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Abstract!

 

Rectal cancer and its precursor benign lesions are a significant health problem 

worldwide.  The concept of their management has undergone a paradigm shift in 

recent years away from a focus solely on complete oncological clearance, towards a 

finely tuned balance between oncological outcome and functional results.  This 

concept is of particular importance in the management of the elderly and of benign 

lesions, two areas likely to grow in demand with our aging populations and move 

towards adoption of screening programs. 

 

Historically, the local excision of rectal lesions was an operation of necessity in the 

absence of anaesthesia or antisepsis, but was reinvented as the Transanal 

Endoscopic MicroSurgical (TEMS) excision; a precise and highly skilled procedure 

designed to avoid the overtreatment and functional compromise of radical surgery.  

The technique and platform for TEMS requires significant financial outlay by an 

institution and even more commitment by a surgeon to undertake this ergonomically 

taxing operation. 

 

The need for a good method of local excision driven by population and attitudinal 

changes is therefore currently not met satisfactorily by the available platforms for 

local transanal excision.  This thesis examines the context and development of the 

original TEMS platform and then analyses the subsequent developments, and the 

requirement for improvements.   

 

The key area of visualization:  macroscopic and subsurface are selected for 

exploration:  a phantom on which to test new concepts is validated and the 

introduction of a novel 3D macroscopic viewing system and a subsurface ultrasound 

imaging probe are described. 

 

Finally, the resulting 3D viewing system and ultrasound image augmentation are 

translated from bench to operating theatre in a patient case series:  the process 
required to facilitate this and outcomes of this pilot study are presented.  The hope is 

that this work will prepare the ground for further technical improvements to the 

platforms for transanal local excision and lead to a larger clinical trial. 
 	  



 4 

Acknowledgements!

This thesis is dedicated to my late Grandfather, Dr. Oliver Lester Schreiner Scott 

FRCP (1919 – 2012).  ‘Papa’ was an exceptional dermatologist and physician; kind 

and considerate to patients, colleagues and staff, knowledgeable, committed to 

research and to education.  His example and my Grandmother’s encouragement led 

to my career choice.  My Grandfather’s period of formal research with JBS Haldane 

at UCL, did not result in a thesis and my Grandmother would often ask him ‘why he 

wouldn’t just write his thesis this weekend’.  I therefore dedicate this to them. 

 

The process of research and writing of this thesis has involved the assistance of a 

great number of people, to whom I am very grateful.  First, my supervisors: Professor 

Yang’s technical knowledge, coupled with Professor Darzi’s clinical acumen and 

pragmatism provided an exceptional combination.  I wish to thank them both for their 

unstinting support and patience. 

 

It would simply not have been possible to complete this work without Dr. Philip Pratt.  

We have worked in partnership since 2011 and I cannot thank Philip enough for this.  

It has been said before that he is a genius.  I suspect this to be true! 

 

My fellow clinical research fellows, many of whom gave up their time to take part in 

my studies, who shared their ideas, their successes and failures in their research and 

who made my time in the department enjoyable.  Dr. Karen Kerr , Ms. Karen Soltani, 

Raphaele Raupp and Sejal Jiwan for their help, support and humour.  The theatre 

staff at the Lindo Wing of St. Mary’s Hospital, especially Sister Maggie Sayers and 

her team.  Dr. Lomax, our long suffering anaesthetist.  Professor Goldin, Pathologist.  

Dr. Mohamed Hamady, Consultant Radiologist.  Thank you all. 

 

A sincere thank you to the patients whom I have had the privilege to treat and 

especially those who have been trusting and kind enough to agree to take part in the 

research towards this thesis, not knowing where, if anywhere, it would lead. 

 
Finally, a heartfelt thank you to my parents for educating me, and to my husband, 

Richard Kwasnicki, who submitted his thesis well before me and has patiently waited, 

supported, advised and occasionally provided food and formatting help.   



 5 

List	  of	  Acronyms	  and	  Abbreviations 

 

A-C   Astler-Coller (staging system based on Duke’s) 

ACPGBI  Association of Coloproctology of Great Britain and Ireland 

AJCC   American Joint Committee on Cancer 

APER   Abdominoperineal Excision of the Rectum 

AR   Anterior Resection (of the rectum) 

cm   Centimetres 

CRC   Colorectal cancer 

CRM   Circumferential resection margin 

CS   Completion Surgery 

CT   Computed tomography  

CTA   Cognitive Task Analysis 

cTNM   ‘c’ indicates clinical staging 

DFS   Disease Free Survival 

DP   Decimal place 

DXT   Radiotherapy 

EAUS   Endoanal ultrasound 

EBRT   External Beam Radiotherapy 

ELAPE   ExtraLevator Abdomino Perineal Excision 

EMR   Endoscopic Mucosal Resection 

EMR   Endoscopic Mucosal Resection 

GIST   GastroIntestinal Stromal Tumour 

HDR   High Dose Rate 

IBT   Intraluminal Brachytherapy 

LE   Local excision 

LR   Local Recurrence 

Mins   Minutes 

MIS   Minimally Invasive Surgery 

mm   Millimitres 

MRI   Magnetic resonance imaging 

NASA-TLX  National Academy of Space … - Taskload Index 

NBOCAP  National Bowel Cancer Audit Project 

NICE   National Institute for Clinical Excellence 

OS   Overall Survival 



 6 

pTNM   ‘p’ indicates pathological staging 

Secs   Seconds 

SILS   Single Incision Laparoscopic Surgery 

SM (1-3)  Kikuchi stages 1-3 

SMR   SubMucosal Resection 

SMR   SubMucosal Resection 

TA   Tubular adenoma 

TAMIS   TransAnal Minimally Invasive Surgery 

TEMS   Transanal Endoscopic MicroSurgery 

TEO   Transanal Endoscopic Operation 

TES   Transanal Endoscopic Surgery 

TME   Total Mesrectal Excision 

TNM   Tumour Nodes Metastases (AJCC staging) 

TVA   Tubullovillous adenoma 

USS   Ultrasound scan 

  



 7 

 

Table	  of	  Contents	  and	  List	  of	  Figures	  

Abstract	  ...............................................................................................	  3	  

Acknowledgements…………………………………………………………………………….4	  

List	  of	  Abbreviations…………………………………………………………………………..5	  

Chapter	  One	  ......................................................................................	  20	  

Introduction	  ..........................................................................................................................	  20	  
1.1	   Clinical Background .................................................................................... 20	  

1	   The correct selection of patient and tumour: ................................................ 20	  

2	   Circumvention of the considerable technical challenges: ............................. 21	  
1.2	   Thesis Overview .......................................................................................... 22	  
1.3	   Original Contributions of the Thesis (in reverse chronological order) .. 23	  

Chapter	  Two	  ......................................................................................	  25	  

The	  Surgical	  Treatment	  of	  Rectal	  Cancer:	  ..................................................................	  25	  

How	  Medical	  Advances	  May	  Bring	  Us	  Full	  Circle,	  Away	  From	  and	  Now	  Back	  to	  

Local	  Excision.	  .......................................................................................................................	  25	  

2.1	   Introduction ................................................................................................. 25	  
2.2	   Anatomy of the Rectum .............................................................................. 26	  

Figure 2.1 Sagittal sections through male (left) and female (right) pelvis 

showing the relationship to other pelvic organs, the ‘valves of Houston’ and 

the rectovesical pouch (male pelvis) and rectouterine ‘Pouch of Douglas’ 

(female pelvis).  Images courtesy of Nucleus Medical Media/Visuals 

Unlimited, Inc.. ............................................................................................. 27	  
2.2.i	   Peritoneal relationships ............................................................................ 27	  

2.2.ii	   Mesorectum ............................................................................................ 28	  

