location ahalanoma sites on the skin of the
trunk that have shown drainage to the left or right groin nédkl, or both groin node fields.

Melanoma sites that have shown drainage to both groin noliks fieve been plotted as boxed
crosses, while melanoma sites that have drained to therlefihd groin are plotted with crosses or
circles respectively. This demonstrates the ability td plaltiple sets of data on the 2D displays.

Displays have also been generated to investigate the agooirhistorical assumptions about lym-
phatic drainage, rather than simply plotting melanomasditat have drained to specified node
fields. Figure 1.19 shows a display generated to visualidamoma sites that have shown lym-
phatic drainage across Sappey’s horizontal line aroundavtist. Again, sites have been plotted
using different shapes. Crosses have been used to plotlsitielsave shown lymphatic drainage
across Sappey’s horizontal line up towards the axilla, evbitcles indicate melanoma sites that
have drained downwards across Sappey’s horizontal lineetgtoin.

To the author’s knowledge, LS data for melanoma has not puely been presented in a more
insightful manner than the SMU'’s technique described abb\®vever, although the SMU'’s dis-
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Figure 1.18: SMU display showing melanoma sites on the tthak drain to the groin. Circles
show sites that drain to the right groin, crosses show dit&sdrain to the left groin while boxed
crosses drain to both groin node fields. Reproduced from Brah (1999).
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Figure 1.19: SMU display showing melanoma sites that dranoss Sappey’s horizontal line
around the waist. Circles correspond with sites that dmithé groin, while crosses show sites
draining up to the axilla. Reproduced from Uren et al. (1999)

plays have been informative, there are inherent limitatiohhe data has been restricted to 2D,
and comprehensive statistical analysis of the data haslimeed. This study sought to improve
the methods of visualisation to display the SMU’s LS dat@gianatomical modelling techniques
available at the ABI as described in the following section.

1.7 Anatomical modelling

Advanced mathematical modelling techniques have beeremmgmted and developed at the ABI,
enabling the creation of complex anatomical models of huametomy. These models have been
used to analyse and investigate various aspects of anatoedhghy/siology, providing additional
insight into the structure and function of the human body.
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1.7.1 Finite element models

At the ABI, finite elements (FES) have been used extensiwenodel human anatomy, owing
to their ability to accurately describe detailed geometritn brief, FEs are used as a technique
to discretise a continuous domain into a set of sub-domairmsjiding a more computationally
efficient way to describe an object. They are often used imeeging analysis to simulate various
conditions, allowing for complex numerical analysis to lppléed.

Complex 3D models of various organs have been developeddhdtine both the geometric struc-
ture of the organ with its physiological function. For exdepesearchers have developed a FE
model of the coronary blood vessels (Smith et al. 2000), asshn Figure 1.20(a). Simulation
of blood flow through these vessels has then been conduatiecbaipled to cardiac contraction. A
model of the lungs has also been created (Tawhai & Burrow883)2@s shown in Figure 1.20(b).
Detailed anatomy of the airways and a section of the lung safface can be seen.

@) (b)

Figure 1.20: Models of (a) the heart and (b) the lungs deezlat the ABI.

Advanced models of other organ systems have also been gedglmcluding the gastrointesti-
nal system (Pullan et al. 2004) and the musculo-skeletaésygFernandez et al. 2004). Figure
1.21 shows a model of the muscles in the forearm and the héody with the associated bones
(Reynolds et al. 2004). These FE models and the techniqwetoped to create them provide a
set of tools which underpins a more advanced visualisatidreaalysis of the SMU’s LS data.
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Figure 1.21: Musculo-skeletal model of the the forearm aamtbh (a) palmar view of the hand and
(b) anterior view of the model (Reynolds et al. 2004).

1.7.2 Software

The models developed for this study have been created usrapftware package CMI$Swvhich

is a mathematical modelling environment that allows theliagon of finite element analysis,
boundary element and collocation techniques to a varietgoaiplex bioengineering problems.
This software has been developed over the past 30 years égrcbers and graduate students in
the Engineering Science department at the University okfsuntl, and more recently at the ABI

The software contains both a computational back-end an@ghgral front-end called CMGUI.

The computational back-end has been specifically usedsrstbdy for geometric fitting, model

customisation via host-mesh fitting and field fitting; whilMMGUI has been used extensively to
provide advanced 3D model visualisation.

1.8 Thesis overview

This thesis details the development of an anatomical miodeftamework to enable visualisa-
tion and analysis of skin lymphatic drainage in 3D using metaa LS data from the SMU. The
modelling process involved creation of a FE skin model andserete lymph node model. Data
projection techniques have then been carried out to mapMHg'sSLS data onto this modelling

4CMISS stands for Continuum Mechanics, Image analysis,sigrocessing and System identification
Shttp://www.cmiss.org/
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framework. Following mapping, novel data visualisatiortinoels and quantitative statistical anal-
ysis were implemented to extend and quantify the undersigrad skin lymphatic drainage. Soft-
ware tools have been developed to provide improved dissgimmof this data to clinicians and
medical educators. All modelling procedures were carrigichbthe ABI, in collaboration with the
SMU. The following outlines the contents in each of the sgbsat chapters:

Chapter two details the development of the anatomical models. The ségpsred to create a FE
skin model are outlined, which are: data digitisation,ia&iinear mesh construction and fitting.
Model customisation using the free-form deformation mdtimmst-mesh’ fitting is also described.
The resultant skin model and discrete lymph node model are phesented.

Chapter three outlines the methods utilised to map the SMU’s LS data fromr2Bges onto the
3D skin and lymph node models. Various procedures used tatinegprimary melanoma sites on
the skin are detailed, as well as the methods used to map SNs.

Chapter four describes visualisation methods implemented to displayrthpped LS data on the
anatomical geometry. The process of field fitting is detaided the effects of Sobolev smoothing
on the resultant fields discussed. Development of an irtieeagkin selection tool is also outlined,
which enables predictions of melanoma spread from any dr&dro

Chapter five presents the visualisation results showing patterns oflgknphatic drainage. Heat
maps displaying the likelihood that drainage will occur pecified node fields and numbers of
node fields are shown and discussed and results shown vikthsegection tool are also presented.
Limitations of the model and its potential clinical utiligye outlined.

Chapter six describes statistical methods developed to further aedyysphatic drainage of the
skin, including methods to: analyse Sappey'’s lines, datermvhether lymphatic drainage is likely
to be symmetric, and also functionally group similar regiari skin. Additionally, methods for
determining appropriate confidence intervals are detailed

Chapter sevenpresents the statistical analysis results, quantifyirggittaccuracy of Sappey’s
lines. Symmetry test results are outlined, as well as dlugteresults that indicate regions of
skin that drain in a similar manner. Confidence intervalsadse given to indicate the statistical
significance of drainage predictions.

Chapter eight summarises the contributions and conclusions of thissh@&sissible extensions of
this study are discussed in a future work section.



Chapter 2
Anatomical Geometry

Highly detailed anatomically based models of the skin amadly nodes were required as a frame-
work to enable 3D visualisation of the SMU’s LS database.sThiapter describes the finite ele-
ment (FE) approach which has been used to model anatomigalejey in this thesis. The three
steps involved in model construction have been outlinedvzetiata digitisation, construction of
an initial linear mesh, and fitting of this linear mesh to thgittsed data points. The ability to cus-
tomise FE models via a free-form deformation method, alfed&ost-mesh’ fitting, is described
and has been utilised during the mapping procedures in €napDetailed models of the skin and
lymph nodes created using the Visible Human (VH) datasetaasebarate head and neck model
are then presented. The work presented here has been ablksid can be seen in Appendix C.

2.1 Finite element basis functions

Finite elements (FEs) have been used to model the anatogeocahetry created for this study.
Geometry to be modelled has been discretised into smalfeaths called ‘elements’, which were
then joined together by nodes. Values at any location winirelement have been calculated via
interpolations of the nodal values using appropriate Hasistions.

Two families of basis functions that are often used for FE efloty are known as Lagrange and
Hermite. For the purposes of this thesis cubic Hermite pdkation has been used. Cubic Hermite
interpolation ensures continuity of both nodal valu€g ¢ontinuity) and nodal first derivative€’(
continuity) across elements. In contrast linear Lagranggpolation only maintain§,, continuity.
Hence, nodal derivative values are stored for cubic HerRiieneshes, while they are not required
for linear Lagrange FE meshes. Cubic Hermite interpolasgrarticularly useful for anatomical

29
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modelling, since most anatomical structures are smoothape and continuous derivatives en-
sure that the geometries are physically realistic, evemdiatively computationally efficient low
resolution meshes.

The difference between these two classes of interpolatiarbe demonstrated via their basis func-
tions. The two linear Lagrange basis functions (as showngarg 2.1(a)) are defined by:

n(§) = 1-¢
$2(§) = & (2.1)

while the four cubic Hermite basis functions (as shown irukeg2.1(b)) are given by:

Y€ = 1-3¢"+2¢

Ua(€) = (3 -2

Ui(€) = &E-1)°

Ua(§) = €1 (2.2)

where¢ is the local or material coordinate withe [0, 1]. The subscript labels 1 and 2 indicate the
node number, while superscripts 0 and 1 indicate the nodia¢\eand first derivative.
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Figure 2.1: Finite element basis functions.

Figure 2.2(a) shows a one-dimensional (1D) element intatpd using linear Lagrange basis func-
tions, and Figure 2.2(b) also shows a 1D element which hasibésrpolated using cubic Hermite
basis functions.
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Figure 2.2: One-dimensional finite elements.

To interpolate values along a 1D linear Lagrange elemerfolf@ving equation is used:

u(§) = gruy + gouy (2.3)

meanwhile interpolation along a 1D cubic Hermite elemegisulated by:

du
dg

du

+¢%(5)d—£

1

u(é) = 7 (ur + Y3(&)us + ¥ (§) (2.4)

2

whereu is a value at a node, either its global coordinate or a fieldiesauch as pressure or
temperature.‘;—‘g is the derivative of this value with respect to the local ed@icoordinate.
This equation ensures continuity of the derivatives in lgcapace, however it does not ensure
global space continuity. Therefore derivative values apgessed in terms of the line arc-length
parametes instead, and the partial derivatives are scaled by the eieane-length scale factar.

As a result, partial derivatives with respect to arc-leragianearly continuous across elements.

By using the chain rule, local element derivatives are cdedanto physical derivatives:
du du ds
() - (%) (%) @9

where the parameteris defined as the arc-length along the line. The scale fdctsgiven by:

ds As L
e 2.6
s A 1.0 (2.6)

Substituting the arc-length based derivatives and theesiéstale factof. into Equation 2.4 will
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give the following:

du

u(é) = Piwr + Yy(&ug + %(5)% L +13(€)
1

du

| L (2.7)

2

wherelL is the arc length scale-factor given by:

@@ e

2.2 Visible human data

The anatomical geometry created in this study has beenlyabgsed on data from the Visible
Human (VH) male dataset (Spitzer et al. 1996). This datasstinprised of digital MRI, CT, and
anatomic images of a male cadaver, created by the Natiohedyi of Medicine for the purposes
of medical education and virtual simulation (Spitzer & Wik 1998).

The VH dataset has been adopted by the medical community tas@dasd anatomical database,
and has provided the framework for many research invegtigat At the ABI for example, a
detailed musculo-skeletal model was entirely develop@tyéH images (Fernandez et al. 2004).
Also, as mentioned in Section 1.4, VH images have been us€htgrneh et al. (2006) to create
a 3D atlas of lymph node topography.

Since the creation of the male VH, a full VH female has alsob®eated. Owing to the immense
amount of detailed anatomical information available irsthdatasets and their potential research
value, a VH Korean male (Park et al. 2006) and VH Chinese mraddemale (Zhang et al. 2003)
have also been created. The growing number of datasetsliill for a more detailed analysis of
individual, gender and ethnic differences in human anatomy

2.3 Creating a finite element model

Creation of an FE model involves three steps: data digitisatnitial linear mesh creation and
fitting. The following sections explain each of these stepdatail.
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2.3.1 Data digitisation

Initially, a set of data points is required to discretely apqmate the structure being modelled.
Data digitisation can be carried out either manually, a@ttcally or using a laser scanner. Man-
ual digitisation involves visual location of the appropei@natomical structure on VH images in
CMGUI, and has been used in this thesis to digitise the skiowbthe neck (as described in Sec-
tion 2.5). A series of data points can be created by clicknogad the boundary of the appropriate
structure. This method relies upon an individual's knowledf anatomy and their ability to vi-
sually locate the desired structure. Difficulties can anigeever, especially when digitising small
structures, if the image resolution is too low to accuratdgntify the boundaries. Figure 2.3(a)
shows an example of manual digitisation of the torso skifaseron a VH image slice, and Figure
2.3(b) shows a 3D data cloud created by stacking and digitigie skin on a series of 2D VH
image slices.

(a) Digitised VH slice (b) Digitised data cloud

Figure 2.3: Manually digitising the VH skin.

Automatic digitisation can be carried out in CMGUI if the #ovaical boundary location is readily
identifiable and not masked by noise. This process involveating a volume texture from the
stacked image slices and extracting an isosurface wheroi® intensity changes. For example,
the VH skin boundary could have been detected automatiedigre the-image colour changes
from a specified shade of blue to ‘skin-colour’ (however aplamation detailing why this auto-
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matic method was not utilised for this study is given in Sat.5). Once the boundary isosurface
has been extracted a density of data points can be calcala¢edhe isosurface to create a 3D data
cloud.

Alternatively, creation of a 3D data cloud can be carriedlmyutising a laser scanner such as the
hand-held PolhemU¥Fastscan laser scanner (Applied Research Associates, d)Zshown in
Figure 2.13. This laser scanner has been used in this tleedigitise the skin of the head and
neck (as detailed in Section 2.5.2). Data points can beatetleby sweeping the handheld laser
scanning wand over an object. The resultant data cloud islynaccurate, where errors range
between 1 - 2 mm.

|

Figure 2.4: The Polhemus laser scanner.

2.3.2 Initial linear mesh

After digitisation, a linear mesh is constructed to inliiadpproximate the anatomical geometry.
Construction of this initial linear mesh is required to emestine mesh topology adequately captures
the geometry of the anatomical structure, while also utigj@ minimal number of elements to re-
duce the number of degrees of freedom (DOFs). Initial lime@sh construction involves manually
selecting data points from the digitised data cloud at gitervals. These selected points are
then used as nodes to create linear elements (interpolaiegl linear basis functions), like those
shown in Figure 2.5(a) for the skin of the torso.

The skin model has been created with 2D surface elementshwypically contain 4 nodes per
element as shown in Figure 2.6(a). The direction of locakdimates for surface elements are
defined by the order in which nodes are joined together.£THukrection is defined by the first two
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(a) Initial linear mesh (b) Fitted mesh

Figure 2.5: Fitting the torso and thigh skin surface.

nodes that are selected to define the element, whilgtheection is defined by the first and third
nodes. Figure 2.6(a) demonstrates a surface element ttr@ated by joining nodes in the order
1-2-3-4, with the correspondingdirections labelled. In certain cases collapsed surfemaents
are required to describe the model geometry accuratelyafz@d elements contain three nodes as
shown in Figure 2.6(b), which are defined by repeating threl thode in the order 1-2-3-3. Often
collapsed elements are used at structural bifurcations treatop and bottom of cylindrical and
spherical shaped meshes to ensure they can be closed.

It is important for FE meshes to maintain consistgdirections to ensure that the resultant geom-
etry is smooth at element boundaries. In order to do thisaheersions of derivative values are
sometimes required, which are defined with respect to as®ocelements. For standard meshes
only one derivative value is stored at nodes for eadirection, however in the case of a collapsed
element usually two or more derivative values at specifiatks@re needed to ensure the mesh is
continuous. For example, Figure 2.7(a) shows five collagsefdice elements each sharing node
3. As a result, there are five different values required feithderivatives and hence five different
versions of this derivative value are stored at this nodguté 2.7(b) shows another collapsed



36 ANATOMICAL GEOMETRY

£ 3
3 4
£, £, &, £,
1 2
1 51 2 51

@) (b)

Figure 2.6: (a) Standard surface elements and (b) collapséace elements.

element with standard elements around it. Node 3 is shareeeba each of the five elements,
which requires three versions of thederivative. For both of these examples nodal versions are
needed to store multiplg derivative values, however other mesh topologies may reguultiple
versions for the; derivatives as well.

€1

€Y (b)

Figure 2.7: Mesh designs with collapsed elements requiotal versions.

2.3.3 Fitting

Once an initial linear mesh is constructed, it is fitted to gsbeof digitised data points. This step
is carried out iteratively using a non-linear fitting algbm which has been described previously
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by Bradley et al. (1997) and Fernandez et al. (2004). A sunsedudescription of this process is
provided below.

Datapoint Z; g
*

L
*

Figure 2.8: Datapoint, orthogonally projected onto the face of a surface elemenive the
closest point(§14, £24)-

The fitting process seeks to minimise the distance betwedandata point and its orthogonal pro-
jection onto the FE mesh surface. Figure 2.8 schematicealtyahstrates a datapoint projected
onto a surface element, where the distance value is founkedligast-squares distance function:

D(&1a, &2a) = u(&ia, &) — 2a || (2.9)

wherez, is the global coordinate of the data point gdd;, {»4) are the local material coordinates
of the projected data point on the surface element, whiclsesl @long with the nodal parameters
u,, to interpolate global coordinates of the projection on®niesh.

The data error values are then summed over all points in ttsdid data cloud and utilised in the
first component of the fitting objective function, which ivgn by:

N
F(u,) =Y wal u(€ia, &4) — 24 |° + Fi(u,) (2.10)
d=1

where N is the total number of data points ang is a weight associated with each data point,
usually kept at 1.0 for geometric fitting. The second compéme this equationF,(u,), is a

smoothing constraint. This constraint is a Sobolev smogtipienalty function (Bradley et al.
1997) introduced to maintain smoothness of the mesh wheeeislaoisy or insufficient, and is
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defined by:

Fs(un)z/l/l{oa

The objective function defined in Equation 2.10 has beenmiged by changing the vector of
nodal mesh parameterts,. For a surface mesh each node has 4 DOFs: a coordinate watue, t
first-order derivatives in thg - and¢,-directions, and a cross-derivative. Hence for each standa
4-noded element there are 16 DOFs.
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(2.11)

The amount of smoothing desired during the fitting processeanodified by altering the Sobolev
weightsa;(i = 1..5) in Equation 2.11. Each of the weights influence a differeatuee of the
fitted mesh. Changing, or as will influence the element arc-lengths in the and&,-directions
respectively, altering the weights; or a, will change the arc-curvature also in the and &,-
directions respectively, while; influences the face area.

Fitting is carried out iteratively until a desired resulaisquired. Iteration is necessary since local
coordinates of each projected data point changes as theimfiged. The accuracy of the fitted
mesh is given by calculating the root mean square (RMS) between the data points and mesh
surface. This is found using the following equation:

RMS — \/Zilvzl I u(ﬁljc(;&d) —Zq H2 (2.12)

where each subsequent fit reduces the RMS value. Once the RM&aonverges, and the fitted
mesh is assessed subjectively to determine whether theejgom appropriately defined, the
fitting is complete. The resultant fitted torso and leg skirsims shown in Figure 2.5(b), which
had an RMS error of 2.03 mm.

2.4 Customising finite element models

Once a generic FE model has been created, often it is desiagédhis model is customised to
a specific geometry or position. A technique called ‘hossmditting can be used for this pur-
pose, which is a free-form deformation technique. In presistudies at the ABI, for example by
(Fernandez 2004) and (Cox 2007), this method has been usedrph initial generic FE models
to create patient-specific models. In this study, host-niigtshg has been used in Chapter 3 to



2.4 QJUSTOMISING FINITE ELEMENT MODELS 39

enable the mapping of LS data from 2D images onto the 3D skidemas well as to morph the
arm of the skin model from an initial anterior position to telal position.

The FE mesh that is being customised during this proceduernsed the ‘slave-mesh’, and is
completely embedded within an FE ‘*host-mesh’. As a reslilslave-mesh material coordinates
(m,m2,n3) can be expressed in terms of the host-mesh material cotediiga, &, &3):

m = f[1(,6,8)
2 = fa(&1,62,83) (2.13)
ns = [3(£1,62,&3)

This method exploits the fact that any deformation of themossh will cause deformation of the
embedded slave-mesh, since the slave’s material cooediaae fixed at material points within the
host-mesh. Note that for a slave-mesh that is in plane, withtwo global coordinateéz, y) then

a 2D (area) host-mesh can be used. However, for a slave-m88hdpace with global coordinates
(z,y, z) a 3D (volume) host-mesh is needed to completely embed it.

The host-mesh is usually a volume mesh with a simpler gegnaettl less DOFs than the slave-
mesh, and ensures important anatomical features of the-si@gh to be articulated are adequately
captured. An example volume host-mesh surrounding a voklewe-mesh is shown in Figure
2.9(a). Landmark (initial) data points shown in red are emosom the original slave-mesh and
target (final) data points shown in green are selected frard#sired patient-specific location.
Each landmark point has a corresponding target point anduds,all landmark points are required
to be inside the host-mesh.

The distance between the target and landmark points is nsadwia deformation of the host-
mesh, as shown in Figure 2.9(b). Equation 2.10 is the obfiinction minimised where; are the
global target point coordinates ank 4, £24, 34) are the interpolated landmark point coordinates,
extended to 3D for a volume host-mesh. The Sobolev smootiungtraint in this equation (also
extended to 3D for a volume host-mesh) ensures that defanm@itthe host-mesh does not overly
distort the new slave-mesh.

Once the optimal host-mesh nodal DOFs are obtained usingtiegu2.10, the deformed slave

mesh coordinates can be determined. The global coordiottes slave nodes as well as the nodal
first derivatives and higher order derivatives are updat&tive to the deformed host-mesh. Since
the local coordinates of the slave-mesh within the hostimesmain unchanged after deformation,
the updated slave nodal positions are obtained by sulistjttite slave local coordinates relative
to the host into the host interpolation functions, usingde®rmed host nodal parameters.
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Figure 2.9: The host-mesh fitting process (a) before defoomand (b) after deformation.
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The new slave nodal first derivative values are calculatedxdpanding Equation 2.13 using the
chain rule:

ou oudéy  Ou dé&  Ou 05

— = et 2.14
om 0§ O 0§ 0 0630 (2.14)
ou _ ou 0¢; N ou 0 N ou 0&3 (2.15)

I 06O Do dny T & O
ou oudéy  Ou déy  Ou 03
7 = ot T 2.16
ors 06 0us T 06 0ns T 0E g (2.10)
expanding Equation 2.14 and writing in matrix form gives:
&1 &2 &3 O om
oy oy of || o8 || o 217
06 0& O 0 0 '
L 06 0% 0 | L O L Oy

The coefficient matrix in Equation 2.17 is called the Jacobmatrix of transformation of the host-
mesh, at the slave node which is under consideration. Theatiges in the Jacobian matrix are
defined using the host-mesh nodal parameters at the localinates(¢;, &, &3) of the slave node
embedded within the host-mesh. While the derivatives irrithtet hand side vector are the nodal
derivatives of the slave defined by its local coordingteThe unknowns in the equation remain the
same before and after deformation, and are calculated ttsngndeformed host and slave-mesh
parameters. After solving Equation 2.17 for the unknowml@oordinate derivative values, these
are substituted back into the same equation to find the firstadiwes of the transformed slave
using:

0 0
oy | [ o,y 2) ] [ o(z,y,2) ] ay 219
om 0(£1,8,8) ]y 10(61,&.8)]p | Om '
" o

L Om 1r L Om 1o

where the subscripts, U, D andO define the transformed slave, undeformed host, deformead hos
and the original slave mesh respectively. The t%g%%] is the Jacobian matrix of the host.
Calculation of the second derivatives is also carried cutlve same process, and has been outlined
in detail by Fernandez (2004).
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2.5 Skin model construction

Using the FE interpolation, digitisation and fitting teatumés outlined above, a detailed FE model
of the human skin has been constructed using two separatsetiat VH images were utilised to
create the skin model of the torso and limbs, while a sep&iteead model was used for the skin
of the head and neck. The following section details the cangbn of the model, which forms the
anatomical framework for this project.

2.5.1 Torso and limbs

Skin models of the torso and limbs were based on high resolaxial VH images as shown in
Figure 2.3. These images slices are 1 mm in thickness, haxelsjze of 0.32 mrhand measure
1760 x 1024 pixels (Spitzer & Whitlock 1998).

The skin model of the torso (including the thighs), upper lneer limbs have been created sep-
arately before being combined in a common reference franés i$ because detailed musculo-
skeletal models of the upper and lower limbs were createprfvious projects, including Reynolds
et al. (2004) as shown in Figure 1.21, which included modeth® overlaying skin. Hence the
limb skin models were constructed before the torso skin hode

Manual digitisation (as described in Section 2.3.1) wasedwout for each component of the skin
model rather than automatic digitisation. This was due &bility of the automatic digitisation
procedure to adequately capture the complex geometry dirtpers and toes for the limb skin
models. Although the skin boundary could be readily locatederror of approximately 1-5 mm
between the actual surface location and generated datd ckased the adjacent fingers and toes
to intersect with each other. To maintain accuracy and stersty with the limb skin models, the
skin of the torso has also been manually digitised. Althahghprocess was more labour intensive
than automatic digitisation, the resultant data cloud wasemaccurate.

For the torso section, the skin was digitised at points apprately 20 mm apart along the skin
boundary on every 10th VH slice, to give data points 10 mmtapé#ne vertical direction (as shown
in Figure 2.3). The skin surface of the upper limbs and lege leeen digitised approximately 10
mm apart on each image slice, and at 5 mm intervals in theceédirection.

A higher resolution of data points was required to accuyatelscribe the anatomy of the hands
and toes, therefore the hands were digitised using sliqgesratd at 2 mm and the toes using
slices separated at 3 mm. In total, 23,549 data points wertseid to define the VH skin surface
(excluding the head and neck), as detailed in Table 2.1.
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(a) (b)

Figure 2.10: The initial linear mesh of the (a) left upperbliand (b) left leg and foot skin models.

To create each initial linear mesh nodal points have beeattsel from the digitised data cloud.

Figure 2.5(a) and Figure 2.10 show the initial linear mestwsstructed for the torso and both

limbs respectively. Most elements that have been used amdatd 4-noded elements, however at
geometrically complex regions such as the armpits, grangefi and toe bifurcations, collapsed

elements with nodal versions (see Section 2.3.2) were nadjui

Examples of collapsed elements are shown in Figure 2.1hédnand and foot. The fingertips and
tips of the toes utilised collapsed elements to close théhagsimilar to the schematic given in
Figure 2.7(a). Collapsed elements were utilised at thetsvaisd ankles to reduce the number of
elements in the arm while maintaining continuity with thereased number of elements required
to accurately model the fingers and toes. Bifurcations ptasethe mesh at the fingers and toes
also required collapsed elements with nodal versions. dedjafingers and toes share some of
the same nodes, which resulted in the mesh containing etsmath opposing:-directions. To
accommodate this, nodal derivatives between the fingersomsdvere kept fixed during the fitting
process to ensure adjacent elements remained joined.

The upper limb and leg from one side of the bedy were fittedvidd@ally-and then reflected to
produce the opposing limbs..The fitted.torso and thighimestws. in Figure 2.5(b)) was then
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Figure 2.11: Collapsed elements with nodal versions onkimed$ the (a) hand and (b) foot.

connected to the upper limb and leg meshes, to create a jsknedhesh as shown in Figure 2.12.

The coordinate system is also visualised in Figure 2.12yevtieez-direction is aligned vertically,
in a direction normal to a transverse plane through the skideh Meanwhile they-direction is
normal to a coronal plane, and thedirection is normal to a sagittal plane through the skin elod

Table 2.1 gives information regarding each of the sepatatthfit have been carried out, indicating
that the RMS error between the data points and the fitted skiace ranges from 1.66 to 2.50 mm

(disregarding the head and neck model). Before the headesidmodel were joined to the skin
mesh (in Section 2.5.2) a total of 842 nodes and 886 elemeasrts used.

| Body Part | # Data pts | # Nodes| # Elements| RMS error (mm) |
Torso and thigh 6649 378 362 2.03
Left upper limb 4717 131 138 2.50
Right upper limb 4717 131 138 2.50
Left leg & foot 3733 117 124 1.66
Right leg & foot 3733 117 124 1.66
Head & neck 25271 201 212 1.59
| Combined Mode| 48820 | 1027 | 1098 | 1.94 |

Table 2.1: Skin mesh fitting parameters.
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Figure 2.12: The fitted VH skin mesh with the torso and limbsrexted together.
2.5.2 Head and neck

Skin lymphatic drainage of the head and neck is very commlexX/ilt et al. 2004), and therefore
a high level of detail was required for this region of the skindel to ensure LS data could be
accurately mapped onto it. The VH dataset was deemed ubkufta this purpose since it has an
abnormally short neck. Therefore investigation was cotetuito locate an alternative data source.

The data source for the head and neck model was required toditnder of criteria. Firstly, it
needed to have a well defined neck region so the melanomansitbe neck as well as node fields
located in the neck could be adequately visualised. Segotidi model was required to have a
generic looking male face so that it would suit the male VHhskodel constructed in Section 2.5
onto which it would be attached. Thirdly the model neededaeemo hair, so that the skin on the
scalp could be seen. Lastly the model needed to be anatdyracalrate.

The most readily available data source which fit the criterias determined to be a 3D adult head
model from Sawboné&s(Pacific Research Laboratories, Inc., USA), as shown puslyan Figure
2.4. This model includes a skull, facial muscles and ovamntagkin. The skull was constructed
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Figure 2.13: The Sawbones head and neck model.

from a casting of a cadaver, the muscles were hand sculptedtha skin came from a casting
of a volunteer. Since the skin was taken from a real persorag anatomically accurate, and
had the additional benefit that during data collection thesald be no error introduced by model
movement. Also, the model was considered a potential dasasdor future projects conducted
at the ABI which require integrated head models includirggiamuscles and the skull.

The surface of the Sawbones model was scanned using thehe&h&olhemu$'Fastscan laser
scanner (as defined in Section 2.3.1 and shown in Figure.Zlh&)raw data from this scan (Figure
2.14) was very dense, therefore a smaller dataset has bestedto use during fitting by taking
every 10th data point. Also the Sawbones model was not cdaelpkymmetric on both sides, so
data from the left side of the head model has been reflectet/éodgta on the right side of the
head, creating a data cloud of 27999 points.

An initial linear mesh was constructed by selecting datafsdirom this symmetrical data cloud.
Since the data cloud was symmetric, data points have beeichitom one side of the head and
neck to form nodes and then reflected to form nodes on the sither Care was taken to ensure
that the mesh could eventually be joined to the existing sk@sh in Figure 2.12, so the same
number of nodes and elements were chosen circumferendialynd the base of the neck as was
used for the top of the torso model.

Mesh topology was designed to give a minimal number of noddsséements while still allowing
all important anatomical features to be accurately repitese The eyes, nose, mouth and ears
needed to be well defined so that the LS data could be acourasgdped relative to these features
(outlined in Chapter 3). Due to the complex nature of thessamical features, a number of
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(a) Anterior (b) Left

Figure 2.14: Raw scanned data of the Sawbones head model.

collapsed elements (refer to Section 2.3.2) were requCetiapsed elements with nodal versions
were incorporated at the edges of the eyes, mouth, arourmbsigls and at the top of the nose,
on the ears and at the top of the head. In total, 20 separagsmeduired versions to define them.

During mesh construction consideration was given to theldgwnent of the skin selection tool
outlined in Section 5.2, which visualises cumulative lyrapt drainage from individual skin ele-
ments. For this clinical tool it was beneficial to create sements with boundaries at important
anatomical locations. For example, an element boundarycreaded to separate the left and right
sides of the head as well as posterior and anterior portithedead. Figure 2.15 shows the initial
linear mesh and fitted mesh of the Sawbones head and neck.nfddeimesh utilises 201 nodes
and 212 elements, and was fitted to give an RMS error of 1.41 mm.

After the head and neck mesh was created using the Sawbdaet das attached to the remainder
of the skin mesh. Before the models could be joined togetbeetier, a series of modifications
to the head mesh were required. Firstly, as shown in Figuré, 2Zhe Sawbones head model
dimensions were compared with the original VH’s head tomieitge whether they were in correct
proportion to each other. The VH has a very short, thick newik lsis head dimensions were
approximately 110% larger than the Sawbones model.

Additionally, the nodal coordinates around the base of thekrof the Sawbones mesh did not
match up with the existing skin model. For these two meshéeg foined, the head mesh needed
to be refitted and modified accordingly. To scale the headaadinrect size, both the initial linear
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(a) Anterior (b) Left (c) Posterior

(d) Anterior (e) Left (f) Posterior

Figure 2.15: Sawbones head and neck skin mesh (a-c) linesdr amel (d-f) fitted bicubic mesh.
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Figure 2.16: Comparing VH head data to the initial Sawbortesifimodel.

mesh and the Sawbones data have been scaled by 110%. Abstiedaetodal coordinates at the
base of the Sawbones mesh were altered to match those inrieenb@sh. As shown in Figure
2.17, posterior and lateral neck nodes have been taken frertotso model (shown in black) to
enable a smooth representation of the top of the shouldeesanihile anterior neck nodes were
chosen from the Sawbones data cloud (shown in red), sincantieeior nodes on the torso were
positioned too far forward relative to the Sawbones model.

This modified head and neck mesh has then been refitted te ereadel which was subsequently
joined to the torso. The data points that were used durirgggcond fitting process have been
taken from both the Sawbones head and neck data cloud andgitieedi VH neck. Since the
nodal coordinates for the neck had been altered to matcke thothe torso, a combination of data
points from the Sawbones model and the VH were required tcefrtbts region. Hence, data for
the lateral sides of the neck extending to the top of the slerslhas been taken from the digitised
VH images, while data for the anterior and posterior necktatksn from the Sawbones data cloud
(as shown in Figure 2.17). After refitting, this final head aedk model had an RMS error of 1.59
mm, and was constructed using 201 nodes and 212 elemerdagdden Table 2.1).

The head and neck model was then joined to the remainder gkthenesh to give the final skin
model shown in Figure 2.18. This model contained 1027 nodd<sl898 elements. Note that the
model shown here presents the arms oriented lateral to theibstead of the initial VH'’s anterior
arm orientation. Methods for this articulation and jusétion are outlined in Section 3.1.2.
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(a) (b)

Figure 2.17: Refitting the head and neck model before joitortge skin mesh.

2.6 Lymph node model construction

In addition to the FE skin model, a detailed lymph node moaeal been created. This model
provides the anatomical basis for mapping SN node field ioestfrom the LS database. Models
of each node field that directly drains the skin as defined by&iU (and listed in Appendix A)
have been created. Nodes have been represented as distreigss in 3D space, in contrast to
the skin model which has been modelled with surface FEs.

Image slices from the VH were used to define the geometriditota of each node field in the
model. For example, Figure 2.19 shows a VH slice of the hedld same visible cervical and
parotid lymph nodes. This ensured that the position of eaattl fiould be in the correct space
relative to the skin model. It is important to note howeveattsince the head and neck of the skin
model has been based on a different dataset, the anatorogitibp of node fields in this region
could not be positioned relative to the skin of the head amtt.ne

Due to their small size, lymph nodes were often difficult teudlly detect on VH slices. Therefore
the geometric position of each node has been determineddtialanethod of digitising all visible

nodes on VH images, and then positioning the remaining ncelatve to adjacent anatomical
structures using the literature as detailed in Table 2.2ni@only the referenced node field loca-
tions were determined from a combination of sources. Dgsaoris of the anatomical location of
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(a) Anterior (b) Left

Figure 2.18: Final combined skin model.

(c) Posterior
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Figure 2.19: Axial VH image of the head with identifiable lyimpodes.

each node field has been given in Section 1.3.2. Table 2.2yales the number of nodes in each
field of the lymph node model.

The full lymph node model is shown in Figure 2.20, while noe&iflocations can be seen individ-
ually labelled in Figure 1.6. Note that the head and neck@&#in model has not been included in
these images, since it was not based on VH data and thersfoo in the correct position relative
to the lymph node fields. All node fields located on both sidethe body (excluding occipital,
preauricular, postauricular and cervical level ) haverbgesitioned on one side of the body and
then reflected to give the opposing node field.

A number of lymph nodes were visible in the head and neck oMiHe Occipital, preauricular
and postauricular nodes have been modelled with only one imoglach field. There was only one
node visible in the right occipital and right postauricutexde fields, while the other nodes have
been positioned relative to the anatomy. Similarly, onlg gnbmental node was visible, while a
few nodes could be seen in the supraclavicular fossa. Axtditinodes in each of these two fields
have then been added relative to the chin and clavicle résplc

All cervical nodes have been manually digitised, and thersiin of these nodes into each of the
five levels has been carried out by referring to adjacentoamiatl structures. In particular, the
sternocleidomastoid muscle which marks the boundariesvets | and V, and divides in thirds to
give levels Il to 1V, has provided an important anatomicétrence for these fields.
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Node field Reference #Nodes
Left Right
Occipital Netter p.68, Gray p.844 1 1
Preauricular Clemente p.455, Gray p.844, Netter p.68 1 1
Postauricular Clemente p.455, Gray p.844, Netter p.68 1 1
Cervical:
- level | Clemente p.455, Gray p.843-845, 3 3
Netter p.68 & 69, Textbook of Melanoma p.296
- level Il (same as level I) 12 12
- level 11 (same as level I) 10 10
- level IV (same as level I) 14 14
- level V (same as level I) 10 10
Supraclavicular fossaClemente p.6, Netter p.68 4 4
Submental Clemente p.455, Netter p.68 & 69 4
Axilla Clemente p.12 & 15, Gray pp.845-848, 20 20
Netter p.177, 466
Epitrochlear Gray p.846, Netter p.466 3 3
Infraclavicular Gray p.846 2 2
TIS (Uren et al. 1996), Netter p.409 5 5
Interpectoral Gray p.847, Netter p.177 3 3
Internal mammary | Clemente p.6, Netter p.177 5 5
Costal margin Clemente p.93 1 1
Intercostal Gray p.841 & 856, Netter p.235 & 258 7 7
Paravertebral Clemente p.247, Gray p.850 20
Paraaortic Clemente p.247, Gray p.850 14
Retroperitoneal Gray pp.1336-1342, Netter p.258 2
Upper mediastinal | Clemente p.119 & 144, Netter p.530 1
Groin Clemente p.243 & 315, Gray p.849 & 854, 16 18
Netter p.258, 306, 329, 386-388 & 528
Popliteal Gray p.849, Netter p.528 4 4
Interval (Uren et al. 2003) -

Table 2.2: Node field location references used to consthgclyimph node model and the number
of nodes in each field of the model.

