2015

SENTINEL LYMPH NODE
ASSESSMENT IN OESOPHAGEAL
CANCER: CREATION OF A
MULTIMODALITY TRACER

GEORGE L BALALIS

MBBS BOND UNIVERSITY 2009



A Thesis presented for the degree of Masters of Philosophy (Surgery) from the
Discipline of Surgery, University of Adelaide, South Australia, Australia



TABLE OF CONTENTS

LIST OF FIGURES ......coioioiimsmsmsnssnmsessessesssssssssssssssssssssssssssssssssssssss s sssssssssssssssnssnssssssnssnssasssssens v
LIST OF TABLES ...t sssssssssssssssssssssss s s sassassssssssssssssnsnssnssnsssssssassns vii
GLOSSARY ..ooeiiiimisninimsssssssssssssssnssnssssss s s s s s e e e E AR R R R R R R R R R R RS viii
21 I 2 0 X
THESIS DECLARATION ...cuciiiiiiinnisninssssssssssssssssssssssnsssssssss s sssssssssssssssssssssssssssssssssss snsssssssns xiii
PUBLISHED WORKS AND PRESENTATIONS......ccocismmnmmsemsemsensssssssssssssssssssssssssssssessens Xiv
ACKNOWLEDGEMENTS.....cooiimimsmssmsnmsmssmssessnssssssssssssssssssssssnssmsssssssssssssssssssssssssssssssnssnssnssasses xvi
CHAPTER 1: INTRODUCTION ....coovseiresessmsessssessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss 1
1.1 STAGING IN CANCER ... s ssssssssssssssssssssssssssssssssssssassssssssnssnsnsnssnssnnss 2
1.1.1 Purpose and principle of cancer Staging.......os 2
1.1.2  Tumour node metastasis StAZINEG ... ssssssees 2
1.2 SENTINEL LYMPH NODE CONCEPT .......cccvsssmnmsmsnmsessessnssessssssssssssssssssssssnssassnssnsssssenss 3
1.2.2  Blue dye tEChNIQUE oo s s ssssees 5
1.2.3  Radiocolloid tECRNIQUE ...t ssn s 5
1.2.4 Other experimental teChNIQUES ... sesssseees 6
1.3 OESOPHAGEAL CANCER ...cciirrmsmistnsnssssnsssssssssssssssssssssssssssssss s sssssssssssssnssnssnssssssssenss 7
RS 700 200 16 (=5 14§ 0] (o = PP 7
1.3.2  ACTIOIOZY ottt 9
1.4 STAGING IN OESOPHAGEAL CANCER ....cioismsmsmsemsessesssssssssssssssssssssssssssssssnssnsnssnnss 15
1.4.1  Siewert ClassifiCation ... e 15
1.4.2 Tumour node Metastasis StAZINEG ... rasenes 16
1.4.3  LymphatiC SPrEad....cirrecrirsesiesssss s sessssssssss st ss s sssessssssasssssessssssaneses 19
1.4.4 Challenges of sentinel lymph node assessment in oesophageal cancer.......ccccouuurunee. 23

1.5 ADVANCING THE SENTINEL LYMPH NODE CONCEPT IN OESOPHAGEAL
L0701 08 0 27

1.5.1  FULUIE OPTIONS et esss s ssess s sssess s sssess s sssss s ss s s ssse s sesenes 27

RS T = 4 Lo =Yl 00 Lo o} PR 29



O T N L 31
1.6.1  Clinical SIgNIfICANCE ...uvveeeirseercrrr s 31
BN U1 40010 1 o 31

CHAPTER 2: SENTINEL LYMPH NODE BIOPSY IN OESOPHAGEAL CANCER: AN

ESSENTIAL STEP TOWARDS INDIVIDUALISED CARE........oovsiresessisessessssmssssissssisesns 33
2.1 INTRODUCTION ...oovisiimsmsnmsmssmsnssmsnssmsnissssssssssssssssssssssssssssssssssssssssssssssssssssssssassssassssanas 35
2.2 REVIEW. ... sss s sssss s ss s sss s s s ssssssmsassnsassn sansnsanas 36

2.2.1 BN ItS R 36
2.3  CURRENT LIMITATIONS .....cccsmmsmmmsnimsnnsmssnssssssssssssssssssssssssssssssssssssssssssssssssassssassssanas 39
2.4 NEXT STEPS ... sssssssssssssssssssssssssssssssssassssassssanas 40
2.5 CONCLUSION ..ciiiismnnimssmsmssssmsssissssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsassnsansssanas 42