2.2.iv	   Lymphatic drainage ................................................................................ 29	  

2.2.v	   The anal sphincters and nerve supply .................................................... 30	  
Figure 2.2  Coronal section through the anal canal and surrounding 

musculature.  Image courtesy of Frank Netter ©Elsevier Inc.. .................... 30	  
2.3	   Physiology of the Rectum .......................................................................... 31	  
2.4	   Microscopic Anatomy of the Rectum and Histology of Rectal 

Malignancy ............................................................................................................ 32	  



 8 

2.4.i	   Microscopic anatomy of the rectal wall .................................................... 32	  

2.4.ii	   Histology of rectal cancer ........................................................................ 32	  

2.4.iii	   Histological staging of rectal cancer ....................................................... 33	  
Table 2.1	   Definitions of the staging criteria for the tumour, regional lymph 

nodes and metastases according to the AJCC.  Copyright of the AJCC 2009 

(taken from the 7th edition of the AJCC staging manual, ‘staging posters’).25

 34	  

Figure 2.4	   The Haggitt levels of malignancy in stalked polyps.  Image 

courtesy of virtualpathology.leeds.ac.uk.27 .................................................. 35	  

Table 2.2 	   The AJCC, Dukes and the modified Astler-Coller (‘M A-C’) 

stage according to the TNM classification.25 ............................................... 36	  

Figure 2.5	   The Kikuchi classification of malignancy in sessile colonic 

polyps.  Image taken from Nascimbeni et al 2002.29 ................................... 37	  
2.5	   The Historical Treatment of Rectal Cancer ............................................... 38	  
2.6	   Modern Developments in Radical Surgery ............................................... 39	  

2.6.i	   Sphincter-sparing surgery ........................................................................ 39	  

2.6.ii	   Total mesorectal excision ........................................................................ 39	  
Figure 2.6  Diagrammatic representation of the Holy Plane, as published in 

the British Journal of Surgery in 1982.37 ...................................................... 40	  
2.6.iii	   Neoadjuvant Treatment in Rectal Cancer .............................................. 42	  

2.6.iv	   Laparoscopic surgery for colorectal cancer ........................................... 43	  
2.7	   Pre-Operative Staging of Rectal Cancer ................................................... 46	  

2.7.i	   Staging of distant metastases .................................................................. 46	  

2.7.ii	   Local staging ........................................................................................... 47	  
2.8	   Local Excision ............................................................................................. 48	  

2.8.i	   History of local excision ........................................................................... 48	  

2.8.ii	   Outcomes of Local Excision .................................................................... 49	  
Table 2.3 Comparison of outcomes from Local Excision and Total 

Mesorectal Excision for T1 cancers. ............................................................ 50	  
2.9	   Discussion ................................................................................................... 51	  

Chapter	  Three	  ...................................................................................	  54	  

The	  Current	  Status	  of	  Platforms	  Available	  for	  the	  Local	  Excision	  of	  Rectal	  

Lesions:	  	  Review,	  Critique	  and	  Needs	  Analysis	  ..........................................................	  54	  

3.1	   Introduction ................................................................................................. 54	  
3.2	   Methodology ................................................................................................ 56	  



 9 

3.3	   Surgical platforms for transanal endoscopic surgery ............................. 56	  
3.3.i	   Transanal Endoscopic Microsurgical Excision ‘TEMS’ – R. Wolf ............ 56	  

Figure 3.1	   The Wolf TEMS system in use.  Image utilized with surgeon and 

patient consent. ............................................................................................... 58	  

Figure 3.2	   A - The TEMS 3d stereoscope with teaching port for attachment 

of an ancillary camera head and channels for irrigation and light cable.  B – 

Wolf combined system comprising CO2 insufflator and pump for irrigation and 

suction.  Images reproduced from R. Wolf product catalogue. ....................... 58	  
3.3.ii	   Transanal Endoscopic Operating System ‘TEO®’ – Storz ....................... 59	  

Figure 3.3	   The Storz TEO® device.  Image courtesy of Karl Storz product 

catalogue. 59	  

Figure 3.4	   The Covidien SILS™ Port.  Image courtesy of Covidien.127 ....... 60	  
3.3.iii	   Transanal Minimally Invasive Surgery ‘TAMIS’ ...................................... 60	  

3.4	   Flexible Endoscopic Techniques ............................................................... 60	  
3.4.i	   Endoscopic Mucosal Excision ‘EMR’ ....................................................... 60	  

3.4.ii	   SubMucosal Resection ‘SMR’, also known as Endoscopic Submucosal 

Dissection ‘ESD’123 ............................................................................................. 62	  
Table 3.1	   Summary of currently available platforms for TES and flexible 

excision (EMR includes SMR/ESD as well). ................................................... 63	  
3.5	   Summary of the Techniques Available for Surgical and Flexible Local 

Excision ................................................................................................................. 63	  
3.6	   Critique of the Current TES Systems ........................................................ 64	  

Table 3.2	   Studies over a one year period offering positive or negative 

opinions on any of the three TES platforms.  ‘-‘ indicates a negative opinion 

and ‘+’ positive,  Pneumorectum is abbreviated to ‘pneumo’. ......................... 65	  
3.6.i	   Common themes arising from the literature search were: ....................... 66	  

Box 3.1	   Interview feedback from surgeons on TES platforms.  Where 

comments were duplicated they are only recorded once. ............................... 67	  

Table 3.3	   Critique of currently available platforms for TES based on surgeon 

interview. 68	  
3.6.iii	   Combined output from literature review and interviews ......................... 68	  

3.7  	   Discussion:  Needs Analysis to Address the Shortcomings of TES .... 70	  
3.7.i	   Visualisation / Imaging ............................................................................. 70	  

3.7.ii	   Histopathology ........................................................................................ 71	  

3.7.iii	   Workspace and instrumentation ............................................................. 71	  



 10 

Figure 3.5  An example of a 3D volumetric mesh reconstruction of the human 

rectum from CT pneumocolon data [P.Pratt]. .................................................. 71	  

Figure 3.6	   Demonstration of the workspace accessible (area shaded grey) 

with rigid instruments with the introduction of articulating tips [V.Vitiello]. ...... 72	  

Figure 3.7	   Force in Newtons on the y axis Vs time in milliseconds on the x 

axis during a retraction / diathermy task on ex vivo porcine colon. ................. 73	  
3.7.iv	   Training .................................................................................................. 73	  

3.7.v	   Cost ......................................................................................................... 74	  
3.8	   Conclusions and Future Work ................................................................... 74	  

Chapter	  Four	  .....................................................................................	  75	  

The	  Creation	  and	  Validation	  of	  a	  Simulator	  for	  the	  Transanal	  Excision	  of	  

Rectal	  Lesions	  .......................................................................................................................	  75	  

4.1	   Introduction ................................................................................................. 75	  
4.2	   Creation of the Simulator ........................................................................... 76	  

4.2.i	   The search for a TES simulator ............................................................... 76	  

4.2.iii	   CTA method ........................................................................................... 77	  
Figure 4.1	   Flowchart showing the process of TES deconstructed into 

component steps by CTA. ........................................................................... 78	  
4.2.iv	   Polyp simulation ..................................................................................... 79	  

Figure 4.2	   A series of 3 dimensional reconstructions (Anatomage™) of 

CT pneumocolons showing the initial reconstruction on the left, subtraction 

of the skeleton in the central image and close up image of the rectum on the 

right. 79	  

Figure 4.3	   CAD designs for 3 dimensional imprints of the rectum created 

from CT pneumocolon data, to be printed in 3 dimensions in plastic (on an 

Objet260 Connex rapid prototype printer, Objet Ltd., Rehovot, Israel). ...... 80	  

Table 4.1	   Studies showing different methods of simulation of colonic 

polyps. 81	  

Figure 4.4	   Image from TEMS procedure.  Left image shows a typical 

appearance of a polyp at TEMS with obvious surface change but a 

predominantly sessile and radially expansive growth pattern.  Right image 

illustrates the role of the diathermy wand in excision of the lesion. ............. 82	  