The axillary node field is highly complex, where nodes areaniged into five different groups.
Although a number of nodes were visible on VH image slicegia$ difficult to locate nodes in
every group. In total, 20 axillary nodes have been modelieth digitised directly on image slices
and placed relative to blood vessels and adjacent musdiesyrbin node field is also very detailed,
including both superficial inguinal nodes and deep obtunatoles. Nodes could be readily seen
in this region, so the entire field has been digitised on biolissof the body with VH images.

There were a number of node fields-that could-not be-seen aballbimages. In these cases
all nodes contained within a given field have been positigeidiive to adjacent anatomical struc-
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(a) Anterior (b) Left

Figure 2.20: Lymph node model visualising all node fieldse Fkin of the head and neck is not
shown here since it was based on a different dataset thandedto create the lymph node model,
so they were not in the correct geometric space relativedb ether.
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tures. These include the TIS, upper mediastinal, integpaktcostal margin and popliteal node
fields. Only one node was visible in the infraclavicular antinal mammary node fields, while
intercostal nodes have been positioned relative to the ribs

Paraaortic, paravertebral and retroperitoneal nodes pateularly difficult to see. Often lymph
nodes located in the trunk are very small and although somile b@ seen in these fields the major-
ity of nodes have been positioned relative to the aorta arntdiwal bones. The retroperitoneal node
field has simply been represented as one node on each sideluddly, behind the peritoneum.

Interval nodes have not been represented in this full lyngatermodel, since they do not lie in a
generic node field location but between them. During visadilbn of LS data in Chapters 4 and 5,
interval nodes have been represented as a single nodeeothitsiiody.

2.7 Summary

This chapter detailed the underlying modelling technigbekind, as well as the creation of,
anatomically based models used in this study. FEs with cHieienite interpolation have been
introduced, and the processes used to create an FE modegjiisadion, initial linear mesh con-
struction and fitting has been described. Host-mesh fitting emethod to morph FE models to a
set of patient-specific conditions was outlined and denmatesi. Construction of a complete skin
and lymph node model was then described, which has beeredraaing the VH dataset and a
separate Sawbones head and neck model. The following cligsteribes how the SMU’s LS data
has been mapped onto this skin and lymph node model.






Chapter 3

Mapping Lymphoscintigraphy Data onto
Anatomical Geometry

The skin and lymph node model created in the previous chaptetided the anatomical frame-
work onto which the SMU’s LS data could be mapped. This chamidines the methods utilised
to map the LS data from 2D images onto the 3D skin and lymph noztéel. Mapping the primary
melanoma site locations has been carried out differentlgéparate skin regions, through the ap-
plication of tailored free-form deformation and projecti@chniques. Meanwhile the SN locations
have been mapped onto a reduced lymph node model modifiedSemtion 2.6. Subsequently,
these mapped data have provided the basis for novel 3D igatiah and detailed statistical anal-
ysis of skin lymphatic drainage, which has been carried oahé following chapters. The work
presented here has been published, and can be seen in Ap@endi

3.1 Mapping the primary melanoma site

The methods utilised by the SMU to record primary melanortessin 2D body maps have been
previously outlined in Section 1.6.1. Mapping these camaths from 2D onto the 3D skin model

posed challenges, specifically since the SMU body map @sthwmere oriented differently to the

skin model. The primary melanoma site coordinates havesttwer been mapped onto the skin
model (constructed in Section 2.5) using different techagjfor separate regions of skin. The
following sections detail the projection methods used lfier different skin regions: the torso and
legs, the arms, the hands and feet, and the head and neck.

57
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3.1.1 Torso and lower limbs

The torso and leg melanoma sites have been mapped usingtlidiear projection. Figure 3.1(a)

demonstrates how the anterior torso body map (introducedaqursly in Section 1.6.1) did not

initially match up with outline of the skin model. Therefotée host-mesh fitting technique (as
described in Section 2.4) has been applied to morph the 2B imagh outlines to correspond with

the boundaries of the 3D skin model.

(@) (b) ()

Figure 3.1: Host-mesh fitting to align the anterior torsoyoothp with the skin model. (a) Before
fitting, (b) the body map slave-mesh embedded within a gdimhost-mesh, and (c) after fitting.
Landmark points are shown in red and target points in green.

Melanoma sites are often described relative to the midlinde body, the umbilicus and groin,
therefore before fitting was carried out the body maps haee bégned with these corresponding
features on the skin model. Some nodal coordinates weregubstly fixed during fitting so the
deformed body maps maintain these important locations.

Figure 3.1(a) shows the landmark (initial) points in reditisgd on the undeformed body map
outlines, and the target (final) points in green taken fromtibundary of the skin model when
viewed anteriorly. Target points have then been projectdebgonally in they-direction onto the
same 2D plane as the landmark points on the body maps. Thtises$ fitting has been reduced
to a 2D problem, only requiring fitting in the- andz-directions.
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Note that the arms, hands, head and neck have not been iddlutles process. The arms of the
skin model were not in the correct orientation relative t® lody maps, and required articulation
via host-mesh fitting before mapping (described in Sect®as?). The hands of the skin mesh
could not be oriented with the body maps for a direct orthadprojection, and so they have been
manually positioned as described in Section 3.1.3. Medewhelanoma sites on the head and
neck were mapped separately, since the head and neck masletegdied after the rest of the body
and was not available for mapping when the torso sites waljeged. The methods for mapping
the head and neck sites have been detailed in Section 3.1.4.

(a) Map 1: Posterior torso (b) Map 3: Anterior legs (c) Map 4: Posterior legs

Figure 3.2: Host-mesh fitted body maps aligned with the skad@h Landmark points are shown
in red and target points in green.

Trilinear elements have been used for the host-mesh, anééilelements for the embedded slave-
mesh (Figure 3.1(b)). Although the slave is comprised of Ribnents, each node has three global
coordinates and therefore a volume (3D) host-mesh wasrestjto completely embed it. The
number of elements in the slave and host-mesh was progegssafined from one to a higher
number of elements to increase the number of mesh degreeseooin (DOFs) and thereby in-
crease the accuracy of the fit. Figure 3.1(c) shows the finsi-imesh fitted body map for the
anterior torso. The remaining deformed body maps are showigure 3.2 with the undeformed
body map boundaries shown in black.

The initial body map outlines have drawn the anterior andgya® legs very close together (see
Figure 1.14) as opposed to the skin model which has the letfeefuapart. Therefore to ensure the
body map legs could be deformed appropriately, thin elemate been placed in between the
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legs in both the host-mesh and slave-mesh (see Figure 3/2e 3.1 details parameters from each
body map host-mesh fit, where the RMS error values have bgarb&ow 3.50 mm.

| Map # | Body Map | # Nodes| # DOFs | # Elements| RMS error (mm) |

1 Posterior torsq 42 66 12 3.17
2 Anterior torso 42 64 12 3.32
3 Anterior legs 38 68 12 3.22
4 Posterior legs 46 82 15 3.40

Table 3.1: Host-mesh fitting details for the torso and legybrodps.

After host-mesh fitting, the global coordinates of each priyrmelanoma site have been updated
relative to the deformed slave-mesh and then projectedgotially in they-direction onto the
skin mesh (Figure 3.4(a)). To enable direct orthogonalqmtopn the skin model was first reduced
from 3D to 2D, by setting all mesk-coordinates and their derivatives to zero. Note howehat, t
for each of the four projections only the skin elements peirig to the corresponding body map
have been reduced to 2D. For example, as shown in Figure B.&haanterior torso skin elements
have been flattened for the anterior torso melanoma sit¢sgbed from body map 2. This was to
ensure that coordinates did not project incorrectly to thstgrior torso due to all skin elements
being in the same 2D plane.

(a) (b)
Figure 3.3: Converting the anterior torso skin mesh fronB{@Yo (b) 2D.

Local material coordinates of each projected melanomaositine 2D skin mesh have been used
to interpolate global melanoma coordinates on the 3D bacskin mesh (Figure 3.4(b)). This pro-
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@) (b)

Figure 3.4: (a) Projecting melanoma (Y") coordinates orthogonally onto the 2D anterior torso
skin mesh and (b) the final interpolated melanoma coordsmatehe 3D skin mesh.

jection created a small error, particularly at element&wigh curvature. Figure 3.5 schematically
demonstrates a body magy (Y') melanoma coordinate projected onto a 2D skin element ard th
the interpolated position within the corresponding 3D skiement. Locak coordinates are the
same for both elements, however the high curvature at Ngdeand element arc-length causes
a change in the global-coordinates. This also occurs in the globatoordinates. This error is
particularly increased at elements with high curvaturel ainskin elements that are aligned ap-
proximately normal to the-plane at the sides of the body and interior legs. Table 3&ilde¢he
resultant error for each projection.

Table 3.2 details the resultant error for each projectidnictvhas been kept below 1.60 mm. Since
each grid unit equates to between 1.5 and 2,d¢hre error is below 11% of a grid unit. Therefore
these projected melanoma sites on the 3D skin model areyragblrate, and are well within the
body map resolution. The smallest RMS error of 0.85 mm isgurefor projected posterior torso
melanoma sites. This is due to a high concentration of mehansites at the middle upper back
where the elements are largely flat because their adjoirodgsihave a low curvature.

3.1.2 Upper limbs

The VH dataset used to create the skin mesh has the armseargmtierior to the body, in contrast
to the arms’ lateral orientation on the body maps (as showrigare 1.14). As a result, arm



62 MAPPING LYMPHOSCINTIGRAPHY DATA ONTO ANATOMICAL GEOMETRY

— - y
: : Node 2,
[
| —
3D skin element &4=08
|
Node L, |
|
|
2D skin element 1=0.8
Node 1, | Node 2,
A
I orthogonal projection
Body map v
(X,Y)

Melanoma coordinate

Figure 3.5: Error created during interpolation of projecterso and leg melanoma coordinates
from the 2D to 3D skin mesh.

| Map # | Body Map | # Melanoma pts| RMS error (mm) |

1 Posterior torsq 1774 0.85
2 Anterior torso 527 1.17
3 Anterior legs 631 1.59
4 Posterior legs 406 1.35

Table 3.2: Projection details for the torso and leg melansites.

melanoma sites could not be linearly projected in the sameeraas the torso and leg melanoma
sites. Instead, to enable mapping of these sites, the anadihgt been articulated using host-mesh
fitting from their initial anterior position to a lateral ptien at the sides of the body. This fitting
has been carried out via an extension of the arms at the etiints,j

The elbow is a hinge joint which only allows movement in onediion (i.e. flexion or extension),

comprised of the humerus in the upper arm and the ulna andsradithe forearm. FE models
of these bones created previously (Fernandez et al. 2004)tdeen used for this transformation.
These bones have been treated as rigid bodies that do nogorakformation during transforma-
tion (as would be expected under normal physiological dovh), in contrast to the skin which is

a soft tissue that can shear and stretch.

The radius and ulna geometries were translated and rotadéedially about the humerus from
an initial anterior position to a lateral orientation (FiguB.6(a)). A total of 31 landmark points
have been defined on the surface of the radius and ulna, anor@&bsponding target points were
calculated by applying this resultant transformation imadtr the landmark point coordinates.
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(a) (b)

Figure 3.6: The left arm host-mesh fitted about the elbowtjda) Initial and final arm mesh with
the radius and ulna in the final transformed position, andh®)rm slave-mesh embedded within
a trilinear host-mesh before and after deformation.

Three trilinear elements have been used for the host-mesimbed the bicubic skin slave-mesh
(Figure 3.6(b)). Nodal coordinates at the upper host-méshent were fixed to ensure the top
nodes of the slave-mesh would remain unchanged after fitiimgmaintain continuity with the
remainder of the skin mesh. The middle element surroundslbimsv joint and has undergone the
most significant deformation during fitting. The right an@t lrms have been fitted separately,
giving an RMS error of 4.17 mm and 4.24 mm respectively betwibe deformed arm and target
points.

After fitting, in order to project the melanom&' (Y) coordinates the skin mesh arms have been
flattened from 3D to 2D. Each arm cross-section has beenategdanto anterior and posterior arm
segments. Figure 3.7(a) illustrates a cross-section adrtfmewith the anterior segment reduced to
2D. Segment edge nodes (nodes 1, 5, 9 and 13) were joinechte @@ bilinear elements. Internal
nodes (nodes 2 - 4 and 10 - 12) have then been orthogonallygbedj onto the element edges and
joined to create refined 2D elements with the same topologheasriginal 3D skin mesh arms
(Figure 3.7(b)).

Correlation between these 2D arm elements and the body nmegestablished by discretising the
arms on the body maps into elements with the same topologyo This the vertical distance\z)
between arm edge nodes (Figure 3.7(b)) has been divideceliptidl vertical distance of the arm
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Figure 3.7: Projection method for the arm melanoma sites.

(>_ Az). This gave a proportion which has been used to determieethtive sizes of elements
on the body map arms and associated nodal positions (as shdéigure 3.7(c)).

It was important to ensure continuity between the projentethnoma sites on the torso and arms,
since they were projected using two different methods. &foee, the nodal coordinates used for
the 2D arms at the junction of the flattened torso and arms be®e taken from the 2D torso (the
2D anterior torso can be seen in Figure 3.3(a)). For the iantarm projections this junction is

located at the armpits. For the posterior arm projectioaguhction is located one element below
the armpits.

Following this, the local coordinate of each melanoma sitéhee body map elements has been
calculated, which corresponds to the 2D arm element locatdivates. Subsequently the final

melanoma coordinates on the 3D arm (Figure 3.7(d)) haveliben calculated via interpolation

of these local coordinates.

3.1.3 Hands and feet

The hand and foot outlines on the body maps (see Figure 1di#yl mot be oriented with the
skin mesh to enable a direct orthogonal projection, so thedanoma sites have been positioned
manually. To do this, all possible sites on the hands anddfietie body maps have been defined,
and then corresponding sites were manually placed on thexsésh (Figure 3.8). Each melanoma
site on the hands or feet that were present in the databaseaseertained from these sites.
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(a) (b)
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Figure 3.8: All possible melanoma sites on the body maps(d) dorsum of the right hand and
(c) the anterior feet. Corresponding manually placed sitethe (b) right hand skin mesh and (d)
skin mesh feet.

3.1.4 Head and neck

Melanoma sites on the head and neck have been recorded oaubaf the six body maps (as
shown in Figure 1.14). Anterior and posterior views are gige the torso body maps 1 and 2,
while lateral views are drawn on maps 5 and 6. The methodetilto map these melanoma sites
onto the skin model is similar to that used for the torso agaites (as described in Section 3.1.1).
The head and neck of each appropriate body map has initieéiy bost-mesh fitted to the outline
of the skin model, and then a direct orthogonal projectiantieen carried out.

As mentioned previously, the torso melanoma sites had begagted onto the skin model before
a head and neck model was available. Therefore the head akduotines on the anterior and
posterior torso body maps have first been separated froneshefrthe body before fitting. During
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mapping, it was important to maintain consistency betweelanoma sites on the upper torso and
the lower neck. To ensure this, the initial position of eaepasated head and neck outline was
placed level with the shoulders of the morphed anterior agdguior torso body maps (shown in

Figures 3.1(c) and 3.2(a)). Nodal coordinates at the bafigeafieck have been completely fixed
during fitting to ensure they remained in the same positidre final host-mesh fit of the anterior

and posterior head and neck views are shown in Figure 3.9.

The anterior head utilises 48 landmark and target pointgastimportant to ensure that the facial
features were morphed correctly, therefore landmark pairre positioned at the lips, nose and
eyes as well as the head boundary outline to maintain aneabonsistency after deformation.
Note that there are no ears drawn on either anterior or postexad views, so these features could
not be matched. Posterior head fitting uses 27 pairs of targktandmark points, comparatively
less than the anterior head. During fitting 20 elements haea lised for the anterior head, and 8
elements for the posterior head. Less DOFs and target pmaresrequired for the posterior head
since there were no specific additional features to fit apam the head outline. Table 3.3 outlines
the number of nodes, DOFs and elements used for each fit. Thelex geometry of the anterior
head and neck in contrast to the posterior view is reflectatierlarger RMS value of 3.13 mm
versus 1.98 mm.

e s (et
§ |

(a) (b)
Figure 3.9: Host-mesh fitting the (a) anterior and (b) pastéread body maps to the skin mesh.

Figure 3.10 demonstrates the lateral head view body maed fititthe head mesh outline. Fitting
these two body maps was highly complex, requiring a relbtilagsge number of elements and
DOFs for the host-mesh. As can be seen in Figures 3.10(a).a0¢c} the initial positioning of

the ears relative to the other facial features was signifigairgher on the body maps than the skin
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model. In order to morph the maps accordingly, two elemertg\wlaced around the ears to allow
the ears to be dragged downwards during fitting.

For both left and right lateral fits the same number of nodesedements were used for the slave-
mesh and host-mesh. Also, the same number and locations laritimark and target points were
used for each fit. As detailed in Table 3.3, 80 nodes and 28ezlenwere used for the host-mesh.
Although the lateral head maps were almost entirely symmitey were not exact reflections of
each other, so fitting has been carried out separately fdr gide. Similar to the torso and leg
host-mesh fitting, the process is reduced to a 2D problenein-thndz-directions for the anterior
and posterior head mapping. In the case of lateral head orasite mapping, fitting is reduced
to they- andz-directions.

Atotal of 75 target points were positioned on the body majis7&ncorresponding landmark points
placed on the skin mesh. Additional points were placed ircmre of the neck, cheeks, between
the eyes and ears, and top of the head. These points werg@npas they ensure that melanoma
sites mapped onto the model after deformation, maintaineact positioning relative to facial
anatomical features. During fitting, similar to the anteaad posterior head and neck fits, nodal
coordinates at the base of the neck have been completely #dedther nodes, excluding those
on the edge of the body maps and two nodes in front of the edrsraajust below the jaw, have
been fixed in theg/-direction enabling fitting in only the verticatdirection. This ensured that the
grid map square deformation was limited.

The RMS errors for both fits is calculated as 3.97 mm, whicleiatively large compared to the

RMS value for the posterior head at 1.98 mm. This was consitlezasonable however, since
fitting the lateral head was significantly more complex thengosterior head. Also, as previously
mentioned, a large amount of deformation was required teaimiae skin model’s ears (as shown
in Figures 3.10(b) and 3.10(d)).

| Map # | Head View | # Nodes| # DOFs | # Elements| RMS error (mm) |

1 Posterior 30 44 8 1.98
2 Anterior 60 78 20 3.13
5 Right lateral 80 110 28 3.97
6 Left lateral 80 110 28 3.97

Table 3.3: Host-mesh fitting details for the head and necly Inoaps.

Melanoma coordinates for each of the host-mesh fitted bodysmaere then orthogonally pro-
jected onto the skin model. To enable this projection, tredrend neck have first been reduced to
2D. Anterior and posterior views required gtcoordinates and their derivatives to be set to zero,
while lateral views required all the-coordinates and their derivatives to be set to zero.
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Figure 3.10: Host-mesh fitting the lateral head body map$i¢oskin mesh. Left lateral head
fitting (a) before and (b) after deformation, and right latdread fitting (c) before and (d) after
deformation.

After projecting melanoma sites onto the 2D mesh, local diates were interpolated to give the
final melanoma coordinates on the 3D skin mesh as shown ird-ji1. Sites projected from
the anterior body map can be seen in black, sites shown in eee projected from the posterior
body map, while sites in yellow correspond with the lateratlyp maps. Interestingly, there is
overlap between lateral sites and those from the anterbpasterior maps. In particular, there is
a significant amount of overlap on the cheeks, primarily dustes recorded on the anterior body
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map that have been projected onto elements closely aligitedive projection direction.

The RMS errors between the 2D melanoma sites and those faojand interpolated on the 3D
model (demonstrated schematically in Figure 3.5) are giwefable 3.4. The RMS values are
below 1.0 mm for each fit apart from the posterior head mapwpinigh is 1.52 mm. This slightly
larger error is partly due to a large number of sites beingtkat on the top of the head, where
elements have a large curvature.

| Map # | Head View | # Melanoma pts| RMS error (mm) |

1 Posterior 133 1.52
2 Anterior 207 0.72
5 Right lateral 300 0.68
6 Left lateral 296 0.68

Table 3.4: Projection details for the head and neck melarsites.

3.2 Mapping the sentinel nodes

In addition to mapping primary melanoma sites onto the skideh each patient’s SN fields have
been mapped onto the lymph node model created in SectionTA& location of each patient’s
SNs have been recorded by SMU clinicians as detailed in@ettb.2.

In the absence of exact locations for each SN, the detaitegiynode model shown in Figure 2.20
has been reduced to one representative node in each fieddywbith the SN field locations could
be mapped. Figure 3.13 shows this reduced model, where redde fiave been labelled according
to their codes as listed in Appendix A.

Node fields in the head and neck can be seen in Figures 3.18(&8.43(b). The original model
of these node fields were based on VH data and were therefbia tiee correct space relative
to the head and neck of the skin model. The skin of the head ackl\was based on Sawbones
data (outlined in Section 2.5.2), which did not contain lymmmdes, nor models of the muscles or
bones for anatomical reference. Therefore, the only wagterchine an approximate location for
each of these fields was by manually positioning nodes vel&dithe skin model.

Figures 3.13(c) and 3.13(d) display each of the remainirdgrieelds below the neck. Note that
interval nodes (detailed in Section 1.3.2) have been repted outside the skin model since they
are not in a location that is common between individuals. &owde fields contained only one
node in the full model and have therefore not been modifiethimreduced model. These include
the preauricular, postauricular, occipital, upper medasand costal margin node fields.
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(a) Anterior (b) Left

(c) Posterior (d) Right

Figure 3.11: Mapped melanoma sites on the head and neckawiémior sites shown in black,
posterior sites in red and lateral sites in yellow.
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(a) Right (b) Anterior (c) Left (d) Posterior

Figure 3.12: MappedX, Y') melanoma coordinates on the skin mesh for the full patietaidese.
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(b) Left

(c) Anterior (d) Left

Figure 3.13: Lymph node model reduced to one representadige in each field, labelled accord-
ing to their codes given in Appendix A. Node fields locatedarb} the head and neck and (c,d)
below the neck.
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Each of the remaining nodes have been positioned at the pate anatomical midpoint of the
field. Cervical node fields have been significantly reducenhfthe original model which contained
a number of nodes at each level. Multiple nodes were alsdddda the axilla and the groin, so
each representative node in these fields approximate lagjens where lymph nodes are found.
The intercostal, paraaortic and paravertebral node figlel:at located on both the left or right
sides of the body, although they do contain nodes on theneftight sides of the body’s midline.
These node fields covered large, elongated areas and weeéotieemore challenging to position
at the anatomical midpoint of the field. Again however, thpragimate anatomical midpoint of
each field has been used to represent these node fields.

3.3 Discussion

There are a number of errors that were created by the mappiegss, which are important to be
aware of during subsequent data analysis. Error producendtéspolating coordinates from 2D
to 3D have been described above (and schematically dematetsin Figure 3.5). In addition to
this error, an aliasing error was also inherent in the grigsndue to using grid squares to record
melanoma sites rather than a continuous field. Melan@kh&”) coordinates were located at the
centre of each grid unit, however if these sites had beertiposd in one of the four grid unit
corners instead, the resultant mapped coordinates cowdjbiicantly different. The centralised
coordinates however, represent an average location forraatanoma site and were therefore the
most accurate position to use for projecting onto the skideho

Error has also been created by the grid square resolutiomer2D body maps. Since each
melanoma site was recorded within a 2D grid unit sized betvige— 2 cn?, this recording error
has been magnified when projected onto the 3D model. Thismedstrated schematically in Fig-
ure 3.14 for two different skin sites. Note that the erroratee during interpolation of melanoma
coordinates from the 2D to 3D skin mesh (shown in Figure 345 independent of this grid reso-
lution error. Melanoma coordinates such(as, Y>) which were nearly perpendicular to the skin
mesh induced a magnified recording error on the 3D model evghtiés that were close to parallel
to the screen such &X(;, Y7) had little or no error magnification.

A heat map of this recording error magnification is shown guiFeé 3.15, demonstrating the relative
error induced by the linearly projected torso and leg matamagites. The largest errors occurred
at the lateral sides of the body and the interior legs, whegeskin is nearly perpendicular to the
projection direction. At these locations the error magatfian approached infinity.

There are some elements on.the skintmesh that do not have dayama coordinates projected
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Figure 3.15: Heat map displaying the recording error macatifon for the torso and leg melanoma
sites projected from 2D onto the 3D skin model.
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onto them, either due to a sparsity of sites in that skin regras a result of 3D data being recorded
in 2D. In particular, there were few melanoma sites locate@lements oriented in theplane,
i.e. lateral torso elements and lateral and medial leg elésné&here is also some error introduced
into the mapped arm coordinates. Arm segment internal n@seshown in Figure 3.7(a)) induced
an error when they were projected onto 2D arm element boigsdsince the nodes were not all in
the same-plane, however it was relatively small.

Clinicians were also likely to have introduced error in tladadbase due to the body maps’ coarse
grid resolution, in particular for sites located on the raadd feet. It is highly likely that patients
with melanomas on different fingers, for example, have hat thelanoma site recorded in the
same grid square, and hence the same finger. Additionallye snelanomdX,Y’) coordinates
were difficult to place on the skin mesh. As shown in Figur€&.,8ome coordinates were located
between the fingers and hence the melanoma site could bpritiea as being on either adjacent
finger. To ensure correct site placement on the skin mesha#dbk coordinates on the hands and
feet have been verified with SMU clinicians. Itis importambe aware of the potential introduction
of error via this manual transformation, although the pat®f lymphatic drainage were unlikely
to be affected since adjacent fingers show similar behaumt@rms of draining node fields, as do
adjacent toes.

Mapping head and neck melanoma sites was potentially mawwate than mapping melanoma
sites onto the remainder of the body, since lateral view® lieen given in addition to anterior
and posterior views. Although error was still created byjgrting 2D coordinates onto the 3D
skin model, the fact that melanoma sites could be recordddteral views rather than only on
anterior or posterior views reduced the potential recayéimor. These lateral views were particu-
larly useful for recording sites either close to, or on thesgwhich is a very common melanoma
location.

In an ideal situation, mapping the SNs would have been chotg by projecting each SN location
from the original LS images (as shown in Figure 1.12) ontortie@lel. This was not possible
however, since the LS image resolution was too low and theg wet often registered with respect
to anatomical features. At times additional informatios bhaen recorded regarding the number
of SNs in each field and the depth of each SN below the skin. Mekysince each patient would
have had different sized anatomical features, it was ir@gppate to directly compare these depth
measurements so they have not been used.
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3.4 Summary

This chapter detailed the methods used to map LS data onskith@nd lymph node models cre-
ated in Chapter 2. Primary melanoma sites have been prdjeate the skin model via different
projection methods for separate regions of skin. The tangdey sites have been projected orthog-
onally onto the skin mesh, while the upper limbs requirednaessh fitting before melanoma sites
could be projected onto them. Melanoma sites on the hand$eahthave been positioned man-
ually, and the head and neck sites have been projected orththg The full lymph node model
has been reduced to one representative node in each fieddybidh SN field locations have been
mapped. These mapped data provided the basis for conda&iaied visualisation and analysis
of LS data in 3D, as outlined in the following chapters.



Chapter 4
Visualisation Methodology

The previous chapter detailed mapping methods used tddramthe SMU'’s full LS database from
2D images onto the 3D anatomical model created in Chaptehid.riiapped model now provides
the framework for improving visualisation of skin lymphatrainage in 3D. This chapter outlines
the mapping methods implemented to display data densitygutie SMU’s random coordinate
approach described in Section 1.6.1. The limitations of #iiproach are outlined, and serve as a
motivation for the new data display methods proposed. Hitldg is introduced as a technique
to display lymphatic drainage patterns from any area of s&ispecified node fields. Sobolev
smoothing is discussed as a constraint which aids the fipiingess. Finally, development of an
interactive skin selection tool is presented, which allpnedictions of SN fields from any element
on the skin model.

4.1 Introduction

The SMU'’s entire LS database was mapped onto the skin andhlyrage model in the previous
chapter. Each primary melanoma site that has been mappethergkin model has a 3D geometric
coordinate value. A number of these melanoma coordinatesraltiple patients recorded at the
same skin site. This is because the body maps used by SMUiahsi(as shown in Figure 1.14)
had a low grid square resolution, thereby providing onlyngited number of possible melanoma
site locations on the body.

As detailed in Section 1.6.1, cumulativé’, Y') coordinates within the same grid square could
not initially be visualised at the SMU. Therefore, in additito recording(X,Y") coordinates
for each patient’s primary melanoma site, SMU cliniciangehalso generated a random coor-
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dinate (rand X, randY") which was intended to allow visualisation of the density aflamoma
sites within each grid square. In order to maintain conscstavith the SMU’s database and their
previously published displays (shown in Section 1.6.4stéhrandom coordinates have also been
projected onto the skin model as outlined below.

4.2 Random melanoma coordinates

Random melanoma sitésand X, randY’) located on the torso, lower and upper limb, head and
neck have each been mapped with the same methods used foigihalanelanoma sitegX, Y),

as described in Sections 3.1.1, 3.1.2 and 3.1.4. During mggpme of these sites did not project
correctly onto the 3D skin model however, because they voeadd just outside the body outlines
drawn on the body maps. This occurred at coordinates whiake Weated within grid squares
containing the body outline. Although the original coomtimwas located within the body outline,
an offset random coordinate was not necessarily withindbismdary. This can be clearly seen for
a number of sites on the top of the head in Figure 1.15(b). $arerthat these random coordinates
were adequately mapped onto the skin model, they have beeadmoanually within the body
map outlines before projection, while still ensuring theyt remained within the same grid unit.

Meanwhile, random melanoma sites on the hands and feet leremapped using a different
method than that carried out for the original coordinatescdbed in Section 3.1.3. Manually
positioning each point was considered too labour intensuge multiple random coordinates
have been recorded for sites within the same grid squarkeuthie original coordinates.

y unit length grid unit
[ ]
(X,Y)

€2

X unit length

arc length L

&,

Figure 4.1: Schematic demonstrating a melanoma(site”") contained within a skin element.
The relative size of the body map grid unit is determinedtretao this skin element.

Instead, for each melanoma site located within skin elementthe hands and feet, the approxi-
mate number of elements per grid unit in each of MreandY -directions, denotedy and Ny,
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has been calculated. The positig¢edirection runs circumferentially around the skin meshg an
corresponds approximately with the positi¥edirection on the body maps; while the positise
direction runs longitudinally up the skin mesh, and is agpnately aligned with the body maps’
negativeY -direction (as shown in Figure 4.1). Hence, approximateesfor the number of ele-
ments per grid unit have been calculated by:

2G
Ny=— 2"
L§1:o + L£1:1
2G
Ny = — 7 (4.1)
L§2:0 + L52:1

where(G is the width of the body map grid unit, adddenotes the arc-length at specified element
boundaries. Widtlé- ranges from 1.5 - 2 cm, however in this case it has been takbe atinimum
value of 1.5 cm. This is to ensure that even for the smallestisyrid unit, each projected random
melanoma site would remain within the same grid square. TéWeagths at the element bound-
aries for eaclt-direction have been used to determine average arc-leragie Yo approximate
the width and height of each element. For collapsed surfiereents (as shown in Figure 2.6(b)),
which have only one arc-length value in a particiatirection, the average arc-length has been
approximated by dividing the known arc-length in half. Terttrcalculate local random coordinates
(rand&y, randés) for these melanoma sites, the following equations have beed:

randé, = & + Nx(X —randX)
randéy = & — Ny(100 =Y — randY’) (4.2)

which provide a random offset to the local coordinatgs¢,). These random local coordinates
have been calculated by multiplying the approximate nuntbeslements per grid unit in each
direction, Nx and Ny, by random offset values which are between -0.499 and +0.M8% that
the method implemented by the SMU to record the coordinatdY’, as detailed in Section 1.6.1,
has required the randoin-offset to be subtracted from 100. These new random locataoates
(rand&;, rand€,) have then been applied as local FE material coordinatedwece interpolated
on the skin model to give global random coordinate valuesrfelanoma sites on the hands and
feet. During this calculation, a very small number of randimeal coordinates have extended
beyond the limits of 0 and 1. In such cases the values weredidbe limits of 0 and 1 respectively.
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(a) Right (b) Anterior (c) Left (d) Posterior

Figure 4.2: MappedrandX, randY’) melanoma coordinates on the skin model.

Figure 4.2 shows the random melanoma coordinates mappedhenskin mesh for the entire LS
database. A high density of sites can be seen particularth®mnipper back, forearms, legs and
the ears, while a sparsity of data is shown on other skin nsgracluding the groin and the hands.
In contrast, Figure 3.12 shows the origifal, Y') coordinates plotted for the full database which
does not visualise the density of melanoma sites on the skin.

Although these random coordinates have enabled visualisaf data density, there is no addi-
tional spatial information present over the original canates. Now that eachX,Y’) coordinate
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Figure 4.3: Frequency of primary melanoma sit&sY") on the skin model.

has been mapped onto the 3D FE skin model, the opportunitsaitable to display data density
without requiring the addition of a random variable. As waddl storing a 3D geometric coordi-
nate for each melanoma site, CMISS software (describedatidbel.7.2) provides the ability to
record field values at each site. Examples of these field saha@ude pressure or temperature
measurements, which can then be scaled, manipulated anaredlfor visualisation purposes.

Applying this technique to the mapped model produces dyspdach as that given in Figure 4.3.
This shows the frequency of melanoma sites on the skin, winegeency field values have been
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scaled in size and range from 1 to a maximum of 16 patientss display is now presenting the
same information as that given in Figure 4.2 for the randoardioates, without requiring random
offset values.

Using the mapped database, the relationship between eéieht{gaprimary melanoma site and
draining SNs can also be visualised in this manner. Thegdagis will enable visualisation of the
lymphatic drainage of the skin and hence the potential pettef melanoma spread. To create
such displays, the mapped database has been queried farpnnelanoma sites that follow a
particular drainage pattern of interest. For example,yjogrfor all melanoma sites that drain to
the left axilla will output 1644 individual patients in thatbase with SNs in that node field. Figure
4.4(a) shows the origin&lX, Y) coordinates plotted on the skin model. Meanwhile, Figudéh).
displays the randorfyand X, randY’) coordinates on the skin model, showing a large density of
melanoma sites on the upper back and on the lateral armsatnd a similar density distribution
when compared with the SMU’s earlier published displayg\Fe 1.17).

4.3 Spatial heat maps

Although these discrete plots are informative, methodsiebbp more advanced displays of this
mapped data have been applied. Colour-coded spatial heetmase been produced by using the
mapped X, Y) coordinates, each with an associated field value, and fittiege field values over
the skin model. By creating spatial heat maps, data wasrdasismderstand and interpret since
common patterns contained within the data were delinedtiee following section describes field
fitting in more detail.

4.3.1 Field fitting

Field fitting is a technique which can be used to define a sesofete data points located on a FE
model in a continuous manner. A field is defined over a FE madelrims of its nodal parameters,
which can then be interpolated via appropriate basis fanstthroughout the mesh.

The mathematical process for field fitting is the same as geganiiting, which has been used
to create the skin model (described in Section 2.3.3). Rialdes are initialised at the nodes on
the FE mesh, and then fitted to the discrete data values usrfgting objective function defined
in Equation 2.10. This fitted field serves to give an accurapeasentation of the data point field
values, by minimising the difference between nodal fieldapeaters and the data points. The
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Figure 4.4: Posterior views of the skin mesh, displayingaes of skin that showed drainage to
the left axillary node field with different visualisation theds.
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objective function is only solved once for field fitting, ratithan iteratively as implemented for
geometric fitting, since the coordinates of the data points do not change.

Unfortunately, there will often be errors in the discretéadahich can be due to noise in the sam-
pled population, also differences between individualsyal as any measurement noise created
during data collection. When there is significant noiseallyethere should be a large quantity
of data available during field fitting compared to mesh DOIrgl, the data should be evenly dis-
tributed over the model. However this is often not the casé,earors may also be produced in the
fitted field as a result. To address this problem, a Sobolew#mnrg penalty function is defined in
the objective function and can be modified during fitting,Isat the effect of such sources of error
can be reduced.

Sobolev smoothing (earlier defined in Equation 2.11) halpsduce excessive curvature in a fitted
surface. Weight values;(: = 1..5) influence different aspects of the fitted model: element arc-
lengths, arc-curvatures and element face area. It is impotd select appropriate values for these
weights so that noise is filtered and there is an appropyiatabothed variation of the field across
the model. This process requires consideration of the RM& é&or the fitted field, as well as
ensuring that the field shows a reasonable approximationetaliscrete data values. A Sobolev
weighting that is too low (under-smoothed) can result intadifield with a small RMS error but a
high local curvature, whereas a Sobolev weighting thatasdiigh (over-smoothed) can produce a
field with a large RMS error and a low curvature that does nfficgently match the data.

Field fitting has been applied to the skin model to visualsertumber of cases draining to the left
axillary node field, using the frequency values associatéd@ach(X, Y) melanoma coordinate.
The resultant heat map display is shown in Figure 4.4(c).ommgarison with the original plots
given in Figures 4.4(a) and 4.4(b), this method of displagbées smooth representation of the
frequency data which is more visually aesthetic, whild stiinaining informative. The scale bar
indicates that the smoothed melanoma frequency value® o O through to 7, where high
frequencies are coloured red. A red region can be seen orpgher back, showing that a large
number of melanoma sites are located there. Areas shadatkiblde indicate regions of skin with
no drainage to the left axillary node field. Details of the hoels used to generate this frequency
heat map, as well as heat maps to visualise the likelihoodadhage to specified node fields, are
now outlined.
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4.3.2 Methodology

All heat maps that have been generated to display the SMUxpathdata have used the original
(X,Y) coordinates with an associated field value. Maps visugitie frequency of melanoma
sites draining to specified node fields, as shown in Figur@).Aave been created by fitting these
discrete data values to nodal parameters on the skin modeinedanoma sites including those
with zero frequency counts have been used during the asalisita points have been assigned
uniform weight valuesu(,) equal to 1.0 (see Equation 2.10).

In addition to fitting frequency fields, the mapped model mtes the capability to develop more
advanced displays visualising the likelihood that patéicyatterns of lymphatic drainage will
occur. This information has not been visualised previquatyl is much more informative than
frequency displays since it will enable predictions of tlsgible patterns of melanoma spread.

To generate these drainage likelihood heat maps, the folipwethods have been used. For
each discrete melanoma skin site, the number of patieriilifigl a particular drainage criteria
has been divided by the total number of patients at that sten his will derive a percentage
likelihood value from each skin site, as demonstrated inifeig.5(a) which displays the likelihood
of drainage to the left axillary node field. This heat map shawarge number of red melanoma
sites on the left arm and left side of the posterior torsacathg that 100% of patients from these
sites had SNs in this node field. Meanwhile, a large numberdt dlue sites with values at 0%
are plotted on the head, neck, right arm and areas of the, todioating that lymphatic drainage
does not occur to the left axilla from these sites.