CHAPTER 3: RADIOLABELLED *°mTc-Dx-Fe304 NANOPARTICLES FOR DUAL

MODALITY SENTINEL LYMPH NODE MAPPING ......ocoosusensusessessssssssssssssessssesssssssssesssns 45
3.1 INTRODUCTION ....oooiciicsumsnmsumsemsemsessessssssssssssssssssssssssssssssssssssssssssssssssssssssssassassssssssssssens 48
3.2 MATERIALS AND METHODS......ccoiistmmmmnmnmssmssmsssssssssssssssssssssssssssssssssssssssssssssssssssens 49

107/ S Y Va0 1=1 0 (0 T ) 49
S JOZ7ZN =1 4D s Lo YU ESgD /=T LT 7 1 o PP 50
3.2.3 Radiolabelled formulation ... —————— 50
3.2.4  IMPUTLILY CONIOLS oottt b s 51
3.2.5 Bio-distribution of dual tracer in a small-animal model........c.cccnrnenrnrincnnresneeneennn: 51
2. T 28 D] 1 Y 52
3.3.1 Quality control of dual tracer formulation ... 52
3.3.2 Bio-distribution in animal MOdel........c.i 55
3.4  DISCUSSION ...cociisiismsmssmssmsnmsnssnssnsssssssssssssssssssssssssssassasssssssssssssssssssssssssssssssnssassnssssssnssassens 57
3.5  CONCLUSION ..coiciimsmssmssmssmsnssnssnsssssssssssssssssssssssssssassassssssssssssssssssssssssssssssassassassassssssassens 60

CHAPTER 4: NOVEL HAND-HELD MAGNETOMETER PROBE BASED ON
MAGNETIC TUNNELLING JUNCTION SENSORS FOR INTRAOPERATIVE
SENTINEL LYMPH NODE IDENTIFICATION ........coosssvusisnsnsesssssssssssssussssssssssssssssssassass 63



4.1 ABSTRACT ... s s sss s s assssassnass 66

4.2 INTRODUCTION ..cciccimiumsersemsemsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnssnssassnsses 66
4.3 METHODS ... s s e e e e e n e e R 70
4.3.1  Magnetometer PrODE ... 70
4.3.2 Measuring Magnetic PartiCles..... s 71
4.3.3 Large-animal eXPeriMents ... ssesssssssssssssssssssssssssssssssssssssases 72
L 8 ] 0 73
4.4.1 Constructing the magnetometer Probe ... 73
442 Measuring the magnetometer probe detection limit ... 75
4.4.3 Longitudinal range Measurement. . .. 76
4.4.4 Lateral reSpONse CUIve MEeASUIEIMENT ....crerererseeresssssssersesssssssssssssssssssssssssssssssssssssses 78
4.4.5 Exvivo measurement of swine lymph nodes ... 79
4.4.6 Invivo measurement of swine lymph N0des ... 82
4.5 DISCUSSION ....oioiicmimsmssmssmsemssrsessssssssssssssssssssssssssssssssssssssssssssssssssssessessessesssssssnsssssassassasses 84

CHAPTER 5: A MULTIMODALITY °°"Tc-LABELLED IRON OXIDE NANOTRACER
TO IMPROVE SENTINEL NODE IDENTIFICATION IN EARLY OESOPHAGEAL
CANCER 89

L L 0 2 2 O L, 92
5.2 INTRODUCTION ....oooiciimsumsnrsumsessemsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssassasssssssssess 94
5.3 METHODS ...t ssssssssssssssss s sssssssssssssssnssnssnssssssssassens 96
5.3.1  Tracer PreParatiOn . ceeiersesssssessssssssssssssssssssss s ssssssss s sss st s sasss s s s ss s sssssssessass 96
5.3.2 Magnetic reSoNance iMagiNg.....imi s sessass 96
5.3.3  SWINE STUAIES vt 97
5.3.4  Operative ProOtOCOL.... s 97
5.3.5 Hind-limb INJECLIONS ... ss s sessass 98
5.3.6  0esophageal INJECLIONS ... ss e 98
5.3.7 Bio-distribution COMPATISON ... sssss e 99
5.3.8 Pathologic handling of sentinel NOAES ... s 99

5.4  RESULTS oiiiiimiimsimsnmsmmssnssnsssssssssssssss s sssssssssssssssssssssssssssssssnsassssassssanas 99



5.4.1 Hind limb INJECHIONS .t sss s sssssssessass 99

5.4.2 Bio-diStribution COMPATISON ..o raenes 103

5.5  DISCUSSION ....ociiciimsmsnmsnmsmmsesssmsnssssssssssssssssssssssssssssnssssssssssssssssssssssssssssnssnssnssnssnsnsssssesns 103
5.6 ACKNOWLEDGMENTS.....cociiimmmnmsnmsmssmssssssssssssssssnssssssssssssssssssssssssssssnssnssnsnssnsssssesns 108
5.7 DISCLOSURES. ...t sssssssssssssssssssssssssssss s s sssssssssssssnssnssassnssnsssssssns 108
CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS .......c.coovossususnsessssissnsens 109
2 L ¥ L O 110
TR . ¥ L 111
T T ¥ L] 111
6.4 FUTURE DIRECTIONS ......oociiiirtininsmssmsssssssssssssssssssssssssssssssssssssssssssssnssnsnsnssssssssesns 113