Table 4.2	   Techniques available for simulation of polyps showing their 

respective advantages and disadvantages. ................................................ 83	  



 11 

Figure 4.5	     The creation of simulated polyps.  A:  silicon gel is applied to 

porcine colon.  B:  Two layers of porcine colon with the silicon interposed 

between them.  C:  a polyp is marked radially with permanent marker and D:  

three excised polyps. ................................................................................... 85	  

Figure 4.6	   The ultrasonographic appearances of a silicon lesion within 

chicken tissue. ............................................................................................. 85	  
4.2.v	   Equipment ............................................................................................... 86	  

4.2.vi	   Workspace simulation ............................................................................ 86	  
Figure 4.7	   Left and right images show the TEMS proctoscope & tools, 

before the pelvic trainer and synthetic lower limbs were added.  (Note that 

the set-up is shown with 3D viewer (see chapter 5) in the left image and 

standard 2D screen on the right). ................................................................ 87	  

Figure 4.8	   The proctoscope is now inserted into the pelvic model with 

lower limbs added.  Right hand image shows a participant using the 

simulator. 87	  
4.3	   Simulator metrics ........................................................................................ 88	  

4.3.i	   Quantification of quality of performance .................................................. 88	  

4.3.ii	   Task workload ......................................................................................... 90	  

4.3.iii	   Validation of the simulator and metrics .................................................. 91	  
4.4	   Methods ........................................................................................................ 91	  

4.4.i	   Participants .............................................................................................. 91	  

4.4.ii	   Simulated task ......................................................................................... 91	  

4.4.iii	   Primary outcome measures ................................................................... 93	  

4.4.iv	   Secondary outcome measures .............................................................. 93	  

4.4.v	   Data analysis .......................................................................................... 93	  
4.5	   Results ......................................................................................................... 94	  

4.5.i	   Primary outcome results .......................................................................... 94	  
Table 4.3  	   Primary outcome results expressed as median and 

interquartile ranges for each of the three experience levels. ....................... 94	  

Figure 4.10  Accuracy of radial excision (measured as deviation from the 

target tattoos in mm) across the three experience groups.  The boxes show 

the 1st and 3rd quartiles bounding the median and the error bars show the 

minimum and maximum values. .................................................................. 95	  



 12 

Figure 4.11	   Minimum deep margins in mm across the three experience 

levels.  The boxes show the 1st and 3rd quartiles bounding the median and 

the error bars show the minimum and maximum values. ............................ 96	  

Figure 4.12	   Total pathlength travelled in mm for each experience level.  

The boxes show the 1st and 3rd quartiles bounding the median and the error 

bars show the minimum and maximum values. ........................................... 96	  

Figure 4.13	   Expert rating of performance for the three experience levels 

broken down into individual metrics. ............................................................ 97	  

Figure 4.14	   Participant ratings for the realism of the simulator across 7 

domains. 97	  
4.5.ii	   Secondary outcome results ..................................................................... 98	  

Table 4.4	   Secondary outcome results expressed as median and 

interquartile ranges for each of the three experience levels. ....................... 98	  

Figure 4.15	   Cumulative learning curves for the three experience levels 

(each line represents a single participant with the novices in blue, 

intermediates in red and experts in green) as defined by the time taken with 

each sequential attempt at the TES task. .................................................... 99	  

A	      B    C ................................................................................................ 100	  

Figure 4.16	   Learning curves for each experience level (each line 

represents a single participant) as defined by time taken against sequential 

attempts at the TES task.  A = Learning curve for novices, B = intermediates 

and C = experts. ........................................................................................ 100	  

Figure 4.17	   Task workload, measured as the total score on the NASA-

TLX questionnaire, for each of the three experience groups. .................... 100	  
4.6	   Discussion ................................................................................................. 101	  

Chapter	  Five	  .....................................................................................	  104	  

The	  Role	  of	  Visualisation	  in	  Transanal	  Endoscopic	  Surgery:	  How	  Important	  is	  

Three	  Dimensional	  Vision?	  ............................................................................................	  104	  

5.1	   Abstract ...................................................................................................... 104	  
5.2	   Introduction ............................................................................................... 104	  

Figure 5.1  The Wheatstone stereoscope circa 1838210 ........................... 106	  
5.3	   Methods ...................................................................................................... 107	  

5.3.i	   Creation of a novel 3D stereoscopic viewer ........................................... 107	  
Figure 5.2  The original arrangement of the stereoscope. ........................ 108	  



 13 

Figure 5.3  Storz HD H3-Z camera heads secured in the rapid-prototyped 

bracket (Objet260 Connex, Objet, Israel).  This was soon replaced by a 

machined aluminium version. .................................................................... 109	  

Figure 5.4  	   A pair of Storz HD laparoscopic camera heads, held together 

with a machined aluminium bracket, are connected to the TEMS 

stereoscope. 109	  

Figure 5.5  CAD drawing of the aluminium base plate showing positions of 

the components mounted on it. ................................................................. 110	  

Figure 5.6  An internal view of a CAD model of the viewer, with one of the 

monitors and lenses removed for clarity. ................................................... 110	  

Figure 5.7  External CAD view of the complete viewer suspended from its 

custom built frame. .................................................................................... 111	  

Figure 5.8  The complete apparatus with dual cameras attached to the 

TEMS stereoscope and ‘box viewer’ suspended from its frame. ............... 111	  

Figure 5.9	   Dual camera heads and bracket enveloped in sterile plastic 

sheath. 113	  

Figure 5.10	   Technique for draping the viewer and thereby ensuring its 

separation from the sterile operative field. ................................................. 113	  
5.3.ii	   Randomised controlled cross-over study to evaluate the novel box viewer

 114	  
5.3.2 ii (a)	   Pilot study .................................................................................. 114	  

5.3.2 ii (b)	   Study Participants ..................................................................... 115	  

5.3.2.ii (c) 	   Task .......................................................................................... 116	  
Figure 5.11  ‘a’ - porcine colon containing synthetic polyp and with 

circumferential ‘tattoo’ markings, ‘b’ - a participant with the simulated patient 

in lithotomy position. .................................................................................. 116	  
5.3. 2 ii (d)	   Procedure ................................................................................. 117	  

5.3.2 ii (e)	   Primary outcome measures ...................................................... 119	  

5.3.2 ii (f)	   Secondary outcome measures .................................................. 119	  

5.3.2 ii (g)	   Statistical Analyses ................................................................... 120	  
5.4	   Results ....................................................................................................... 120	  

5.4.i	   Primary outcomes .................................................................................. 120	  
Table 5.1	   Demographics of the study participants. ................................ 121	  

Table 5.2 	   Results of the primary outcome measures. ........................... 121	  

Figure 5.13	   Subgroup analysis of time taken by each group. ................ 122	  



 14 

Figure 5.14	   Subgroup Analysis of path length. ...................................... 123	  

Figure 5.16	   Subgroup analysis:  Task Workload Index (as quantified by 

the NASA-TLX). ......................................................................................... 125	  

Figure 5.17	   Results of the post-test questionnaire on subjective opinion of 

different qualities of the four visual displays. ............................................. 126	  
5.4.ii	   Secondary outcomes ............................................................................ 127	  

5.4.iii	   Subgroup analyses ............................................................................... 127	  
5.5	   Discussion ................................................................................................. 128	  
5.6	   Conclusions ............................................................................................... 131	  