To enable smooth representation of these data, field fitiasgthen been applied. Weights have
been assigned to the fitting objective function (given in &n 2.10) according to the frequency
of patients at each melanoma site. This was to ensure thag afeskin with more data present
would have an increased effect on the resultant fitted fieid, taat outlying values would not
overly skew the results.

These discrete data values have then been fitted over thengldel. Various Sobolev weights
were tested to determine appropriate values, where rdsuitsselected weight values are detailed
in Table 4.1. As expected, there was too much smoothing ofléite@ for high Sobolev weights,
demonstrated in Figure 4.5(b). By comparing this heat majheodiscrete data plot in Figure
4.5(a), the zone where drainage is expected to occur to tihaxidary node field is shown to be
over-estimated, where a relatively high RMS error valueivemgat 12.36%. In contrast, Sobolev
weights that were too low did not provide enough data smagttis demonstrated in Figure 4.5(c).
Although the RMS error value was reduced, this heat map stiowdesirable high local curvatures
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(@) (0) a;(i = 1..5) = 1.0 (©) ay(i = 1..5) = 0.01

Figure 4.5: Heat map displaying the likelihood that the skiti drain to the left axilla, using
different Sobolev smoothing values. (a) The original d¢erdata values, (b) fitted heat map
using Sobolev smoothing values that are too high, produciagnuch smoothing and (c) Sobolev
smoothing values that are too low, not producing enough $inirogp

across the fitted field. The most appropriate weight values wiosen to be;(i = 1..5) = 0.1,
which gave an RMS error of 10.77%. These weights gave therhaptshown in Figure 4.4(d),
which sufficiently represented the data while ensuringetlvess enough smoothing present. To
enable direct comparison between multiple heat maps, the Sobolev weights have been used
for all frequency and drainage likelihood heat maps.

Sobolev smoothing weights
a;(i=1.5)=1.0] o(i =1..5) = 0.1 | oy(i = 1..5) = 0.01
| RMS error (%) | 12.36 | 10.77 | 9.35 |

Table 4.1: RMS error values for different Sobolev weightsdiso fit a field displaying the likeli-
hood of drainage to the left axilla.

4.4 Interactive skin selection tool

In addition to these heat maps, an interactive skin seledbol has been developed to enable
dynamic prediction of possible patterns of melanoma spireal any area of skin. While the heat
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maps visualise the likelihood that the skin will drain to sified node fields, this skin selection
tool can visualise all possible draining node fields fromlaced region of skin.

4.4.1 Methodology

To develop this predictive tool, melanoma sites have beeaggd together into regions. This has
been carried out by using the 1098 finite elements (as destiibSection 2.5), which provide
discretisation of the skin model into discrete regions.

For each of these skin elements, the drainage propertiestiean calculated by aggregating the
contained LS data. For each case, the draining node fields lieen listed, and associated fre-
quency and percentage drainage likelihood values caémlilaEor example, Figure 4.6 shows a
skin element from the right side of the anterior torso. THesreent contained three melanoma
sites, labelled a, b and c. The details of each of these m@laisdes are given in Table 4.2, which
includes the case numbers, melanoma sites and the draiodefields. Note that there are two
entries in the table for melanoma site c, since there werectges present in this location.

Figure 4.6: An example skin element containing three metansites.

| Case| Site | Node fields |

1 a | Right groin, Right axilla, Interval node
2 b | Right groin

3 ¢ | Right groin, Right axilla

4 c | Right groin

Table 4.2: Details regarding the draining node fields frochezase on the example skin element.

Using these details, statistical metrics have been cdbmlilm quantify the aggregated drainage
behaviour from this element, detailed in Table 4.3. The nemd$ cases draining to each node
field is given, from which a percentage drainage likelihoatlie has been calculated. This value
Is given by the number of cases draining to each node fieldjetivby the total number of cases
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contained within the element. For example, there are twescHsat have SNs in the right axillary
node field, and since there are four cases in total, there @®@cdhance of drainage to this node
field from this skin element.

Code | Node field # Cases| % Drainage
Likelihood
rg | Right groin 4 100
ra | Rightaxilla 2 50
in Interval node 1 25

Table 4.3: Statistics calculated for the example skin efgmacluding the number of cases and
the percentage likelihood that drainage will occur to eamtherfield.

Note that out of the 1098 elements on the skin model, 472 of t@ntained no LS data and could
therefore not be used to predict lymphatic drainage. Hetneze were 626 elements for which
drainage statistics could be calculated. Figure 4.7 shbesskin mesh, where elements with
no LS data are coloured black. This display can be directiygared with Figure 3.12, which

highlights regions of skin with little LS data, commonly &ied on the groin, lateral sides of the
body and the hands.

4.4.2 Software

Using these drainage statistics, a software tool has besaged which allows interactive display
of the data. This tool has been created using CMGUI (destiibéSection 1.7.2), by building
upon the capabilities available in this software packagscipt has been developed which allows
specified functions to be executed when an element is sdlbgtihe user. In this case, after a skin
element has been selected, all of the possible draining fields have been displayed which are
associated with that element.

During display of draining node fields, the selected skinmalet was highlighted and the total
number of cases available displayed on the element. Adedaiaaining node fields also appeared,
whose locations were based on the reduced lymph node moalehsh Figure 3.13. Figure 4.8
shows the draining node fields for the example skin elemesdrdeed above. To display additional
detail, alongside each representative lymph node, draimdgrmation has been displayed. This
was either the code name of the draining node field as definadpendix A (see Figure 4.8(a));
the number of cases draining to each field (see Figure 4;&(b)he percentage likelihood values
(see Figure 4.8(c)). Each draining node field has been repied with a green sphere which has
been scaled in size according to the percentage drainagibkd value.
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Figure 4.7: The skin model showing elements that do not cohtd data in black.

This software tool allows full 3D rotation and magnificatiohthe skin model, and provides all
capabilities available in the CMGUI software. During thtsdy however, it was important that
this tool could be quickly and easily accessed internatipnéth a range of different hardware
and software technologies. To achieve this goal, a redusinare tool has been developed and
provided online (see Appendix E), which does not requirtaitetion of CMGUI.

The tool has been developed to ensure that it works on albtipgrsystems, and as such it will
work on any web browser. In order to create this online tankges have been output for each
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Figure 4.8: The skin selection tool displaying draining edields from the example skin element.
Each display labels the representative node fields withtiaddi information, and the number of
patient cases available on the selected skin element ig&isn.

skin element from the CMGUI skin selection tool, visualgsithe draining node fields. These
images have then been displayed on the website, whichadatibsth HTML and JavaScript code.
‘Image maps’ have then been implemented to allow the usert¢odctively select individual skin
elements, to provide a way to link a set of coordinates witlmnimage to a set of JavaScript
commands.

For this tool, the corner pixel coordinates of each skin eletron the images have been deter-
mined using functions available in CMGUI. When a skin elehwmresponding to a set of corner
coordinates was selected, it activated a JavaScript fumethich changed the image to show the
corresponding skin element. Drainage statistics were dilgglayed that corresponded to the se-
lected element. This was done by reading in an XML file cormtgithe drainage statistics into a
predefined table within the browser window. The primary disantage of this reduced tool was
that unlike the full CMGUI software tool, the skin model cduiot be rotated in 3D to allow the
model to be viewed from any angle.
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4.5 Summary

This chapter detailed methods developed to visualise the’'SMS data on the skin and lymph
node models. Previous methods of data density visualisatiplemented by the SMU have been
applied to the skin model to ensure consistency betweeselatalhe application of data visuali-
sation using techniques available at the ABI have beenmadliincluding field fitting to generate
heat maps which display areas of skin that are likely to felgpecified drainage patterns of in-
terest. In addition, methods developed to create a novelsdection software tool have been
presented, allowing a user to click on a region of skin on tie sodel so that potential drain-
ing node fields will be displayed. The following chapter s the results of these visualisation
methods applied to the mapped LS database.






Chapter 5

Visualisation of Mapped
Lymphoscintigraphy Data

This chapter presents novel displays of the SMU’s LS datdermbatomical model, created using
visualisation methods described in Chapter 4. Heat matsesmud a skin selection software tool
are presented, which show the relationship between theasidndraining node fields. Patterns
of lymphatic drainage highlighted by these displays ardireed, where predictable versus unpre-
dictable drainage behaviour is described. Limitationshef tnodel are then discussed, and the
clinical applicability of the model proposed. Selected kvoresented here has been published (see
Appendix D).

5.1 Spatial heat maps

Spatial heat maps have been created to visualise pattelymplfiatic drainage of the skin, using
methods outlined in Section 4.3. Heat maps displaying bahikelihood of drainage to specified
node fields, as well as the number of node fields that a givennsity drain to have been cre-
ated. These displays provide an improved means for unaelisghand analysing skin lymphatic
drainage and thereby the potential patterns of melanoneadpr

The SMU’s LS database (described in Section 1.6) contai28@ Bases in total. Seven of these
cases, however, did not have complete information reggreiither the primary melanoma site or
SNs so they have been excluded. Hence, 5232 cases were n@appdbe skin and lymph node
model (as carried out in Chapter 3), where a total of 929 cases located on the head and neck
and 4303 cases were located below the neck.

93
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As mentioned in Section 1.4, unexpected lymphatic drair@geerns can occur in patients who
have had previous nodal or other major surgery, since it esnupt their initial skin lymphatic
drainage. There were three such cases in the database, veviehherefore been excluded during
subsequent analysis, leaving a total of 5229 cases.

Two of the cases with previous surgery included patients debundergone a right axillary dis-
section prior to lymphatic mapping. One of the patients stubdrainage from the right anterior
torso to a right internal mammary lymph node, and the othgepeshowed unexpected contralat-
eral drainage from the right arm to the left axilla, as welbaainage to the right supraclavicular
fossa and upper mediastinal node fields.

The third patient who has been removed from the analysis haglanoma site located on the distal
right leg. This patient had previously had an excision byopklymph nodes in the right groin,
and showed contralateral lymphatic drainage to the lefingae well as ipsilateral drainage to the
right groin. This specific case has been reported in thetiee, demonstrating that drainage to the
contralateral groin can occur if the ipsilateral groin hasib disturbed by previous nodal surgery
(Thompson et al. 1997).

Table 5.1 details the number of cases in the mapped LS datalaising to each node field. The

number of cases draining to SNs located in the left and rigterfields are given, from melanoma
sites located on the head and neck as well as below the neektofdi number and percentage of
patients draining to each node field are also detailed. Drginode fields from the three patients
with previous surgery have been indicated in brackets, kiemtbese have been excluded from the
total case values.

The axilla was the most common draining node field, with 62%lbtases in the database. This
highlights the fact that the most common site for melanoradke skin of the back, which is an
area that usually drains to one or both axillae. The secorst ouonmon node field was the groin,
with 29% of all cases. Over 10% of all cases drained to SNserc#rvical level Il node field,
making it the most common node field location for skin on thachand neck. All other SN node
field locations were drained from less than 10% of all melaaites in the database. Interval
nodes were common, and were drained to by nearly 9% of alscdsterestingly, although SNs
can be located in the paraaortic node field, the databaseeshowcases of drainage to this field.
This was because during LS imaging (as described in Sect®n 3MU clinicians found it very
difficult to distinguish between SNs located in the paraa@nd paravertebral regions, therefore
all SNs within these node fields have been classified as pasavel nodes.

Since there were so many possible heat maps, only a selaatggen are presented and discussed
here, while additional heat maps are given in Appendix B.oAtkie to the low number of SNs in
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#Cases on #Cases Total cases

NODE FIELD head & neck below neck (Left + Right)
Left | Right Left | Right n | %(5229)

Head & neck node fields
Occipital 40 51 1 1 93 1.78
Preauricular 184 | 160 - - 344 6.58
Postauricular 91 79 - 1 171 3.27
Cervical level | 86 100 - 1 187 3.58
Cervical level Il 268 | 290 6 5 569 10.88
Cervical level 111 71 48 11 4 134 2.56
Cervical level IV 44 30 14 16 104 1.99
Cervical level V 110 | 122 99 79 410 7.84
Supraclavicular fossa 34 36 172 157 (1) || 399 7.63
Submental 41 1 42 0.80
Torso & upper limb node fields
Axilla 5 5 1638 (1)| 1597 | 3245| 62.06
Epitrochlear - - 43 36 79 1.51
Infraclavicular - - 8 8 16 0.31
TIS - 1 95 96 192 3.67
Interpectoral - - 2 1 3 0.06
Internal mammary - - 2 4 (1) 6 0.11
Costal margin - - 2 5 7 0.13
Intercostal - 5 5 0.10
Paravertebral or Paraaortjc - 36 36 0.69
Retroperitoneal - 27 27 0.52
Upper mediastinal - 1(1) 1 0.02
Lower limb node fields
Groin - - 780 (1) | 759 (1)| 1539 29.43
Popliteal - - 31 52 83 1.59
Other node fields
Interval | 66 | 404 | 470 8.99

Table 5.1: Number of cases draining to each node field, framthapped LS database. Draining
node fields of three patients with previous surgery are givémackets, which have been excluded
from the total case values.
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certain locations, heat maps could not be accurately getefar all node fields. Instead, discrete
(X,Y) frequency plots have been created for these node fields raradsa given in Appendix B.

5.1.1 Torso and limb node fields

Figure 5.1 shows heat maps generated for the left and righargdymph node fields, showing

the percentage likelihood that skin sites will have lymphdtainage to SNs within these fields.
These heat maps were based on 1643 patients with SNs in trexiéd and 1602 patients with

SNs in the right axilla.

It can be readily seen that melanoma sites located on the atarsm above the umbilicus com-
monly drained to the ipsilateral axillary node field. Howewbese heat maps also quantitatively
show that lymphatic drainage often occurred across Sappiegs, both across the midline and
across Sappey’s horizontal line through the umbilicus.s€hiwo axillary heat maps were not ex-
act reflections of each other, however they did have suficiemmonality to show skin regions in
which drainage to the ipsilateral axilla is almost certaingd the range of sites where drainage to
the ipsilateral or contralateral axilla should be consdgrossible or probable.

Contour lines indicate a small number of anomalous patievteh account for the most dramatic
asymmetries. For example, two patients with primary metse®on the left anterior torso (Figure
5.1(a)) and one patient with a primary melanoma on the rigteraor torso (Figure 5.1(b)) showed
direct lymphatic drainage solely to interval nodes, desirgathe percentage of drainage to the
ipsilateral axillary node field below 100% in those regiohwo patients with primary melanomas
near the right posterior wrist (Figure 5.1(b)) showed drginto a right epitrochlear and an interval
node respectively, and a patient with a primary melanomahenright thumb showed unusual
drainage to the right infraclavicular and right cervicaldelV node fields, completely bypassing
the right axilla.

Drainage from the torso can also occur from a large regiorkiof an the posterior torso to the
triangular intermuscular space (TIS) node fields. Heat niapshese node fields are given in
Figure B.1, which indicates that the posterior torso mayehay to 20% probability of draining
to SNs in this location. Often if a patient has lymphatic degje to the TIS, they will also have
drainage to an axillary node field.

Heat maps that visualise drainage to the left groin are givéigure 5.2(a), while drainage to the
right groin is shown in Figure 5.2(b). These were based orpa8@nts who had drainage to the left
groin and 759 patients which showed drainage to the righbhg&imilar to the axillary heat maps,

drainage across Sappey’s lines was noted to occur oftenevesva very distinct region almost
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Figure 5.1: Heat map displaying the percentage likelihdad lymphatic drainage will occur to
the (a) left and (b) right axillary node fields.
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always drained to the ipsilateral groin. All primary melam sites on the left lower limb had
lymphatic drainage to SNs in the left groin and all right leienb melanoma sites had drainage
to the right groin node field. Melanoma sites on the lower Bralso showed drainage to interval
nodes (see Figure B.20) and to the popliteal node field (spe€B.3), however, the data showed
that for these sites, drainage also always occurred to thie.gr
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Figure 5.2: Heat map displaying the percentage likelihdwad kymphatic drainage will occur to
the (a) left and (b) right groin node fields.

Hence, these heat maps show that lymphatic drainage of #er limbs is highly predictable.
There was one case, however, that showed unexpected etettahldrainage from a melanoma
site on the right heel to the left groin (Figure 5.2(a)) argllgieral drainage to the right groin and
right popliteal node fields. This was the only patient in théathase without previous surgery who
did not show exclusive drainage to the ipsilateral groinenbeld.

Both the axillary and groin heat maps showed some asymmettiyeolower torso region both an-

teriorly and posteriorly. The density of primary melanoritessin the skin regions was particularly
low (see Figure 4.3), and therefore heat maps over thesm®giere based on extrapolations from
the nearest skin regions in which data was available. Therethe asymmetry shown in the heat
maps probably is a result of the sparsity of data in thes@nsgi
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5.1.2 Head and neck node fields

As described in Section 1.4, lymphatic drainage of the headh@ck has been shown in previous
LS studies to be highly complex, with SNs commonly found inltiple node fields. In addi-
tion, SNs in the head and neck are usually small in size ampliémrtly situated near the primary
melanoma site, making them difficult to locate.

Drainage from the head and neck has been demonstrated bythéSne or more of 13 possible
lymph node fields as indicated in Table 5.1. Heat maps of th&t cmmmon node fields draining
the head and neck are presented in this section, while hgag ofdess common head and neck
node fields can be seen in Appendix B. The results showedhbet tivere some node fields in
the head and neck that consistently drained localised afeskén, including the preauricular node
field which was the second most common node field draining ¢lael land neck.

% Drainage
Likelihood

Anterior Left lateral Posterior

(@)

% Drainage
Likelihood

Anterior Right lateral Posterior
(b)

Figure 5.3: Heat map displaying the percentage likelihdad lymphatic drainage will occur to
the (a) left and (b) right preauricular node fields.
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Heat maps showing the likelihood of drainage to the prealarmode fields (which also include
the parotid nodes) are given in Figure 5.3. There were 18imiatwith drainage to the left
preauricular node field (Figure 5.3(b)) and 160 to the rigkapricular node field (Figure 5.3(a)).
A distinct red region can be seen on the left preauriculat hnegos, showing that the left anterior
scalp and part of the left side of the face always draineditortbde field. The right preauricular
heat maps show a slightly lower likelihood of drainage frdva torresponding region of skin, but
the main areas shown as having at least a 60% chance of dy#&niine preauricular node field are
similar between the two sides. Two other features are appdbgainage across the midline does
occur but is relatively rare compared with most node fields, @rainage to the preauricular node
field is rare from skin on the lower half of the face, and patady from the neck or skin posterior
to the coronal plane.

It is useful to compare these heat maps with current climemadmmendations for node field dissec-
tion, given by O’Brien et al. (1995) and Pathak et al. (200Hese guidelines have been developed
based on the current understanding of melanoma spreadrdiegdo these clinical recommenda-
tions, the face, anterior and coronal midline scalp, aotemd coronal upper neck and the ear can
all drain to the preauricular node field. While the LS dataftonmost of these drainage patterns,
the neck drainage differs in one important respect, naniaiwhile coronal neck sites do drain
to this field, drainage was not seen in any of the 49 patierits primary melanoma sites on the
anterior upper neck. The heat maps also show that drainage dites outside those clinically
predicted in the literature is not only possible, but mayurdo as many as one in four patients
from sites posterior to the ear.

Drainage to the postauricular (Figure B.4), occipital (FgyB.5) and submental (Figure B.6) node
fields also showed strong localisation, with large areat®hiead and neck showing no drainage
to these fields, although these conclusions are based om fetients than for the preauricular
node fields. The skin areas drained by the postauricular ecigital node fields show striking
posterior localisation.

In contrast, heat maps showing the likelihood of drainag@éccervical level Il node fields show
a very wide distribution of skin sites. Figure 5.4(a) showanhge to the left cervical level Il node
field calculated from 274 patients, and Figure 5.4(b) showagdge to the right cervical level Il
node field from 295 patients.

These heat maps show that any skin region on the head or neckaia to the ipsilateral cervical

level 1l node field, and large regions of the face, scalp andral neck drain here in at least 60%
of patients. Past clinical guidelines state that all skigfioes except the lower neck will drain to
this node field, but the heat maps reveal that at least 20%egédtients with primary melanomas
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Figure 5.4: Heat map displaying the percentage likelihdad lymphatic drainage will occur to
the (a) left and (b) right cervical level Il node fields.

on the lower neck have a SN in this field. A small number of pasi€11 in total) even showed

upwards drainage from melanoma sites on the upper chestogad back. Contralateral drainage
is also possible, for example, one melanoma site on the Iéaeoer from each side of the head
showed contralateral drainage to the opposing cervical lewode field.

Heat maps of areas draining to cervical level | lymph nodeevs in Figure B.7) showed an in-
teresting contrast with those for cervical level Il nodesie Breas with the lowest probability of
draining to cervical level Il lymph nodes, especially thes@glips and chin, tended to have a high
probability of draining to cervical level | nodes. This segts these fields show complementary
drainage patterns. As mentioned in Section 1.3.2, the SMi¢ field classifications include sub-
mental nodes in cervical level |, and indeed the heat mapsulmmental and cervical level | fields
(Figure B.6 and Figure B.7) are very similar, so that aggiagahe data would not substantially
change the cervical level | heat maps.
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Cervical level 11l and IV node fields show broadly similar ohrage patterns (shown in Figure B.8
and Figure B.9), suggesting they may functionally be pathefsame field, and that their anatom-
ical separation is potentially arbitrary. The drainagegras of cervical level V (see Figure B.10)
are quite distinct from the other cervical node fields, arelrapre reminiscent of the posterior
drainage patterns of the occipital and postauricular nagldsfi Lymphatic drainage patterns to
supraclavicular fossa nodes (see Figure B.11) appearasitoilcervical level V nodes, although
subtle differences are apparent between them. Supraglaviossa nodes drain a larger area of
the anterior torso than cervical level V, and they also dskin of the upper limbs while cervical
level V does not. This suggests that although supraclaaidolssa nodes are now classified as
part of cervical level V nodes, they drain more inferior areéskin, consistent with their inferior
relationship to the cervical level V nodes.

The heat maps for the postauricular, occipital, cervicetlld/ and supraclavicular fossa node
fields demonstrate that skin posterior to a coronal planzutyir the ears, largely drains to these
lymph node fields. Conversely, drainage from skin anteddhé ear almost always occurs to node
fields located in front of the ear. To visualise this phenoomemore effectively, node fields were
grouped into anterior and posterior regions and combinatimnaps generated as shown in Figure
5.5. Anterior node fields comprised the preauricular, sutiaigecervical levels I, II, 1l and 1V
node fields, while posterior node fields comprised the postalar, occipital, cervical level V and
supraclavicular fossa nodes.

Heat maps generated for the anterior and posterior heademkdwde fields showed that they were
strikingly complementary. While this result initially sggsts an anatomical divergence between
the lymphatic vessels entering these two sets of lymph nedigsfiit is evident that there must
still be considerable overlap between the two sets of vesselconsidering the posterior view of
the drainage to the posterior fields in Figure 5.5(b), therisé area of red surrounding the occiput
indicates that 100% of patients in that area drained to &t leae of the posterior node fields.
However, in examining the same posterior view of drainagiecanterior fields in Figure 5.5(a),
the areas of light blue in the occipital skin regions indéctitat up to 40% of patients here also
drained to anterior node fields. Hence despite the skin aheésed by these two groups of node
fields being apparently complementary, even sites thatyshdeain to one of these groups often
also drain to the other. Collectively, these results corgirthat the skin of the head and neck has
some of the most complex lymphatic drainage in the human.body
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Figure 5.5: Heat map displaying the percentage likelihbatllymphatic drainage will occur to (a)
anterior head and neck node fields: preauricular, suomeetaiical levels I, II, Il and 1V, and (b)
posterior head and neck node fields: postauricular, oetjmiéervical level V and supraclavicular
fossa.
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5.1.3 Number of draining node fields

Since lymphatic drainage is often observed to multiple nfieles from an individual patient,
heat maps have also been generated to display this datee J&btletails the number of patients
draining to different numbers of node fields from both melaacsites on the head and neck,
melanoma sites below the neck, and the total number andrgageeof cases. Again, patients with
previous surgery have been removed from this analysis.

Cases on Cases Total
#Node fields| head & neck below neck Cases

n \ %(929) n \ %(4300)|| n \ %(5229)
1 263 | 28.31 | 2907 (1)| 67.58 || 3170| 60.62
2 396 | 42.63 | 993 (1) | 23.10 || 1389| 26.56
3 191| 20.56 | 313 (1) 7.30 504 9.64
4 67 7.21 69 1.60 136 2.60
5 8 0.86 16 0.37 24 0.46
6 3 0.32 2 0.05 5 0.10
8 1 0.11 0 0 1 0.02

Table 5.2: Number of cases draining to one or multiple nodedierhe number of draining node
fields of the three patients with previous surgery are giveorackets, which have been excluded
from the total case values.

The majority of patients had drainage to only one node field4s however over a quarter of

patients drained to two node fields while the remaining péigrained to three or more node
fields. Most patients with melanomas on the head and neck)(iaglymphatic drainage to two

or more node fields, in contrast to the skin below the neck eshaly 32% of patients had drainage
to two or more node fields. In some extreme cases, drainagereddo SNs in as many as six or
even eight node fields. The single patient with eight drgmnode fields was a 65-year-old male
with a primary melanoma on the posterior upper scalp. He iNgll&cated in both left and right

occipital, right cervical levels Il and V, left cervical lels Ill, IV and V, and the left postauricular

node fields.

Figure 5.6 shows heat maps created to display the numbedeffieds to which melanoma sites
drained. Regions of skin that had drainage to only one notiedre shown in Figure 5.6(a), while
Figure 5.6(b) illustrates the probability that drainaganirthe region was to more than one node
field. These heat maps show the regions of skin where lympHedinage was most straightfor-
ward. For example, Figure 5.6(a) shows large red regionfienegs indicating that melanoma
sites in these areas of skin drained to a single node fieldyignitstance, the ipsilateral groin.
Also, red regions on the upper limbs and near the armpitsateliskin that will most likely drain
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Figure 5.6: Heat map displaying the percentage likelihdad lymphatic drainage will occur to

different numbers of node fields.
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to the ipsilateral axilla. In contrast, Figure 5.6(b) shatat there are some areas of skin in which
drainage was never to a single node field (the red areas omptiex and lower back and parts of
the head) and are therefore highly complex.

It is also immediately apparent that there is no region af ski the head or neck with consistent
drainage to only one node field. Many skin regions on the heddhack showed approximately
100% likelihood of drainage to two or more node fields, inahgdthe anterior scalp, coronal scalp,
the middle of the anterior neck and sections of the postedalp. The cheeks showed some of the
lowest likelihood values (20-60%), indicating that at le&3% of patients with primary melanoma
sites had drainage to a single node field; however even ie tteeses, the single node field draining
this site differed between patients.

The potential complexity of melanoma spread is shown infeigu6(c) and Figure 5.6(d)), which
indicates the likelihood that drainage will occur to threenwore and four or more node fields
respectively. For example, more than 20% of patients in sohieese areas drained to at least
four different node fields. Regions with the highest likelidl of drainage to many node fields
are close to Sappey’s lines and on the head and neck. Howeg@ns outside the torso, most
notably on the distal leg and especially the hand and foreeamalso drain to three or more node
fields. Skin sites that commonly drain to many node fields daaiways drain to the same subset
of fields, indicating again that these regions have highipgiex lymphatic pathways.

5.2 Interactive skin selection tool

To further display the mapped LS data, an interactive skiecten tool was developed using
methods outlined in Section 4.4. This tool allowed dynamspldy of skin lymphatic drainage,
and the variations in drainage patterns across the bodynglea of drainage behaviour observed
within selected regions of skin, which highlight areas wittmplex lymphatic drainage versus
those that are more straightforward, are given below.

5.2.1 Results

Two examples of significantly different drainage patternsttee skin model are given in Figure
5.7 and Figure 5.8, where two different elements on the postrso have been selected and
corresponding SN node fields have been displayed. Figu(a)siows a region of skin near the
midline and waist of the posterior torso, where 21 patiemteé dataset had cutaneous melanoma.
Eight potential draining node field locations were dynartycdisplayed when this skin element
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was selected. As explained in Section 3.2, in the absencereitise anatomical location, interval
nodes have been depicted outside the body.

STATISTICS:

Code Nodefield # Cases Drainage
la Left Axilla 15 71.4%
ra Right Axilla 1 52.4%
inc  Intercostal 1 4.8%
pv  Paravertebral 1 4.8%
p Retroperitoneal 1 4.8%
lg Left Groin 14 66.7%
rg Right Groin 5 23.8%
in Interval Node 2 9.5%

@ (b)

Figure 5.7: The interactive skin selection tool, showingydamplex lymphatic drainage for a
selected posterior torso element and (b) associated deastatistics.

Figure 5.7(b) details the associated drainage statisticthfs element. The most common node
field was the left axilla, where 71.4% of all cases had SNsismrbde field. It can be seen that
drainage was possible from this region of skin to any of thiaay and groin node fields, contrary
to Sappey’s assumptions that state lymphatic drainagddleuto only one of these node fields
from skin of the trunk (detailed in Section 1.4). Drainagesvshown to also occur from this
skin region to the less common paravertebral and retraperal node fields (see Figure B.17 and
Figure B.18). These drainage predictions can be directlypared with the heat maps in Figure
5.6, which confirms that areas of skin near Sappey'’s lineg \egly to drain to drain to multiple
node fields.

In contrast, Figure 5.8(a) shows a region of skin near theabgfla which had a much simpler
drainage pattern. All 10 patients with melanoma locatethiwithis skin element had a single SN
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in the left axilla. This can be directly compared with thettreap given in Figure 5.6(a) which also
shows that this element is 100% likely to have only one drngimiode field. Additionally, through

comparison with the heat map given in Figure 5.1(a), whispldys the likelihood of drainage to
the left axilla, it is apparent that the sole draining nodklfie indeed the left axilla.

] STATISTICS:
\ _ Code Nodefield # Cases Drainage
f ~ la Left Axilla 10 100.0%

(@) (b)

Figure 5.8: The interactive skin selection tool, showing(mple lymphatic drainage for a selected
posterior torso element and (b) associated drainagetgiatis

As mentioned previously, lymphatic drainage of the head rauk is highly variable. The skin
selection tool also enables the complex drainage in thedeadeck to be displayed. For example,
Figure 5.9(a) shows a skin element selected on the left ufagerand Figure 5.9(b) details the
corresponding drainage statistics. Accumulated data 8mpatients with melanoma sites in this
element showed lymphatic drainage to seven different nettésfi These node fields included the
left preauricular, left cervical levels | to V node fields, wasell as interval nodes. Similarly, this
drainage behaviour can be compared with the head and neelfietitiheat maps given in Section
5.1.2, and in Appendix B.
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STATISTICS:
Code Nodefield # Cases Drainage
lprea Left Preauricular 17 94 4%
lc1  Left Cervical Level | 2 11.1%
lc2  Left Cervical Level Il 13 72.2%
lc3  Left Cervical Level IlI 1 5.6%
lc4  Left Cervical Level IV 1 5.6%
lc4  Left Cervical Level IV 1 5.6%
lc5  Left Cervical Level V 1 5.6%
oln in  Interval Node 3 16.7%

(a) (b)

Figure 5.9: The interactive skin selection tool, showingdamplex lymphatic drainage for a
selected element on the left side of the head and (b) aseddsatinage statistics.

5.3 Discussion

Both the heat maps and skin selection tool provide novel adsthor improving visualisation
of the SMU’s LS data. The heat maps visualise the likelihdaat tiny area of skin will drain
in a specified manner, while the skin selection tool alloves dbposite approach by showing all
draining node fields from a selected region of skin. Whiles¢hdisplays greatly improve upon
previous methods of LS data visualisation, there are stiltations and potential sources of error
that need to be considered.

It is possible that some patients who have had previous sulgere not been removed from the
analysis and therefore may pose a source of error in the gueseanalysis. The SMU’s LS
database did not record details about whether each patidritdd previous surgery, and therefore
to determine whether they did has required patient recardsetindividually checked by SMU
clinicians. In the absence of this information, and to redtihe extensive time that would be re-
quired to check each patient’s records, only cases in trebdae that showed highly unexpected
drainage patterns in the heat maps have been checked. glthbis was not ideal, it was con-
sidered appropriate, since the number of patients withipuevsurgery was estimated to be less
than 1% of all patients in this study, based on the knowledgeidear medicine physicians at the
SMU (Uren 2007).
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The process of generating heat maps is essentially a mailppdide an averaged representation
of the discrete data values. As a result, any outlying vainag not be seen on the smoothed
heat maps, even though it is particularly important foriclams to be aware of such unexpected
patterns of drainage. These heat maps can therefore onlyabgsad as representations of a large
sample of a population, and cannot be directly applied todividual. Although numerous reports
have detailed the clinical unpredictability of lymphatraohage, there are still patterns that emerge
from the data that show the common lymphatic drainage bebavi

A particular disadvantage of the model is the lack of dataoime regions of skin. As shown in
Figure 4.3, the mapped LS data is clearly not evenly distedbacross the skin. Data is sparsely
distributed on skin regions including the groin and latsidés of the torso and legs, and the num-
ber of DOFs available during field fitting to represent the laSadyreatly outweighs the information
supplied. This means that areas with sparse data may inalladge amount of data extrapolation
in the fitted heat maps. For example, Figure 4.4(d) in theipuswchapter shows that the entire left
hand is 100% likely to drain to the left axilla, however, #és a sparsity of sites in this location
(see Figure 4.5(a)). During heat map interpretation, inpartant to remember the sample size in
each region of skin since statistical accuracy will varyoasrthe model (dealt with specifically in
Chapter 7). Additionally, there is a degree of error pregettie mapped coordinates due to both
recording procedures at the SMU and the mapping proces®aided in Section 3.3).

The data sparsity limitation extends to the skin selectami, twhere skin elements with a low
number of cases will not have a high degree of accuracy im thhainage predictions. The tool
also has limitations imposed by the element discretisatidithough grouping melanoma sites
according to existing elements provides a convenient wagtpregate data, division of the skin
surface into elements during initial linear mesh constamc{carried out in Section 2.5) did not
give equal sized skin elements. Due to this size variatiah the non-uniform distribution of
primary melanoma sites, there is a large variation in thelramof cases on each element. This
is particularly seen on elements located on the upper bashware both large and correspond
with an area of skin with a large frequency of cases. In cshtthere are a number of elements
containing no cases of melanoma at all (as shown in Figue #herefore, care must be taken
when interpreting these results since the statisticalracguof elements with little data will be
very low. To help address this issue, the number of caseshtbalrainage statistics is based on is
displayed on the selected element, to prevent over-irg&fon of the data.

Even with these caveats, the developed model still provtiespportunity for clinical utility. The
interactive software tool could particularly help with plang ultrasonography or clinical follow-
up by identifying the appropriate node fields that need to beitared. It may also be helpful in
discussions with patients before surgery when gaininginéal consent.
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A further clinical application of this model would be if LS @lved drainage from the melanoma
site to an SN, but did not show drainage to a node field that theeihpredicted for 90 to 100%
of patients. In this situation, this other predicted nodklfshould also be monitored during clin-
ical and ultrasonography follow-up because in some patietth clinically normal lymph nodes,
metastatic occlusion of a lymphatic collector can prevetnta SN receiving radiocolloid on LS.
Another use of this model and the interactive displays cbeldor teaching medical and nursing
undergraduates and postgraduate surgical trainees.

Although lymphatic drainage is clinically unpredictableere are still clear patterns of drainage
shown in the heat maps. Some node fields drain relativelyiscribed areas of skin, particularly
the axillary, groin and preauricular node fields. Even thotigere are inherent limitations in both
of these methods of data visualisation, they greatly im@previous methods that have been used.
The ability to show the likelihood of drainage from any aréalon fulfilling a drainage pattern of
interest has not been carried out before. Additionally,dkia selection tool is the first tool that
enables dynamic display of accumulated LS data in 3D.

5.4 Summary

This chapter presented the visualisation results of the &8 chapped onto the skin and lymph
node model. Patterns of lymphatic drainage were shown \a& imaps and an interactive skin
selection tool, highlighting areas of skin with the most deast predictable drainage patterns.
Skin on the head and neck, and on the torso near Sappey’swieresconfirmed as having the

most variable patterns of lymphatic drainage. In contdastupper and lower limbs were more
straightforward, showing that they were highly likely taadr to the ipsilateral axillary and groin

node fields respectively. The limitations of the model haserbdiscussed, and the clinical utility
of these displays have been proposed. The following chatether analyse the mapped LS
database using quantitative statistical techniques.






Chapter 6
Statistical Analysis Methodology

The model developed in this study now provides a means toumtribe first detailed statistical
analysis of skin lymphatic drainage in 3D. This chapterioa the methods used to conduct
this, which builds on the data visualisation work carried muChapters 4 and 5. Techniques
to investigate the accuracy of Sappey’s lines are giventisBtal significance testing by fitting
a multinomial model to the data is then presented and prapbase way to determine whether
lymphatic drainage is symmetric, i.e. the same on the laftraght sides of the body. Clustering
analysis is then described as a method to functionally gregjns of skin with similar drainage
behaviour. Lastly, non-parametric bootstrapping is aetlito determine appropriate confidence
intervals for the data.

6.1 Introduction

Review of relevant literature indicates that statistiaalgsis of lymphatic drainage of the skin
has been very limited and, to the author’s knowledge, had@&en previously conducted in 3D (a
discussion of previous studies into lymphatic anatomy étticular emphasis on skin lymphatic
drainage is given in Section 1.4). This lack of knowledgéhghts a need for detailed quantitative
statistical analysis of the lymphatics draining the skin.

Predictions of lymphatic drainage based on Sappey’s liaes heen shown to be highly inaccurate
and they pose problems as a clinical guideline for melanqreasl (Uren et al. 1999). In addition,
visualisation of the SMU’s mapped LS data in Chapter 5 hasvalbat regions of skin close to
Sappey'’s lines have some of the most variable-drainagerpatfseen in-kigure 5.6). To further
analyse skin lymphatic drainage, the following questiongbeen addressed in this chapter:

113
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e How accurate are Sappey’s lines at predicting lymphatimdge?
¢ Is lymphatic drainage the same on the left and right sidesebbdy?
¢ Is there a better way to functionally group regions of skiat tlrain in a similar manner?

Each of these questions seek to improve current undersmdiskin lymphatic drainage. De-
termining the predictive accuracy of Sappey’s lines wilbyade a quantitative measure of their
reliability. Meanwhile, statistically comparing drairefyom the left and right sides of the body
will test whether lymphatic drainage is symmetric. If di@ge is symmetric, the mapped LS data
can then be reflected from each side of the body to the othas Wduld increase the data den-
sity, potentially reducing uncertainty in the model’'s dia@ge predictions in the heat maps and skin
selection tool presented in Chapter 5. Taking the analysthédr, the model can now be used to
determine regions of skin that drain in a similar manner daseely on the LS data. This will
allow the data itself to define patterns of drainage, withefgerence to any previous knowledge
of the lymphatic anatomy. The following sections outline thethods designed to address each of
these questions.