LIST OF FIGURES

Figure 1-1

Figure 1-2

Figure 1-3
Figure 1-4
Figure 1-5
Figure 1-6
Figure 1-7
Figure 1-8

Figure 1-9

Demonstration of sentinel lymph node technique in breast cancer........ 4

Age standardised oesophageal cancer incidence rates by sex and world

=T PP 9
Classification of hiatus hernias.......c..ccceeveeiieineenic e 11
Los Angeles Classification of Oesophagitis.......ccccvveeeeeeiieeeeeiiiiiiiiccnninns 12
Endoscopic picture of Barrett’s oesophagus, classified as C2M4........... 13
Classification of adenocarcinoma of the gastroesophageal junction..... 15
Illustrative classification of primary tumour ........ccceeeeeieeeieiiiniicicccinn, 17
Adenocarcinoma Stage SroUPINGS .....ccvvvrreereerieeeeeeeeeeeeeieeicenrrrrreeeeeeeeess 19

Transthoracic oesophagectomy through right thoracotomy and
(Yo =T o] 70 ] 041V ZS PP UUPUPPRPR 22

Figure 1-10 Transhiatal oesophagectomy through laparotomy and cervical incision

Figure 1-11

Figure 1-12

Figure 3-1
Figure 3-2
Figure 3-3
Figure 3-4

Figure 4-1

Figure 4-2
Figure 4-3
Figure 4-4

Figure 4-5

Issues with SLN biopsy in oesophageal cancer .......ccccceeeeeeeeeviecccciinnnnns 27

Schematic of iron-oxide nanoparticle with iron oxide layer and dextran

(oo Y- | 1] o V-SSP 30
Retention factors of iIMpPUrities ........cccoveeeeeeiiiniieeeeeeeee e, 53
Retention factors in saline and organic solvents........cccccccceeeeivevccccnnnnn, 53
Particle sizing of labelled and unlabelled nanoparticles ........................ 55
Lymphoscintigraphy in rats using dual tracer ......cccccceveeeeeeiiiiieiccccnnnnns 57

Magnetic tunnelling junction magnetometer probe schematic diagram

............................................................................................................... 74
Probe link of detection..........ccoceeiiiiiieii e 77
Range of Magnetic SIZNal ....uueeeeiieiiiiiieiieeceeeeeeee e 77
Spatial resolution of Probe.......cccvveveeeiiiiiee e 79
‘Sentinel’ node identification in ViVo ...........cccceveiiiiiiiinccneeceee 80



Vi

Figure 4-6

Figure 5-1

Figure 5-2

Swine lymph Node MeasuUremMENtS.......eevveeeeeeeeeieeiicrirrreereeeeee e e e e e e e 83

Prussian Blue staining of a lymph node demonstrating uptake of iron
[0 Lo [ oF: [ 4ol [=T TSP 100

Magnetic resonance images of the lower limbs of a swine model pre-
and post-injection, following uptake of *™Tc-supraparamagnetic iron
oxide nanoparticles into the deep popliteal nodes ........ccveeeeeeveeeeennn. 101



LIST OF TABLES

Table 1-1

Table 1-2

Table 1-3

Table 3-1

Table 3-2

Table 5-1

Table 5-2

Table 5-3

Year and edition of AJCC Staging .....cvveeeeeeeiieeiicicieireeeeeeeeeeee e 3
Classification of primary tumour.........coooeieeiiiiiiirieeeeeeeeeeeeee e, 17
Classification of regional lymph nodes.........cccovvveeeeeiieiieiiieiiieiecccceinns 18
Dual tracer bio-distribution following intravenous injection .................. 56
Dual tracer bio-distribution following subdermal injection .................... 57

Physiological distribution of *°™Tc-SPIONs in swine (n = 5) after injection

of the lower limbs at 93 minutes post-injection ........ccccovvvveeeeeeeeeeennn. 102

Physiological distribution of *™Tc-SPIONs in swine (n = 4) after injection
of the distal oesophagus at 93 minutes post........cccceevvvrrrrereeeeeeeeeeennn. 103

Physiological distribution of *™Tc-ATC (n=1) vs. *™Tc-SPIONs (n=1) in
swine reticuloendothelial organs after injection in the lower limbs at 93
001 LU} =TI o T 13 R 103