Chapter	  Six	  .......................................................................................	  133	  

Intraoperative	  Ultrasound	  Augmented	  Reality	  in	  Transanal	  Endoscopic	  

Surgery:	  ................................................................................................................................	  133	  

Technical	  Development	  and	  Ex	  vivo	  Testing	  ...........................................................	  133	  

6.1	   Introduction ............................................................................................... 133	  
6.1.i	   Frozen section ....................................................................................... 134	  

6.1.ii	   Confocal microscopy ............................................................................. 135	  
Figure 6.1	   From Pohl et al, Gut 2008.225  Barrett’s mucosa with early 

mucosal adenocarcinoma visualized with in vivo confocal microscopy 

(images A to C) and with light microscopy after H&E staining (images D-

E).  Changes shown include irregular epithelial lining with variable width 

(white arrows), increased cell density seen as decrease in fluorescein 

uptake (white triangle), fusion of glands (black arrow) and irregular 

vascular architecture (arrow heads). ...................................................... 136	  
6.1.iii	   The local staging of rectal cancer:  magnetic resonance imaging (MRI) 

versus endoanal ultrasound (EAUS) ................................................................ 137	  

6.1.iv	   Image augmentation for TES ............................................................... 138	  
6.2	   Microsurgical Ultrasound Probe Use in TES .......................................... 140	  

6.2.i	   Ultrasound probe specification ............................................................... 140	  
Figure 6.2	   The Hitachi UST-533 multi-frequency linear array 

microsurgery transducer (Hitachi Aloka Medical Ltd., Tokyo, Japan) with 

10mm scan width. .................................................................................. 140	  
6.2.ii	   Adaptation of the probe for use in TES ................................................. 141	  

6.2.iii	   Ultrasound probe calibration method ................................................... 142	  
Figure 6.4	   Left - The Z-wire phantom, middle - resulting ultrasound 

image of the Z-wires, right – modified ‘validation’ phantom being scanned 



 15 

with front panel removed.  The error in the validation is the distance 

between the crossing point of the wires and the ultrasound image overlay. 

They line up exactly when the calibration is perfect. .............................. 143	  
6.2.iv	   Ultrasound probe tracking method ....................................................... 143	  

Figure 6.5	   Left - dual patterns for calibration, middle - coordinate 

frames and vectors, right - pattern tracking with an ultrasound image 

overlay.  Red lines are the Delaunay triangulation, purple=triangles, 

green=quadrilaterals, the corners of which make up the chessboard ... 143	  

Figure 6.6	   The ultrasound image projected beneath the probe. ........ 144	  

Table 6.1	   Operational envelope of ultrasound probe tracking. ........... 145	  
6.3	   Validation of the Ultrasound Probe Calibration and Tracking:  An Ex 

Vivo Pilot Study and In Vivo Porcine Feasibility Study .................................. 145	  
6.3.i	   Ex vivo pilot validation study .................................................................. 145	  

Figure 6.7	   Results of the pilot study of accuracy of ultrasound overlay in 

TES.  Graph showing the error in depth approximation of lesions across 6 

participants. 145	  
6.3.ii	   In vivo porcine feasibility study .............................................................. 146	  

6.4	   The Use of Pre-Operative Versus Intraoperative Ultrasound in Simulated 

Transanal Endoscopic Microsurgery:  a Randomized Cross-Over Study .... 146	  
6.4.i	   Materials and Methods ........................................................................... 146	  

6.4.i (a)	   Study recruitment .......................................................................... 146	  

6.4.i (b)	   The TES benchtop simulator ........................................................ 146	  

6.4.i (c)	   Participant Pathway ...................................................................... 147	  
Figure 6.8:  Flowchart showing participant progress through the study.

 ............................................................................................................... 148	  

Figure 6.9	   Left – early benchtop example of a picture-in-picture 

ultrasound display and Right – a ‘cut away’ effect in an ex vivo renal 

model, aiming to display the ultrasound with a sense of depth in the tissue.

 150	  
6.4.i (d)	   Post-procedure questionnaire ....................................................... 151	  

6.4.i (e)	   Statistical analysis ......................................................................... 152	  
6.4.ii	   Results .................................................................................................. 152	  

Table 6.2	   Demographics of study participants. .................................. 152	  
6.4.ii (a)	   Primary outcome results .............................................................. 153	  

Table 6.3	   Summary of results of mean and standard deviations of polyp 

sizes and excised margins in all 3 modalities. ....................................... 153	  



 16 

Figure 6.10	   Schematic showing the minimum and maximum radial and 

deep margins for the three groups.  Figures are formatted as  “mean ; 

standard deviation”, in mm, to 2 decimal places. .................................. 153	  

Figure 6.11	   Box plot showing the lesion sizes (box boundaries are 

mean maximum and minimum absolute sizes in mm) with maximum 

radial margins ‘whisker’ above and minimum radial margins as ‘whisker’ 

below, in the 3 imaging modalities. ........................................................ 154	  

Figure 6.12	   Box plot showing the lesion depths (box boundaries 

indicate the mean minimum and maximum sizes) with maximum and 

minimum deep margins shown as ‘whiskers’ above and below, in the 3 

imaging modalities. ................................................................................ 154	  

Figure 6.13	   Mean NASA-TLX scores for each individual component of 

the questionnaire. .................................................................................. 155	  
6.4.ii (b)	   Secondary outcome results .......................................................... 156	  

Table 6.4	   Results of the post-procedure questionnaire. ..................... 156	  
6.5	   Discussion ................................................................................................. 157	  

6.5.i	   The simulated TES study ....................................................................... 157	  

6.5.ii	   Technical aspects of the ultrasound overlay system ............................. 158	  

Chapter	  Seven	  ..................................................................................	  160	  

From	  Bench	  to	  Bedside:	  	  a	  Patient	  Case	  Series	  Showing	  Iterative	  Changes	  to	  

the	  Transanal	  Endoscopic	  Surgical	  Platform	  .........................................................	  160	  

7.1	   Introduction ............................................................................................... 160	  
7.2	   Preliminary work to permit patient translation ....................................... 161	  

7.2.i	   Certification of equipment ...................................................................... 161	  

7.2.ii	   Equipment decontamination .................................................................. 162	  
Figure 7.1	   A - Sterrad® system, B – extract from the Aloka ultrasound 

probe manufacturers instructions and C – information regarding the 

Instru-Safe Medical Instruments tray. .................................................... 163	  

Figure 7.2	   A - The Guardian tray with barcode tag and B - the 

ultrasound probe held within the tray, C – The Barcode for the angled 

grasper and trinket box, D – the Instru-Safe tray containing a grasper and 

trinket box. 164	  
7.2.iii	   Ethical approval .................................................................................... 165	  

7.3	   Patient Case Series ................................................................................... 166	  
7.3.i	   Methods ................................................................................................. 166	  



 17 

7.3.i (a)	   Patient identification and recruitment ............................................ 166	  

7.3.i (b)	   Preoperative preparation .............................................................. 166	  
Figure 7.3.  Example of a 3D mesh reconstruction created from a 

patient’s pelvic MRI.  The tumour is coloured red. ................................. 167	  
7.3.i (c)	   Intraoperative recording ................................................................ 168	  

7.3.i (d)	   Intraoperative image augmentation .............................................. 168	  

7.3.i (e)	   Clinical follow-up ........................................................................... 168	  

7.3.i (f)	    Study endpoints ............................................................................ 169	  

7.3.i (g)	   Data processing ............................................................................ 170	  
Table 7.1	   Patient demographics, background clinical information and brief 

explanation of additional components of the procedure, over and above what 

would usually have been performed. ................................................................ 172	  
Patient 1 ........................................................................................................ 172	  

Figure 7.4	   The e-AR raw data output:  the three coloured lines 

represent output from each of the 3 accelerometers with peaks in activity 

at major surgeon head movements. ...................................................... 173	  

Figure 7.5	   The large tubular adenoma removed, before the specimen is 

pinned out. 174	  
Patient 2 ........................................................................................................ 174	  

Figure 7.6	   Left – tattoo and some echymoses on the surface of the 

rectal wall, but no mass lesion and right – the excision being performed.