6.2 Analysing Sappey’s Lines

As detailed in Section 1.4, Sappey’s lines demarcate foparsge regions of skin on the trunk,
where the upper regions of skin were expected to drain toptsieateral axilla, and the lower re-
gions of skin to the ipsilateral groin (Sappey 1874). Safspegrtical line is defined down the
midline of the body, while Sappey’s second line is locatezliad the waist. The exact position-
ing of this second transverse line has been described Yyaaaloss the literature. For example,
Fortner et al. (1965) defined a transverse line on the trunkimsing from the mid-epigastrium
along the eighth rib to approximately the level of the eigbtminth thoracic vertebra, although
Sappey’s lines were not directly referenced in their stuglygarbaker & McBride (1976) defined
Sappey'’s transverse line as running from 2 cm above the ioubidnd curving gently upwards to
the level of the second and third lumbar vertebra, meanvdiicians at the SMU have defined
the line as being positioned from the umbilicus anteriaolyhte level of the second lumbar vertebra
posteriorly (Uren et al. 1999). To maintain consistencyhuiite LS data that has been used in this
thesis, the SMU's definition of Sappey’s transverse lineiadathe waist has been used.
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6.2.1 Methodology

The mapped model has been used to determine the accuragypehy@alines to predict lymphatic
drainage, and also to determine whether there is an optiostign for these lines which will
minimise the number of cases crossing over them. A caseribeges over Sappey’s lines is defined
as any melanoma site located on the trunk, which does natgxely drain to its predicted node
field but instead ‘crosses’ over Sappey’s lines to drain hep#xillary or groin node fields.

To conduct this analysis, Sappey'’s lines were initially miedi relative to the skin model. As shown
in Figure 6.1, Sappey’s vertical line has been defined by meptermal to the:-direction located
at the vertical centre of the model (referred to as the ‘vattplane’). Sappey’s transverse line
around the waist has also been defined using a plane (refier@sithe ‘midline plane’). These
planes define four regions of skin on the trunk labelled asufipeer left (UL), upper right (UR),
lower left (LL) or lower right (LR) regions. Utilising plarseto define Sappey'’s lines provided a
computationally efficient means of calculating in whichicggeach melanoma site was located.
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Figure 6.1: Defining Sappey’s lines on the skin model, (ag¢ant and (b) left lateral views.
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Both the vertical plane and midline plane were moved to itigate different positions for Sappey’s
lines. The position of the vertical plane was moved to thedef right of the true anatomical
midline in thez-direction (as shown in Figure 6.1(a)), while the heightlef tnidline plane was
moved up and down relative to the umbilicus in thdirection. In addition, the midline plane has
been set at an anghesimilar to the way Sappey’s transverse line curves upwandarnds the back
(see Figure 6.1(b)). Note that the anflkas rotation about only the-axis to ensure that the body
would be divided symmetrically either side of Sappey’sicaitline.

The location of each melanoma site has been determined/eclatthe position of Sappey’s lines
for a variety of different line positions. Thecoordinate value of each melanoma site relative to
the z-coordinate of the vertical plane was used to determine lvenat was on the left or right
side. To calculate whether the melanoma site was above owléke midline plane a number
of steps were required. Sappey’s midline plane has beenedefip specifying three points that
lie in the plane. The first point is given by the coordinate e umbilicus, denoted by as
shown in Equation 6.1. Two additional points in the planeehasen determined by offsetting this
umbilicus coordinate. The second coordimatis calculated using the angleto offset they- and
z-coordinates (Equation 6.2), while the third coordinatés given by offsetting the:-coordinate

by an arbitrary value (Equation 6.3).

u= | y (6.1)

v=| y+cos(—0) (6.2)

W = Yy (6.3)

Using these three coordinates, the normal vector to thisepldenoted by) can be found by:

n=(v—-u)x(w-—u) (6.4)

to give the following equation for the midline plane:
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n-u=e (6.5)

wheree is a constant. To then determine the relative location oh eaelanoma site, the vector
n has been normalised and then dot-producted with each nmkoordinatas,,, giving the
equation of a parallel plane (shown schematically in Figh@® which passes directly through
each melanoma site:

—u, =€, (6.6)

I
The relative value of in Equation 6.5 and,, in Equation 6.6 defined whether the site was above
or below Sappey’s midline plane. Since the origin was |latafgove the plane andwas always
pointing towards the origin, whety, > e then the melanoma site was in one of the upper quadrants,
whereas foe,, < e the melanoma site was in one of the lower quadrants.

z

_ parallel plane
y melanoma site -~

x into page Um_ -~

T \ Sappey'’s
T normal \ midline plane
vector NU=e

\

n

Figure 6.2: Calculating a plane parallel to Sappey’s maljtane that passes through melanoma
siteu,,, to determine its relative position.

Note that during this analysis, only melanoma sites withrérge to the axillary and groin node
fields have been taken into consideration while patientsawit drainage to these node fields have
been ignored. Additionally, only melanoma sites locatedr@ntorso have been considered since
Sappey’s lines applied to lymphatic drainage specificdiye trunk.

At each location of Sappey’s vertical and midline plane rtbmber of cases draining from each of
the four skin regions across Sappey'’s lines has been detedmirable 6.1 shows the tabular for-
mat required for this analysis. The rows represent the roetarsite skin region while the columns
represent the draining node fields. The first row for examglgiven for melanoma sites in the UR
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NODE FIELDS
REGION || Right Axilla | Left Axilla | Right Groin| Left Groin || TOTAL
UR 0] X X X
UL X o] X X
LR X X 0] X
LL X X X o

Table 6.1: Determining the number of cases from each togiomealraining across Sappey’s lines.
X's indicate melanoma sites that cross Sappey'’s lines wfslendicate sites that do not.

skin region. Cases that drain to the right axilla are coasistvith Sappey’s assumptions, while
cases that drain to the left axilla, right groin or left graire inconsistent with Sappey’s assump-
tions. Hence, entries in each of the cells on the diagonagt 8ppey’s assumptions (indicated by
an ‘0’) while the remainder do not (indicated by an ‘x’). Ttaest column records the total number
of cases for each skin region draining across Sappey'’s. lihés important to be aware that this

value is not simply an addition of all values in the corregting rows that cross Sappey’s lines,
since there are some cases which appear in multiple cellsdréginage to more than one axillary
or groin node field.

In addition to varying the position of Sappey'’s lines, a zohenpredictable drainage defined either
side of the lines has been investigated. As detailed in &gdti4, Sugarbaker & McBride (1976)
proposed that a strip of skin 2.5 cm either side of Sappey&slihad ambiguous drainage, while
later investigators claimed that this zone was much larglae zone of ambiguous drainage can
now be quantified, by defining widths either side of Sappeg®d on the skin model (as shown in
Figure 6.3). Melanoma sites located within this zone aresictaned to have unpredictable drainage
and thereby are not considered to have crossed Sappeyss [ine vertical width of ambiguous
drainage is denoted, while the horizontal width is denoted,,.

6.3 Symmetry Testing

As implied but not fully confirmed by Sappey’s lines, it hasbeoreviously assumed that lym-
phatic drainage of the skin is symmetric between the leftragit sides of the body. However the
literature does not contain a thorough quantitative amatgsconfirm this assumption. Methods to
test the hypothesis that a region of skin on one side of thg had the same drainage character-
istics as the corresponding region of skin on the other sidesobody are outlined in this section.
This analysis has been used to justify reflecting LS data fvamside of the body to the other, to
provide a larger sample from which to draw conclusions aBkiut lymphatic drainage.
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Figure 6.3: Defining a zone of ambiguous drainage eitherdfi@appey’s lines. The vertical width
is labelledw, and the horizontal width is labellad,.

Statistical significance testing has been implementedhigrgurpose. Since there are numerous
types of significance tests, a thorough understanding wstsréiquired of the LS data format to
determine which would be the most suitable. Each patier tathe LS database contains infor-
mation regarding one melanoma site on the skin, as well assfmonding SN fields. Some patients
have only one draining node field, while other patients hauétipte draining node fields. Figure
6.4 schematically demonstrates this for three differetiepaicases. The first case has only one
draining node field, the left axilla, while the second anddluases both have lymphatic drainage
to multiple node fields.

To test for statistical significance, most methods requnat €ach trial has only one possible out-
come. For the LS data this means that each patient case strdyldave one draining node field.
Clearly this rule is not obeyed, since as previously memibtinere are often patients with mul-
tiple draining node fields. To avoid this problem, the LS da&s been modified so that cases
with multiple node fields have been separated into multipka @ntries. Figure 6.5 schematically
demonstrates this for the same three cases given in FigdirevBich have been separated into
individual data entries for each draining node field. Theeereow six data entries instead of the
original three.
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Case 1 Case 2 Case 3
o [ [
left left right left left left
axilla axilla  axilla  groin axilla  groin

Figure 6.4: LS data format. Case 1 has drainage to one noderfienwhile case 2 has drainage
to three node fields, and case 3 has drainage to two node fields.

Case 1 Case 2 Case 3
/\ /\
o { [ [ ] {
left left right left left left
axilla axilla  axilla groin axilla  groin

Figure 6.5: Modifying the LS data format to enable mutuabglasive outcomes. Cases with
multiple draining node fields have been separated to givéipleitiata entries.

Unfortunately this modified data is no longer independehictvis an important data characteristic
required for most significance tests. Independence meanth#hoccurrence of one event makes it
neither more or less likely that another event occurs. FoL8idata, separating cases with multiple
node fields into individual data entries does make a diffiegeio the drainage probabilities. For
example, a patient with two node fields will be separated iwt individual data entries. If the
first draining node field is the left axilla, then the likeltathat the second node field is also the
left axilla will be zero. The first data entry has affected pinebability values of the second.

A number of tests as described in the following were invegéid to analyse this modified data,
using the R statistical packagdnitially Chi-squared testing was considered, which cealeate
whether there are statistically significant differencesveen events occurring for two or more
groups (Greenwood & Nikulin 1996). This was applied by asadyg regions of skin on the corre-
sponding left and right sides of the body, and testing thaitiood that the drainage properties of
the two regions were functionally indistinguishable. Eebf counts (referred to as contingency
tables) were generated, recording the node fields to which esmion of skin drained. Two rows

Lwww.r-project.org/



6.3 SYMMETRY TESTING 121

were required, one each for the left and right sides of the/betile the columns corresponded to
draining node fields.

Although chi-squared testing was theoretically feasililejas discarded due to very low counts
occurring in the tables. Generally, chi-squared testimgires 80% of all counts in the table to
be larger than five. Since there are so many possible nods,fitld number of columns was
often large and contained values that were less than five.ndrease these counts, node fields
could have been aggregated together. However this appwaadd have required important spatial
characteristics of the draining node fields to be homogedna® thus this approach was discarded.

An alternate test more appropriate for low count values Wwes investigated, called Fisher’s exact
test (Fisher 1938). This test is designed to analyse categ@ata, in particular when sample
sizes are small, and can be used regardless of sample @netict. Although the approach was
feasible, it was too computationally intensive when theegesnumerous draining node fields and
therefore it has not been used.

Instead, an approach based on generalised linear modelMgGias been implemented. GLMs

are a generalisation of least squares regression, whiclelsitte relationship between a depen-
dent variable (response variable) to one or more indepe¢ndeables (explanatory variables, also
called predictors). Using this approach, response vasadte modelled as a function of the ex-
planatory variables, by fitting parameters (constants amadficients) that give the best fit to the

data. Standard errors (SEs) for the coefficients are alsulesd as part of the fitting process.
These can be used to determine the probability that an exfolignvariable has a ‘true’ coefficient

value of zero, and is not needed in the model. Given a coeffidiee smaller its SE, the less likely

its true coefficient value is zero and the more likely it is &ibcluded in the model.

For the LS data, the likelihood of lymphatic drainage to dipatar node field is largely influenced
by the region of skin on which a melanoma site is located. HeacGLM can be fitted to the
LS data by taking the melanoma skin sites as predictors @bkfity the side of the body and
skin element each melanoma site is located on), which selat¢he probability of drainage to
each node field (response variables). Using this model nitbeadetermined whether side is a
significant variable in the model. If side is not significamen the data can be reflected, since the
probability that drainage from a region of skin on one sid¢hefbody to a particular node field,
is the same as the probability of drainage from the oppogg@n of skin to the corresponding
opposite node field.

Fitting a GLM does not account for data dependency howevkigiwis a characteristic of the
modified LS data. It is possible to correct for this non-inelegence by using an extension to the
standard GLM, called Generalised Estimator Equations (& HHardin & Hilbe 2002). Multiple
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measurements on the same case within a dataset tends tdndess variability, as the source of
variability between subjects is removed. GEEs correcttisrhty inflating the SEs, making it more
likely that the ‘true’ coefficient value for an explanatorgriable is zero.

Although an implementation of GEEs exists in R, the curiggd library of functions is unable

to handle the quantity of data contained in the LS databasmay be possible to fit a GEE to
the LS data with future versions of tlgee library, but at present a GLM model has been used.
Even though the GLM does not adjust for non-independenaegst still considered suitable for
this application. Both methods will give the same paramestimates, however the SEs of these
values will differ. The SEs for the GLM model will be smalldrain those given by the GEE
approach. This is acceptable since it means that the decdiout whether to reflect the data
will be more conservative, since regions that are asymmasing the GLM approach may be
considered symmetric using GEEs.

Utilising this method requires assumptions to be made abheutnderlying probability distribution
of the data. The LS data has been modelled by a multinomialtwison, using the ‘multinom’

function in thennet library in R. A summary of the mathematics behind this digttion and the

specific approach used is given in the following section.

6.3.1 Multinomial modelling approach

The multinomial distribution is essentially an extensidntiee binomial distribution where the
response of a trial can take more than two values (Zelterr@@6)2 Within the multinomial model
the number of trials is given by,, and each trial can be classified into onekoflistinct and
mutually exclusive categories. The probability that onéheke trials is classified as belonging to
one of thek categories is given by, where(i = 1, ..., k) such thap; > 0 and>_%  p; = 1.

Let the random variables; indicate the number of times outcomes observed over the, trials,
such thaty” = (Y7, ..., Y%) which has a multinomial distribution with parametersandp. The
probability mass function of the multinomial distributiangiven by:

nt!
g 6.7)
... yk'

P(m:ylvvyk:yk): |
A%

wherey = (v, ..., yx) iS a vector such thaZf:1 y; = ny. Fitting a multinomial model to a set of
data as described in Faraway (2006), involves determiningyato link probability values; to a
set ofq predictors(fy, ..., f,). For the LS data, as previously described, the melanomasgtkis
are considered to be predictors, while the probability @alundicate the likelihood that drainage
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will occur to each node field. In order to link the probabiMgluesp; to the predictorg; a ‘linear
predictor’~; is constructed as follows:

Yi=Po+ Bifr+ ... + B fr (6.8)

whereg;, (i = 0, ..., k) are the unknown model parameters. A link function is therd ueeelate
the probabilitieg; to the linear predictor, which is given by:

o= T8 =log™,  i=2,..k (6.9)

The constrainy_"_, p; = 1 must be obeyed, and it is convenient to use this to declarseliba
category (Faraway 2006). Therefore weset 1 — Zfzz p; and have:

1+ 2522 e
wherey; = 0. The parameters of this model can then be estimated usingakenum likelihood

method. In brief, this method gives parameter values wighléingest probability to the observed
data, and is detailed in full in Faraway (2006).

pi (6.10)

Before fitting such a model to the LS data, the data requiredification. This has been done
by reflecting LS data located within a given skin region ontilgét side of the body to the cor-
responding left side of the body. An example of this refleci®shown schematically in Figure
6.6. This skin region shows two cases on the right side and¢aseon the corresponding left side.
The melanoma site location and draining node fields of thedas®es on the left side have been
reflected to the right side, to give the reflected skin region.

Table 6.2 details the melanoma site location and drainirdgrields of each case, both original
and reflected. The side of the body and skin element each €éseated on define the melanoma
site location, while each draining node field has been seghiato individual data entries for each
case. Reflecting case 1 for example, which is located on eleRdnas been reflected to element
4 on the right side. Also, since there were two draining noeleédi there are two data entries for
this case. One node field was the right axilla which has befdgcted to the left axilla, while the
second node field was the right groin which has been refleotduktleft groin. After reflection,
by definition each node field located on the left side of theybdelscribed ipsilateral drainage.
Conversely, each node field on the right side of the body defioatralateral drainage.

Figure 6.7 summarises the approach taken to determine i@l S data, and hence, lymphatic
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skin model
centreline
I

|
1 1 3
Case 2 ‘ Case 2
°® | °
la | ra
| reflect
2 l 4 > 12
Case l : Case 3 Case l Case 3
° | ° ° °
ra,rg | Ig la,lg Ig
|
|
Right skin region ! Left skin region Reflected skin region

Figure 6.6: Example skin region reflected from the right ©id& the left, where two cases are
located on the right region and one case is located on theHkfinent numbers are given in blue,
and draining node fields from each case are labelled acaptditheir codes in Appendix A.

Case| Side Element Node Fields
Original | Reflected| Original | Reflected
1 R 2 4 Right axilla| Left axilla
1 R 2 4 Right groin | Left groin
2 R 1 3 Left axilla | Right axilla
3 L 4 4 Left groin | Left groin

Table 6.2: Details of each case on the example skin regidrndsabeen reflected.

drainage in a given skin region is symmetric. The commands &s carry out this analysis are
given in Appendix G. After data reflection, a multinomial nebthas been fitted to the data con-
tained within a specified skin region. Side, reflected skam&nt, and the interaction between the
side and reflected skin element have been set as predictables; while the reflected draining
node fields were set as response variables.

After fitting this multinomial model, the Akaike InformatioCriterion (AIC) has been used via
the ‘step’ function in thestat library to determine the most important predictor variabl&he
AIC criterion balances the goodness of the fit of the multiredmodel with its complexity, and is
defined by:

AIC = nylog(6?) + 2K (6.11)

wheres? is the estimate of the error variance afidis the number of model parameters. The
goodness of fit is defined by the error variance estimatengi@imeasure of the difference between
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Select skin region

Y

Reflect data
(from the right side to the left)

|

Fit a multinomial model Reduce
to the reflected data skin region size

A

NO
Did the model converge? >— — — — — — — — —
Is side an important factor?
(use the AIC criterion)
Data cannot be reflected Data can be reflected

Figure 6.7: Decision flowchart used to determine whether &18 dan be reflected.

the fitted model and the data, while the number of parameiges @ measure of the model’s
complexity. The step function tries to choose explanataryables to minimise the AIC, where a
lower AIC value indicates a better model fit. If side is not gngicant factor in the final model
chosen by the step function, then it is considered appriptiareflect the data. For some cases,
the multinomial model may not converge since there is toolmulata, and the skin region size will
need to be reduced and the model fitted again.
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6.3.2 Reflection method

Investigation was conducted to determine the most ap@atgomethod to reflect symmetrical data.
Three different methods for reflection were consideredluing: (1) a strict reflection in the
z-plane, (2) reflecting according to the SMU’s original bodgprgrid unit coordinates, and (3)
reflection via corresponding element numbers and I§calordinates.

The first method which involved conducting a strict refleatia the z-plane was not possible,
since the skin model is not completely symmetric. This istidube VH dataset that has been used
to construct the skin model being asymmetric (detailed tiSe 2.2). The upper limbs, legs and
feet, head and neck were symmetric since one side of the badywedelled and then reflected
to the other side, however skin of the torso and the thigh wadatted in its entirety such that it
is asymmetric (see Section 2.5). Carrying out a strict refladn thez-plane will not, therefore,
ensure that each reflected melanoma site is located on tfaeswf the skin model.

In addition, the second proposed method also contains wifés with the body map outlines
drawn on the 2D body map shown in Figure 1.14. These outlineshat exactly symmetric,
particularly for the upper limbs. Hence the initial mappioigmelanoma sites (carried out in
Chapter 3) has meant their location is not the same on bo#s sitthe body.

The third proposed method was considered the most apptepridich involved reflection via
corresponding element numbers andoordinates. During reflection analysis, each melanoma
site on the right side of the body has been reflected to thesponding element on the left side
of the body. By reflecting according to element numbers, isterscy is maintained between the
reflection analysis methodology and the reflected dataset.

skin model
centreline

reflected
melanoma site

original

S

Figure 6.8: Reflecting melanoma sites using correspondergents and coordinates.
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Figure 6.8 schematically demonstrates the reflection oflamoena site from one side of the body
to the other. The original melanoma site is shown locatedroelement with local coordinates
(&1, &2). During reflection, corresponding local coordinates, &»,-) are determined on the oppos-
ing element. Since the skin model has consisgeflirections circumferentially around the mesh,
this coordinate required inverting such tligt = 1 — &;, while local&; coordinates remained the
same, so that, = &.

6.4 Cluster Analysis

Cluster analysis is a humerical method that can be used tgpgiata with similar properties
into respective categories. The advantage of this teclengjthat it does not require any a priori
hypotheses, and can be used to discover structures in dé@uvproviding an explanation as to
why they exist (Everitt et al. 2001). In this thesis, clustgthas been used to group regions of skin
that have similar drainage behaviour without regard to iprevknowledge about skin lymphatic
drainage or Sappey’s lines. This will allow predictions wilphatic drainage to move beyond
Sappey’s lines which are based on anatomy, towards a maede¢n approach, providing more
accurate and clinically defined regions of drainage.

Classification is fundamental to most branches of scienujsaused widely in both biology and
medicine. Biologists for example, need to classify aninmatis various species according to par-
ticular characteristics, while in medicine clustering tenused to determine the most appropriate
form of treatment depending on the symptoms presented.Xaon@e, a study by Wastell & Gray
(1987) involved conducting spatial cluster analysis omadiatm patients with temporomandibular
pain dysfunction syndrome. This enabled the developmesut abjective typology for classifying
facial pain in terms of its spatial distribution, which waeh proposed as a means for defining
more directed treatment plans.

There are several different approaches for cluster amsalgispending on the type of data and the
kinds of clusters desired. The approach that has been usedsheased on work by O’Sullivan
et al. (1998), who implemented a clustering algorithm depet by Vossner & Braunstingl (1996),
to provide additional information during software testiofjembedded systems. Their cluster
analysis enabled optimisation of programme code and heljokd reliable termination criterion.
The following section details the mathematics behind tpigraach as it has been applied to the
LS data.
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6.4.1 Theory

Let the number of samples for classification/he and the number of characteristics used to de-
scribe these samples be For cluster analysis these samples should be organisethimfollow-

ing structure shown in Table 6.3. In this table the rows @ond with each sample, while the
columns correspond with the characteristics that defineséineples. X;; records the number of
objects in sampleéthat can be classified by the characterigtic

Characteristics
Samples| Xj, Xoy o X, o X
1 X, Xig, . X1j, e Xim
2 Xot,  Xog, o Xy o Xop
7 Xils XiZs XZ]! le
e chlu XnCQ| chj) chm

Table 6.3: Data structure for cluster analysis.

By applying this structure to the LS data, regions of skin lo@ $kin model are defined as the
samples, while the node fields that drain each region of skidefined as the characteristics. Most
skin regions will contain LS data from a number of melanomi@epé#s, each with corresponding
draining node fields from a possible 43 node fields (as listégpipendix A). For example, say the
first sample is a skin region on the left leg containing sixanelma sites each with drainage to the
left groin, while two cases also have drainage to the leflifegd node field. If characteristi&’;
indicates drainage to the left groiX; drainage to the left popliteal node field, and the remaining
characteristics comprise the remaining node fields, tken= 6, X;» = 2 and X;; = 0 for

j = 3..43.

To simplify the data for cluster analysis, eagh; value has been normalised to the rafge
X,; < 1forall,j. For our example skin region on the leg, each parameter idetiby the total
number of melanoma sites within that region of skin. In ndreea parameter space this will give
X =1, X5 = % and.X;; = 0 for j = 3..43. EachX;; value now indicates the probability that
skin region; will show lymphatic drainage to thgh node field.

In order to cluster samples that are most closely relateeth@y, a method for determining the
distance between them is required. Most often this measuigken as the Euclidean distance,

where for any two samplesandk, this is defined by:

dir = /(X1 — Xp1)? + (Xig — Xp2)2 4 o 4+ (Xin — Xim)?
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This gives a symmetrical distance matrix. x n.) whered;, = d,; fori,k =1, ...,n. as shown in
Table 6.4. Clusters can now be determined using this distaratrix. The distances of all samples
are compared with a threshold valdg.., (also called the ‘check distance’), and if the distance
between the two samples is smaller thi., then they are assigned to the same cluster.

Pont] 1 [ 2 ] 3 [ 4 . [ ndl] m |
1 0 | di | dis | du | . | din| din,
2 0 | dos | dos | . | dom1 | dom,
3 0 d34 d3nc—1 dgnc
4 0 d4nc—1 d4nC
O d...nc—l dnc
nc-l 0 dnc—lnc
ne 0

Table 6.4: Symmetrical distance matrix.

The clustering algorithm can be summarised by the followisgudocode, where a cluster is de-
fined to consist of at least two samples. Given any two sampkasd j, if the distance between
themd,; < denecr then they should be members of the same cluster. There aedhases:

1. If they do not belong to a cluster yet, they form a new one.
2. If only one of the two samples already belongs to a clusiterpther one joins this cluster.

3. If both samples are members of different clusters, thassters are combined to form a
single cluster.

This algorithm is schematically depicted in Figure 6.9. Tance between individuals 1 and
2, dy9, is less than the check distance so they form a cluster tegetihile the distance between
individuals 3 and 45,4, is shown to be larger than the check distance and therdiesedo not
form a cluster.

Initially the check distance is set as the hypercube’s spagonald,, where exactly one cluster
is found. This check distance is then iteratively reducedlisgrete factors and the clustering
algorithm performed again. The clusters generated ardyhdgpendent on the check distance
value. By performing cluster analysis for a number of cheiskathces, a cluster diagram can be
drawn, as shown in Figure 6.10.

This diagram shows the results of each cluster analysisdoredsing check distance values (i.e.
d/1, d/2, d/3,...). Each circle represents a cluster winiéeldiranches indicate how clusters split
with decreasing check distance. Initially all objects aithim the same cluster, and then as the
check distance decreases smaller clusters are formedpdsssble for clusters to drop out if the
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Figure 6.9: Detection of clusters in the unit square

Cluster-Tree for gen_0047.dat

n="T0, d =8.366600

Modifrem Vossner et al. (1999).
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(min = 6099.000 - avg = 7812.880 - max = 8464.000)
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Figure 6.10: Example cluster tree diagram. Reproduced @dpullivan et al. (1998).

check distance becomes too small, for example the indilsduacluster 3 at d/3 disappear for
following iterations. The number of clusters, their sizg@sfory of origin and the average fitness of
its individuals can be seen on this tree diagram. The clusterber is shown inside the circles, and
the size of each circle is proportional to the number of ifdiials within that cluster. The shade
of the circle indicates the average fitness of its individud&or the LS data, fitness is calculated
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by finding the standard deviation of points within each @usthe smaller the standard deviation,
the better the fitness of the individuals within that cluster

6.5 Confidence intervals

The LS data used in this thesis constitutes the world’s &rdatabase of lymphatic drainage pat-
terns in patients with melanoma, however it is still only enpée of the entire human population. It
is important therefore that we do not over-interpret obsématterns of skin lymphatic drainage,
since any statistics generated will always contain a leveinzertainty. A measure of this un-
certainty is required to adequately determine how certancan be that our sample values are
indicative of the population they were sampled from andehgrcan be used as an accurate mea-
sure for predicting melanoma spread. This will provide ditative measures for the conclusions
reached in this thesis, and will also motivate the need farerh& data to be collected in future.

Various statistical methods exist for determining measwfeuncertainty for sample statistics. A
number of these methods require knowledge about the umagnbyobability distribution of the
data. For example, whether it takes the form of a poissomiloligion, binomial distribution or a
normal distribution. For some datasets the underlyingglodiby distribution will not be known, or
cannot be assumed, and therefore alternative methodscpriea® Non-parametric bootstrapping
is one such method relevant for these datasets, and hasmplemiented in this thesis.

The bootstrap method was initially introduced by Efron (@Pds a simulation method for cal-

culating certain kinds of statistical inference valuesluding confidence intervals. It is only a

recently developed and applied technique since it regintessive computer power that was not
previously available. The central idea is that making cosidns about the characteristics of a
population strictly from the sample available may be betith@n making potentially unrealistic

assumptions about that population (Mooney & Duval 1993).

Bootstrapping involves resampling a dataset multiple sim@éth replacement, to generate an em-
pirical estimate of the entire sampling distribution of atistic. The following describes the non-

parametric bootstrapping method as outlined by Efron & fiasi (1993) which has been used to
calculate confidence intervals in this thesis.

Let x represent a vector of observations, so that (z1, xs, ..., x,) andn represents the number
of observations. A particular statistic of interest cadtad from these observations is denoted by
s(x), and could represent for example, the sample mean. For odateBthis could represent the
percentage likelihood that a region of skin will drain to atjgalar node field.
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From the samplg, a ‘bootstrap sample’ (denoted &Y) is obtained by randomly drawingitems,
with replacement, from the initial sample. For exampleh# tnitial sample had = 5 entries,

a bootstrap sample could take the forh = (3,21, x9, 23, 24). This process is carried o
times to generate multiple bootstrap samples x*2, ..., x*B as shown in Figure 6.11. From each
bootstrap sample, a corresponding sample stati¢&t) is generated, which in this case is the
mean of the bootstrap sample. From these bootstrap samplesire confidence interval can be
determined. If B is equal to 1000, then this is found by omigthe sample means and taking the
25th and 975th values, giving a 95% confidence interval.

. . . bootstra
| s?) S6*) s6") | replicatiopns

bootstrap
samples
©0op

@ original sample

Figure 6.11: Schematic of the bootstrapping process tmagticonfidence intervals for the sample
mean sX). Modified from Efron & Tibshirani (1993).

Confidence intervals have been determined for our mappe@tz8.ding the above method. Initial
samples of size have been taken as all the melanoma sites located withindefomed region of
skin. From this skin region point estimates were calculabegive the probability that lymphatic
drainage from that skin region would occur to a specified rfadé. For example, a skin element
which contains data from 21 patient cases may have 15 cadel diained to the left axilla (as
demonstrated for a posterior torso element in Figure 5.Bjs ihitial sample gives the point esti-
mate that 71.4% of all patients with a melanoma site withis tégion of skin will have lymphatic
drainage to the left axillary node field.

To determine confidence intervals surrounding this andrqibant estimates, a bootstrap sample
has been randomly selected from the initial sample, withaagment, 1000 times. For each boot-
strap sample a corresponding point estimate was calcuipted) the likelihood that lymphatic
drainage from that area of skin will occur to a specified nodk fi Hence for our skin element
with a sample size of 21 cases, the first bootstrap samplel dmye 12 cases that drain to the
left axilla giving a bootstrap point estimate of 57.1%. Ori@®0 bootstrap samples had been
generated, they were ordered and the 25th and 975th valossrtho give the 95% confidence
interval.
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It is important to note that the bootstrap is not approprahen sample sizes are small. It is
generally regarded that the method becomes unreliableaimpke sizes that are less than 10
(Chernick 1999). Bootstrap samples may underestimatertieevariability when the number of
available cases is very small and it is also a concern thaspuasious fine structure contained in
the original data that is not present in the population magepeoduced in the simulated data.

6.6 Summary

Methods for statistically analysing lymphatic drainagehsf skin on the mapped model have been
outlined in this chapter. Methodology for testing the aacyrof Sappey’s lines has been described,
including testing the accuracy of more recent clinical glites based on Sappey’s work. A sta-
tistical significance test was developed to determine wdretkin lymphatic drainage is likely to
be symmetric. A cluster analysis was outlined as a way tomgregions of skin that have similar
patterns of lymphatic drainage, allowing for skin regioase generated regardless of previous
knowledge about lymphatic drainage or Sappey’s lines. #altilly, the non-parametric bootstrap
has been proposed as a method to calculate confidence Istelawing for certainty measures
to be calculated. Results of this analysis are given in theviing chapter.






Chapter 7

Statistical Analysis of Mapped
Lymphoscintigraphy Data

This chapter presents results of a detailed statisticy sisahat has been conducted on the mapped
skin model, employing the methods outlined in the previduepter. The accuracy of Sappey’s
lines is investigated, and an optimal position for thesediis determined. The model is then tested
for symmetry, to quantify whether lymphatic drainage ihkto be the same on both sides of
the body. Regions of skin shown to be statistically symroetre reflected, thereby increasing the
LS dataset. Cluster analysis is used to identify regionskiof an the model that display similar
patterns of lymphatic drainage, while appropriate configgntervals have been calculated to give
measures of significance for drainage probabilities frooheduster.

7.1 Analysing Sappey’s Lines

As outlined in Chapter 5, there are a significant number oividdal LS cases which do not
conform to the drainage patterns defined by Sappey’s lineshi$ context, Sappey’s lines have
been quantitatively investigated to determine both thetueacy, and whether there is an optimal
position that will allow for minimum cross-over drainagedss-over drainage has been defined in
Section 6.2 as a melanoma site ‘located on the trunk, whies aot drain to its predicted node
field but instead ‘crosses’ over Sappey’s lines to drain heoaxillary or groin node fields’). The
investigative methods used were given previously in Sedi@, and the positions of Sappey’s
lines have been defined by planes on the skin model as showgurers.1.

135
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7.1.1 Results

Initially the position of Sappey’s vertical line as showrHigure 6.1(a) was analysed to determine
the number of cases with cross-over lymphatic drainageurgig.1 shows a graph displaying the
number of cases crossing Sappey'’s vertical line for diffgpositions. The vertical position has
been moved in increments of 20 mm to correspond with the roetarsite discretisation defined
on the SMU’s body maps (shown in Section 1.6.1), where eaichugit defined an area of skin
approximately 20 mrh
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Figure 7.1: The number of cases crossing Sappey'’s vertieafdr different line positions.

This graph shows that as the position of Sappey’s vertioal fhoves away from the anatomical
centre of the body, the number of cases draining acrossrieases. As the line moves further
towards the right side of the body (i.e. in the negative dioe} the number of cases to the left of
this line with drainage to either the right axilla or groircieases. Similarly, as the vertical line
position is moved towards the left side of the body (i.e. i@ plositive direction), the number of
cases draining from the right side of this line to either #feaxilla or groin increases.

Thus the optimum position for Sappey'’s vertical line is @&&matomical midline of the body, which
corresponds with Sappey’s original line. However, althotlgs is the optimal position, there are
still 549 cases that cross over it, equating to 10.5% of alarmema sites in the LS database.
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After determining the optimal vertical line position at theatomical centre of the body, this line

has been fixed while the position of Sappey’s midline platm®ys in Figure 6.1(b)) has been

investigated. Both the height and angle of the midline plaanee been varied and the number of
cases crossing over either of Sappey’s lines calculatgugragable 6.1.

Figure 7.2 presents graphs demonstrating the number of caaming across Sappey’s lines for
height values of the midline plane ranging from -100 mm to #@@ (as defined relative to the
skin model in Figure 6.1(b)), and angleanging from -20 to 20°. Graphs for each of the four
skin quadrants, corresponding to those labelled in Figurgal} are shown.
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Figure 7.2: The number of cases crossing Sappey’s linesafdr skin region for various height
and angle values of the midline plane.

It can be seen that as the height and angle of Sappey’s mipllame decreases the number of
cases crossing over from the upper quadrants (UR and ULgases, while the number of cases
crossing from the lower quadrants (LR and LL) decreasess iff@ans that as the midline plane
moves upwards towards the axillae there will be more castilower quadrants which drain up
towards the axilla and thereby cross Sappey’s lines, asdbses in the upper quadrants that cross
over to drain downwards to the groin.
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Height {mm)

-100 20

Figure 7.3: The total number of cases crossing Sappey'’s forevarious height and angle values
of Sappey’s midline plane.

Combining all cases that cross Sappey’s lines from eachrgogadives the resultant graph shown
in Figure 7.3. The optimal position of Sappey’s midline @aan now be ascertained, as the height
and angle combination which gives the minimal number of sagiéh cross-over drainage. This
occurs at height 0 mm and an angle of 1@t this point, 652 cases cross over Sappey’s lines,
equivalent to 12.5% of all melanoma sites in the LS database.

Figures 7.4(a) and 7.4(b) show the optimal position catedldor both the vertical and transverse
lines defined on the skin model as well as the melanoma saédithin across them. It can be seen
that Sappey’s midline plane passes through the umbilicdssaalso curved upwards towards the
back, which is consistent with Sappey’s original lines drasound the waist.

According to Sappey, the transverse line should be at thed té\the second lumbar vertebra (L2)
posteriorly. To accurately investigate this line’s pasiing relative to the vertebrae, an FE model
of the vertebral bones created previously has been embedtted the skin model and referenced
to VH images as shown in Figures 7.4(c) and 7.4(d). The L2beatis highlighted in red, which
is clearly higher than the level of Sappey’s midline plandie posterior position of this line is
closer to the level of the third lumbar vertebra (L3) and thdumbar vertebra (L4).
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(a) Anterior (b) Posterior

(c) Anterior (d) Lateral

Figure 7.4: The optimal position for Sappey’s lines (a,)weh with cases crossing these lines
plotted on the model, and (c,d) shown relative to the vealdimnes.
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Further analysis has been carried out to test the numbersescerossing Sappey’s lines after
including an area of ambiguous drainage either side of tieslias proposed by Sugarbaker &
McBride (1976) and Norman et al. (1991) (reviewed in Sectiof). The definition of an am-
biguous drainage zone is shown schematically on the skinehiadrigure 6.3. As previously
mentioned, the melanoma sites on the skin model are discret&ture, covering approximately
20 mnt of skin. Therefore the width of ambiguous drainage for Sgjsdmes (denoted by, and
wy,) have been increased by 40 mm increments during invegiigati

The graph in Figure 7.5 shows the number of cases crossinge$agines for different widths.
Widths w, andw, have been kept equal at each increment, and the height oeapnpidline
plane was held at 0 mm. For the purpose of comparison, tw@amglthe midline plane have been
investigated. Initially the plane with an angle 6fWas investigated (shown in blue), and then the
optimal angle of 10 was analysed (shown in red). As expected, for both anglesptimber of
cases crossing Sappey'’s lines decreases as the width ofmthigueous drainage zone increases.
Additionally, it can be seen that the number of cases crgsSappey’s lines is reduced when the
optimal angle is introduced, for all width values.
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Figure 7.5: The number of cases crossing Sappey’s linesdimg} a zone of ambiguous drainage.

However, at the optimum angle, it is not until the width exterio 280 mm that all cases with
cross-over lymphatic drainage are located within the aouig zone. This corresponds to 140
mm either side of Sappey’s lines and is shown schematicallyhe skin model in Figure 7.6.
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Meanwhile, when the angle is kept &, Ghe ambiguous drainage zone extends slightly further to
a width of 320 mm.

(a) Anterior (b) Left (c) Posterior

Figure 7.6: A zone of ambiguous drainage defined 140 mm esiderof Sappey’s lines.