Vii



viii

GLOSSARY

AJCC American Joint Committee on Cancer
ATC antimony trisulphide colloid

CcT computed tomography

DT dye technique

EMR endoscopic mucosal resection
ESD endoscopic submucosal dissection
ESR erythrocyte sedimentation rate
EUS Endoscopic ultrasound

FDA Food and Drug Administration
FNA fine needle aspiration

FOV field-of-view

FWHM full width half maximum

Gd gadolinium

GOl gastroesophageal junction

GORD gastro-oesophageal reflux disease
H&E haematoxylin and eosin

HCI hydrogen chloride

ICG indocyanine green

ID injected dose

IHC immunohistochemistry

ITC isolated tumour cells

ITLC-SG instant thin layer chromatography silica-gel
MRI magnetic resonance imaging

MT]J magnetic tunnelling junction

NIR near infrared

NPS nonpoint-source

PCB printed circuit board

PET Positron emission tomography

PS point-source



QcC
RCT

RF
RT-PCR
SLN
SNR
SPIONs
TC
TNM
UICC
WECC

guality control

radiocolloid technique

random forest

reverse-transcriptase polymerase chain reaction
sentinel lymph node

signal to noise ratio

superparamagnetic iron oxide nanoparticles
technetium

tumour node metastasis

Union for International Cancer Control

worldwide esophageal cancer collaboration



ABSTRACT

Introduction

Early oesophageal cancer can now be treated endoscopically; however, more
accurate lymph node assessment is required. The sentinel lymph node (SLN) is
defined as the first lymph node to which the primary tumour drains. This node
should reflect the status (i.e. benign or malignant) of the entire lymph node basin.
Our aims were to identify current difficulties that limit the acceptance of the SLN
concept in oesophageal cancer, as well as to create a multimodal (magnetic
resonance imaging [MRI] and gamma) tracer, to enable more detailed perioperative

SLN assessment.

Methods

A literature review was undertaken, targeting studies assessing oesophageal cancer
and SLN. MEDLINE, the Cochrane Database of Systematic Review, as well as
PUBMED, were consulted. The keywords and medical subject headings (MeSH) used
were ‘(0)esophageal cancer’, ‘(o)esophageal adenocarcinoma’, ‘(o)esophageal
squamous cell carcinoma’ and ‘SLN’ used in combination with AND or OR. Only

d. ®™Tc-labelled magnetic nanoparticle

studies in English were considere
formulations were then investigated for further use as a multimodality SLN contrast

agent. Radiolabelling of the dextran-coated magnetic nanoparticles was undertaken,

and instant thin layer chromatography developed to assess efficiency. Bio-
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distribution was determined after intravenous and subdermal injection in the tails of
Sprague-Dawley rats. Lymphoscintigraphy was performed on the subdermally

injected rats to assess lymphatic mapping.

Following this, the multimodality SLN tracer was injected into the oesophagus of four
swine. MRl images were then acquired, and then sentinel nodes were further
assessed intraoperatively with a gamma probe. Bio-distribution was then assessed,

comparing *™Tc-antimony trisulphide colloid (ATC) and *°™

Tc-superparamagnetic
iron oxide nanoparticles (SPIONs). Lymph nodes and reticuloendothelial organs were

then harvested and counted to determine the percentage of injected dose (%ID).

Results

The literature review demonstrated at least four issues limiting the use of the SLN
concept in oesophageal cancer. These included: timing of tracer — different
radiocolloids overseas, with different rates of flow; the chest cavity — difficulty of
access post-injection; blue dye — not useful, with proven false-negative rate; and

shine-through effect.

The multimodality tracer formulation was optimised, with labelling efficiency
confirmed at >99%. In the Sprague-Dawley rats, the tracer was injected
subdermally, with lymphoscintigraphy demonstrating excellent delineation of the
sentinel nodes. The reticuloendothelial organs were then removed and activity
measured, with the liver showing 3.2% highest mean activity, followed by the

kidneys with 2%, the spleen at 0.3% and the lungs at 0.1%.
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The gamma probe detected all nodes identified on MRI imaging of the four swine

injected with **™Tc-SPIONs. Radiolabelling efficiency was >98%. **™Tc-ATC and **™Tc-
SPIONs were taken up by swine liver and lungs with similar percentage ID values, and
there was 7% ID of °™Tc-SPIONSs by the kidneys, compared to <1% ID of *™Tc-ATC in

the same organs.

Conclusion

There are numerous issues that require evaluation and agreement in the
international community to ensure greater use of the SLN concept in oesophageal

cancer.

99MTc-SPIONS, tracer was validated using both MRI imaging and a

A multimodality,
gamma probe. This tracer requires further assessment, as it could allow pre-

operative assessment of sentinel lymph nodes in early oesophageal cancer.
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