 174	  
Patient 4 ........................................................................................................ 175	  

Figure 7.7	   Left - The stereoviewer was introduced in patient 4 and 

right - the image quality assessed by the surgeon. ............................... 175	  
Patient 6 ........................................................................................................ 175	  

Figure 7.8	   Top left - The stereoviewer in situ between the patient’s legs, 

top right and below left - the surgeon using the viewer to perform the 

procedure for the first time and below right, the resulting specimen. ... 176	  
Patient 7 ........................................................................................................ 177	  

Figure 7.9	   Left – the ultrasound probe passed through the TEMS seal 

and ready for introduction to the proctoscope.  Upper right image – 

picture-in-picture ultrasound image and lower – cutaway ultrasound 

overlay superimposed on the operative field. ........................................ 177	  
Patient 8 ........................................................................................................ 178	  



 18 

Figure 7.10	   Top left – picture-in-picture ultrasound display, top right – 

overlay image, below left – reconstructed MRI displayed as a picture-in-

picture and below right – the excised tumour. ...................................... 179	  
Patient 9 ........................................................................................................ 179	  

Patient 10 ...................................................................................................... 180	  
Figure 7.11	   An image from the endoanal probe (BK medical) in patient 

11 with the tumour in the 4-7 o’clock position. ....................................... 180	  
Patient 11 ...................................................................................................... 181	  

Figure 7.12	   A 3D mesh model of patient 11’s colon, constructed from a 

high quality CT pneumocolon. ............................................................... 181	  
7.3	   Discussion ................................................................................................. 182	  

Figure 7.13	   Example of picture-in-picture imaging in other 

circumstances.  Left - The Olympus ScopeGuide image on an endoscopy 

screen [image courtesy of Olympus Medical (Roy Soetikno MD / Tonya 

Kaltenbach MD)] and right  - the multiple images displayed on a single 

screen during an endovascular procedure on the thoracic aorta [image 

courtesy of Ms. Celia Theodoreli-Riga, Imperial College, London]. ....... 185	  

Chapter	  Eight	  ....................................................................................	  186	  

Discussion	  and	  Future	  Work	  ........................................................................................	  186	  

8.1	   Discussion ................................................................................................. 186	  
8.1.i	   3d visualisation ...................................................................................... 186	  

8.1.ii	   Intraoperative image augmentation ....................................................... 188	  

8.1.iii	   The TES simulator ................................................................................ 190	  
8.2	   Future Work ............................................................................................... 191	  

8.2.i	   3D visualisation ...................................................................................... 191	  

8.2.ii	   Image augmentation ............................................................................. 192	  

8.2.iii	   Other components of the TES platform ................................................ 193	  

8.2.iv	   Evidence for TES ................................................................................. 194	  

8.2.v	   Early Stage Devices which may Challenge TES in Future ................... 194	  
8.3	   Concluding Remarks ................................................................................ 194	  

References	  .......................................................................................	  196	  

 

	  



 19 

 	  



 20 

Chapter	  One	  

Introduction 
 
“Better is possible. It does not take genius. It takes diligence. It takes moral clarity. It 

takes ingenuity. And above all, it takes a willingness to try.”  

― Atul Gawande, Better: A Surgeon's Notes on Performance. 

 

 

1.1 Clinical Background  

 

The advent of minimally invasive surgery brought about a paradigm shift in surgical 

practice, significantly reducing the physiological trauma of major surgery and 

facilitating effective oncological treatment of appropriately selected cancers with 

greatly reduced morbidity and mortality.  However, the inherent nature of radical 

oncological surgery is such that the risks of causing potentially life-threatening or life-

altering sequelae can never be entirely negated. 

 

Developed in parallel with radical oncological minimally invasive surgery is an 

opportunistic approach to tumours located within luminal organs: access to and 

excision of such lesions from within the lumen.  This method offers an attractive 

alternative to radical surgery, being less invasive and causing less tissue trauma, 

and may be applied to select tumours within the respiratory, nasopharyngeal, 

genitourinary and gastrointestinal tracts.  The aim of this method is to excise the 

lesion with a surrounding margin of healthy tissue and, as such, it has therefore been 

dubbed ‘local’ excision.  Inherent in its nature are two challenges: 

 

1 The correct selection of patient and tumour: 

 

Only the tumour and a small margin of surrounding tissue are removed (as 

opposed to a large bloc in radical excision) 

• The possibility of surrounding ‘field change’ and cell atypia therefore 

remains potentially, even with a negative margin 
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• Thorough lymphadenectomy is not performed:  only nodes which 

happen to be located close to the tumour are excised 

• Similarly, the neurovasculature associated with the tumour remains in 

situ 

These factors result in  

• Incomplete pathological staging information about the tumour 

• A greater chance of local recurrence 

However, large benign, pre malignant and early stage malignancies may all be 

treated safely with local excision and indeed, in very comorbid or frail patients, local 

excision may be the procedure of choice for more advanced malignancies. 

 

2 Circumvention of the considerable technical challenges: 

 

• Access to the lesion, especially when located either at a distance from 

the luminal aperture, or too close to it, may be technically difficult 

• Stability of the tissue during excision  

• Clashing of instruments in a small workspace 

• Poor visualization due to constraints of lighting and optics 

• Lack of information about the progress of dissection through the wall 

of a tract, risking perforation 

• The risk of haemorrhage from subsurface blood vessels 

Local excision is therefore usually dependent upon the skill and perseverance of 

highly trained physicians and surgeons, who have cultivated a special interest in the 

procedure.  As a result, the access to such treatment options is often not uniform 

between healthcare providers, even within a country such as the UK, with a 

supposedly centralized National Health Service. 

 

Rectal cancer is no exception to this rule:  local excision is a widely accepted 

treatment for the management of pre-malignant and early-stage malignant tumours, 

but the technical demands mean that it is offered at a small number of specialist 
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centres across the UK (twenty one being registered in the UK database of Transanal 

Endoscopic Surgery, five of which are ‘specialist TEM centres’).  The demand for 

local excision is likely to increase due to earlier polyp detection through screening 

and an increasingly elderly and frail population who are now recognized as having 

much greater operative risks.  The Bowel Cancer Screening Program has been 

active since 2006 initially covering those aged between 60-69 and starting with a 

faecal occult blood sample and now extended to those up to 74 years of age.  

Flexible signoidoscopic screening has been utilised successfully on a trial basis.  The 

‘Two Week Wait’ pathway for all suspected cancers may also be responsible for 

pushing the stage at diagnosis back. 

 

The remit of this thesis is therefore to address the challenges of local excision in the 

rectum.  The approach is to focus on the second area of challenges; the technical 

ones, on the basis that it would be reasonable to expect that in addressing these, 

improvements in the oncological results are likely to follow.  The overall methodology 

is one of iterative, incremental improvement, exploring the various techniques 

currently available, assessing their limitations, generating potential solutions, and 

reassessing the resultant modified technique.  As such, the endpoints are 

improvements in the functionality of the technique, as opposed to in clinical 

outcomes.  It is hoped that this work will provide a starting point for larger scale 

clinical trials. 

 

1.2 Thesis Overview 

 

• Chapter 2 The Surgical Treatment of Rectal Cancers:  How Medical 

Advances May Bring Us Full Circle, Away From and Now Back to Local 

Excision. 