The zone of ambiguous drainage in Figure 7.6 almost coveremiire torso region. This area
is considerably larger than Sugarbaker and McBride’s (1206es shown in Figure 1.8 which

were 25 mm either side of Sappey’s original lines. Additibndhis area is also slightly larger

than Norman et al.’s (1991) zone of ambiguous drainage shiowigure 1.9. This confirms the

inaccuracy of Sappey’s lines to adequately define lymplaasimage of the trunk where almost the
entire torso region shows possible drainage to unpredicbele fields. This is consistent with the
axillary and groin heat maps given in Figure 5.1 and Figu2e & well as Figure 5.6 which shows
that significant regions on the torso often drain to multipbele fields.

7.2 Symmetry Testing

Statistical testing has been conducted to determine whigth@hatic drainage of the skin is likely
to be the same on both sides of the body, using the methodsexdiih Section 6.3. This has
allowed the assumption that lymphatic drainage is symmadrbe quantitatively assessed. It also
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provides justification for reflecting LS data from one sidéhaf body to the other, with the purpose
of increasing the LS dataset. This increased dataset wdaold for improved statistical accuracy
during subsequent data visualisation and analyses.

To carry out symmetry testing the torso, upper and lower$phlands and feet, head and neck have
each been separated into regions. Note that LS data froenpsitivho had previous surgery was
not included. As mentioned in Section 1.4, patients withvigngs surgery could have an altered
lymphatic drainage pattern that would not be indicative afoamal population. Also, interval
nodes have not been included during testing since (as defin€able 1.5), they do not have a
specific anatomical location in the body. The location ofanelma sites that drained to interval
nodes which have been removed from the analysis can be séejuire B.20.

The multinomial model approach used during symmetry tg<tnitlined in Section 6.3) required

that each case of melanoma was separated into individumbdates for each draining node field.
During fitting, the model has been determined with respetttécmumber of data entries according
to the draining node fields, rather than the number of melancases.

Discretisation of the skin into separate skin regions fstitg has been carried out by considering:
(1) the anatomy of the skin and the lymphatic system, (2) sdgions as defined in previous studies
and (3) also ensuring that each skin region contained a igmfiamount of data to be statistically
conclusive. Upon investigation of the literature, theresswa clearly defined rule to determine the
minimum sample size for multinomial model fitting. Theraefdhe minimum sample size for this
analysis was arbitrarily set to 20 melanoma sites. It waimant to ensure that enough data was
available in each skin region, however there were also adgas for using small sized regions to
increase the spatial resolution, allowing for a more refiaealysis. The following sections detail
the results for each region of skin.

7.2.1 Torso

Skin of the torso contains a large proportion of the LS data,id particular to a high frequency of
melanoma sites located on the upper back. It is also one ohtst variable regions for lymphatic
drainage as demonstrated in Figure 5.6. Out of the 43 differede fields that can drain the skin
(detailed in Appendix A), 32 of them drain the skin of the tors

In accordance with standard anatomical divisions, theotbiss been divided into anterior and
posterior skin regions. It was difficult to define clear amfil anatomical boundaries on the
torso, apart from a horizontal midline through the umb#icHence, initially both the anterior and
posterior torso have been divided up into lower and uppeonsgelative to the umbilicus.
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@) (b)

Figure 7.7: Division of the (a) anterior and (b) posteriastointo separate skin regions.

The large amount of data available on the torso, as well akatge number of possible draining
node fields, justified performing a highly spatially refinethlysis of this region. Discretisation
in the vertical direction as opposed to the horizontal dioecwas considered appropriate since
lymphatic drainage was being tested about the verticalingddf the body. Skin on the upper
torso has been discretised into regions two elements highggegions 10 cm in height as shown
in Figure 7.7. The shoulder has been treated as a separair.ré@dpe lower regions of the torso
did not contain sufficient amounts of data to warrant furthigatial discretisation. The number
of melanoma sites contained within each region from each sidhe body, and the number of
data entries are given in Table 7.1. This table also detaés\tmber of cases with sole drainage
to interval nodes and individual data entries draining terval nodes, which have not been used
during the analysis.

Each region was then tested for symmetry by fitting a multimbmodel to the contained LS data.

Table 7.1 gives the results of this analysis, indicating tiwbethe predictor variables (defined as
the side of the body and skin element that each melanoma agdosated on) were considered
significant in the model (according to the AIC criterion defirin Equation 6.11). As the flowchart

in Figure 6.7 shows, if side was not a significant factor theveis considered appropriate to reflect
the data.
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| Skin Region | # Cases| # Data entries | Significant factor | Reflect?]
Anterior torso
- region 1 60 (1) 93 (2) - Yes
- region 2 82 (1) 117 (8) - Yes
- region 3 33(2) 37 (3) - Yes
- region 4 78 (2) 106 (14) - Yes
- region 5 75 (1) 121 (16) Side No
- shoulder 148 187 (1) - Yes
- lower anterior 37 50 (1) Side No
Posterior torso
- region 1 593 (1) 1056 (92) Element Yes
- region 2 446 (1) 739 (43) Element Yes
- region 3 215 (1) 318 (21) - Yes
- region4 217 (2) 296 (51) Side No
- region 5 184 (2) 346 (48) Element Yes
- shoulder 25 28 (3) - Yes
- lower posterior 51 70 (7) - Yes

Table 7.1: Results of the torso reflection analysis. Numbb@ases and individual data entries
draining to interval nodes are given in brackets.

Analysis indicated that LS data from regions 1 to 4 on the raotéorso could be considered
symmetric, while anterior region 5 and the lower anterigriga could not. Region 5 was located
just above Sappey’s horizontal line and had highly complaindge with 10 different draining
node fields. Note that in this analysis, the number of nodddikas not been defined according to
the left and right sides of the body, but by whether the node fiefined ipsilateral or contralateral
drainage. For example, melanoma sites on the left side diddg draining to the left axilla, and
melanoma sites on the right side of the body draining to tjiet axilla, defined one node field (i.e.
the ipsilateral axilla, rather than the left and right axijl node fields).

From skin of the anterior torso region 5, there were six noelddithat did not have drainage to
SNs in that field from one side of the body. Also, while the sgraportion of melanoma sites
drained to the ipsilateral axilla from each side, there weoge cases draining from the right side
to both the contralateral axilla and the contralateraligrddf the cases on the right side of the
body, 22% drained to the contralateral axilla and 13% to treralateral groin; while only 7% of
cases drained to the contralateral axilla and 2% drainduetadntralateral groin from the left side
of the body. These large differences in drainage statistas likely due to the nonuniform and
asymmetric distribution of melanoma sites within this si@gion (shown in Figure 3.12).

Meanwhile the asymmetry apparent in the lower anteriomotoegion was also highly influenced
by the asymmetric distribution of melanoma sites. This s&gion covered a large area, however
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since the data was sparse it could not be discretised fudhetow a more refined analysis. As
shown in Figure 3.12, there were more cases located neaegapyrizontal line on the right side

which evidently caused the drainage characteristics sfrégion to drain to the ipsilateral axilla

more often than the left region (i.e. 32% versus 6%). Thereeva¢éso more cases that drained
to the contralateral groin from the right side than the lafiain likely due to the asymmetrical

location of the primary melanoma sites in this region.

Symmetry in skin lymphatic drainage of the posterior toras &lso been tested by dividing the skin
into lower and upper regions as shown in Figure 7.7(b). Thebar of cases in each region on the
posterior torso (apart from the shoulder) were greater thamumber of cases on corresponding
regions on the anterior torso, as indicated in Table 7.1s iBrgonsistent with the higher likelihood
of melanoma developing on skin of the back than the antesisot

Skin element was output as a significant factor in the muttia model for regions 1, 2 and
5. This indicated that lymphatic drainage differed acrdesnents in these regions. Since there
was sufficient data available, these upper regions havediseretised further and analysed again
to allow for a more refined analysis. The lower posterior gagnowever, did not have enough
data to warrant further discretisation. Upon testing, tegion showed drainage most commonly
occurring to the ipsilateral groin, with drainage also te ttontralateral groin and both axillae.
Statistically the lower posterior region was shown to be satric, so it has been reflected.

Further division of the upper posterior torso has beeneaiwut horizontally, resulting in approx-
imately 10 cm square regions (shown in Figure 7.8). The tesflsymmetry testing for these
regions are given in Table 7.2. It was possible that selesiteédregions could have been discre-
tised even further since some contained a large amount af (f@t example, region 1 has 303
melanoma sites with 651 data entries), meanwhile the sstallanple size was given for region 8
(with 44 melanoma sites and 46 data entries). It was coreiderportant however, to provide con-
sistent skin discretisation, therefore since it was not@ppate to reduce the sample size in region
8 any further, the current discretisation has been maiatkiBoth regions 1 and 5 output element
as a significant factor, indicating that the drainage behawliffered across element boundaries.
Although, even though drainage differed across these megbskin, side was not considered an
important predictor.

In comparison to regions 1 to 5, there were a low number of nogfe sites available in the lateral
regions 7 to 10, corresponding with the fact that melanomeermemmonly develops in the middle
of the back. In addition, the process of mapping sites fromr2®3D has also contributed to the
sparsity of data in these areas (as discussed in Sectid).3Region 8 in particular had a very low
number of melanoma sites, with only 44 cases and 46 datasntri
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Figure 7.8: Horizontal division of the upper posterior tonsto smaller skin regions.

| Skin Region | # Cases| # Data entries | Significant factor | Reflect? ]

1 303 651 (61) Element Yes
2 351 (1) 628 (41) - Yes
3 171 (1) | 272(21) - Yes
4 130 196 (25) - Yes
5 98 (1) 200 (24) Element Yes
6 280 (1) 393 (30) - Yes
7 90 106 (2) - Yes
8 44 46 - Yes
9 87 (2) 100 (26) Side No
10 86 (1) 146 (24) - Yes
Shoulder 40 45 (4) - Yes

Table 7.2: Results of the posterior torso reflection ang)yadter further skin region discretisation.
Number of cases and individual data entries draining tovatenodes are given in brackets.

Upon testing, nearly all regions showed symmetry and haseetbre been reflected. The large
number of cases on each side of the upper posterior torsoimiyao the ipsilateral axilla largely
influenced this symmetry. Region 9 however, indicated thatas asymmetric. This skin re-
gion drained to seven separate node fields, although fouresktfields were not drained to from



7.2 SYMMETRY TESTING 147

melanoma sites located on both sides of the body. Also, agairmccurred from the right side of
the body to retroperitoneal and paravertebral nodes, hemtee left side of the body contained
no SNs in these locations. These low counts likely influerttedmodel, causing side to be a
significant factor.

7.2.2 Upper and lower limbs

The upper and lower limbs both contain two lymph node fieldie Tpper limb has axillary
nodes in the armpits and epitrochlear nodes at the elbowewie lower limb contains nodes
in the groin and popliteal nodes behind the knee. Lymphatindge of the lower limb was
relatively straightforward, with drainage always occogrio the groin (Figure 5.2) and at times to
popliteal nodes (Figure B.3). Meanwhile the upper limb haatercomplex lymphatic drainage,
almost always occurring to the ipsilateral axilla (Figur&)and at times to the epitrochlear node
field (Figure B.2). At times lymphatic drainage from the uppmb also occurred to triangular
intermuscular space, supraclavicular fossa, intercasi@dinterpectoral node fields.

For symmetry testing, the skin of each limb has been dividéanl anterior and posterior regions,
as well as upper and lower regions according to the locatidheoelbow and knee. This division

was deemed the most suitable since it aligns with the anatdrthe lymphatic system, where the
epitrochlear and popliteal nodes are located behind theretind knee respectively. Figure 7.9
demonstrates the division of each of the limbs into these Iggions.

Table 7.3 details the results of symmetry testing for eadh@limbs. The entire upper limb was
statistically likely to have symmetrical lymphatic drageg owing primarily to its high likelihood of
drainage to the ipsilateral axilla. In contrast, althoughlbwer limbs always drain to the ipsilateral
groin, they did not show complete symmetry. The posterigmias not considered symmetric due
to a significantly different proportion of melanoma siteattdrained to the popliteal node field.
Twice as many of the melanoma sites located on the right lageld to right popliteal SNs (25%)
as opposed to melanoma sites on the left leg (12%).

The hands and feet have each been treated as an entire skin, reigce there was not enough
data to separate them into anterior and posterior segnisgmighatic drainage from the hand was
similar to the upper limb, with drainage nearly always tollary nodes. The feet always have
drainage to the ipsilateral groin, with occasional draség ipsilateral popliteal nodes. Testing
each of these skin regions showed that both the hands anddiglet be considered to have sym-
metrical lymphatic drainage. Hence, the 47 cases on the dnach@03 cases on the feet, have been
reflected.
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(a) Anterior (b) Lateral (c) Posterior

Figure 7.9: Division of the upper and lower limbs into skigians.

| Skin Region | # Cases| # Data entries | Significant factor | Reflect? |

Upper limb

- anterior arm 243 257 (19) - Yes
- posterior arm 161 (1) 165 (13) - Yes
- anterior forearm | 288 (1) 353 (32) - Yes
- posterior forearm 59 71 (6) - Yes
Lower limb

- anterior thigh 317 318 (3) - Yes
- posterior thigh 102 103 (3) - Yes
- anterior leg 314 325 (5) - Yes
- posterior leg 307 344 (6) Side No
Hands 47 58 (4) - Yes
Feet 203 238 (3) - Yes

Table 7.3: Results of the upper and lower limb reflectionysial Number of cases and individual
data entries draining to interval nodes are given in bracket
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7.2.3 Head and neck

The anatomy of the head and neck is highly complex, where kirecan drain to many node
fields. It was important therefore, to determine the most@mpate method for dividing the skin
into separate regions. To maintain consistency with prevgiudies, the head and neck has been
divided up according to Pathak et al. (2001). This study veamiacted at the SMU to investigate
whether nodal metastases followed a clinically prediciaitigopn from melanomas of the head and
neck. The skin was divided into 12 regions as shown in Figut8(a). Corresponding division of
the skin model is shown in Figure 7.10(b) where the name df eegion is given in Table 7.4.

@) (b)

Figure 7.10: Skin regions on the head and neck, (a) repradnom Pathak et al. (2001) and (b)
similar regions defined on the skin model.

The lower anterior neck and lower coronal neck did not corgaificient data to be analysed, and
have therefore not been assessed. Of the remaining 10 gkaomse all except the lower anterior
neck drained to nine or more node fields. This lower antegaknegion showed drainage to only
five node field locations, however since there were only foatamoma sites in this region it was
highly likely that additional LS data would have shown degje to more node fields. Nearly all
areas of skin drained to all ipsilateral cervical node figldsile all 12 regions showed drainage to
the cervical level Il node field.

Each of these 10 skin regions on the head and neck with suiffideta have been assessed for
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| | Skin Region | # Cases| # Data entries | Significant factor | Reflect? |
1 | Forehead
- upper anterior 30 61 (5) - Yes
- lower anterior 28 70 Side No
- upper lateral 35 77 (5) - Yes
- lower lateral 45 85 (4) - Yes
2 | Upper face
- upper anterior 55 122 (8) - Yes
- lower anterior 76 (1) 159 (6) - Yes
- upper lateral 57 100 (6) - Yes
- lower lateral 74 (1) 144 (3) - Yes
3 | Lower face 61 128 - Yes
4 | Upper anterior neck 49 99 - Yes
5 | Lower anterior neck 4 5(1) (not enough data No
6 | Coronal scalp 29 68 (4) - Yes
7 | Ear 107 190 (1) - Yes
8 | Upper coronal neck 49 101 - Yes
9 | Lower coronal neck 0 0 (not enough data -
10 | Posterior scalp 88 202 (15) - Yes
11 | Upper posterior neck 71 149 (2) - Yes
12 | Lower posterior neck 69 136 (6) Side No

Table 7.4: Results of the head and neck reflection analysisabér of cases and individual data
entries draining to interval nodes are given in brackets.

symmetry. A summary of the results is given in Table 7.4, Wwisbows that most skin regions

on the head and neck were symmetric. The forehead howeven wbated as a whole region,

indicated that it could not be reflected. Since there wasfgignt data in this region it has been

divided further into four smaller regions (shown in Figur&Ifa)) to determine whether there was
localised asymmetry. The division into subregions has lveaaducted along element boundaries
into upper and lower anterior, and upper and lower latergiores. Symmetry testing showed

that three out of four of these forehead regions could bectefle although analysis of the lower

anterior region of the forehead confirmed that side remaangidnificant factor.

The most common node field from this lower anterior regionhef forehead was the ipsilateral
preauricular node field, however a large difference in drgénlikelihood to this node field from
each side of the head probably contributed to this asymmiEtey entire left side of this region had
drainage to the left preauricular node field, in contrastrity 7% of the melanoma sites on the
right side that drained to the right preauricular node fietthjpare with Figure 5.3). There was also
a difference between the proportion of sites that drainezbtdralateral preauricular node fields,
with 7% of sites on the left side of the head and 36% on the sgld. These differences were
likely influenced by the uneven distribution of sites withihrese regions, since melanoma sites
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on the right region were closer to the midline than sites anld#ft, likely causing contralateral
drainage to be more likely from the right side. Another ciimiting factor to the asymmetry is the
fact that of 13 possible node fields, seven of them had noagaifrom one side of the head.

(a) Forehead (b) Upper face

Figure 7.11: Skin of the head that has been divided furthersabregions.

The upper face region has also been divided into four sepaggtons (shown in Figure 7.11(b))
since there was sufficient data to conduct a more spatidilyad analysis. Testing each of these
regions for symmetry showed that side was not a significaidfand the data could be reflected.
The lower anterior region showed the most common node fiekl ipgilateral cervical level I,
while drainage from each region often occurred to ipsitdteervical level 1l and preauricular
node fields.

The lower posterior neck indicated that it was asymmetrigs fegion of skin was highly complex,
with 16 draining node fields in the head and neck and the tareere was a significant different
in the draining statistics to ipsilateral cervical levefridm each side, with 11% of all melanoma
sites on the left side in contrast to 40% of melanoma sitedenight side draining here. Also,
contralateral cervical level V and ipsilateral cervicaldelV showed considerable drainage differ-
ences. These differing drainage characteristics weralpggskie to the asymmetrical distribution
of melanoma sites in this region (which can be seen in Figuir2)3In addition, since this is such
a complex region of skin with numerous node fields more LS datald be required to quantify
whether this region is actually asymmetric.

Meanwhile, as previously mentioned, the lower anteriokreet lower coronal neck did not con-
tain enough data to conclude whether lymphatic drainagesyiasnetric. The sparsity of sites on
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the anterior neck was partly due to the mapping process. &bl region of the SMU’s anterior
body map contained only one grid unit in thedirection (shown in Figure 3.9) so the anterior
neck region has been stretched considerably to cover adagegeon the skin mesh.

KEY

symmetric

asymmetric

. insufficient

data

(a) Anterior (b) Posterior

Figure 7.12: Results of the symmetry analysis, displayaggans of skin that were asymmetric in
black.

After testing each skin region, melanoma sites within egohrsetrical region have been reflected
according to the methods described in Section 6.3.2. FigliZshows the collective results of the
symmetry analysis. The total number of cases in each skiarregnd the number of cases in each
region that have been reflected are outlined in Table 7.5.006232 cases in the LS database,
there were three patients with previous surgery and 17 e@fiesole drainage to an interval node,
that have been excluded from the analysis. Of the remain2i@ Tases, 4605 cases have been
reflected, giving 9817 cases in the reflected LS database.
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| Skin Region | # Cases | # Reflected|

Torso 2244 (13) 2045
Upper limbs 751 (2) 751
Lower limbs 1040 733
Hands a7 47

Feet 203 203
Head and neck 927 (2) 826
TOTAL 5212 (17) 4605

Table 7.5: Number of cases in each skin region that have leflatted. Number of cases with
sole drainage to interval nodes are given in brackets.

7.3 Cluster Analysis

Cluster analysis has been carried out to define regions pfvgith similar patterns of lymphatic
drainage without a priori hypotheses, using methods desgrin Section 6.4. To carry out this
analysis, the reflected LS dataset which contained 981% aesscribed above, has been used.
This larger dataset allowed for improved robustness in #fenidion of the boundaries of each
resultant cluster. Similar to the reflection analysis, waénodes have not been included during
this analysis. To carry out the clustering algorithm, LSadad&s been grouped according to skin
element, and hence each cluster will contain one or mulsiiie elements.

An appropriate check distance value was chosen by assdhksimgsultant clusters to ensure they
made physiological sense and had potential clinical wtilithis meant that for each cluster, it
was important that the corresponding region of skin showedarly defined pattern of lymphatic
drainage. Making sure that a sensible number of clustergeahed was also important, since
the algorithm will produce too many clusters when the chastadce threshold is too high.

7.3.1 Results

The clustering algorithm has been carried out on the refletd¢aset for decreasing check distance
values starting af, = 6.48. This initial check distance was iteratively reduced froth t d/20

in decrements of 1, to give the resultant cluster tree dragaa shown in Figure 7.13. In this
diagram, the size of each cluster has been scaled accowlitige thumber of skin elements it
contained, however since the cluster tree was so large ldweveedifferences in size were small.
The colour of each cluster corresponds to the standardto@viaf the LS data contained within
that cluster, according to the scale bar at the bottem ofidggram. Initially-all skin elements were
contained within the same cluster, however as the chectrdisthas been iteratively reduced the
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skin elements split off into smaller clusters. In some cak#®e check distance was too small,
clusters or even individual skin elements drop out of thdyaigaltogether.

As an arbitrary rule, clusters containing more than five ellet® were considered large, while
any clusters with less than five elements were regarded db §inahe cluster tree diagram, large
clusters have been joined with a solid yellow line, while Bitlasters have branched off with a thin

black line. A summary of the clustering results is given itl€7.6, detailing the check distance
values and the number of clusters at each check distancem@nta have also been given when
the number of large clusters increased, to describe howldiseecs have divided. Visualisation of

clusters on the skin model has been given for specific chestlarties in Figures 7.14 through to
Figure 7.16.

Check | # Large | # Small Total Comment
distance | clusters | clusters | # clusters

<d/9 1 0 1 -

d/10 1 3 4 -

d/11 1 5 6 -

d/12 2 8 10 Left head cluster splits off

d/13 3 11 14 Right head cluster splits off

d/14 3 9 12 -

d/15 3 8 11 -

d/16 5 8 13 Left axillae cluster splits off
& left head cluster divides

d/17 6 12 18 Right head cluster divides

d/18 7 12 19 Right axillae cluster splits off

d/19 9 10 19 Lower limb cluster separates

d/20 7 18 25 -

Table 7.6: Cluster analysis results.

The cluster tree diagram showed that there was only oneetlpstsent until check distance d/10,
when three small clusters with two or three elements in easkeboff from the main cluster. At
the following check distance d/11, additional small clusteparated from the main cluster, then
at d/12 a large cluster containing elements on the left siddehead (cluster number 3) split
off. Following this, at d/13 another larger cluster split obntaining elements on the right side of
the head. The three large clusters at d/13 can be seen onith@aétel in Figure 7.14. Cluster 1
(shown in red) contained most of the elements on the torséirabd, while clusters 3 and 6 (shown
in silver and white respectively) contained elements ohegiside of the head. Note that skin
elements shaded in black contained no data and therefoeenodween included in the clustering
algorithm. Meanwhile elements that comprised a small sidaster or had dropped out of the
analysis altogether have not been shaded, and remain dkurcdhe elements that dropped out
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n = 43, d=6.48074
d/l di2 d/3 di4 d/S die df7 di8 d/9 d/10 d/11 d/12 df13 d/14 df15 d/16 d/17 d/18 d/19 d/f20
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Figure 7.13: Cluster tree diagram for the reflected LS data.
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CLUSTER
KEY

(a) Anterior (b) Left (c) Posterior (d) Right

Figure 7.14: Clusters on the skin mesh at check distance d/13

of the analysis often contained outlying melanoma siteisdisplayed unusual lymphatic drainage
which did not fit with more common drainage patterns demauetk by the clusters.

Further decreasing the check distance continued to geraulditional clusters, however it was not
until d/16 that two more large clusters were formed when qtieaf from the left torso and upper
limb and the left head cluster divided in two. At check distam/17 another large cluster was
formed when the right head cluster divided, and again at dfl&dditional cluster was formed by
the right torso and upper limb splitting off together.

Figure 7.15 shows the clusters at check distance d/18. Stemeests that were originally in
cluster 1 at d/13 (visualised in Figure 7.14) dropped outha theck distance, including two
elements on the middle of the posterior torso. These two exdsnwere close to Sappey’s lines
indicating regions of skin that showed highly variable Iymafic drainage. One of these elements
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Figure 7.15: Clusters on the skin mesh at check distance d/18

was previously demonstrated by the skin selection toolgufé 5.7, displaying complex drainage
to seven different node fields as well as to interval nodes.

Finally at check distance d/19, elements on the lower lingpsigated into three individual clusters,
as shown in Figure 7.16. One cluster was created for each ihite an additional cluster was
formed from elements on the anterior and posterior lowesttoin total there were 9 large clusters
and 10 small clusters at this check distance. The total nuwfbausters increased considerably
past d/19, however the number of large clusters decreasedxBmple, at d/20, two of the large
clusters on the head dropped out of the analysis since thek ch&tance threshold was too high.
Meanwhile the number of small clusters increased from 108to Therefore it was considered
appropriate to stop iterating the cluster algorithm at dékthis gave a physiologically reasonable
result while also ensuring that the check distance threlslhiak not unnecessarily high.
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Figure 7.16: Clusters on the skin mesh at check distance d/19

Each of the final clusters that were formed at check distaft®@ abrresponded with a particular
pattern of lymphatic drainage. To further assess the dgaitehaviour of each cluster, statistics
have been calculated to determine the likelihood of drarfemm each cluster to its draining node
field. To give measures for these drainage statistics, @oanpetric bootstrapping (described in
Section 6.5) has been used to determine 95% confidenceatge@ommands implemented in R
that were used to calculate these confidence intervalsaea gi Appendix G.

Table 7.7 details the resultant draining node field stagdtiom each cluster. Only the dominant
draining node fields have been given here. Clusters 1 and Betotwver limbs indicated that
100% and 99.74% of all cases within these clusters draindeetaght and left groin respectively.
A small number of melanoma sites also drained to the poplitede fields from these clusters.
Unexpectedly, there were two elements on the left ankleditegtped out of the analysis altogether.
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This was due to each element only containing one melanomanditich had drainage to both the
ipsilateral groin and ipsilateral popliteal node fields.ring clustering this would have indicated
100% of sites drained to each field, significantly differentte drainage characteristics of other
elements in the cluster which less frequently drained tgptm@iteal node field.

Cluster | Location Draining | Drainage Statistics (%)
Node Fields| Mean 95% ClI
1 Right lower limb rg 100 (100, 100)
(n=1116) rpop 6.36 (4.93, 7.89)
2 Left lower limb lg 99.74 (99.38, 100)
(n=1138) lpop 4.92 (3.69, 6.24)
3 Lower mid-torso rg 70.27 (62.16, 78.38)
(n=111) lg 69.37 (60.36, 78.38)
ra 18.02 (11.71, 25.23)
la 17.12  (10.81, 24.32)
4 Right torso & upper limb ra 95.41 (94.56, 96.13)
(n=2613) la 16.80 (15.46, 18.29)
7 Left torso & upper limb la 95.33 (94.54, 96.09)
(n = 2636) ra 16.81 (15.36, 18.29)
9 Right lateral neck & jawline rc2 74.00 (65.00, 82.00)
(n =100) rch 30.00 (21.00, 39.00)

rc3 27.00 (19.00, 36.00)
rc4 19.00 (12.00, 27.00)
rsc 15.00 (8.98, 22.00)
10 Right lateral scalp & cheek rc2 67.57 (62.67,72.48)
(n=367) rprea 60.49 (55.31, 65.12)
rposta 18.53 (14.44, 22.62)

rcl 12.81  (9.26, 16.36)

16 Left lateral scalp & cheek Ic2 67.47 (62.93,72.27)
(n=375) Iprea 62.13 (57.07,67.47)

Iposta 17.87 (14.13, 21.60)

lc1 12.53  (9.33,16.27)

17 Left lateral neck & jawline Ic2 70.51 (60.26, 79.52)
(n=78) Ic5 25.64 (16.67, 35.90)

Ic3 25.64 (16.67, 35.90)

Ic4 17.95  (8.97, 25.67)

Isc 15.38  (7.69, 24.36)

Table 7.7: Drainage statistics of the dominant drainingenbéids from each cluster at check
distance d/19.

Clusters 4 and 7 located on each side of the torso and upges,lzorresponded to a high likelihood
of drainage to the ipsilateral axilla. The drainage stassindicated that just over 95% of all
melanoma sites located within these two clusters drainduet@silateral axilla, while nearly 17%
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of all sites drained to the contralateral axilla. Owing te targe amount of data in each of these
clusters, the confidence intervals were very small.

Cluster 3, which was located in the middle of the lower aotegind posterior torso showed that it
was likely to drain to either groin node field (70%), and tdeitaxillary node field (approximately
17%). This region confirmed that there was a relatively langa of skin in the middle of the torso
which showed ambiguous lymphatic drainage.

The remaining four clusters were located on either sideehtrad, and grouped elements together
on the lateral scalp and cheek (shaded orange and burgamdi3kin elements on the lateral neck
and jawline (shaded white and silver). Elements containédimthe lateral scalp and cheek clus-
ters always showed drainage to the preauricular and céfeica Il node fields. According to the
drainage statistics given in Table 7.7, the ipsilateralicat level Il was the most common draining
node field (68%), which was followed very closely by the préauar node field (approximately
60%). Often drainage was also observed to SNs in the postdarriand other cervical level node
fields.

Similar to the lateral scalp and cheek clusters, ipsilatgevical level Il was the most common

node field draining the lateral neck and jawline clustersetOf0% of all melanoma sites from

the clusters drained to SNs in this location, and all eleseithin these clusters also drained to
cervical levels IlI, 1ll and IV node fields. Often drainagealsccurred to cervical level V and

supraclavicular fossa nodes.

7.4 Discussion

The statistical methods that have been implemented abmxedera way to analyse lymphatic

drainage of the skin with increasing complexity. Quantifythe accuracy of Sappey’s lines and
investigating the symmetry of lymphatic drainage had adldwrevious anatomically based defi-
nitions of drainage patterns to be assessed. The mapped dexadoped in this thesis has how
enabled analysis to move beyond these anatomically basiedtidas of drainage towards a data
driven approach. Cluster analysis allowed LS data to bepggduogether according to regions of
skin with functionally similar drainage patterns, withoaterence to previous spatial hypotheses.

Analysis of Sappey’s lines showed considerable inaccut@cpredicting lymphatic drainage of
the trunk. It is significant to note that during this analysielanoma sites located on the trunk
with drainage to alternate node fields were removed, sinppe3és conclusions were limited to
lymphatic drainage to the axillary and groin node fields. 1@ 2196 cases located on the trunk,



7.4 DISCUSSION 161

only 61% had sole drainage to one axillary or groin node fi8@% of those cases drained to
one or more axillary or groin node fields as well as an altermaide field; while the remaining
7% drained to alternate node fields without draining to thézagr groin at all. This means the
predictive inaccuracy of Sappey’s lines, even at its caked optimum position, will be worse
than 12.5%. In addition, nearly the entire torso region destrated ambiguous drainage (shown
in Figure 7.6), which again proved that lymphatic drainagedt accurately predicted by Sappey’s
lines.

Although Sappey’s lines were inaccurate, analysis clesinlgwed that the optimal position for
Sappey’s vertical line was located at the anatomical cegifttiee body. This was significant, since
although the body is outwardly symmetric about the bodyisie@ midline, most of the internal
organs are not (Wolpert 2005). The heart for example, is ettt side, as are the stomach and the
spleen. Additionally, the right lung has more lobes thanlidffie It appears that the asymmetrical
placement of organs in the torso does not seem to alter thensyny of the lymphatics draining
the overlying skin.

There were a number of factors that were important to takedonsideration during interpretation

of these results. Firstly, defining Sappey'’s transverseusing a plane limited the way that the skin
model could be divided into quadrants. The amount of cureatesulting in the transverse line

around the skin model was restricted by the amount of curegitesent in the skin model itself.

In reality, this line curves from the umbilicus anteriortythe level of the second lumbar vertebra
posteriorly (as explained in Section 6.2). Although the Im& plane may not have enabled all
possible divisions of the skin model into quadrants, theaathge was that it could be defined
unambiguously and was computationally straightforwararplement.

Also, it is important to be aware that when a patient’'s mefaaite has been recorded on the
posterior torso body map (as shown in Figure 1.14), it wasetmirded with respect to the vertebral
bones because they had not been drawn on the 2D body maps. vétpweelanoma sites on
the anterior torso body map have been recorded relativeetauntbilicus. Therefore, defining
Sappey’s lines with respect to the umbilicus is acceptathllieough determining where they should
be relative to the vertebrae may be less accurate. Alsoethgve position of the umbilicus to the
vertebrae may not be very accurate on the skin model. Theithdil that was used to create the
VH images was lying in a supine position, which is likely tovbdnad internal organs and overlying
skin that were not exactly representative of a live indialdu

The symmetry in lymphatic drainage patterns suggested pgeyés optimal vertical line, has been
further quantified during symmetry testing. Analysis iraded that most of the skin did in fact
show symmetrical lymphatic drainage about the verticallimgdof the body. Regions displaying
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asymmetry included skin of the lower anterior torso, pastdegs, lower posterior neck and small
regions of the anterior forehead and posterior torso. Theltiag asymmetry in these regions
however, was likely to be due to an asymmetric distributibmelanoma sites within the regions,
which would have influenced the draining node fields.

Meanwhile, the lower anterior neck and lower coronal neakldmot be analysed because there
was insufficient data. It is possible that each of these asstmeal regions would have shown
symmetry if more LS data was available. Also, as discuss&gation 6.3, using GLMs to model
the data without correcting for non-independence meanstimae regions may in fact be symmet-
ric but give an asymmetrical result. Therefore, it is pogsthat skin lymphatic drainage of the
body is entirely symmetric. It was considered important &eev, during subsequent data reflec-
tion, to take a conservative approach to the analysis aryrefiéct those skin regions that showed
conclusive symmetry.

There were a number of aspects of the symmetry testing théd bave been carried out differently,
which may have varied results. Primarily, the discretwatf the skin into separate regions was
not a clearly defined procedure. The torso was divided agugr its anatomy, into anterior
and posterior regions and above and below the umbilicusth&udiscretisation of the upper
anterior torso was based on element boundaries which hasre dréitrarily chosen during skin
mesh construction. Meanwhile, the upper and lower limb&wlarided according to the lymphatic
anatomy in these regions, even though there was enoughrdatarie areas to support a more
spatially refined analysis. Lastly, to maintain consisyetiee head and neck has been divided
according to a previous study. A number of alternate skirsatins for each of these regions could
have been used, which may have given different results. Memvsince the results showed that a
significant proportion of regions showed symmetry usinfedént skin discretisation methods, the
results were likely to be robust.

Collectively, both Sappey’s lines analysis and the symyniesting demonstrated a distinct func-
tional division of the torso into left and right sides. Sulpsent cluster analysis provided additional
insight into regions of skin that showed functionally sianipatterns of lymphatic drainage, based
solely on the LS data. Results showed a clear anatomicaidivof the skin into nine separate
clusters, which primarily grouped regions of skin accogdio the dominant draining node fields.
As detailed in Table 5.1, the most dominant node fields wezeattillary, groin, cervical level
and preauricular node fields, being drained to by 62%, 29%4 athd 7% of patients in the LS
database respectively.

Interestingly, the clusters draining primarily to axijfaand groin node fields divided the trunk into
regions comparable to Sappey’s lines. Even though thereveugability of lymphatic drainage
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on the torso between individuals, Sappey’s lines appearedriform to the most likely drainage
behaviour of this data. Cluster 3 (in Figure 7.16), whichrfed in the centre of the anterior and
posterior torso, clearly demonstrated however that thex® still a significant region of skin with

ambiguous drainage to groin and axillary node fields.

Similar to the previous statistical methods implemented,dluster analysis also had limitations.
Currently the cluster algorithm groups LS data accordingkio elements. The advantage of this
approach was that it was straightforward to implement, ivewé also meant that the data was
homogenised across elements which were arbitrarily chdgang skin mesh construction. The
degree of homogenisation could be reduced in future by itigithe skin further into smaller
regions, where there is sufficient data.

Restriction of the boundaries of each cluster to the boueslarf the skin elements was another

limitation. In an ideal situation, uniformly sized skin regs would have been used rather than the
skin elements which have large variations in size. In addjtthere would be adequate LS data to
provide probabilities that represent the entire poputat® number of elements on the skin mesh

did not have any data present, and therefore could not bggdon a cluster. These elements are
shown shaded in black in Figures 7.14 through to Figure 7Tbéenable a more comprehensive

clustering analysis, data would be required in these ragion

The clustering algorithm did not have any inherent spatidraness, which has allowed the for-
mation of clusters which were not all connected. The adygntd this lack of spatial awareness
was that it allowed the LS data itself to determine the foramabf clusters without any bias to-
wards clusters forming between adjacent elements. Thigweas markedly seen in Cluster 3 on
the lower anterior torso, where elements did not all shajacadt boundaries. Clusters on the head
at check distance d/19 also did not always included elenvemitsh shared adjacent boundaries.

Although each of these statistical tests has inherentdtmits, they have offered additional in-
sights into skin lymphatic drainage. This analysis haswalb Sappey’s lines to be assessed to
guantify that they are inaccurate to predict lymphaticrge. However, despite this inaccuracy,
they appear to demonstrate common patterns of drainagesatite known population. It was
shown that skin lymphatic drainage is likely to be entirgignsnetric. There were significant areas
of skin that nearly always showed drain to the ipsilaterdlaygroin, cervical level Il and preau-
ricular node fields. Collectively,. this-mapped model,hasvjaied a-novelway to add to current
knowledge about the lymphaitics; and gives a framework fditeshal analyses in the future.
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7.5 Summary

This chapter presented detailed statistical analysisteasiskin lymphatic drainage conducted in
3D, based on methods described in the previous chapter.aletbanalysis of Sappey’s lines has
been conducted. Investigation has also been carried oetéordine whether lymphatic drainage
patterns could be considered the same on both sides of the lidg a multinomial modelling
approach. Regions that were considered symmetric have reflented, providing a larger LS
dataset to use during subsequent data visualisation ahydasaThis reflected LS dataset was used
during cluster analysis, to define regions of skin that havelar patterns of lymphatic drainage.
Confidence intervals were calculated to determine thessital significance of drainage statistics
from each cluster.



Chapter 8

Conclusions and Future Work

The aim of this research was to develop an anatomically baseldlling framework to enable 3D
visualisation and analysis of skin lymphatic drainage gsirelanoma LS data. For this purpose,
a highly detailed anatomically based FE model of the skinlbeen created based on the VH
dataset and a Sawbones head and neck model. A discrete nidgeipth nodes that directly
drain the skin has also been created using the VH datasetSMigs entire LS database of over
5000 patients was then mapped from 2D onto this 3D model usistrmesh fitting and various
projection techniques.

Visualisation of skin lymphatic drainage was conducted@mhapped model by relating melanoma
sites on the skin to draining node fields. Heat maps have bemergted by fitting fields across the
skin model surface, providing novel displays of the likeldldl that any area of skin will drain to a
particular node field, or a specified number of node fields. i#atthlly, a skin selection tool has
been developed and provided online, allowing dynamic ptexhi of draining node fields based on
a selected element on the skin model.

Detailed statistical analysis was carried out to furtheesgtigate skin lymphatic drainage. The
inaccuracy of Sappey’s lines was quantified, and an optiwsitipn for these lines has been deter-
mined. Tests were conducted to determine whether lymptedioage is likely to be symmetric,
and cluster analysis was carried out to functionally gragians of skin that showed similar pat-
terns of drainage. Confidence intervals were also calalikaténdicate significance measures for
the dominant draining node fields from each cluster.

This chapter outlines the limitations of the developed nhods well as possible future work.
Finally, a summary of the novel findings and conclusions f work is given.
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8.1 Model limitations

Although the developed model has further improved undedstg of skin lymphatic drainage,
there are a number of limitations present that should bentadte consideration. The FE model of
the skin has been created using two separate datasetsptagibs from the VH and a Sawbones
head and neck model. The head of the VH had an abnormally shoktregion which was not
considered adequate for mapping melanoma sites onto, arddelling the detailed lymph node
geometry in this region. Using the Sawbones model for thel laea neck has allowed for neck
melanoma sites and node fields to be modelled accuratelygvesvthe combined skin model is
not based on one individual. By combining two datasets argéieed anatomical representation
of the skin has been created.

The full lymph node model based on the VH dataset has beetedr@ath many nodes located
in each node field. During mapping however, the full anatamndztail of the model has been
considerably underutilised, since this detailed modeldesn reduced to one representative node
in each field. This was the only possible way that the SN nodeésfieould be mapped, in the
absence of detailed location information. Although the Bawes model contained bones and
facial muscles, it did not include lymph nodes to allow aeteplacing of the head and neck node
fields such that the head and neck node fields have been mdagderéo the head and neck skin
model. These representative head and neck nodes are tieanet@exactly anatomically accurate,
however they still sufficiently depict the general locatafreach field.

The skin has been modelled using high order FE interpolatidrich accurately captured the
anatomical structure of the skin while also using a minimainber of elements. As a result,
elements are not uniform in shape and there are large \@argaith size. This has created limitations
in the developed skin selection tool and during the statitiluster analysis, where LS data has
been grouped according to skin elements. Some elements laageaamount of data present so
they had high levels of confidence, while other elements Vitifle or no data were statistically
inconclusive.

The primary limitation of the model was the sparsity of dateertain regions of skin. In particular,
data was sparse on the groin, lateral torso, lateral leggtantiands. This was due to the LS
data collection procedures which were implemented at th& Stkle nonuniform distribution of
melanoma sites recorded in the database, as well as the mygmicess that has been used to
convert the 2D LS data into 3D. More LS data would be requinddture to improve the predictive
accuracy of the model, particularly on elements on thedhtdes of the body and the groin.
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8.2 Future work

Although this study has inherent limitations as describleova, extensions to the model could
address these issues. The model could also provide thefbasie development of additional
research projects. Possible future extensions to the naodeliscussed below.

Recording Additional LS Data

Although the SMU currently has the world’s largest LS datsoat over 5000 patients, ideally more
data is required to give an accurate indication of pattefrignophatic drainage from all over the

body. To address this problem, an interactive softwaredoold be developed to allow clinicians
at the SMU to record their LS data directly on the 3D modelawaf

Preliminary work has already been initiated towards thialgasing a web-browser extension
named ZING, that has been developed at the ABI. This extension embedSMGUI visualisa-
tion engine within a web page, allowing CMGUI scenes to beleead directly into it. An example
of a potential recording interface which is currently undevelopment can be seen in Figure 8.1.
This interface includes three separate scenes which i8sudifferent FE models of the body. User
input forms are given on the lower left to allow direct entfypatient information, and buttons are
provided to enable different aspects of the model to be seen.

This interface would allow the user to position each pasgmimary melanoma site directly onto
the 3D skin model surface, improving the anatomical regigin of sites. This would be a distinct
advantage over the current 2D recording method carriedtadbeeSMU. In particular, melanoma
sites on the lateral sides of the torso and lower limbs coeldnbre accurately placed since the
model would have the ability to rotate. Also, this interfacelld provide utility to morph the skin
mesh to match the patient’'s morphology using host-meshditfdlescribed in Section 2.4). By
changing the shape of the skin model to accurately représematient of interest, the primary
melanoma site recording could be more precise since dimscivould not be required to subjec-
tively normalise each patient’s body morphology.

The location of each patient's SNs could also be more acglyra¢corded using this tool. The
second scene shows selected muscles, bones and vascataaissl previously at the ABI using
VH data. These models would enable SNs to be placed relatiadjacent anatomical structures.
These anatomical landmarks would be invaluable, since lyngues are often located alongside
blood vessels, and are commonly described relative to msiseid bones.

http://www.cmiss.org/cmgui/zinc
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Figure 8.1: Preliminary example of an LS recording integfac

The interface could also provide complex visualisation dgdamic analysis of the data. An
example of this kind of utility is shown in Figure 8.2, whicksplays different heat maps on the
model. The model could be combined with the skin selectiah tiw predict melanoma spread
from any element on the skin. To allow for a more statisticabund predictive tool, confidence
intervals for drainage predictions from each skin elemenitict also be determined using non-
parametric bootstrapping (described in Section 6.5).idliytthis tool could be installed at the

SMU, however it may be beneficial to provide the tool to metaaaentres globally. This would

allow the LS dataset to grow rapidly and provide a means tectly compare skin lymphatic

drainage patterns observed around the world.

Improved Localisation of SNs

Further extension of the model could include work to enaldesnaccurate localisation of the SNs.
Two possible solutions could be utilised to address thisas3 he first option has been previously
described, and would involve development of an interfa@d tluclear medicine physicians or
surgeons could use to accurately place the locations of 8ISl or surgery respectively. A
prototype example of such an interface was shown in Figure 8.



8.2 FUTURE WORK 169

Melanoma Heat Maps - Mozilla Firefox

Fle Edit view History Bookmarks Tools Help

@ - - @ ﬁ_l‘ |[I http:/fcmiss.bioeng auckland ac.nz/development/examples/a/melancma/cmiss_inputyr |+ b | [Gl= Gooale 5]

~HeatMap Controls ——————————— - 3D Window
~NODE FIELD

Axillary
Groin

TR
Epitrochlear
Popliteal

00000,
(ollelleliole;}

|80
- # NODE FIELDS

®L 02+ O3+ O4+

*T|S = Triangular Intermuscular Space
- Views

Anterior

Posterior

Left Side

Right Sid
ight Side 10

View All

Display
[ Contours

i}

% Dralnage
Likelihood

[ Dore

Figure 8.2: Interface enabling dynamic visualisation & S dataset.

A second and perhaps more accurate method however, woutduse tSPECT/CT images, which
accurately localises SN locations relative to each pasiamatomy. A new SPECT/CT machine
has recently been purchased by the SMU and will be used duBnghaging in the near future.
An example of the images produced by this machine, which @oeskfunctional SPECT images
with anatomical CT images, is shown in Figure 8.3. Studieglshown that these images pro-
vide improved detection and localisation of SNs over LS,irae$ highlighting SNs that could
not be seen on LS images (van der Ploeg et al. 2007). Eithdresktsoftware solutions would
require considerable time to implement, however they whalkk the potential to greatly improve
knowledge about the spatial distribution of lymph nodeshmhody.

Enhanced Anatomical Detall

Currently the model contains a detailed skin and lymph noddeh however it could be extended
to include additional anatomical detail such as the boneésransculature. FE models of the
vertebrae used during statistical analysis of Sappeyesl{shown in Figure 7.4), and other bones
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Figure 8.3: Example of (A and B) LS images versus (C and D) SPET images of a patient
with melanoma medial to the scapula and three SNs. One SNowatet in each supraclavicular
fossa node field and the third SN was located cranial to thetursite. Reproduced from van der
Ploeg et al. (2007)

developed at the ABI could be included. Visualisation ofé&®and muscles in the interactive skin
selection tool (developed in Chapter 4) for example, wouti/jgle clinicians with an anatomical
reference for the overlaying skin.

It may also be possible to incorporate additional datasetsiprove the accuracy of the lymph

node model. As mentioned in Section 1.4, Qatarneh et al.6)20@ve also developed a detailed
lymph node model using VH images. Their model was developadsist cancer radiation therapy,
and was created by two observers who had experience and éagavin localising lymph nodes.

As aresult, they have located more lymph nodes than the ncoelgtied for this thesis. Their model
has more nodes located in each of the node fields draininkihéspecified in Table 2.2), as well

as additional nodes in other fields that do not drain the skin.

A company in the United States, called Touch of Life Techg@e, have also investigated the
location of lymph nodes on VH images. They have developesivsoé for the purposes of anatom-
ical education, including the VH Dissector Pro. This pradacsold as a DVD which allows the
user to select different anatomical structures, which ik twen visualise in 3D using VH images
from various orientations. Lymph nodes can be visualisetlaggpear to have been located using
segmentation methods. It is unclear however, how accyrtitel have been located or how many
lymph nodes there are in the model.

2http://www.toltech.net/
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These two groups offer potential for obtaining lymph nod&ada VH space that could be incor-
porated into the lymph node model in this study, providindiadnal anatomical validation. As
mentioned in Section 2.6, it was very difficult to locate Iympodes on VH images during model
creation. Therefore the ability to compare the model witteostudies would be highly valuable.

Another potential improvement could be provided by altgtime skin model so that it is anatomi-
cally symmetric. Currently the skin model is not symmetni¢hie torso or the thighs, however this
could be modified so that the entire skin surface is symmatrect more direct side comparisons
and reflections of the LS data could be applied. The skin moalgdd also be modified so that the
elements are more equal in size. One method that could beingpited in future to address this
problem would be to change the initial linear mesh createfdation 2.5, by moving the nodal

positions and then refitting the model to the digitised daiats.

Other Clinical Features

It would also be beneficial to increase the amount of dataishacorded during each specific LS
study, which in turn would enable additional clinical feasito be added to the model. This would
allow epidemiological investigation into whether variotisaracteristics of melanoma have any
influence over possible lymphatic pathways. Features doaldde: Breslow thickness, presence
or absence of ulceration, or whether metastatic melanonpaeisent in SNs. Also, it may be
useful to include information about second tier nodes ofegkon LS. While these nodes are not
important to locate during SNB, they could give interestimfigrmation about the path of lymphatic
drainage beyond the first lymph nodes that drain the skin.

To further improve the accuracy of recording LS data for al@ation and analysis, details regard-
ing whether individual patients have had previous surgbgukl be included. As mentioned in
Section 1.4, previous nodal or other major surgery can taffeanal lymphatic drainage patterns,
and it is therefore important that these patients are naidec during data analysis or subsequent
drainage predictions. A database that allows clinicaluiesst to be recorded fully and systemati-
cally on patient examination would increase efficiency dadallection as well as accuracy.

Skin and Lymph Node Model Utility

Other research projects currently underway at the ABI hia@eapability for using the skin model,
which provides the ability to initiate the development objects with a specific focus on the skin.
Currently Jor et al. (2007) are developing a discrete 3D fiboglel of human skin, in order to
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improve understanding of the relationship between itatine and function. This model has been
developed by modelling microstructural properties of skihich vary across the body. The skin
model from this could be used to embed properties of skin fier@int regions of the body to
analyse these differences.

Commercial applications of the skin model are also possilite ABI has recently purchased a 3D
scanning systefnwhich is intended to collect data from a number of peopléwitferent body
morphologies. The FE skin model will then be used as a baselmddch can then be morphed
to fit each individual’s specific morphology. From these oussed skin models, additional data
can be calculated specific to the individual, such as bodymelindexes.

Links with the Auckland University of Technolo@yand the fashion industry have recently been
established at the ABI, to investigate the utility of a cotgounodel that allows an individual
to virtually try on clothing. For this purpose, a skin meshulebbe required which could then be
morphed to a specific individual’s measurements. The modeldthen visualise selected clothing
to assess whether they would fit. The model could also inaagability to be articulated, showing
how the clothing would move with the individual.

Finally, the lymph node model developed in this work couldvyie the basis for future projects.
Current research being conducted at the ABI into the immys&em, in collaboration with the
School of Biological Sciencést the University of Auckland, involves modelling the T aslbtion
inlymph nodes. This could potentially be expanded to ingast and model aspects of the immune
response across the whole body. The lymph node model caaddoal utilised to investigate the
most effective means to administer vaccines.

8.3 Thesis summary

This thesis has involved creation of the first 3D anatomicadieh of skin lymphatic drainage, pro-
viding a computational framework to display and analységpas of melanoma spread. To create
this model, melanoma LS data from over 5000 patients hasmepped from 2D LS images on a
3D FE model of the skin and a discrete lymph nodes model, uarngus free-form deformation
and projection techniques.

Novel spatial heat maps and the interactive software toeéldped using this mapped model
showed that the most complex lymphatic drainage patterns lweated on the torso near Sappey’s

3http://www.4ddynamics.com/
“http://www.aut.ac.nz/
Shttp://www.sbs.auckland.ac.nz/
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lines and on the head and neck. The upper limbs and uppemgegfahe torso were shown to

almost always drain to the ipsilateral axilla, while the &alimbs always showed drainage to the
ipsilateral groin. Skin of the head and neck frequently wamldr more draining node fields, where
cervical level Il and preauricular node fields were the mostmmon.

Detailed statistical analysis quantified that at least 42d the torso melanoma sites drained
across Sappey’s lines, proving that they were highly inesteufor predicting skin lymphatic
drainage. Statistical symmetry testing indicated thattmegions of skin were symmetric, while
skin that indicated asymmetry was likely caused by an asynicaédistribution of melanoma sites
within that region and/or a sparsity of data. LS data fromdja@metrical skin regions has then
been reflected, providing a larger LS dataset to improvetttesscal accuracy of the model.

Subsequent clustering analysis defined nine separaterdust the skin model, where the torso
was divided into regions similar to Sappey’s lines. Sigatffity, a cluster formed in the middle
of the torso, quantifying an area of skin that showed higimhpeuous drainage to axillary and
groin node fields. Drainage statistics and associated @rdalintervals quantified the accuracy
of drainage predictions from each of these clusters.

In summary, this study has developed novel 3D visualisaiahanalysis of lymphatic drainage of
the skin. The model and techniques developed provide aopfatfo record additional melanoma
LS data in the future, to both improve knowledge about skingiatic drainage and potentially
aid the clinical management of melanoma.






Appendix A

Sentinel Node Field Codes

The following table details the 43 separate SN fields as d#foyethe SMU and corresponding
codes used to record them in their LS database describecdhipt€iil.
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\ CODE \ NODE FIELD NAME \ CODE \ NODE FIELD NAME
Head and Neck Node Fields

ro right occipital lo left occipital

rprea | right preauricular Iprea | left preauricular

rposta | right postauricular Iposta | left postauricular
rcl | right cervical level | Icl | left cervical level |
rc2 | right cervical level Il Ic2 | left cervical level Il
rc3 | right cervical level llI Ic3 left cervical level 111
rc4 | right cervical level IV Ic4 left cervical level IV
rc5 | right cervical level V Ic5 left cervical level V
rsc | right supraclavicular fossa Isc | left supraclavicular fossa

sm submental

Torso and Upper Limb Node Fields

ra right axilla la left axilla
repit | right epitrochlear lepit | left epitrochlear
ric right infraclavicular lic left infraclavicular
rtis | right triangular intermuscular space (TI8) ltis left TIS
rp right interpectoral lip left interpectoral
rm right internal mammary lim left internal mammary
rcm | right costal margin Icm | left costal margin

inc | intercostal

pv paravertebral

pa | paraaortic

rp retroperitoneal
um upper mediastinal

Lower Limb Node Fields
rg right groin lg left groin
rpop | right popliteal Ipop | left popliteal
Other Node Fields
in | interval node | |

Table A.1: Sentinel node field codes.



Appendix B

Heat Maps and Frequency Displays

Heat maps visualising the likelihood of lymphatic draindigen the skin to various SN fields are
given here, as well as frequency displays for node fieldsawitsufficient LS data to generate heat
maps. The methods for generating these displays were givehapter 4 and additional heat map
results were presented in Chapter 5.
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Figure B.1: Percentage likelihood that lymphatic drainagleoccur to the (a) left and (b) right
triangular intermuscular space node fields.
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Figure B.2: Percentage likelihood that lymphatic drainagéoccur to the (a) left and (b) right
epitrochlear node fields.
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Figure B.3: Percentage likelihood that lymphatic drainageoccur to the (a) left and (b) right
popliteal node fields.
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Figure B.4: Percentage likelihood that lymphatic drainagieoccur to the (a) left and (b) right
postauricular node fields.
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Figure B.5: Percentage likelihood that lymphatic drainagieoccur to the (a) left and (b) right
occipital node fields.
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Figure B.6: Percentage likelihood that lymphatic drainageoccur to the submental node field.
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Figure B.7: Percentage likelihood that lymphatic drainagieoccur to the (a) left and (b) right
cervical level | node fields. These maps exclude submentiso
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Figure B.8: Percentage likelihood that lymphatic drainagieoccur to the (a) left and (b) right
cervical level 1l node fields.
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Figure B.9: Percentage likelihood that lymphatic drainageoccur to the (a) left and (b) right
cervical level IV node fields.
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Figure B.10: Percentage likelihood that lymphatic dragagil occur to the (a) left and (b) right
cervical level V node fields. These maps exclude supraclfanidossa nodes.
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Figure B.11: Percentage likelihood that lymphatic dragagll occur to the (a) left and (b) right
supraclavicular fossa node fields.
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Figure B.12: Primary melanoma sites that have shown lynipladinage to (a-c) left and (d-f)
right infraclavicular nodes.
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Figure B.13: Primary melanoma sites that have shown lyniphadinage to (a-c) left and (d-f)
right interpectoral nodes.
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Figure B.14: Anterior views showing primary melanoma siteg have shown lymphatic drainage
to (a) left and (b) right internal mammary nodes.
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Figure B.15: Anterior views showing primary melanoma siteg have shown lymphatic drainage
to (a) left and (b) right costal margin nodes.
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Figure B.16: Primary melanoma sites that have shown lynipbedinage to intercostal nodes.
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Figure B.17: Posterior view showing primary melanoma gies have shown lymphatic drainage
to paravertebral or paraaortic nodes.
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Figure B.18: Primary melanoma sites that have shown lyniptedinage to retroperitoneal nodes.

Figure B.19: Anterior view showing primary melanoma sitegtthave shown lymphatic drainage
to upper mediastinal nodes.
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Figure B.20: Primary melanoma sites that have shown lynigpHdedinage to interval nodes.
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Appendix C

Anatomical Geometry and Mapping
Methods Paper

This paper describes the construction of the anatomicahgay and the methods used to map the
SMU’s LS data onto this geometry, representing Chaptersd23arnrhis paper was published in
Annals of Biomedical Engineering.
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Abstract—This study describes three-dimensional (3D) visu-
alization of two-dimensional (2D) melanoma lymphatic
mapping data, to provide a framework for analysis of
melanoma spread patterns and a platform for recording new
lymphoscintigraphy (LS) data more accurately in 3D. Spe-
cifically, the Sydney Melanoma Unit’s LS database of over
5000 patients’ primary cutaneous melanoma sites and senti-
nel lymph nodes have been mapped from 2D images onto a
3D anatomically based model. Anatomically accurate model
geometries were created using the Visible Human dataset,
giving a bicubic finite element skin mesh and discrete sentinel
lymph node model. The full dataset of 2D melanoma site
coordinates, excluding the head and neck, has been trans-
formed onto this 3D skin mesh via free-form deformation
and projection techniques. Sentinel lymph nodes were
mapped onto the generic lymph node model for each patient.
Preliminary spatial analysis indicates that a patient with a
primary melanoma on the torso around the waist (on the
standardized 3D model this region is 180 mm above and
130 mm below the umbilicus) with lymphatic drainage to the
left axilla or left groin, will have a 17.7% probability of dual
drainage to both node fields, with 95% confidence limits
between 14.5 and 21.0%.

Keywords—Lymphatic mapping, Lymphatic drainage, Skin,
Finite element, Mathematical model.

INTRODUCTION

The incidence of cutaneous melanoma is increasing
steadily in most Western countries. Furthermore, there
is currently no wide effective treatment for dissemi-
nated disease and early diagnosis gives the best chance
of cure by surgical removal of the primary tumor.'
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Melanoma arises in the epidermis, commonly appear-
ing as a darkly pigmented lesion termed the ‘primary’
melanoma. Without treatment, melanoma can extend
deeper into the skin, enabling cancerous cells to enter
the lymphatics or the bloodstream. Usually the earliest
sign of metastatic spread beyond the primary mela-
noma site is located in regional lymph nodes.'*
Sentinel lymph node biopsy (SLNB) is a technique
used to determine whether melanoma has spread to
regional lymph nodes.® It involves biopsy of the first
lymph node(s) that melanoma cells will reach if they
have metastasized. These nodes are termed sentinel
nodes (SNs), and are best defined as any lymph node
receiving direct lymphatic drainage from a primary
tumor site.'® SNs are located with lymphatic mapping
via lymphoscintigraphy (LS) imaging, which is con-
ducted by injecting a radioactive tracer into the dermis
of the skin around the primary melanoma or excision
biopsy site. The radioactive tracer is imaged (as shown
in Fig. 1) traveling from the skin site through lym-
phatic vessels and into the SN(s).'® Each SN is then
surgically removed and examined for tumor.
Physicians at the Sydney Melanoma Unit (SMU),
Australia, have been performing LS for more than
15 years and currently have the world’s largest LS
database containing details of over 5000 treated
patients.'*?® The site of each patient’s primary mela-
noma is recorded at the time of LS as an (X, Y) coor-
dinate on one of six hand-drawn generic body outline
maps. The maps describe different regions of the body:
anterior and posterior torso including the upper limbs,
head and neck (the anterior torso body map is shown in
Fig. 2a). The anterior and posterior legs from the hip
level downwards, and right and left lateral views of the
head and neck. Note that the palms of the hands are
facing backwards in the anterior and posterior torso
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FIGURE 1. LS images of patient with primary melanoma on their forearm: (a) early imaging (10 min post injection) tracks the
lymph vessel draining the skin site; (b) late imaging (two and half hours post injection) shows two SNs located in the axilla.

Reprinted from Thompson and Uren,’
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Fig. 1, p. 350, Copyright 2004, with permission from Elsevier.

(b)

FIGURE 2. The SMU’s LS database: (a) the anterior torso body map with melanoma (X, Y) coordinates plotted; (b) anterior and
posterior 2D displays showing melanoma sites that drain to the left axillary node field. Reprinted from Uren et al.,?' Fig. 4.3, p. 58,
Harwood Academic Publishers, Copyright 1999, with permission from Taylor & Francis.

body maps and do not correspond to the standard
anatomical position. In this study the term ‘arm’ de-
scribes the region of the upper limb from the level of the
armpit to the wrist, while the term ‘leg’ refers to the
lower limb from the level of the hip to the ankle.
Each body map is divided into grid units, where one
unit equates to approximately 1.5-2 cm? on the skin.
Clinicians have recorded the (X, Y) coordinates man-
ually, after visually normalizing each patient’s LS
images. The node field location of each SN is recorded
in the database as an abbreviated code. For example,
an SN in the left axillary node field is recorded as ‘la’.
A list of the 43 node fields are detailed in Table Al.
The SMU data demonstrate that lymphatic drain-
age of the skin is highly variable between patients, and
hence that melanoma does not spread in a clinically
predictable manner.”! Extensive tabulated statistics
have been published presenting the relationship

between primary melanoma sites and sentinel lymph
node locations.!”?* The SMU has also published two-
dimensional (2D) displays®*?' generated with geo-
graphical information systems software (see Fig. 2b),
however these displays lack information in the third
dimension. Furthermore, these 2D mapping records
have had limited capacity for visualization and analysis
for both clinical and basic science applications. To
date, there has not been an accurate method to visu-
alize melanoma LS data in three-dimensions (3D).
With recent advances in anatomically based com-
puter modeling*'° the opportunity is now available to
map these data onto a 3D anatomical framework for
improved visualization and analysis. This study pre-
sents a technique to map the SMU’s full LS database
onto an anatomically based 3D model of the skin and
lymph nodes. This will allow for an improved under-
standing of the functional role of lymphatic anatomy,
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and also create a framework for the spatial statistical
analysis of potential patterns of melanoma spread. The
ultimate goal of this project is to provide a tool to help
aid melanoma diagnosis and treatment and this report
outlines the development of the anatomical framework
required to achieve this goal.

METHODS

Anatomical Model Geometry
Skin Model Construction

A model of the skin surface has been created using
high resolution transverse images of the Visible Hu-
man (VH) male dataset." VH image slices are 1 mm in
thickness, have a pixel size of 0.32 mm square, and
measure 1760 x 1024 pixels.'' The following steps have
been taken to create the skin mesh:

1. Data digitization: the skin surface was visually lo-
cated on a series of stacked 2D VH images (Fig. 3a)
and manually digitized to create a 3D data cloud.
Data points were digitized approximately 20 mm
apart on each image slice for the skin of the torso,
while data points were placed approximately 10 mm
apart for the upper and lower limbs. The torso has
been digitized on every 10th VH slice, to create data
points 10 mm apart in the vertical direction, while
the arms and legs were digitized at 5 mm intervals.
A higher resolution of data points was required to

(b)

accurately describe the anatomy of the hands and
toes, therefore the hands were digitized using slices
separated at 2 mm and the toes using slices sepa-
rated at 3 mm. In total, 23,549 data points were
digitized to define the VH skin surface.

. Initial linear mesh: data points were selected from

the digitized data cloud at regular intervals. These
data points were converted to nodes to construct
linear finite elements in rectangular Cartesian
coordinates to approximate the skin surface
(Fig. 3b). The full skin model has been constructed
using 842 nodal points, and the mesh topology has
been designed to accurately reflect the skin anatomy
with a minimal number of elements. Most elements
are standard 4-noded elements, however at complex
regions such as the armpits, the groin, and finger
and toe bifurcations, collapsed elements® were re-
quired. At bifurcations in the mesh, such as between
the fingers, versions at the nodes were required to
enable multiple derivative values to be stored for
the & directions,® where £ is defined as the local or
material coordinate within an element. Figure 4
shows the palmar surface of the left hand which
utilizes collapsed elements at the wrist to reduce the
number of elements in the arm while maintaining
continuity with the elements required to accurately
model the fingers. Bifurcations between the fingers
can also be seen.

. Fitting: the initial linear mesh was then fitted to the

digitized data points using a non-linear fitting

FIGURE 3. Construction of the skin model: (a) digitized data cloud for the torso created from stacked transverse VH images; (b)

initial linear mesh of the torso; and (c) the complete fitted skin mesh.
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FIGURE 4. The fitted skin of the palmar surface of the left
hand. Nodal versions have been used at bifurcations between
the fingers. Collapsed elements can be seen at the wrist.

process> to minimize the distance between the data
points and their orthogonal projections on the mesh
surface (see Fig. 5). Bicubic Hermite* interpolation
has been used for the skin elements to ensure C!
continuity and provide both an accurate fit to the
data and a computationally efficient representation.
The objective function, F, to be minimized is given
by

N
Flug) = |[u(E1, €20) — 2l + Fo(wn) (1)
d=1

where u,, is a vector of the nodal values being fitted,
which are located at vertices in the mesh. u is the
vector of interpolated coordinates which are a
function of the fitted nodal values given by
u,(&1q, &rq) are the local material coordinates for

Datapoint Z, g
*
)

Projection (F:I:l.ghl)

&

FIGURE 5. Datapoint z4 orthogonally projected onto the face
of a 2D element to give the closest point u(4, &24)-

each data point calculated from the orthogonal
projections of the data onto the mesh, and z4 are the
global coordinates of the data points. Fy(u,) is a
Sobelov smoothing penalty function® of the mesh
derivatives introduced to maintain smoothness of
the mesh given a small amount of noise which is
introduced via the digitization process.

Since the skin model construction was a manually
labor-intensive process, it has been fitted in sections.
The arm and leg from one side of the body were fitted
individually and then reflected to produce the opposing
limbs. The fitted torso was connected to the arm and
leg meshes to create the final skin mesh as shown in
Fig. 3c. The final mesh contains a total of 842 nodes
and 886 elements, and has an RMS error of 2.29 mm.

Lymph Node Model Construction

Lymph nodes are ovoid or bean shaped structures
usually between 5 and 15 mm long, and are commonly
located alongside blood vessels. Due to their small size
they were often difficult to visually detect on VH image
slices, but adjacent blood vessels and anatomical
structures were usually easily identifiable. Therefore,
the geometric position of each node has been deter-
mined via a dual method of digitizing all visible nodes
and then positioning the remaining nodes relative to
adjacent anatomical structures as described in litera-
ture>” 111219 (more detail is recorded in Table A2).
The SMU has identified 43 lymph node fields that
drain the skin and are regarded as generic regions for
SN to be located. Each of these node fields have been
modeled and are shown in Fig. 6. Note that the legs
are not shown in this image, and therefore the popliteal
lymph nodes cannot be seen.

Mapping the Primary Melanoma Site

Mapping the 2D melanoma (X, Y) coordinates onto
the 3D skin model has been carried out differently for
three separate regions of skin: the torso and legs, the
arms, and the hands and feet. Since the body map
outlines and the skin model were oriented differently,
the projection methods required customization for the
different skin regions.

Torso and Leg Melanomas

Melanoma sites on the torso and legs were mapped
onto the skin model using the following steps:

1. The torso and leg body maps have been morphed to
align with the 3D skin model via a ‘free-form’
deformation (FFD) technique called ‘host-mesh’
fitting.® This process enables a finite element model
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FIGURE 6. Model of the lymph nodes that drain the skin.

to be customized to a specific dataset. The mesh to
be transformed is called the ‘slave-mesh’ and is
embedded within a ‘host-mesh’. The host-mesh is
usually a volume mesh with fewer elements than the
slave-mesh.

Deformation of the host-mesh is calculated by
minimizing the distance between a set of landmark
(initial) and target (final) points. Landmark points
are chosen on the slave mesh at important ana-
tomical locations, and target points are the corre-
sponding anatomical locations in the specific
dataset. The geometric distance between the land-
mark and target points is minimized according to
Eq. (1). In this case z4 are the global target points
and (&4, &g, &3q) are the interpolated landmark
points, extended to 3D for a volume host-mesh.
Before host-mesh fitting the midline of each body map
was aligned to the midline of the skin model. The
umbilicus of the anterior torso body map, and crotch
were also aligned with corresponding features on the
skin model. Primary melanoma site location is often
described relative to the body’s midline and umbili-
cus, therefore it was important to ensure continuity
between the 2D coordinates and 3D projections.
Trilinear elements have been used for the host-mesh
and bilinear elements for the body map slave-mesh.
Although the slave is comprised of 2D elements,
each node has three global coordinates and there-
fore a volume host-mesh was required to completely
embed it (Fig. 7a). Landmark points have been

REYNOLDS et al.

digitized on the body map outlines and the target
points digitized on the boundary of the skin model
(as shown in Fig. 7b). Target points were projected
orthogonally in the y-direction onto same 2D plane
as the landmark points on the body maps. Thus,
host-mesh fitting was reduced to a 2D problem,
only requiring fitting in the x- and z-directions.
Note that the head, neck, arms and hands have not
been included in this process.

The number of elements in the slave and host-mesh
was progressively refined from one to a higher
number of elements to increase the number of mesh
degrees of freedom (DOFs) and therefore increase
the accuracy of the fit. Some DOFs at nodes down
the midline of the torso, near the umbilicus and also
at the crotch have been fixed to ensure continuity of
important anatomical locations. Figure 8 shows the
resultant host-mesh fitted body outlines for the
posterior torso and anterior and posterior leg body
maps, while Table 1 details the parameters for each
fit. After fitting, the global coordinates of each
melanoma site has been updated relative to the de-
formed slave-mesh.

. Melanoma sites were projected orthogonally in the

y-direction onto the skin mesh (Fig. 7c). To enable
direct orthogonal projection the skin model was first
reduced from 3D to 2D by setting all skin mesh
nodal y-coordinates and their derivatives to zero.
Note however, that for each of the four separate
projections (listed in Table 1) only the skin mesh
elements pertaining to the body map have been re-
duced to 2D. For example, only skin elements from
the anterior torso were reduced for mapping the
anterior torso melanoma sites to ensure coordinates
did not project incorrectly to the posterior torso due
to all skin elements being in the same 2D plane.

. Local material coordinates of each projected mela-

noma site on the 2D skin mesh have been used to
interpolate global melanoma site coordinates on the
3D bicubic skin mesh (Fig. 7d). A small error is
created during this projection at elements of high
curvature. Figure 9 schematically demonstrates a
body map (X, Y) melanoma coordinate projected
onto a 2D skin element and then the interpolated
position within the corresponding 3D skin element.
Local & coordinates are the same for both elements,
however the high curvature at Node 23p and element
arc-length causes a change in the global x-coordi-
nates. This change also occurs in the global z-coor-
dinates. Skin elements aligned in the y-direction at
the sides of the body and interior legs, largely con-
tribute to this error. Table 2 details the RMS error
for each projection, calculated in 2D using the
difference in the global x- and z-coordinates between
data points on the 2D and 3D skin elements.
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(c)

(d)

FIGURE 7. Mapping anteriortorso melanomasites from 2D to 3D: (a) trilinear host-mesh embedding the bilinear body map slave-mesh;
(b) the body map outline host-mesh fitted to the skin model outline, with visible landmark and target points; (b) projecting melanoma
(X, Y) coordinates orthogonally onto the 2D anterior torso skin mesh; and (c) final melanoma coordinates on the 3D skin mesh.

Arm Melanomas

The VH dataset used to create the skin mesh has the
arms oriented anterior to the body, in contrast to the
arms’ lateral orientation on the body maps. As a result,
melanoma sites on the arms could not be linearly
projected in the same manner as the torso and leg
melanoma sites.

The skin mesh arms have been moved laterally by
host-mesh fitting via an extension at the elbow joint.
Finite element models of the humerus, ulna and radius

bones created previously® were used for this transfor-
mation. The bones have been treated as rigid bodies
which do not undergo deformation during transfor-
mation, in contrast to the skin which is a soft tissue
that can shear and stretch.

The radius and ulna were translated and rotated
manually about the humerus from the initial anterior
position to a lateral orientation (Fig. 10a). A total of
31 landmark points have been defined on the surface of
the radius and ulna, and 31 corresponding target
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FIGURE 8. The body maps host-mesh fitted to align with the skin model outline: (a) posterior torso body map; (b) anterior legs

body map; and (c) posterior legs body map.

TABLE 1. Host-mesh fitting parameters for the torso and leg
body maps, giving the number of nodes, DOFs, and elements
used in the host-mesh. The slave-mesh utilizes the same
number of elements as the host. RMS values give the error
between the deformed Iandrfnark points and target points after
itting.

Number of Number of Number of RMS error

Body map nodes DOFs elements (mm)
Torso—anterior 42 64 12 3.32
Torso—posterior 42 66 12 3.17
Legs—anterior 38 68 12 3.22
Legs—posterior 46 82 15 3.40
L Fl (z out of page)
error
— .— y
| | pNode 24
[
) o
3D skin element -6i=08
Node 1y, :
1
|
2D skin element £ =08,
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: orthogonal projection
Body map i
(X,Y)
Melanoma coordinate

FIGURE 9. Error created during interpolation of projected
torso and leg melanoma coordinates from the 2D to 3D skin
mesh.

points were calculated by applying this resul-
tant transformation matrix to the landmark point
coordinates. Three trilinear elements have been used
for the host-mesh, embedding the bicubic skin slave-
mesh (Fig. 10b). Nodal coordinates at the upper host-
mesh element were fixed to ensure the top nodes of the

TABLE 2. RMS error between melanoma site global coordi-
nates on the 2D and 3D skin mesh.

Body map Number of melanoma sites RMS error (mm)
Torso—anterior 527 117
Torso—posterior 1774 0.85
Legs—anterior 631 1.59
Legs—posterior 406 1.35

(b)

FIGURE 10. The left arm host-mesh fitted about the elbow
joint: (a) initial and final left arm mesh with the radius and ulna
in the final transformed position and (b) the arm slave-mesh
embedded within the trilinear host-mesh before and after
deformation, with visible landmark and target points.

slave-mesh would remain unchanged and maintain
continuity with the remainder of the skin mesh. The
middle element surrounds the elbow joint and has
undergone the most deformation during fitting. The
right and left arms were fitted separately, giving an
RMS error of 4.17 and 4.24 mm respectively.

In order to project melanoma (X, Y) coordinates the
skin mesh arms have been flattened from 3D to 2D.
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FIGURE 11. Projecting the left anterior arm melanoma sites: (a) arm cross-sections separated into posterior and anterior arm
segments. Internal nodes are orthogonally projected onto 2D arm element edges; (b) the refined 2D arm elements; (c) corre-
sponding body map arm element discretization; and (d) final arm melanoma sites on the 3D arm.

Each arm cross-section has been separated into ante-
rior and posterior arm segments. Figure 11a illustrates
a cross-section of the arm with the anterior segment
reduced to 2D. Segment edge nodes (nodes 1, 5, 9, and
13) are joined to create 2D bilinear elements. Internal
nodes (nodes 24 and 10-12) have then been orthog-
onally projected onto the element edges and joined to
create refined 2D elements with the same topology as
the original 3D skin mesh arms (Fig. 11b).

Correlation between these 2D arm elements and the
body maps was established by discretizing the body map
arms into elements with the same topology. The vertical
distance (4Z) between arm edge nodes (Fig. 11b) was
used to determine the relative body map arm element
sizes. Discretization of the body maps has been rounded
to 1/4 of a grid unit and is shown in Fig. 11c.

The local coordinate of each melanoma site on the
body map elements was calculated, and corresponded
to the 2D arm element local coordinates. Subsequently
the final melanoma coordinates on the 3D arm
(Fig. 11d) has then been calculated via interpolation of
these local coordinates.

It was important to ensure continuity between the
projected melanoma sites on the torso and the arms,
since they were projected using two different methods.
Therefore, the nodal coordinates used for the 2D arms
at the junction of the flattened torso and arms have
been taken from the 2D torso (the 2D anterior torso
can be seen in Fig. 7c). For the anterior arm projec-
tions this junction is located at the armpits. For the
posterior arm projections the junction is located one
element cross-section below the armpits.