 

• Chapter 3 The Current Status of Platforms Available for the Local 

Excision of Rectal Lesions:  Review, Critique and Needs Analysis. 

 

• Chapter 4 The Creation and Validation of a Simulator for Transanal 

Excision of Rectal Lesions. 
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• Chapter 5 The Role of Visualization in Transanal Enodoscopic Surgery:  

How Important is Three Dimensional Vision?   

 

• Chapter 6 Intraoperative Ultrasound Augmented Reality in Transanal 

Endoscopic Surgery:  Technical Development and Ex-Vivo Testing. 

 

• Chapter 7 From Bench to Bedside:  a Patient Case Series Showing 

Iterative Changes to the TES Platform. 

 

• Chapter 8 Discussion and Future Work. 

 

1.3 Original Contributions of the Thesis (in reverse chronological order) 

 

• Accepted for publication in the Annals of Surgery (17th March 2015).  

Evaluating a novel 3D stereoscopic visual display for Transanal Endoscopic 

Surgery:  A randomised controlled cross-over study.  Aimee di Marco, Jenifa 

Jeyakumar, Philip Pratt, Guang-Zhong Yang, Ara Darzi.  (ANNSURG-D-14-

01836R1). 

• Intraoperative Ultrasound Overlay in Robot-assisted Partial Nephrectomy: 

First Clinical Experience. A. Hughes-Hallett, P. Pratt, E. Mayer, A. Di Marco, 

G-Z. Yang, J. Vale, A. Darzi.  Eur. Urol. 65(3), 671–672 (2014). 

• Validation of a Novel Three-Dimensional Stereoscopic Viewer for Transanal 

Endoscopic Microsurgery.  Aimee di Marco, Philip Pratt, Jenifa Jeyakumar, 

Archie Hughes-Hallett, Tom Cundy, Guang-Zhong Yang, Ara Darzi.  

Presented at The Annual Clinical Congress of the American College of 

Surgeons.  October 2013, Washington DC. 

• A Novel Three-Dimensional Stereoscopic Viewer for Transanal Endoscopic 

Microsurgery: A Report of Two Clinical Cases.  Aimee di Marco, Philip Pratt, 

Ara Darzi, Guang-Zhong Yang.  Presented at The Hamlyn Symposium on 

Medical Robotics.  June 2013, London. 

• Intraoperative Ultrasound Guidance for Transanal Endoscopic Microsurgery.  

P. Pratt, A. di Marco, C. Payne, A. Darzi, G.-Z. Yang.  Presented at Medical 
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Image Computing and Computer-Assisted Intervention, 2012, Nice, France 

and published in N. Ayache, H. Delingette, P. Golland, K. Mori (eds), Part 1 

LNCS, vol 7510, p463-470.  Springer, Heidelberg (2012). 

• A Novel Method for Exploring Human Anatomy:  The Anatomage Table.  A. di 

Marco, P. Pratt, A. Darzi.  Hospital Radiology Europe.  2012 7:3; 37-43. 

• Multispectral image alignment using a three channel endoscope in vivo during 

minimally invasive surgery.  Neil T. Clancy, Danail Stoyanov, David R. C. 

James, Aimee Di Marco, Vincent Sauvage, James Clark, Guang-Zhong 

Yang, and Daniel S. Elson.  Biomed Opt Express. 2012 Oct 1;3(10):2567-78. 

• A hand-held instrument for in vivo probe-based confocal laser 

endomicroscopy during Minimally Invasive Surgery.  Win Tun Latt, Tou Pin 

Chang, Aimee Di Marco, Philip Pratt, Ka-Wai Kwok, James Clark, Guang-

Zhong Yang.  Intelligent Robots and Systems (IROS), 2012 IEEE/RSJ 

Pages1982-1987. 

Much of the background work and initial experiments included in this thesis 

formed part of the following grant application, which was successful and 

commenced in April 2014: 

 

• Wellcome Trust & Department of Health Innovation Challenge Fund Grant:  

Smart Surgery – Innovative technologies or interventions to reduce replace or 

refine invasive surgical procedures.  ‘Micro-IGES – Microscopic Image 

Guided Endoluminal Surgery’ (HICF-T4-299).  
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Chapter	  Two	  

The Surgical Treatment of Rectal Cancer: 
How Medical Advances May Bring Us Full Circle, 
Away From and Now Back to Local Excision. 
 

2.1 Introduction 
 

Rectal cancer is a common problem in the developed world:  in the United Kingdom 

and United States of America, it is the third most common malignancy,1 affecting 

around 40000 people in the UK each year with around 16000 deaths annually.2,3  

The optimal treatment of any malignancy rests upon an understanding of the applied 

anatomy, physiology and function of the organ in which it resides and the natural 

history and biology of the malignancy.  Rectal cancer is no exception to this rule, 

hence, these important first principles are reviewed in this chapter.   

 

Surgical options have evolved from fairly barbaric procedures with high mortality 

rates and poor rates of cure, right through to carefully planned laparoscopic 

procedures, aiming not just to eradicate the disease, but minimise functional 

sequelae for the patient.  In parallel to surgical improvements, the efficacy of radio 

and chemotherapy have improved and their roles have evolved dramatically from 

either palliation, or very definite adjuvants to radical major surgery in cases with 

curative intent, to potentially, and much debated, the sole treatment in patients with a 

complete radiological response.   

 

Meanwhile, in the background, enthusiasts have continued to use local surgical 

excision in large benign polyps with a risk of malignant transformation or risk that a 

focus is already there, undetected, in selected early tumours, and now in ‘scar’ 

excision in those thought to have a complete response to neoadjuvant therapies. 
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This chapter aims to show the context in which local transanal surgery originally 

arose and in which it exists today by: 

• Exploring the anatomy, physiology and pathology relevant to the surgical 

management of rectal malignancies 

• Presenting a brief review of the history of surgery for rectal cancer 

• Exploring the most major recent developments in the treatment of rectal 

cancer 

• Defining the current place for local transanal excision in the clinician’s 

armamentarium  

 

2.2 Anatomy of the Rectum 

 

The human rectum commences at the union of the taenia coli, which gradually 

broaden as they descend the sigmoid colon, and then fuse, to form a complete layer 

of circular muscle around the rectum coinciding approximately with the sacral 

promontory.   Contrary to its name (rectus means straight in Latin) the rectum follows 

the anteroposterior curve of the sacrum and makes several (two to four most 

commonly4), alternating lateral curves in its 12-15 centimetre length.  The internal 

protrusions of these curves are known as the transverse folds or the ‘valves of 

Houston’ (named by John Houston, anatomist at the Royal College of Surgeons of 

Ireland in the 1830’s).  The rectum becomes the anal canal just anterior to the tip of 

the coccyx, from which the puborectalis muscle is slung anteriorly around the 

anorectal junction.  
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Figure 2.1 Sagittal sections through male (left) and female (right) pelvis showing the 

relationship to other pelvic organs, the ‘valves of Houston’ and the rectovesical 

pouch (male pelvis) and rectouterine ‘Pouch of Douglas’ (female pelvis).  Images 

courtesy of Nucleus Medical Media/Visuals Unlimited, Inc.. 

 

2.2.i Peritoneal relationships 

 

The upper third of the rectum is covered by peritoneum laterally and anteriorly, the 

middle third only anteriorly, and the lower third lies beneath the peritoneal reflection.  