Hand and Foot Melanomas

The hand and foot outlines on the body maps could
not be oriented with the skin mesh to enable a direct

orthogonal projection, so these melanoma sites have
been positioned manually. All possible sites have first
been defined on the body maps (Figs. 12a and 12¢) and
then corresponding sites were placed manually on the
skin mesh (Figs. 12b and 12c). Entries present in the
database have been ascertained from these sites.

Mapping the SNs

The ideal method to map SNs onto the anatomical
model would be to directly project SN locations from
LS images onto it. However this is not possible due to
the low LS image resolution and infrequent registering
of the images with respect to anatomical features. In-
stead, the node field location of SNs has been mapped
onto the generic lymph node model.

For each patient, the number of SNs in each node
field and the depth below the skin in centimeters has
also been recorded. Depth measurements have not
been utilized since patients will have different sized
anatomical features and cannot be directly compared.
Hence, only the SN node field locations have been
mapped. Without exact SN locations, the detailed
lymph node model has been reduced to one represen-
tative node in each node field.

RESULTS

The SMU’s full LS database excluding the head and
neck has been mapped from 2D onto the 3D skin and
lymph node model. The original SMU database con-
tains 5239 individual patient entries, and 4302 of these
entries pertaining to skin below the neck have been
mapped. This mapped database provides the basis for
the development of tools for spatial statistical analysis
and visualization. The ultimate goal of this work is to
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(b)

FIGURE 12. All possible melanoma sites on the dorsum of the right hand and the anterior feet: (a) right hand (X, Y) coordinates on
the anterior torso body map; (b) manually placed sites on the skin mesh right hand; (c) feet (X, Y) coordinates on the anterior legs

body map; and (d) manually placed sites on the skin mesh feet.

aid clinicians by indicating which lymph node fields are
important to check for melanoma spread, given the
primary melanoma site location. A full statistical anal-
ysis of patterns of melanoma spread will be the subject
of a future study, however an example of the ability to
visualize and analyze results is now demonstrated.

Using the data, now mapped in our spatially dis-
tributed database, even a preliminary statistical anal-
ysis reveals potentially important clinical information
about the relationship between melanoma sites and
sentinel lymph nodes. A qualitative assessment of
lymphatic drainage patterns is provided by Fig. 13
which displays melanoma sites on the skin which have
shown drainage to the left axillary or left groin node
fields. The size of each melanoma site (defined by the
size key) is relative to the number of patient cases at
that skin location.

Clinically it is important to be aware of skin regions
that are highly likely to show multiple lymphatic
drainage pathways, to ensure that all potential node
fields are checked for melanoma metastasis. Impor-
tantly the data points in green highlight 46 skin loca-
tions, from 125 individual patient cases, which have
shown lymphatic drainage to both node fields. A
proportion of these individual cases have shown dual

drainage to both the left axilla and left groin, while the
remaining cases have shown drainage to one of the two
node fields. A similar pattern appears in the data for
the right axillary and right groin node fields.

Focusing on this issue of dual drainage we can
further quantify the likelihood that a patient present-
ing with a melanoma situated around the waist will
have SNs in both of these node fields. On the stan-
dardized skin model this region has been defined on the
torso as 180 mm above and 130 mm below the umbi-
licus, as shown on Fig. 13. Assuming the database is
indicative of the population as a whole we can deter-
mine within confidence limits the percentage likelihood
of dual drainage within this skin region. If P represents
the proportion of the population with dual drainage
then the probability of finding n cases of dual drainage
with a database sample of N is:

pln) = CyP"(1 = P 2

Summing p(0) to p(n— 1) and implementing a non-
linear root finding algorithm to find the value of P
where this sum equals 0.05, we can determine the 95%
percentile for the upper proportion of the population
which could be expected to have dual drainage.
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FIGURE 13. Visualization of primary melanoma sites based on sentinel lymph node fields. Skin sites with lymphatic drainage to
the left axilla are shown in blue, sites that drain to the left groin node field are shown in red, and skin sites that have shown
lymphatic drainage to both node fields are colored green. Data point size corresponds to the number of melanomas in the database

at each skin site.

An equivalent calculation can be performed to deter-
mine the lower 95% confidence limit. Hence, out of the
individual cases in the defined skin region with drain-
age to the left axilla or left groin, 17.7% of them have
shown dual drainage to both node fields. The 95%
confidence limits are calculated as being between
14.5% and 21.0%.

DISCUSSION

This study presents a detailed anatomically based
method to map 2D LS data onto a 3D anatomical
model, enabling the first anatomically based 3D model
to analyze and visualize patterns of possible melanoma
spread. During analysis of this mapped data, it is
important to be aware of the potential sources of error
which are present in both the original LS database and
created by the mapping process. The following dis-
cussion gives a critique of the methods utilized, dis-
cussing the limitations in the LS database and in the
mapped model.

Limitations imposed by the SMU’s database include
the low resolution of the primary melanoma site body
maps. Since the 2D body maps discretized the skin into
1.5-2 em? grid units, melanoma skin sites cannot be

recorded in 2D, or mapped in 3D, with any greater
accuracy. Ideally, to avoid the constraint of using a
standard grid which will inherently introduce this type
of error, each original LS image would need to be
morphed via host-mesh fitting to the outline of the skin
model. This process would then define a unique map
for that patient to the standardized 3D model. While
this process is technically feasible there is no generi-
cally recorded outline information on the LS images
for each patient, and hence it is not possible to
implement.

Recording error which is imposed by the grid square
resolution on the 2D body maps, is magnified when
sites are projected onto the 3D model. This is dem-
onstrated schematically in Fig. 14 for two different
skin sites. Note that the error created during interpo-
lation of melanoma coordinates from the 2D to 3D
skin mesh (as shown in Fig. 9) has been ignored, since
these two sources of error are independent of one an-
other. Melanoma coordinates such as (X,, Y») which
are nearly perpendicular to the skin mesh will induce a
magnified recording error on the 3D model, while sites
that are close to parallel to the screen such as (X, Y7)
will have little or no error magnification.

A heat map of the recording error magnification for
the 3D skin mesh is shown in Fig. 15, demonstrating
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FIGURE 14. Magnification of the melanoma site recording
error. The melanoma coordinate (X,, Y») is nearly perpendic-
ular to the skin and will induce a largely magnified recording
error, whereas melanoma coordinate (X;, Y;) which is close to
parallel to the screen will have little or no error magnification.
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FIGURE 15. Heat map displaying the recording error mag-
nification for the torso and leg melanoma sites projected from
2D onto the 3D skin model.

the relative error induced by the linearly projected
torso and leg melanoma sites. As expected, the largest
error magnification occurs at the lateral sides of the
body and the interior legs, where the skin is nearly
perpendicular to the projection direction. At these
locations the error magnification approaches infinity.
This provides a strong motivation for creating a model
to record LS data in 3D as discussed below, since the
recording error magnification would be removed.

It is important to be aware that the accuracy of a
primary melanoma site’s (X, Y) coordinate relies upon
the physician recording each LS study consistently
between patients. This could potentially give rise to a
small amount of human error, the size of which cannot
be accurately quantified.

Due to the large size of the LS database, a number
of patients have their melanoma (X, Y) coordinates
recorded within the same grid square. To enable
visualization of the density of sites within each grid
unit, the SMU has added a random number between
—499 and +0.499 to create (RandX, RandY) coordi-
nates. This has allowed all melanoma sites in the same
grid square to be seen. The 2D displays published by
the SMU (as shown in Fig. 2b) have plotted the
(RandX, RandY) coordinates rather than the original
(X, Y) coordinates. The random values are for display
purposes only and do not add any extra spatial
information, therefore during mapping the primary
melanoma site the original (X, Y) coordinates have
been used.

Aliasing error due to using grid squares to record
melanoma sites instead of a continuous field may cause
bias in the results. Melanoma (X, Y) coordinates are
located at the center of each grid unit, however if these
sites were positioned in one of the four grid unit cor-
ners instead, the resultant mapped coordinates could
be significantly different. The centralized coordinates
however, represent an averaged location for each
melanoma site and therefore are the most accurate
position to use for projecting onto the skin model.

The skin mesh has been created without genitals or
a head and neck. The mesh was required to be a gen-
eric representation of the skin for both males and fe-
males, since both sexes can develop melanoma.
Therefore the skin mesh has been created genderless.
Meanwhile the head and neck of the VH dataset was
rendered unsuitable for the model because his neck is
too short. Skin lymphatic drainage in this region is
very complex,” and as such will require a highly de-
tailed mesh to visualize it effectively. Future extension
of this work will be to create a head and neck skin
mesh and map the remaining LS data.

Difficulties arose when creating the lymph node
model, as some node fields were very difficult to dif-
ferentiate from one another when digitizing the VH
dataset. For example, the paraaortic and paravertebral
node fields are very close together, as are the cervical
node fields in the neck. For these difficult node fields,
the anatomical model locations have been verified with
SMU clinicians.

The RMS error for each torso and leg melanoma
projection (listed in Table 2) is kept below 1.6 mm.
Since each grid unit equates to between 1.5 and 2 cm
square, the error is below 11% of a grid unit. Therefore
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these projected melanoma sites on the 3D skin model
are highly accurate, and are well within the body map
resolution. The smallest RMS error of 0.85 mm is
present for projected posterior torso melanoma sites.
This is due to a high concentration of melanoma sites at
the middle upper back where the elements are largely
flat because their adjoining nodes have a low curvature.

Arm segment internal nodes induce a small error
when they are projected onto 2D arm element
boundaries since the nodes are not all in the same z-
plane. An error is also created when discretizing the
body map arm outlines into corresponding 2D ele-
ments, since they have been rounded to 1/4 of a grid
unit. However a melanoma site with a maximum error
of 1/4 a grid unit would still remain within the same
grid square after projection.

Some hand and foot melanoma coordinates were
difficult to place on the skin mesh. For example
Fig. 11 shows some hand coordinates are located
between the fingers such that the melanoma could be
interpreted as being on either adjacent finger. To
ensure correct site placement on the skin mesh the
coordinates have again been verified with SMU cli-
nicians. Clinicians are also likely to have introduced
error in the database due to this coarse grid reso-
lution. For example, it is highly likely that patients
with melanomas on different fingers have had their
melanoma site recorded in the same grid square, and
hence the same finger.

Some skin elements have no melanoma sites pro-
jected onto them. This is common at the lateral sides of
the body and interior legs, where elements are aligned
approximately in the x-plane which is parallel to the
projection direction. Also some skin sites do not
commonly develop melanoma, such as near the groin
and under the armpits, so there are few melanoma sites
located here. This has a statistical implication, such
that lymphatic drainage patterns at these cannot be
ascertained with a high level of confidence. More data
would be required at such sites to be able to quantify
drainage patterns accurately.

Note that mapping LS data from 2D to 3D does
not add any extra clinical information to the data-
base. It is possible that the results presented here
could have been shown using the original 2D data
rather than using the mapped 3D data. However, the
benefit of this mapping is that it provides a platform
to record future patient cases in 3D which can be
merged with the present mapped data. In particular,
skin sites that are difficult to record with accuracy in
2D, can be recorded more accurately directly onto
the 3D model. Since the skin model can be rotated
to any angle, lateral sides of the body can be ori-
ented parallel to the screen.

Future work will be focused on developing a soft-
ware tool so that SMU clinicians can record additional
LS data themselves directly on the 3D model. This
extension will be important as it will increase the
dataset and hence improve the statistical confidence
when analyzing patterns in lymphatic drainage. It also
will eliminate the resolution limitations inherent in the
body maps, recording magnification error (as shown in
Figs. 14 and 15) and aliasing error, which will provide
for a far more accurate model. The developed software
tool may be extended to the wider LS community to
enable clinicians around the world to add their data as
well.

Interpretation of the statistical results must bear in
mind the potential sources of error present in the
database due to the body maps limited resolution.
Since melanoma sites on the skin are limited in their
accuracy, when clinicians are determining lymph node
fields to check for melanoma spread, they should also
look at the behavior of skin surrounding a patient’s
primary melanoma site on the model.

The developed framework presents a number of
advantages for visualizing, analyzing and recording
melanoma LS data. The 3D skin and lymph node
model provides an accurate and effective way to rep-
resent the primary melanoma site and sentinel lymph
node locations. Quantitative analysis can be conducted
on the mapped database, to visualize patterns of mel-
anoma spread. An example of this has been demon-
strated, however a full statistical analysis will be the
subject of a future study. The extension and ongoing
application of this work is to create a software tool for
clinicians to database their LS data more accurately
directly in 3D. As a result melanoma diagnosis and
treatment may be improved, thereby aiding clinicians
in the fight against this aggressive and potentially life-
threatening disease.

APPENDIX

TABLE A1. SN node fields.

Head and neck node fields

Right occipital

Right preauricular

Right postauricular

Right cervical level |

Right cervical level Il

Right cervical level IlI
Right cervical level IV
Right cervical level V
Right supraclavicular fossa

Left occipital

Left preauricular
Left postauricular
Left cervical level |
Left cervical level Il
Left cervical level IlI
Left cervical level IV
Left cervical level V
Left supraclavicular
fossa
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TABLE A1. continued.

TABLE A2. continued.

Head and neck node fields Node field Reference
Submental Groin Clemente [3, p. 243, 315],
Gray [7, p. 849, 854],
Torso and upper limb node fields Netter [9, pp. 258, 306, 329, 386-388, 528]
Popliteal Gray [7, p. 849], Netter [9, p. 528]
Right axilla Left axilla Interval Uren et al. [20]

Right epitrochlear Left epitrochlear
Right infraclavicular Left infraclavicular
Right triangular intermuscular space (TIS) Left TIS

Right interpectoral Left interpectoral
Right internal mammary Left internal mammary
Right costal margin Left costal margin
Intercostal

Paravertebral

Paraaortic

Retroperitoneal

Upper mediastinal

Lower limb node fields

Right groin
Right popliteal

Left groin
Left popliteal

Other node fields

Interval node

TABLE A2. Node field location references used to construct
the lymph node model.

Node field Reference

Netter [9, p. 68], Gray [7, p. 844]
Clemente [3, p. 455],

Gray [7, p. 844], Netter [9, p. 68]
Clemente [3, p. 455],

Gray [7, p. 844], Netter [9, p. 68]
Clemente [3, p. 455],

Gray [7, pp. 843-845],

Netter [9, p. 68, 69],

Textbook of Melanoma [12, p. 296]
Clemente [3, p. 6], Netter [9, p. 68]

Occipital
Preauricular

Postauricular

Cervical level I-V

Supraclavicular
fossa
Submental Clemente [3, p. 455, 460],

Netter [9, p. 68, 69]

Axilla Clemente [3, p. 12, 15],

Gray [7, pp. 845-848],

Netter [9, p. 177, 466]

Gray [7, p. 846], Netter [9, p. 466]
Gray [7, p. 846]

Epitrochlear
Infraclavicular

Triangular Uren et al. [19], Netter [9, p. 409]
intermuscular space
Interpectoral Gray [7, p. 847], Netter [9, p. 177]

Internal mammary  Clemente [3, p. 6], Netter [9, p. 177]
Costal margin Clemente [3, p. 93]

Intercostal Gray [7, p. 841, 856], Netter [9, p. 235, 258]
Paravertebral Clemente [3, p. 247], Gray [7, p. 850]
Paraaortic Clemente [3, p. 247], Gray [7, p. 850]
Retroperitoneal Gray [7, pp. 1336-1342], Netter [9, p. 258]

Upper mediastinal ~ Clemente [3, p. 119, 144], Netter [9, p. 530]
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Appendix D

Data Visualisation Paper

This paper details the visualisation results of the mappedeai) showing lymphatic drainage
of skin below the neck. This paper represents Chapters 4 arid pf 5, and was published in
The Lancet Oncology. An online software tool was also developed alongside thpgep showing
additional results, which can be seen at http://www.bicagmckland.ac.nz/melanoma/. Selected
screenshots of this website are given in Appendix E.
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Three-dimensional visualisation of lymphatic drainage
patterns in patients with cutaneous melanoma
Hayley M Reynolds, P Rod Dunbar, Roger F Uren, Shane A Blackett, John F Thompson, Nicolas P Smith

Summary

Background Lymphoscintigraphy accurately maps lymphatic drainage from sites of cutaneous melanoma to the
draining sentinel lymph nodes. The Sydney Melanoma Unit has accumulated lymphoscintigraphy data from over
5000 patients with cutaneous melanoma over more than 15 years, collectively revealing patterns of skin lymphatic
drainage. We aimed to map these data onto a three-dimensional computer model to provide improved visualisation
and analysis of lymphatic drainage from sites of cutaneous melanoma.

Methods Lymphoscintigraphy data from 5239 patients with cutaneous melanoma were collected between July 27,
1987 and Dec 16, 2005. 4302 of these patients had primary melanoma sites below the neck, and were included in this
analysis. From these patients, two-dimensional lymphoscintigraphy data were mapped onto an anatomically based
three-dimensional computer model of the skin and lymph nodes. Spatial analysis was done to visualise the relation
between primary melanoma sites and the locations of sentinel lymph nodes.

Findings We created three-dimensional, colour-coded heat maps that showed the drainage patterns from melanoma
sites below the neck to individual lymph-node fields and to many lymph-node fields. These maps highlight the inter-
patient variability in skin lymphatic drainage, and show the skin regions in which highly variable drainage can occur.
To enable interactive and dynamic analysis of these data, we also developed software to predict lymphatic drainage
patterns from melanoma skin sites to sentinel lymph-node fields.

Interpretation The heat maps confirmed that the commonly used Sappey’s lines are not effective in predicting
lymphatic drainage. The heat maps and the interactive software could be a new resource for clinicians to use in
preoperative discussions with patients with melanoma and other skin cancers that can metastasise to the lymph

nodes, and could be used in the identification of sentinel lymph-node fields during follow-up of such patients.

Introduction

Cutaneous melanoma is a potentially fatal disease which
has increased in incidence over recent decades in most
people of European background.' Detection of metastatic
melanoma in the regional lymph nodes has major
implications for treatment and prognosis. Sentinel
lymph-node biopsy (SLNB)? is used to detect whether
melanoma cells have metastasised to the sentinel lymph
nodes (SLNs), which are defined as any lymph node
receiving direct lymphatic drainage from a primary
tumour site. SLNs are located by preoperative lympho-
scintigraphy, which involves imaging the lymphatic
drainage from a primary melanoma site to the SLNs
through a radioactive tracer injected into the skin.?

SLNB has substantially improved the accuracy of lymph-
node staging in patients with melanoma and has been
shown in the large Multicentre Selective Lymphadenectomy
Trial (MSLT-I) to improve disease-free survival.* In this trial
of 1269 patients with primary melanoma of intermediate
thickness, the mean 5-year disease-free survival was 78 - 3%
(SE 1-6) in the SLNB group and 73-1% (SE 2-1) in the
observation group (hazard ratio [HR] for recurrence, 0-74;
95% CI 0-59-0-93; p=0-009). This trial also showed an
improvement in overall survival for patients with metastatic
nodal disease who had an immediate complete surgical
clearance of the entire lymph-node field® (ie, all lymph
nodes located within the region where the SLN is located,

for example, the axilla or groin). In patients with nodal
metastases, the 5-year survival was higher in those who
had immediate lymphadenectomy compared with those in
whom lymphadenectomy was delayed (72-3% [SE 4-6] vs
52-4% [SE 5-9]; HR for death 0-51; 95% CI 0-32-0-81;
p=0-004).

However, not all centres have access to lympho-
scintigraphy, and clinical follow-up in patients with
melanoma then relies on predictions of lymphatic
drainage based on historical assumptions that are
probably incorrect in 30% of individuals.*

Lymphoscintigraphy studies have confirmed that
lymphatic drainage of the skin is highly variable between
patients, with very few areas of the skin from which
lymphatic drainage is clinically predictable.’ For over
100 years, patterns of lymphatic drainage from the skin
were predicted from the work of Sappey,® whose 1874
atlas stated that lymphatic drainage never crossed the
midline of the body nor a theoretical horizontal line
drawn around the waist through the umbilicus. These
concepts were challenged in the 1970s, 1980s, and 1990s,
largely due to work in patients with melanoma by the use
of lymphoscintigraphy, which showed that lymphatic
drainage frequently occurs across Sappey’s lines, and
that, although skin sites usually drain to ipsilateral
lymph-node fields, contralateral drainage is not
uncommon.”"”

http://oncology.thelancet.com Vol 8 September 2007
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The Sydney Melanoma Unit (SMU), Australia, has
done preoperative lymphoscintigraphy on more than
5000 patients with cutaneous melanoma.* The centre’s
database includes the precise location of the primary
melanoma and the location of every SLN in each patient,
located through lymphoscintigraphy. These data have
allowed drainage patterns to be tabulated and two-
dimensional displays to be generated relating melanoma
sites to draining lymph-node fields.”” We aimed to improve
the visualisation of these data by developing a three-
dimensional model of human skin onto which the data
could be mapped. The current study presents the first
results of this mapped data; construction of this three-
dimensional model and mapping procedures have been
reported previously.*

Methods
Mapping lymphoscintigraphy data
We constructed a three-dimensional finite element model
of human skin with the use of anatomical images from
the Visible Human dataset,” which was created from a
male cadaver. A detailed description of the geometry
development and associated metrics was outlined in our
previous study.* In brief, the shape of the human skin
surface was modelled by breaking it up into small regions
called “skin elements”; a total of 886 of these curved units,
each quadrilateral or triangular in shape, were required to
mathematically describe the entire skin surface in three-
dimensional space. At present, the model excludes the
head and neck because the Visible Human dataset has an
abnormally short neck region that does not allow adequate
mapping of primary melanoma sites onto it. A head and
neck model based on another three-dimensional dataset is
being developed because lymphatic drainage of skin on
the head and neck is very complex® and a highly detailed
model is required. The Visible Human dataset also had to
be manipulated to allow visualisation of all surfaces of the
upper limbs.* This manipulation resulted in the palms of
the hands being oriented posteriorly in our three-
dimensional model, rather than the standard anatomical
orientation (in which the palms are facing forwards).
43 distinct lymph-node fields have also been placed within
the three-dimensional model.* In the work presented
here, each node field has been displayed as a single point
that represents an approximate anatomical midpoint of
the field, with the exception of the interval lymph-node
field,” which is displayed separately outside the three-
dimensional representation of the body. Node fields
located in the head and neck region are also located outside
the existing three-dimensional skin model; however, their
geometric position is based on Visible Human data.
Lymphoscintigraphy data from 5239 patients with
cutaneous melanoma, collected between July 27, 1987 and
Dec 16, 2005, had already been entered into a database.
The location of the primary melanoma site in each patient
had been recorded using a two-dimensional grid placed
over outlines of an idealised human body viewed from

http://oncology.thelancet.com Vol 8 September 2007

different perspectives.“” After each patient was imaged by
use of the appropriate protocol, clinicians from the SMU
manually recorded the primary melanoma site on one of
these two-dimensional grids by referencing previously
recorded clinical drawings of the primary melanoma site,
and also visually inspecting the tumour site location. For
our studies, these melanoma-site coordinates were
mapped onto the skin elements in our three-dimensional
model by use of techniques that we have previously
reported.” Melanoma sites above the neck could not be
mapped onto the skin model because the model did not
have a head and neck mesh, and consequently, only
primary melanoma sites that were located below the neck
were used in this current analysis. The density of the
melanoma sites recorded in the database was higher than
the density of the skin elements in the three-dimensional
model, so several melanoma sites have been placed within
each three-dimensional skin element (webfigure). For
each patient in the database, the location of the SLN' that
drained the primary melanoma site located by lympho-
scintigraphy were recorded and assigned to one or more
of 43 discrete lymph-node fields. As described pre-
viously,” a substantial number of patients had SLNs
located in more than one lymph-node field. Patients who
showed highly atypical drainage patterns were checked
for previous surgery, and if they had undergone previous
surgery were excluded from this analysis.

Data fitting and statistical analysis

To create maps of lymphatic drainage patterns, patients
were selected from the database based on the drainage
pattern of interest—eg, patients showing drainage to an
SLN in the right axilla. For each melanoma skin site, the
number of patients fulfilling this drainage pattern was
divided by the total number of patients at that skin site, to
derive a percentage likelihood value for drainage to the
specified node field from that skin site. These discrete
percentage likelihood values were then fitted as a field
over the skin model, to give a smoothed and continuous
representation of the discrete field values.” This field was
then visualised by colour-coded heat maps. Mathe-
matically, the fitting process was established by minim-
ising the difference between each discrete datapoint’s
field value and its nodally interpolated field value on the
skin mesh. During fitting, a smoothing term was
introduced to account for noise in the data, and the
discrete data values were weighted according to the
frequency of points at each skin site.® The weights
ensured that areas of skin with more data present would
have an increased effect on the resulting fitted field, and
that outlying values would not skew the results.

The model also enabled the visualisation of SLN positions
for each skin site. Melanoma sites on each skin element
were grouped together to calculate patterns of lymphatic
drainage from that region of skin. The number of
melanoma sites located on each skin element and the
percentage likelihood that melanomas on each element

See Online for webfigure
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would drain to specific lymph-node fields was calculated.
The percentage likelihood values often sum to more than
100% because patients can have lymphatic drainage to
more than one SLN.

Role of the funding source

The sponsor of the study had no role in the study design,
data collection, data analysis, data interpretation, writing
of this report, or the decision to publish the report. HMR
had full access to all the data (including raw data) and
had final responsibility for the decision to publish.

Results

Spatial heat maps visualising lymphatic drainage

Heat maps were analysed from 4302 evaluable patients.
Heat maps were generated on the three-dimensional
skin model to visualise the percentage likelihood that any
skin region will drain to a particular lymph-node field.
Although only the heat maps for drainage to the axillae
and groins are discussed below, maps of drainage to

epitrochlear, popliteal, and triangular intermuscular
space node fields have also been generated, and are
available to view can be viewed online at http://www.
bioeng.auckland.ac.nz/melanoma/.

Figure 1 shows heat maps generated for the left and
right axillary lymph-node fields, and shows the percentage
likelihood that skin sites will have lymphatic drainage to
SLNs within these fields. The heat maps shown here
visualise anterior and posterior views only; however,
selected lateral views can be viewed online. These heat
maps are based on 1639 patients with SLNs in the left
axilla and 1597 patients with SLNs in the right axilla;
these represent the largest number of patients with
lymphatic drainage to any one lymph-node field within
this dataset, and highlights that the most common site
for melanomas is the skin of the back, an area that usually
drains to one or both axillae. Ten patients (five with
drainage to the left axilla and five with drainage to the
right axilla) could not be plotted on the current model
because their cancers were located on the neck.

These heat maps confirm that skin sites on the arm or
torso above the umbilicus commonly drain to the ipsilateral
axillary lymph-node field. However, the heat maps also
quantitatively show that lymphatic drainage often occurs
across Sappey’s lines, both across the midline and across
the umbilical meridian. The heat maps for the two axillae
are not exactly the same as each other, but they do have
sufficient commonality to show the skin regions in which
drainage to the ipsilateral axilla is almost certain, and the
range of sites where drainage to the ipsilateral or
contralateral axilla should be considered possible or
probable. A small number of anomalous patients account
for the most dramatic asymmetries, as indicated by contour
lines. For example, two patients with primary melanomas
on the left anterior torso and one patient with a primary
melanoma on the right anterior torso showed direct
lymphatic drainage solely to interval nodes, decreasing the
percentage of drainage to the ipsilateral axillary lymph-
node field below 100% in those regions (figure 1). Two
patients with primary melanomas near the right posterior
wrist (figure 1) show drainage to a right epitrochlear and
an interval SLN, respectively, and a patient with a primary
melanoma on the right thumb showed unusual drainage
to the right infraclavicular and right cervical level IV
lymph-node fields, bypassing the right axilla.

An important note is that previous nodal or other major
surgery can alter a patient’s skin lymphatic drainage. Two
patients who had previously undergone right axillary
dissection before lymphatic mapping were excluded from
analysis: one of these patients showed drainage from the
right anterior torso to a right internal mammary lymph
node, and the other patient showed contralateral drainage
from the right arm to an SLN in the left axilla, and
drainage to SLNs in the right supraclavicular fossa and
upper mediastinal lymph-node fields.

We did not check the records of all 4302 patients for
previous surgery, so some patients who had previous

http://oncology.thelancet.com Vol 8 September 2007
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surgery have not been removed from the analysis.
However, we estimate that the number of such patients
would be less than 1% of the patients in this study; this
estimate is based on the knowledge of nuclear medicine
physicians at the SMU regarding the patients imaged by
lymphoscintigraphy in their database.

The data in figure 1 show a difference between the

drainage patterns from the left and right sides of the body. TN

To establish whether a true difference between the left and 100 ‘\!5 \\

right sides of the body exists, more data will be required. 3%‘:%‘“
Heat maps that show drainage to the left and right 80 '7;2"//'

groin lymph-node fields are shown in figure 2. The groin

7=
was the second most common SLN field in the database, 60 “\',;
with 780 patients showing drainage to the left groin and AN
758 patients showing drainage to the right groin.

As in the axillary heat maps, drainage across Sappey’s
lines is noted to occur often, but a very distinct region
drains almost always to the ipsilateral groin. All primary
melanoma sites on the left lower limb have lymphatic
drainage to SLNs in the left groin and all right lower limb !
melanoma sites have drainage to the right groin lymph- ,fr:ﬂgsge
node field (figure 2). Melanoma sites might also show
drainage to interval lymph nodes or to the popliteal lymph-
node field; however, the data show that for these sites,
drainage always occurs to the groin as well.

The heat maps show that lymphatic drainage of the lower
limbs is highly predictable. Previous studies have shown
that drainage to the contralateral groin can occur if the
ipsilateral groin has been disturbed by previous nodal
surgery.” One patient who had previous excision biopsy of
lymph nodes in the right groin had a primary melanoma
on the distal right leg, which showed contralateral drainage
to the left groin and ipsilateral drainage to the right groin.
This patient was excluded from this analysis. However,
contralateral drainage without previous nodal surgery can 100
occur. One patient with a melanoma on the right heel
(figure 2) had contralateral drainage to the left groin and 30
ipsilateral drainage to the right groin and right popliteal
lymph-node fields. This was the only patient in the database
without previous surgery who did not show exclusive
drainage to the ipsilateral groin lymph-node field.

The upper regions of the groin lymph-node field show
some asymmetry. We noted that the density of primary
melanoma sites in the skin regions near the groin is 20
especially low (webfigure), and the heat maps over these

40

20

0

(=
NS
=z

60

40

regions are based necessarily on extrapolations from the 0
nearest skin regions in which data from patients with % drainage
likelihood

melanoma are available. The asymmetry noted in the
heat maps probably indicates the sparsity of data in these
regions.

Heat maps have also been generated for skin sites that
have drainage to different numbers of lymph-node fields.
Figure 3A shows regions of skin that have drainage to
only one lymph-node field, and figure 3B illustrates the
probability that drainage from a region will be to more Iymph-node fields

than one lymph'HOde field. These data show the mgions Drainage to left groin lymph-node field (A, B); and right groin lymph-node field (C, D). A and C are anterior views
of skin where lymph-node drainage is most predictable.  andBand D are posterior views.

Figure 2: Heat maps displaying the percentage likelihood that lymphatic drainage will occur to groin
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Figure 3: Percentage likelihood that a primary melanoma site will show lymphatic drainage to one or more lymph-node fields
Drainage to one lymph-node field (A); two or more lymph-node fields (B); three or more lymph-node fields (C); and four or more lymph-node fields (D). For each

image, left is anterior view and right is posterior view.

For example, figure 3A shows large red regions on the
legs indicating that melanoma sites in these areas of skin
drained to a single lymph-node field, in this instance, the
ipsilateral groin. Whereas figure 3B shows that there are
some areas of skin in which drainage is never to a single
lymph-node field (the red areas on the upper and lower
back) and are therefore highly unpredictable. In figure
3C and 3D, the complexity of drainage patterns from
certain areas of skin is shown by the probability that
drainage from regions of skin will be to at least three
(figure 3C) or at least four (figure 3D) lymph-node fields.
For example, more than 20% of patients in some of these
areas drained to at least four different lymph-node fields
(figure 3D). The regions with the highest likelihood of

drainage to many lymph-node fields are close to Sappey’s
lines (figure 3C and 3D). However, regions outside the
torso, most notably on the distal leg and especially the
hand and forearm, can also drain to three or more lymph-
node fields (figure 3C). Skin sites that commonly drain to
many lymph-node fields do not always drain to the same
subset of fields (data not shown). Nonetheless, for those
areas of skin with complex drainage patterns, the subset
of lymph-node fields with noted drainage can still be
identified and the relative likelihood of drainage to each
field can be calculated.

We also did a preliminary analysis of the effects of sex
and age on patterns of skin lymphatic drainage. The
results indicated sex-specific differences in the distribution
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of primary sites, which affect the frequency of drainage to
particular lymph-node fields. However, when the same
primary sites were compared, no sex-specific differences
in the patterns of drainage were apparent. Preliminary
analysis similarly suggests that age does not affect the
pattern of lymphatic drainage from each skin site, although
age can affect the primary melanoma site locations. For
example, the relative frequency of melanoma on the head
is increased in older patients compared with younger
patients, and is most probably consistent with the
increased sun exposure due to less hair coverage. Further
analysis of sex, age, and other features of the data are
underway in an ongoing study.

Interactive computer software to predict lymphatic
drainage

To further predict lymphatic drainage, we developed
interactive computer software to enable regions of skin
on the three-dimensional model to be selected so that
SLN field locations would be displayed. Figure 4 shows
the lymphatic drainage from two separate skin regions on
the back by the use of our software. Figure 4A shows a
region of skin near the midline and waist of the posterior
torso, where 21 patients in the dataset had cutaneous
melanoma. Eight potential SLN field locations are shown
when clicking on this skin region, showing that lymphatic
drainage from this site is especially difficult to predict.
The likelihood of lymphatic drainage occurring to each of
those eight lymph-node fields is displayed on the model
(the lymph-node field depicted outside the body represents
interval lymph nodes). By contrast, figure 4B shows a
region of skin near the left axilla with a much simpler
drainage pattern, showing 100% likelihood of having an
SLN in the left axilla based on ten patients who had a
melanoma at this site. This software can also display the
SLN field names or the number of patient cases draining
to each particular lymph-node field, instead of the
percentage likelihood values.

Discussion

We aimed to integrate the SMU’s large lymphoscintigraphy
dataset from patients with cutaneous melanoma, and
present that data in concise and instructive three-
dimensional formats. The three-dimensional models that
we generated quantitatively show how patterns of
lymphatic drainage from skin differ from traditional
anatomical descriptions.

From clinical experience gained at the SMU over the
past 15 years, for patients with melanomas that are 1-0 mm
or more in Breslow thickness, the most accurate staging
of the regional lymph nodes is achieved by use of high-
resolution lymphoscintigraphy to locate the sentinel
lymph nodes and then undertaking selective biopsy of
these lymph nodes with blue dye and an intraoperative
gamma-detecting probe. We believe that this is desirable
in all patients; however, this approach is not possible in
some circumstances, including: in geographical areas in

http://oncology.thelancet.com Vol 8 September 2007
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Figure 4: Interactive SLN software

A selected posterior torso element left of the midline near the waist shows complex lymphatic drainage to eight
potential SLN fields calculated from 21 patients (A). Drainage is 71-4% and 52-4% likely to drain to the left or right

axilla respectively, 9-5% likely to drain to an interval lymph node, 4-8% likely to drain to either the intercostal,

retroperitoneal, or paravertebral lymph-node fields, and 66-7% and 23-8% likely to drain to the left or right groin
lymph-node fields, respectively. Another posterior torso element selected with more straightforward lymphatic
drainage (B). All ten patients showed lymphatic drainage solely to the left axillary lymph-node field.

which nuclear medicine facilities are unavailable; or
situations in which lymphatic mapping is thought to be
unreliable due to the unavailability of suitable small
particle radiocolloids. Under these circumstances, we
believe our model will be clinically useful. The interactive
computer software especially should help in planning
ultrasonography or clinical follow-up by identifying the
appropriate lymph-node fields that need to be monitored
and should also be helpful in discussions with patients
before surgery when gaining informed consent. The
software will show possible variability in lymphatic
drainage from the precise point on the skin on which the
melanoma exists.

A further clinical application of this model would be if
lymphoscintigraphy showed drainage from the mela-
noma site to an SLN, but did not show drainage to a
lymph-node field that the model predicted for 90-100%
of patients. In this situation, this other predicted lymph-
node field should also be monitored during clinical and
ultrasonography follow-up because in some patients with
clinically normal lymph nodes, metastatic occlusion of a
lymphatic collector can prevent a true SLN receiving
radiocolloid on lymphoscintigraphy. Another use of
this model and the interactive displays is for teaching
medical and nursing undergraduates and postgraduate
surgical trainees.

We acknowledge that lymphoscintigraphy is not perfect,
but the method is highly reproducible” and is probably the
cause of a metastatic SLN being missed in under 1% of
patients overall. Lymphoscintigraphy remains the best way
to identify the location of SLNs for subsequent biopsy.
Therefore, the technique is a reliable method of establishing
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skin lymphatic drainage, and inaccuracies in the heat map
and web-based software displays should be small.

Although the SMU has the world’s largest lympho-
scintigraphy database, it is not without limitations: patients
with previous surgery were not removed from the analysis.
The number of such patients is estimated to be less than
1% based on the knowledge of RFU of patients in the
lymphoscintigraphy database (Uren RF, personal commun-
ication), but has not been assessed quantitatively.

An absence of patients with melanoma in some skin
regions on the three-dimensional model means that
lymphatic drainage patterns cannot be calculated
accurately for these regions (the total number of patients
for each skin element is displayed graphically in the
webfigure, with the number of patients with melanoma
at each individual skin site ranging from 1 to 16). To
make this explicit, the interactive software shows the
number of patients that form the basis of the percentage
likelihood values displayed, to minimise overinter-
pretation where there is a paucity of available data.
Similarly, heat maps could not be calculated accurately
and visualised for all SLN fields due to insufficient data,
or where most melanoma sites were located on the head
or neck, which cannot currently be mapped onto the
skin model. Ultimately, we hope that these limitations
will be at least partly addressed as the dataset grows, and
after a head and neck skin model is created. We are
developing an interface for our three-dimensional model
to allow input of both melanoma and SLN sites, which
should facilitate case-by-case accrual of new data into the
dataset.

In summary, lymphoscintigraphy on a large number of
patients with primary cutaneous melanoma has accumu-
lated a large amount of information on the lymphatic
drainage of the skin. Disseminating this information
effectively to clinicians will be assisted by developing new
methods for its display. We have established methods for
displaying lymphoscintigraphy data on a three-
dimensional computer model that should be useful to
clinicians and medical educators. By making the data
available to clinicians and others through online software,
the information might help in the management of
individual patients with melanoma and other skin
cancers that have the propensity to spread to lymph
nodes.
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Appendix E

Web Interface for the Data Visualisation
Paper

The following pages present screenshots of the websiteéectedongside the data visualisation
paper published iithe Lancet Oncology (given in Appendix D). This website went online in July
2007 and can be seen at http://www.bioeng.auckland.aeatahoma/. It includes a version of the
skin selection tool presented in Section 5.2 and selectatirhaps shown in Section 5.1.1 and in
Appendix B.