Anterior to the rectum, the peritoneum is reflected upon the posterior aspect of the 

bladder in the male (figure 2.1 left) and the vagina in the female (figure 2.1 right), 

creating a potential space, which is known as the rectovesical or rectouterine pouch 

of Douglas, respectively and which, in the erect adult, usually contains small bowel or 

sigmoid colon.  Tumours lying below the peritoneal reflection, are a different entity in 

terms of their optimum treatment and, due to the anatomy of the pelvis, the 

complexity of surgical management:  a thorough anatomical understanding of the 

mesorectum and its relevance to oncological clearance of disease, as well as 

structures such as the anal sphincters and hypogastric plexus, which impact upon 

functional outcome, is essential.  Even fairly recent cadaveric studies such as that by 

Havenga et al in 1996, tracing the path of the hypogastric nerves, have provided 

valuable insights into functional pelvic anatomy.5 6 7 
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The depth of the pouch formed anterior to the rectum, especially in the female, is of 

particular relevance in transanal endoscopic excisions as an anteriorly placed lesion 

may have but a short protective mesorectum, leaving the anterior wall of the rectum 

vulnerable to perforation into the pelvic cavity. 

 

2.2.ii Mesorectum 

 

The extraperitoneal rectum is encased by connective tissue and fat, the mesorectum, 

containing the rectum’s arterial supply, venous drainage, lymphatics and connective 

tissue.  The mesorectum is surrounded by visceral fascia, the mesorectal fascia and 

a relatively avascular plane, named the ‘holy plane’, with reference to rectal cancer 

surgery,8 lies between it and the parietal pelvic fascia.  Anterior to the male rectum 

and posterior to the seminal vesicles, prostate and ductus deferens is a 

condensation of fascia known as Denonvilliers fascia and which inhibits the lateral 

extension of prostatic carcinoma into the rectum and vice versa.9  The examination of 

operative specimens from low anterior rectal resections has shown that Denonvilliers 

fascia is seen exclusively in those specimens from anteriorly located tumours due to 

its position anterior to the fascia propria of the rectum, posteriorly there is only fascia 

propria of the rectum, and due to the operative dissection of anterior tumours 

proceeding beyond the mesorectum.6,7   

 

2.2.iii Blood supply 

 

The arterial supply to the rectum is predominantly from the superior rectal artery (to 

the upper two thirds of the rectum), the continuation of the inferior mesenteric artery 

on entry to the sigmoid mesocolon.  Branches of the superior rectal artery supply the 

full thickness of the rectal wall in the superior two thirds and pass submucosally in 

the anal canal to anastomose with branches of the inferior rectal artery at the level of 

the internal anal sphincter.  The middle rectal artery is present in only a fifth of people 

and the median sacral artery also makes a small contribution.   

The venous drainage of the upper rectum is via the portal vein, however, the lower 

rectum has a dual drainage:  the superior rectal vein drains to the inferior mesenteric 
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vein and portal vein to the liver whereas the middle and inferior rectal veins, drain 

into the pelvic veins and thence directly into the inferior vena cava.  This pattern of 

venous drainage is of importance when considering the site of likely haematogenous 

metastatic spread, the most common being hepatic, due to the venous drainage of 

the upper and mid rectum via the portal vein, however, the venous drainage of the 

distal rectum explains why isolated pulmonary metastases may occur in tumours 

located there.10  This phenomenon was reported in 2-4% of patients with recurrent 

rectal disease.11 

 

2.2.iv Lymphatic drainage   

 

The lymphatic drainage of the rectum is from superficial lymphoid follicles in the 

rectal mucosa, through to the epicolic nodes on the external surface of the rectum 

and thence to the pararectal nodes in the mesorectum.  Thereafter, lymphatic 

drainage is mainly upward, via nodes located along the inferior mesenteric artery to 

para-aortic nodes.   

The first surgeon to recognise the importance of the lymphatics and arterial supply of 

the rectum in the treatment of rectal cancer was Ernest Miles, surgeon and anatomist 

at London’s Gordon Hospital in the late 1800’s.  Prompted by local recurrence 

occurring in fifty-three of his first fifty seven patients undergoing perineal resection,  

Miles performed cadaveric studies which demonstrated the lymphatic spread of 

rectal cancer upward, laterally and downward.  Recognising Halsted’s principles of 

oncological surgery, Miles then developed an operative approach which removed the 

rectum, anus, anal sphincters, ischiorectal fat and levator ani, the majority of the 

sigmoid colon, with the inferior mesenteric vessels and some of the pelvic 

peritoneum.  This radical abdominoperineal excision was dubbed the ‘Miles’ 

procedure.12  More recent analysis of the factors contributing to local recurrence has 

emphasised the importance of quality of the plane of dissection achieved surgically 

and its impact on the circumferential resection margin (CRM).13,14  
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2.2.v The anal sphincters and nerve supply 

 

 

Figure 2.2  Coronal section through the anal canal and surrounding musculature.  

Image courtesy of Frank Netter ©Elsevier Inc.. 

 

The internal anal sphincter (figure 2.2) is a continuous ring of muscle surrounding the 

anal canal (except in females who may have defects, most commonly anteriorly and 

most commonly from obstetric trauma),15 which is formed by a continuation of the 

circular smooth muscle of the bowel wall.  It remains tonically contracted under the 

influence of sympathetic nervous supply from the first 2 lumbar spinal cord segments 

and can be relaxed by parasympathetic stimulation from the second, third and fourth 

sacral nerves roots of the pelvic splanchnic nerves, distributed via the inferior 

hypogastric plexi.  The external anal sphincter has been described as being 

composed of three parts:  subcutaneous, superficial and deep, although these fuse 

into a continuous tube.  The most superior fibres of the external sphincter blend with 

the puborectalis, this transition being palpable as the anorectal ring on digital 

examination of the rectum.  It receives its innervation from the inferior branches of 

the pudendal nerves. 
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The important inferior hypogastric plexi are a pair of plexi, located lateral to the 

rectum in the male and lateral to the rectum and vagina in the female pelvis.  They 

are formed by contributions from (1) the superior hypogastric plexus via the 

hypogastric nerve, (2) the sacral splanchnic nerves from the sympathetic trunk and 

(3) the pelvic splanchnic nerves (from the second, third, and fourth sacral nerves) 

which contribute parasympathetic efferent fibres to the plexus.  The numerous 

branches of the inferior hypogastric plexi accompany the internal iliac artery along its 

course and send branches to the various pelvic organs, including contributions to the 

middle rectal, vesical, prostatic and uterovaginal plexi.16  Clinical sequelae of injury to 

the sympathetics include detrusor instability and problems with ejaculation, whereas 

parasympathetic dysfunction results in poor contractility of the detrusor and erectile 

dysfunction. 

  

2.3 Physiology of the Rectum 
 

When the faecal volume in the rectum results an intraluminal pressure of 18 mmHg 

being reached, the defaecation reflex is triggered by stretch-receptors in the rectal 

wall, causing simultaneous contraction of the rectal wall and relaxation of the internal 

anal sphincter, mediated by the parasympathetic fibres of the pelvic splanchnic 

nerves.  At this point, stimulation of the thalamus and sensory cortex is recognized in 

the adult human as the urge to defaecate and voluntary control can be exerted.  The 

urge to defaecate can be ignored; the external sphincter remains contracted and the 

contents of the rectum are, in part, returned to the sigmoid colon via reverse 

peristalsis.  Alternatively, the process of defaecation is initiated with parasympathetic 

stimulation causing relaxation of the internal anal sphincter and voluntary relaxation 

of the external anal sphincter (mediated by the internal pudendal nerve), 

straightening of the anorectal junction, shortening of the rectum and anus via 

peristaltic waves and the use of the Valsalva manoevre.17 

Faecal continence represents a balance between the pressure generated within the 

rectum and the ability of its muscular sphincters to withstand this. The essential 

components for continence could therefore be considered to be (1) the storage 

capacity of the rectal ampulla, (2) intact internal and external anal sphincters and (3) 

intact afferent and efferent pathways including the parasympathetic nervous supply 

from root levels S2, 3 and 4 pelvic splanchnic nerves via the inferior hypogastric 

plexus and the pudendal nerves.  In anterior resection of the rectum, the removal of 
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the storage capacity of the rectum, coupled with abolition of the anorectal inhibitory 

reflex and either functional or mechanical damage to the internal anal sphincter can 

result in a host of symptoms such as faecal urgency, frequency and tenesmus, 

known together as the ‘anterior resection syndrome’ and resulting in significant 

reduction in quality of life.18 19 

Damage to the inferior hypogastric plexi during surgery can also result in problems 

with urinary and sexual function.  The prevalence of these symptoms is high with one 

study showing 30% of patients reporting moderately severe impairment of bladder 

function.  In the same study, sexual function was reportedly affected in 41% of males 

undergoing laparoscopic surgery, 23% undergoing open surgery and 28% versus 

17% in females.20   

 