Google Analytics was used to determine how many visits wexdento the website and associated
statistics, and screenshots of these results are alsa. Jitiere have been 782 visits to the website
between 1 July 2007 and 28 May 2008, with 511 absolutely wnigsitors. Visitors included
people from 29 different countries/territories, where Négalanders and Australians comprised
the majority of viewers with 493 and 120 visits respectivey visits have been made from the
United States, while directly behind that 24 visits were sm&@m the UK. Other visitors were
largely from countries in Europe and Asia.
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3D VISUALISATION OF LYMPHATIC DRAINAGE ; T
PATTERNS IN PATIENTS WITH CUTANEOUS MELANOMA * e

as published in The Lancet Oncology 2007 Sep;8(9):806-12 )
SKINSELECTION TOOL Click here te view HEAT MAPS
Researchers at the University of Auckland's Maurice Wilkins Centre have mapped melanoma lymphoscintigraphy data from the
Sydney Melanoma Unit (SML) onto @ 30 anatomically based computer model of the skin and lymph nodes, This mapped data has
enabled visualisation of the likely node fields for melanoma metastasis. Data was mapped by Hayley M Reynolds at the
Biosnginesring Institute, supervised by Dr Nicolas P Smith and Assoc Prof Red Dunbar (School of Biological Sciences)
Lymphoscintigraphy data from the SMU is courtesy of Prof Roger F Uren MD and Prof John F Thompson MD.
SKIN SELECTION TOOL:
Click on regions of skin on the image below to display the potential sentinel lymph node fields that will receive melanoma cells if
the cancer has spread beyond the skin, The node fields displayed are scaled in size according to the drainage likelinood, and the
total number of patient cases are displayed on the selected skin regions. The table of statistics details the number of patient cases
draining to each node field and the percentage likelihood of drainage to that node field
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Figure E.1: Screenshot of the skin selection tool given édata visualisation website.
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3D VISUALISATION OF LYMPHATIC DRAINAGE
PATTERNS IN PATIENTS WITH CUTANEOUS MELANOMA

as published in The Lancet Oncology 2007 Sep;8(9):806-12

Click here to view SKIN SELECTION TOOL HEAT MAPS

Researchers at the University of Auckland's Maurice Wilkins Centre have mapped melanoma lymphoscintigraphy data from the
Sydney Melanoma Unit (SMU) onto a 3D anatomically based computer model of the skin and lymph nades. This mapped data has
enabled visualisation of the lkaly node fields for melanoma metastasis, Data was mapped by Hayley M Rey
Bioenginearing Institute, supervised by Dr Nicelas P Smith and Assoc Prof Rod Dunbar | ol of Biole
Lymphoscintigraphy data from the SMLI is courtesy of Prof Roger F Uren MD and Prof John F Thompson MB.
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gical Sciences).
HEAT MAPS:
The heat maps below show the percentage likelihood that a primary melanama site will show lymphatic drainage to a specified node

field. Regions of skin with no lymphatic drainage to the node field are coloured black. Different node field displays can be seen by
clicking.on the buttons below the heat map images.
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Figure E.2: Screenshot of the heat maps given on the dataligation website.
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Figure E.3: Google Analytics summary of the visitors actgsthe data visualisation website.
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Appendix F

Editorial Response to the Data Visualisation
Paper

This editorial presents a response to the data visualispaper given in Appendix D, which was
published inThe Lancet Oncology.
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by a PET scan as non-responders—to completion or
early termination of induction chemotherapy is worth
pursuing.

Second, the authors chose a 35% decrease in
[**F]FDG avidity after one cycle of chemotherapy to
stratify patients into responding and non-responding
groups.? The rationale for doing so is well-presented
in the authors’ previous work,® but this definition
of the optimum decrease in standard uptake value
for defining responsiveness needs validation in
independent studies, especially as the method proposed
suggests dichotomising patients based on a continous
variable. In a related issue, the authors have noted a
new finding that patients who had a survival benefit
associated with chemotherapy were both PET and
histological responders.” Patients with response by
PET, but without histological response, did no better
than PET non-responders in terms of overall survival.
The underlying mechanism for the observation that
a tumour could have decreased [**F]FDG avidity
without histological response or survival advantage
is not clear, but might be associated with a decrease
in an inflammatory component by chemotherapy or
the steroids administered without tumoricidal effect.
Combined imaging for glycolytic activity and measures
of tumour inflammation might be the next step to
further minimise over-treatment.

Third, the authors pursued one way of incorporating
PET-imaging data into a treatment algorithm: the early
termination of treatment held to be ineffective. However,
other possible approaches could be considered to treat
patientswho fail to respond to induction treatmenton PET

scan. For example, patients who show no PET response to
one type of chemotherapy could be shifted successfully
to treatment with another regimen during subsequent
combined chemoradiation treatment.” Alternately,
patients who have no evidence of chemosensitivity, and
therefore, are at very high risk of recurrent disease, could
be considered for definitive radiation treatment to the
primary site rather than subjected to the morbidities
associated with an oesophagectomy.

*Robert ] Downey, David H llson

Thoracic Service, Department of Surgery (RJD), and
Gastrointestinal Oncology Service, Department of Medicine (DHI),
Memorial Sloan-Kettering Cancer Center, New York, NY, USA
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Defining the highway of lymphatic patterns for melanoma

In 1892, Herbert Snow advocated wide excision and
elective lymph-node dissection (ELND) to control
lymphatic permeation of melanoma metastases.!
His studies suggested a connection between primary
skin tumours and regional lymph nodes, indicating
that treatment of melanoma should routinely include
excision of these nodes." Through most of the next
century, regional lymph-node dissection was usually
based on anatomical landmarks alone. Most of the
descriptions of lymphatic drainage patterns were
attributed to Sappey, who suggested that the vertical
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meridian through the torso and horizontal axis through  see Articles page 806

the umbilicus defined four quadrants, each with separate
drainage to the axilla or groin lymph-node basins.
While retrospective studies were done to validate
Snow’s observations as to the importance of ELND,
none of the randomised trials studying this procedure
have shown a survival advantage of ELND. The apparent
absence of therapeutic benefit from ELND, in part,
relates to the relatively small number of patients with
intermediate thickness melanoma with tumour-positive
lymph nodes (about 20%) and perhaps to the inherent
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error of dissecting lymph-node basins based solely on
static assessment of lymphatic anatomy rather than
dynamic assessment of lymphatic drainage.

In 1992, Morton and colleagues described their initial
experience with intraoperative lymphatic mapping and
sentinel-lymph-node biopsy (SLNB).* This technique,
devised as an alternative to ELND, enables the surgeon
to map the direct route of lymphatic spread from
a primary melanoma to the regional lymph-node
basin, and then excise selectively the first (sentinel)
draining lymph node or nodes in this basin. Focused
pathological examination of the lymphatic mapping
and SLNB specimen provides a useful method of ultra-
staging the regional lymph nodes. Complete lymph-
node dissection (CLND) is reserved for patients who
are most likely to achieve a survival benefit from the
procedure, ie, those with metastasis to the sentinel
lymph node. Patients who do not have regional lymph-
node metastases can avoid the cost and morbidity of
CLND.

Lymphatic mappingand SLNBis based onobservations
that afferent lymphatics and draining lymph nodes can
be identified by cutaneous lymphoscintigraphy or by
the intradermal injection of blue dyes into the primary
melanoma site.* Lymphoscintigraphy enables precise
identification of the lymph nodes at risk of metastases,
but also points to occasional aberrant or unpredicted
drainage to more than one site.

Intradermal injection of blue dye can identify afferent lymphatics and draining lymph nodes

756

Lymphatic mapping and SLNB has been shown by
reseachers to be a reliable indicator of the tumour status
of regional lymph nodes, probably upstaging about 15%
of cases from ELND. With over 15 years of experience, we
and other groups have confirmed the low (about 3%)
nodal recurrence rate from the use of lymphatic mapping
and SLNB. Based on these studies, lymphatic mapping
and SLNB has replaced ELND and has become standard
procedure for staging regional lymph nodes. Results of
the Multicenter Selective Lymphadenectomy Trial® have
validated the accuracy of lymphatic mapping and SLNB
and have shown the importance of lymphoscintigraphy
for mapping regional lymph nodes.

In this issue of The Lancet Oncology, Reynolds and co-
workers describe their approach to organising lympho-
scintigraphy data to provide a sophisticated working road
map of the lymphatics of the skin.® The group created a
mathematical model with three-dimensional computer
imaging to replicate the patterns of lymphatic drainage
that they had noted from over 5000 lymphoscintigrams
in the past 10 years. The researchers compiled all the
lymphoscintigraphy images, devised heat maps to predict
drainage patterns, and established the relative risk of
each skin site to have drainage to a particular lymph-node
area, or in some cases, to multiple basins. Their aim was to
improve imaging of the lymphatics and give guidance to
the variations that they had recorded, as compared with
the patterns predicted by Sappey. Reynolds and colleagues
studied only non-head and neck primary tumours, and
eliminated primary tumours that did not drain to the
axillae or groin—making their first attempt at this project
relatively straight forward, albeit less broadly applicable.
Furthermore, as the authors point out, the model is
not valid when lymphatic drainage has been altered by
previous surgery. This study was based on the concept that
traditional anatomical predictors of lymphatic drainage are
inadequate, and the heat maps and interactive software
Reynolds and colleagues have created should be valuable
for educating clinicians and students. However, while
useful for studying the variable anatomy of the cutaneous
lymphatics, the heat maps should not be used as an
alternative to lymphoscintigraphy, but rather as assurance
that all the predicted lymph-node basins are known.

The work by Reynolds and co-workers is timely and
provides valuable, interactive information on the
anatomy of the skin and the draining lymphatics. Long-
term follow-up of their 5000-plus cases might provide
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additional information on the relation of the primary
skin site to regional and potentially distant patterns
of metastases. From their model, it is clear that the
highway of lymphatics through the skin is far more
complicated than that suggested by Sappey.
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Causes of thrombotic thrombocytopenic purpura

The mechanism for the development of thrombotic
thrombocytopenic purpura (TTP) with gemcitabine and
other chemotherapeutic drugs is attributed to endothelial-
cell injury. In the excellent review by Zupancic and
colleagues! in a recent issue of The Lancet Oncology, possible
explanations for endothelial-cell injury are provided,
including circulating immune complexes and cytokines.
The downstream effects from the endothelial dysfunction,
including release of nitric oxide and von Willebrand factor,
and increased levels of tissue plasminogen activator,
thrombomodulin, and plasminogen activator inhibitor,
are described to promote the development of TTP.

However, the endothelial-cell injury in those treated
with chemotherapeutic drugs is more likely to have been
caused by the underlying malignancy than by the drugs
themselves. This notion is supported by the findings
of Snyder and colleagues.’ In a review of patients
who developed TTP with chemotherapy, of the
55 patients who were treated with different therapeutic
strategies, 30 died, 17 of who had complications from
TTP. 16 of these patients had stable or progressive
malignant disease, suggesting the role of malignancy in
driving TTP. In those who responded to the treatment
for TTP, a decrease in serum concentration of circulating
immune complexes was recorded which correlated with
a good response of the malignancy to the antineoplastic
drugs. This finding suggests that the formation of these
complexes was the result of the malignancy rather than
the chemotherapy.

Cancer is widely known to be associated with TTP,
and thrombotic microangiopathy is seen in a small
proportion of patients in almost all types of cancer,
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which causes dysfunction of the endothelium, especially
when metastasis occurs. Endothelial injury results in
the released the aforementioned factors, promoting the
coagulation process of TTP.

Zupancic and colleagues suggest that more renal and
pulmonary manifestations are present in chemotherapy-
associated TTP compared with that in cancer-associated
TTP. However, lung complications in this setting are
nearly always secondary to blood products from fluid
overload or possible transfusion-associated lung injury.
Renal dysfunction is a common adverse effect of most
chemotherapeutic drugs and, therefore, deciding
whether or not this is secondary to TTP is difficult.

Furthermore, TTP and haemolytic-uremic syndrome
(HUS) should not be used interchangeably. Historically,
these two diseases have been considered as the
extreme ends of a spectrum, with common features of
microangiopathic haemolytic anaemia and thrombo-
cytopenia, but with predominance of neurological
symptoms in TTP and renal dysfunction in HUS. The
pathogenesis of HUS has been shown to be different
to that of TTP, with Shiga-like toxins implicated in
typical HUS and genetic abnormalities of complement
regulatory proteins in atypical HUS, which commonly
occurs in association with antineoplastic drugs.® Many of
the reports on chemotherapy-associated TTP described
in the review by Zupancic and colleagues describe HUS
rather than TTP. However, the management strategy
for atypical HUS does not differ from TTP and includes
interventions like plasma exchange.

The contributory role of chemotherapeutic drugs in
the development of TTP is likely to be the impairment



Appendix G

Statistical Analysis Code in R

The following R code details the commands used to carry dettal statistical analysis meth-
ods defined in Chapter 6. Commands implemented to run thenouodial model symmetry test

(described in Section 6.3) are given, as well as commandstrdine 95% confidence intervals
using non-parametric bootstrapping (described in Se@&ibphfor each cluster.
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Symmetry testing

## Read in the LS data

infile <- "G:/Significance_testing/reflected LS data. txt"
data<-read.table(infile,header=T)

attach(data)

names(data)

detach(data)

## Define the region of skin (using element numbers)
region<-c(467:470,483:486)

## Determine the corresponding LS data located on those elem ents
nm<-c("case","nodeField","element","numNodes","side " "elemMap","nodeFieldMap")
dat<-chind()
for (i in l:length(region)) {

dat<-rbind(dat,data[data$elemMap==region([i],])
}

names(dat)<-nm
attach(dat)

## Calculate number of cases and data entries
## located on each side of the body
num_NFsL<-0

num_NFsR<-0

num_melL<-0

num_melR<-0

ifelse(side[1]=="R",num_NFsR<-num_NFsR + 1,num_NFsL<- num_NFsL + 1)
ifelse(side[1]=="R",num_melR<-num_melR + 1,num_melL<- num_melL + 1)

for (i in 2:length(case)) {
if (case[i]'=case[i-1]) {
ifelse(side[i]=="R",num_melR<-num_melR + 1,num_melL<- num_melL + 1)
}
if (side[i]=="R"}{
num_NFsR<-num_NFsR + 1
}
else{
num_NFsL<-num_NFsL + 1

}
}

## Read in the nnet library
library(nnet)

## Define the element vectors as factors
element<-factor(element)
elemMap<-factor(elemMap)

## Fit multinomial model to the LS data
## (with side and elemMap as predictor variables
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## and nodeFieldMap as the response variable)
mmod<-multinom(nodeFieldMap~elemMap+side+elemMap * side)

## Step through the model using the AIC criterion
## to determine the most important predictor variables
nmod_side<-step(mmod)

## Display the fitted model variables
predict(nmod_side,data[1,],type="probs")
summary(nmod_side)

Non-parametric bootstrapping

## Read in the LS data

infile <- "G:/Significance_testing/clusters/reflected _LS data_for_Cls.txt"
all_data<-read.table(infile,header=T)

attach(all_data)

names(all_data)

## Define the cluster number

## and the elements within the cluster

cluster=1

element<-c(17,23,25,29,35,37,39,41:45,47:49,51,54:5 6,59:63,67:76,78,80,82,83,
85,86,88,91:93,95,96,98:124,325:331,333:363,365:368 ,370,371,379:383,
395:397,399,401,415,428,429,431,445,461)

## Determine the corresponding LS data located on those elem ents

S _nm<-c("S_case","S_nodeField","S_element","S_numNo des")

data<-cbind()

for (i in 1l:length(element)) {
data<-rbind(data,all_data[all_data$element==element [iLD

}

names(data)<-S_nm
attach(data)

## Calculate the number of cases and use this to find the avera ge
## number of cases draining to each node field (point estimat e)
numCases<-1
for (i in 2:length(S_case)) {

if (S_case[i]'=S_caseli-1]) {

numCases<-numCases + 1

}

}

pt<-table(S_nodeField)/numCases
nm<-c('cs’,'nf’,’elem’,’nNodes’)

## Determine start and end position in array for each patient case
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## (required due to independency)
start<-1
for (i in 2:length(S_case)) {
if (S_case[i]'=S_case][i-1]) {
if (start[length(start)]==1) {
finish<-(i-1)
} else {
finish<-rbind(finish,i-1)
}
start<-rbind(start,i)
}

}
finish<-rbind(finish,length(S_case))

sampleProbs<-cbind()

## Draw 1000 bootstrap samples
for (i in 1:1000) {
detach(data)
smpl<-sample(1:length(start),length(start),replace= TRUE)
dat<-cbind()
for (j in smpl) {
for (k in start[j]:finish[j]){
dat<-rbind(dat,data[k,])
}
}

names(dat)<-nm

attach(dat)

output<- table(nf)/ numCases
sampleProbs<-rbind(sampleProbs,output)
detach(dat)

attach(data)

}

## Determine the 95% confidence intervals
gt<-chind()
for (i in 1l:length(levels(nodeField))){
gt<-rbind(qgt,cbind(levels(nodeField)[i],t(quantile( sampleProbsl,i],
probs=c(0.025, 0.975)))))
}

## Write output files with point estimates and confidence in tervals
outfilename <- "G:/Significance_testing/clusters/refl ected_CI_cluster_"
outfilename <- paste(outfilename,cluster,sep="")

outfilename <- paste(outfilename,".txt",sep="")

write(qt[1,],file=outfilename,ncolumns=3,append = FAL SE)
for (i in 2:41){

write(qt[i,],file=outfilename,ncolumns=3,append = TRU E)
}

write(" " file=outfilename,ncolumns=1,append = TRUE)
write(pt,file=outfilename,ncolumns=1,append = TRUE)



References

AIHW (2008), ‘Australian Institute of Health and Welfare u8tralian cancer incidence statistics’,
http://www.aihw.gov.au/cancer/.

AJCC Cancer Staging Manual (2002), 6 edn, Springer, New York.

Alazraki, N. P., Eshima, D., Eshima, L. A., Herda, S. C., NMyrrD. R., Vansant, J. P. & Taylor,
A. T. (1997), ‘Lymphoscintigraphy, the sentinel node cgrtcand the intraoperative gamma
probe in melanoma, breast cancer, and other potential angem. Nucl. Med. 27(1), 55—
67.

Balch, C. M., Buzaid, A. C., Soong, S., Atkins, M. B., CastiineN., Coit, D. G., Fleming,
I. D., Gershenwald, J. E., Houghton Jr, A., Kirkwood, J. M.cMhsters, K. M., Mihm,
M. F., Morton, D. L., Reintgen, D. S., Ross, M. I., Sober, Ahompson, J. A. & Thompson,
J. F. (2001), ‘Final version of the American Joint CommitteeCancer staging system for
cutaneous melanomal, Clin. Oncol. 19(16), 3635—-3648.

Balch, C. M., Soong, S., Gershenwald, J. E., Thompson, Rdintgen, D. S., Cascinelli, N.,
Urist, M., McMasters, K. M., Ross, M. I., Kirkwood, J. M., Atis, M. B., Thompson, J. A.,
Coit, D. G., Byrd, D., Desmond, R., Zhang, Y., Liu, P., Lyménh,H. & Morabito, A. (2001),
‘Prognostic factors analysis of 17,600 melanoma patierdaBdation of the American Joint
Committee on Cancer melanoma staging systdnt}in. Oncol. 19(16), 3622—-3634.

Balch, C. M., Wilkerson, J. A., Murad, T. M., Soong, S., IngalA. L. & Maddox, W. A. (1980),
‘The prognostic significance of ulceration of cutaneousamema’,Cancer 45(12), 3012—
3017.

Bergqvist, L., Strand, S. E., Hafstrom, L. & Jonsson, R1884), ‘Lymphoscintigraphy in patients
with malignant melanoma:-a quantitative and. qualitativel @ation of-its usefulnesskur. J.
Nucl. Med. 9(3), 129-135.

233



234 REFERENCES

Bradley, C. P, Pullan, A. J. & Hunter, P. J. (1997), ‘Geoneatiodeling of the human torso using
cubic hermite elementsAnn. Biomed. Eng. 25, 96-111.

Breslow, A. (1970), ‘Thickness, cross-sectional areas deyath of invasion in the prognosis of
cutaneous melanomann. Surg. 1725), 902—908.

Cascinelli, N. (1999), ‘WHO declares lymphatic mappingédie standard of care for melanoma’,
13, 288.

Chernick, M. R. (1999)Bootstrap Methods: A Practitioner’s Guide, John Wiley and Sons Inc.,
New York.

Clark Jr, W. H., From, L., Bernardino, E. A. & Mihm, M. C. (1959The histogenesis and biologic
behavior of primary human malignant melanomas of the skiafhcer Res. 29, 705-727.

Clemente, C. D. (1997Anatomy: A Regional Atlas of the Human Body, fourth edn, Williams and
Wilkins, Maryland.

Cox, S. L. (2007), Computational ergonomics: An anatonydadsed finite element model of the
lower limbs in the seated posture, Master’s thesis, Uniwyeo$ Auckland.

Crampin, E. J., Halstead, M., Hunter, P., Nielsen, P., Ndble Smith, N. & Tawhai, M. (2004),
‘Computational physiology and the physiome projeEkp. Physiol. 89(1), 1-26.

de Wilt, J. H. W., Thompson, J. F., Uren, R. F.,, Ka, V. S. K., I8eg R. A., McCarthy, W. H.,
O’Brien, C. J., Quinn, M. J. & Shannon, K. F. (2004), ‘Cortéda between preoperative
lymphoscintigraphy and metastatic nodal disease in 362mgatwith cutaneous melanomas
of the head and neckAnn. Surg. 2394), 544-552.

Eberbach, M. A. & Wahl, R. L. (1989), ‘Lymphatic anatomy: fiional nodal basins’Ann. Plast.
Surg. 22(1), 25-31.

Efron, B. (1979), ‘Bootstrap methods: Another look at thekjanife’, Ann. Sat. 7(1), 1-26.

Efron, B. & Tibshirani, R. J. (1993)An Introduction to the Bootstrap, Chapman & Hall, New
York.

Everitt, B. S., Landau, S. & Leese, M. (2000luster analysis, 4 edn, Oxford University Press,
London.

Faraway, J. J. (2006Extending the Linear Model with R: generalized linear, mixed effects and
nonparametric regression models, Chapman and Hall/CRC, Florida.



REFERENCES 235

Fee, H. J., Robinson, D. S., Sample, W. F., Graham, L. S., BEe|f. C. & Morton, D. L. (1978),
‘The determination of lymph shed by colloidal gold scanningpatients with malignant
melanoma: a preliminary study&urg. 84(5), 626—632.

Fernandez, J. W. (2004), An Anatomically Based Finite EleinModel of Patella Articulation:
Towards a Diagnostic Tool, PhD thesis, University of Auckla

Fernandez, J. W., Mithraratne, |P., Thrupp, $. F., TawhaiHM& Hunter, P. J. (2004), ‘Anatomi-
cally based geometric modelling of the musculo-skeletsiesy and other organdjomech.
Model. Mechan. 2(3), 139-155.

Fischer, M., Franzeck, U. K., Herrig, I., Costanzo, U., W8N, Schiesser, M., Hoffmann, U. &
Bollinger, A. (1996), ‘Flow velocity of single lymphatic pdlaries in human skin’Am. J.
Physiol. 270(1), H358—-H363.

Fisher, R. A. (1938)Jatistical methods for research workers, Oliver and Boyd, London.

Fortner, J. G., Das Gupta, T. & McNeer, G. (1965), ‘Primanjigreant melanoma on the trunk:
an analysis of 194 case#&nn. Surg. 161(2), 161-169.

Greenwood, P. E. & Nikulin, M. S. (1996} Guide to Chi-squared Testing, John Wiley & Sons,
New York.

Hardin, J. W. & Hilbe, J. M. (2002)¢eneralized Estimating Equations, Chapman & Hall/CRC,
Florida.

Jor, J. W., Nash, M. P., Nielsen, P. M. & Hunter, P. J. (2007pdklling the mechanical proper-
ties of human skin: towards a 3D discrete fibre modetProceedings of the 29th Annual
International Conference of the IEEE EMBS’, Lyon, pp. 668644.

Leong, S. P., Achtem, T. A., Habib, F. A., Steinmetz, |., MariE., Allen, R. E., Kashani-Sabet,
M. & Sagebiel, R. (1999), ‘Discordancy between clinicalgiotions vs lymphoscintigraphic
and intraoperative mapping of sentinel lymph node drair@Egarimary melanoma’Arch.
Dermatol. 13512), 1472—-1476.

Martinez-Monge, R., Fernandes, P. S., Gupta, N. & Gahb&ug1999), ‘Cross-sectional nodal
atlas: a tool for the definition of clinical target volumeglinee-dimensional radiation therapy
planning’,Radiology 211(3), 815-828.

Meyer, C. M., Lecklitner, M. L., Logic, J. R., Balch, C. E., &y, P. Q. & Tauxe, W. N. (1979),
‘Technetium-99m sulfur-colloid cutaneous lymphoscirdighy in the management of truncal
melanoma’ Radiology 131(1), 205-2009.


https://www.bestpfe.com/

236 REFERENCES

Mooney, C. Z. & Duval, R. D. (1993)Bootstrapping: A Nonparametric Approach to Satistical
Inference, Sage Publications, California.

Morton, D. L., Hoon, D. S. B., Cochran, A. J., Turner, R. R.siEsr, R., Takeuchi, H., Wanek,
L. A., Glass, E., Foshag, L. J., Hsueh, E. C., Bilchik, A. Jadhoff, D. & Elashoff, R. (2003),
‘Lymphatic mapping and sentinel lymphadenectomy for eathge melanoma: Therapeutic
utility and implications of nodal microanatomy and moleustaging for improving the ac-
curacy of detection of nodal micrometastasésin. Surg. 2384), 538-550.

Morton, D. L., Thompson, J. F., Cochran, A. J., Mozzillo, Blashoff, R., Essner, R., Nieweg,
O. E., Roses, D. F.,, Hoekstra, H. J., Karakousis, C. P., BemtD. S., Coventry, B. J., Glass,
E. C. & Wang, H. J. (2006), ‘Sentinel-node biopsy or nodalestation in melanoma’lN.
Eng. J. Med. 355 1307-1317.

Morton, D. L., Thompson, J. F., Essner, R., Elashoff, R.jyi6t&. L., Nieweg, O. E., Roses,
D. F., Karakousis, C. P., Mozzillo, N., Reintgen, D., Wang,} Glass, E. C. & Cochran,
A. J. (1999), ‘Validation of the accuracy of intraoperatlyenphatic mapping and sentinel
lymphadenectomy for early-stage melanoma: a multicenit, tAnn. Surg. 230(4), 453—
463.

Morton, D. L., Wen, D. R., Wong, J. H., Economou, J. S., Cagé\.|.Storm, F. K., Foshag, L. J.
& Cochran, A. J. (1992), ‘Technical details of intraoperatlymphatic mapping for early
stage melanomaArch. Surg. 127, 398—-399.

Norman, J., Cruse, C. W., Espinosa, C., Cox, C., Berman, l@arkCR., Saba, H., Wells, K. &
Reintgen, D. (1991), ‘Redefinition of cutaneous lymphatiaishge with the use of lym-
phoscintigraphy for malignant melanomamn. J. Surg. 1625), 432—-437.

NZHIS (2007), ‘NZ Health Information Service - Cancer: Neegistrations and deaths 2004,
http://www.nzhis.govt.nz/.

O'Brien, C. J., Uren, R. F., Thompson, J. F., Howman-GilesBR Petersen-Schaefer, K., Shaw,
H. M., Quinn, M. J. & McCarthy, W. H. (1995), ‘Prediction of fmmtial metastatic sites in
cutaneous head and neck melanoma using lymphoscintigrafimy J. Surg. 170(5), 461—
466.

O’Sullivan, M., Vossner, S. & Wegener, J. (1998), Testiagporal correctness of real-time sys-
tems - a new approach using genetic algorithms and clustdysas, in ‘6th European In-
ternational Conference on Software Testing, Analysis asdd¥v’, EuroSTAR’98, Munich,
Germany.



REFERENCES 237

O'Toole, G. A., Hettiaratchy, S., Allan, R. & Powell, B. W.@Q0), ‘Aberrant sentinel nodes in
malignant melanomaBgrit. J. Plast. Surg. 53(5), 415-417.

Park, J. S., Chung, M. S., Hwang, S. B., Shin, B. & Park, H. 806}, ‘Visible Korean Human:
its techniques and application€lin. Anat. 19(3), 216—-224.

Pathak, I., O'Brien, C. J., Petersen-Schaeffer, K., McNEgil B., McMahon, J., Quinn, M. J.,
Thompson, J. F. & McCarthy, W. H. (2001), ‘Do nodal metastdsem cutaneous melanoma
of the head and neck follow a clinically predictable pat®rilead & Neck 23(9), 785-790.

Poon, I., Fischbein, N., Lee, N., Akazawa, P., Xia, P., Quivkd & Phillips, T. (2004), ‘A
population-based atlas and clinical target volume for gsdhand-neck lymph nodesht. J.
Radiat. Oncol. Biol. Phys. 59(5), 1301-1311.

Pullan, A., Cheng, L., Yassi, R. & Buist, M. (2004), ‘Model§ gastrointestinal bioelectric activ-
ity’, Prog. Biophys. Mal. Biol. 85(2-3), 523-550.

Qatarneh, S. M., Kiricuta, I., Brahme, A., Tiede, U. & Lind, R. (2006), ‘Three-dimensional
atlas of lymph node topography based on the visible humasdtfAnat. Rec. B New Anat.
2893), 98-111.

Reintgen, D., Cruse, C. W., Wells, K., Berman, C., Fenske@\ass, F., Schroer, K., Heller, R.,
Ross, M., Lyman, G., Cox, C., Rappaport, D., Seigler, H. F.&ch, C. (1994), ‘The orderly
progression of melanoma nodal metastas&®h, Surg. 220(6), 759—-767.

Reynolds, H. M., Smith, N. P. & Hunter, P. J. (2004), Condinrcof an anatomically accurate geo-
metric model of the forearm and hand musculo-skeletal systeAnnual Meeting Proceed-
ings, 26th IEEE EMBS Annual International Conference, Sépb, 2004’, San Francisco,
pp. 265-269.

Robbins, K. T., Clayman, G., Levine, P. A., Medina, J., S&ssi R., Shaha, A., Som, P., Wolf,
G. T., American Head and Neck Society & American Academy dajl&@yngology—Head
and Neck Surgery (2002), ‘Neck dissection classificatiodatg: revisions proposed by the
American Head and Neck Society and the American Academy aa@igology-Head and
Neck Surgery’ Arch. Otolaryngol. Head Neck Surg. 128(7), 747—748.

Sappey, M. P. C. (1874Anatomie, Physiologie, Pathologie des vaisseaux Lymphatiques consid-
eres chez L' homme at les \Vertebres, Paris.

Smith, N. P., Pullan, A. J. & Hunter, P. J. (2000), ‘Genenatdd an anatomically based geometric
coronary model’28(1), 14-25.



238 REFERENCES

SMU (2005), ‘The Sydney Melanoma Unit’, http://www.smwga@u/.

Spitzer, V. M., Ackerman, M. J., Scherzinger, A. L. & Whitlgd. (1996), ‘The visible human
male: a technical reportd. Am. Med. Inform. Assoc. 3(2), 118-130.

Spitzer, V. M. & Whitlock, D. G. (1998), ‘The visible humantadaet: The anatomical platform for
human simulation’Anat. Rec. 2532), 49-57.

Statius Muller, M. G., Hennipman, F. A., van Leeuwen, P. Ajpéts, R., Vuylsteke, R. J. &
Meijer, S. (2002), ‘Unpredictability of lymphatic drainagpatterns in melanoma patients’,
Eur. J. Nucl. Med. Mol. Imaging 29(2), 255-261.

Suami, H., Taylor, G. I. & Pan, W. R. (2005), ‘A new radiograpbadaver injection technique for
investigating the lymphatic systeni]ast. Reconstr. Surg. 1157), 2007-2013.

Sugarbaker, E. V. & McBride, C. M. (1976), ‘Melanoma of thertk: the results of surgical
excision and anatomic guidelines for predicting nodal stetgs’,Surg. 80(1), 22—-30.

Sullivan, D. C., Croker, B. P., Harris, C. C., Deery, P. & SeigH. F. (1981), ‘Lymphoscintigraphy
in malignant melanoma: 99mtc antimony sulfur colloidim. J. Roentgenol. 137(4), 847—
851.

Swartz, M. A. (2001), ‘The physiology of the lymphatic systeAdv. Drug Deliv. Rev. 50(1-2), 3—
20.

Swartz, M. A. & Skobe, M. (2001), ‘Lymphatic function, lympahgiogenesis, and cancer metasta-
sis’, Microsc. Res. Tech. 55(2), 92—99.

Tawhai, M. & Burrowes, K. (2003), ‘Developing integrativeraputational models of pulmonary
structure’,Anat. Rec. 275B, 207-218.

Thompson, J. F., Morton, D. L. & Kroon, B. B. R., eds (200Z@xtbook of Melanoma, Martin
Dunitz, London.

Thompson, J. F.,, Saw, R. P., Colman, M. H., Howman-Giles, R& Bren, R. F. (1997), ‘Con-
tralateral groin node metastasis from lower limb melangtaar. J. Cancer 33(6), 976-977.

Thompson, J. F., Scolyer, R. A. & Kefford, R. F. (2005), ‘Gutaus melanomal,ancet 365, 687—
701.

Thompson, J. F. & Shaw, H. M. (2007), ‘Sentinel node mapporgnfielanoma: results of trials
and current applicationsl,6(1), 35-54.



REFERENCES 239

Thompson, J. F. & Uren, R. F. (2000), ‘What is a ‘sentinel’ jfmnode?’,Eur. J. Surg. Oncol.
26, 103-104.

Thompson, J. F. & Uren, R. F. (2004), ‘Teaching points on Ijatc mapping for melanoma from
the Sydney Melanoma UnitSemin. Oncol. 31(3), 349-356.

Thompson, J. F. & Uren, R. F. (2005), ‘Lymphatic mapping innagement of patients with pri-
mary cutaneous melanoma&ancet Oncol. 6(11), 877—-885.

Thompson, J. F., Uren, R. F.,, Saw, R. P. & Stevens, G. N. (2008rnal mammary node metas-
tasis from primary cutaneous melanoma on the anterior ¢hsZ J. Surg. 75, 723-725.

Uren, R. F. (2007), Personal communication.

Uren, R. F., Howman-Giles, R. B., Thompson, J. F., Shaw, H&WIcCarthy, W. H. (1995),
‘Lymphatic drainage from peri-umbilical skin to internabmmary nodes'Clin. Nucl. Med.
20(3), 254-255.

Uren, R. F., Howman-Giles, R., Chung, D. K., Morton, R. L. &¥Fhpson, J. F. (2007), ‘The repro-
ducibility in routine clinical practice of sentinel lymplode identification by pre-operative
lymphoscintigraphy in patients with cutaneous melanomah. Surg. Oncol. 14(2), 899—
905.

Uren, R. F., Howman-Giles, R., Chung, D. & Thompson, J. FO@0‘Nuclear medicine aspects
of melanoma and breast lymphatic mappiriggmnin. Oncol. 31(3), 338—348.

Uren, R. F., Howman-Giles, R. & Thompson, J. F. (2003), ‘®&at of lymphatic drainage from
the skin in patients with melanomal, Nucl. Med. 44(4), 570-582.

Uren, R. F., Howman-Giles, R., Thompson, J. F. & McCarthyH/M1998), ‘Exclusive lymphatic
drainage from a melanoma on the back to intraabdominal lyngates’,Clin. Nucl. Med.
23(2), 71-73.

Uren, R. F., Howman-Giles, R., Thompson, J. F., McCarthyHWQuinn, M. J., Roberts, J. M. &
Shaw, H. M. (2000), ‘Interval nodes: the forgotten sentimales in patients with melanoma’,
Arch. Surg. 135 1168-1172.

Uren, R. F., Howman-Giles, R., Thompson, J. F., Quinn, MO®Brien, C., Shaw, H. M., Bosch,
C. M. & McCarthy, W. H. (1996), ‘Lymphatic drainage to triamlgr intermuscular space
lymph nodes in melanoma on the back’Nucl. Med. 37(6), 964—966.



240 REFERENCES

Uren, R. F., Howman-Giles, R., Thompson, J. F., Roberts, Be&ard, E. (1998), ‘Variability of
cutaneous lymphatic flow rates in melanoma patieiMslanoma Res. 8(3), 279-282.

Uren, R. F., Thompson, J. F. & Howman-Giles, R. B. (1929jnphatic drainage of the skin and
breast: locating the sentinel nodes, Harwood academic, Amsterdam.

Uren, R. F., Thompson, J. F., Howman-Giles, R. & Chung, D. 2006), ‘The role of lym-
phoscintigraphy in the detection of lymph node drainageéfamoma’ Surg. Oncol. Clin. N.
Am. 15(2), 285-300.

van der Ploeg, I. M., Valdés Olmos, R. A., Nieweg, O. E., RusgE. J., Kroon, B. B. & Hoefnagel,
C. A. (2007), ‘The additional value of SPECT/CT in lymphatiapping in breast cancer and
melanoma’J. Nucl. Med. 48(11), 1756-1760.

Vossner, S. & Braunstingl, R. (1996%.0.A.L (Genetic Optimization Algorithm), Genetic Opti-
misation Lab, Technical University Graz, Austria.

Vossner, S., O’Sullivan, M. & Wegener, J. (1999), Genetgoathm with cluster analysis for
software testingin ‘12th International Software Quality Week ‘99 Conferendgalifornia.

Wastell, D. G. & Gray, R. (1987), ‘The numerical approachlassification: a medical application
to develop a typology for facial pain&at. Med. 6(2), 137—-146.

Wolpert, L. (2005), ‘Development of the asymmetric humd&hiropean Review 13(S2), 97-103.
Zelterman, D. (2006 Models for Discrete Data, Oxford University Press, Oxford.

Zhang, S. X., Heng, P. A, Liu, Z. J., Tan, L. W., Qiu, M. G., Q, Y., Liao, R. X., Li, K., Cui,
G.Y., Guo, Y. L., Yang, X. P,, Liu, G. J., Shan, J. L., Liu, J.Zdhang, W. G., Chen, X. H.,
Chen, J. H., Wang, J., Chen, W,, Lu, M., You, J., Pang, X. LaoXH. & Xie, Y. M. (2003),
‘Creation of the Chinese visible human data setiat. Rec. B New Anat. 2751), 190-195.