2.4 Microscopic Anatomy of the Rectum and Histology of Rectal Malignancy 

 

2.4.i Microscopic anatomy of the rectal wall 

 

The mucous membrane of the upper anal canal is thrown into a series of longitudinal 

ridges or columns, which end in the horizontal folds or valves (figure 2.2).  

Histologically, this region is characterized by columnar intestinal cells and tubular 

glands.  Deep to the glandular mucosa of the upper rectum lies submucosa, circular 

and longitudinal smooth muscle, then serosa (see figure 2.3).  The anal valves form 

a circumferential line, the dentate line (figure 2.2), around which there is a zone of 

variable and mixed epithelial structure and below which lies the pecten.  The smooth-

surfaced pecten extends down to the intersphincteric groove and is composed of 

non-keratinised, stratified squamous epithelium.  Typical skin commences at the 

intersphincteric groove with keratinized squamous epithelium containing hair follicles, 

sebaceous and sweat glands.16 

 

2.4.ii Histology of rectal cancer 

 

As would be expected given the glandular nature of the majority of the rectal 

mucosa, the greatest number of rectal malignancies are adenocarcinomas (90%), 
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with a very few rare entities such as carcinoid, lymphoma and gastrointestinal 

stromal tumours (GIST) comprising the remainder.  The majority of adenocarcinomas 

arise from benign adenomatous polyps:  these are estimated to occur in as many as 

one third of the population in developed countries21 (the incidence being estimated 

closer to 10-15% in Africa), with some individuals possessing a predisposition to 

polyp formation due to inflammatory bowel disease or a polyposis syndrome such as 

Familial Adenomatous Polyposis (FAP).  The importance of these lesions in a 

discussion on the treatment of rectal cancer is twofold:  (1) a polyp may, over time, 

undergo malignant (approximately 10% are thought to do so)22 and (2) a small 

malignant focus in a large lesion, may be missed at biopsy, giving rise to under 

treatment of the patient.  Logically, the likelihood of the presence of a malignant 

focus is greater in larger lesions.  Therefore, the target of this thesis, is the treatment 

of rectal adenocarcinomas and of large (i.e. 2.5cm diameter or greater) polyps.  

Other factors increasing the likelihood of malignant transformation are a higher grade 

of dysplasia and villous or serrated subtype, although less firm evidence exists 

regarding the speed or certainty of the development of malignancy. 

 

2.4.iii Histological staging of rectal cancer 

 

The ‘staging’ of malignancy, i.e. the degree to which a cancer has advanced both 

locally and beyond, is used for prognostication, treatment planning and research.  

Cuthbert Dukes (1890-1977) proposed the original formal staging system for rectal 

malignancy, which is still used today, although usually in conjunction with the more 

detailed American Joint Committee of Cancer (AJCC) staging system. Dukes, a 

pathologist at St. Mark’s Hospital, London, studied 215 specimens from patients 

considered to have operable cancers who had undergone excision of the rectum and 

defined his classification as follows:  A invasion into but not through the rectal wall, B 

invasion through the rectal wall and penetrating muscle but not involving lymph 

nodes and C those with lymph node involvement.23  Subsequent modification of 

Dukes’ classification added a stage D indicating distant metastatic spread and the 

Americans Astler and Coller described a further modification in 1954 containing sub 

stages within B and C (see table 2.2 for its modified version).24 
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Table 2.1 Definitions of the staging criteria for the tumour, regional lymph nodes 

and metastases according to the AJCC.  Copyright of the AJCC 2009 (taken from the 

7th edition of the AJCC staging manual, ‘staging posters’).25  

 

The AJCC provides a framework for the staging of all cancers based on combining 

the local staging of the tumour with that of surrounding locoregional lymph nodes and 

distant metastatic spread:  the ‘TNM’ stage.  An estimation of the stage can therefore 

be made using preoperative imaging (discussed below) and is known as the ‘clinical 

stage’ or ‘cTNM’.  In those undergoing surgery, the definitive pathological stage, 

Figure 2.3 (left)  Cross 

section through the 

colonic wall.  Image 

courtesy of the American 

Joint Committee on 

Cancer, 7th Edition. 25 
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‘pTNM’, is given, based upon the histological findings from the specimen.  Other 

prefixes, ‘y’ and ‘r’ may be used to denote the TNM stage after neoadjuvant 

treatment or recurrence following a disease-free interval.  Table 2.1 shows the 

definitions for T, N and M stage according to the AJCC and table 2.2 shows the 

resultant AJCC stage and comparative Dukes and modified Astler-Coller stage. 

The advent of colonoscopy and colonoscopic excision of rectal and colonic polyps 

necessitated staging specific to cancer-containing polyps, which would otherwise 

have been lumped into the AJCC stages Tis and T1, so as to be able to study their 

prognosis using meaningful comparable descriptors of the level of invasion.  The 

Haggitt stage is used to classify malignancy in stalked polyps and Kikuchi in sessile 

polyps.  Haggitt et al (figure 2.4) examined 129 polyps with invasion of the 

submucosa or beyond and showed that the level of invasion of the polyp stalk 

correlated with outcome:  ‘level 4’ invasion, in which malignant cells were found 

beyond the stalk of the polyp, although not invading muscularis propria, was 

associated with an adverse prognosis (in 7 of the 28 cases).26 

 

Figure 2.4 The Haggitt levels of malignancy in stalked polyps.  Image courtesy of 

virtualpathology.leeds.ac.uk.27 
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AJCC Stage T N M Dukes M A-C 

0 Tis N0 M0 - - 

I T1 N0 M0 A A 

T2 N0 M0 A B1 

IIA 

IIB 

IIC 

T3 N0 M0 B B2 

T4a N0 M0 B B2 

T4b N0 M0 B B3 

IIIA T1-2 N1/N1c M0 C C1 

T1 N2a M0 C C1 

IIIB T3-T4a N1/N1c M0 C C2 

T2-T3 N2a M0 C C1/C2 

T1-T2 N2b M0 C C1 

IIIC T4a N2a M0 C C2 

T3-T4a N2b M0 C C2 

T4b N1-N2 M0 C C3 

IVA 

IVB 

Any T Any N M1a - - 

Any T Any N M1b - - 

 

Table 2.2  The AJCC, Dukes and the modified Astler-Coller (‘M A-C’) stage 

according to the TNM classification.25 

 

Kikuchi et al described a subclassification of sessile pT1 tumours according to the 

level of invasion into the submucosa:  SM1 invasion in the superficial submucosa, 

SM2 into the middle and SM3 deep submucosa (see figure 2.5).28  These Kikuchi 

levels have been shown to correlate with the likelihood of lymph node metastases:  a 

retrospective study of 353 patients who had undergone resection of sessile T1 
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lesions showed that 2% of those classified as SM1 had lymph node involvement, 

versus 8% of SM2 and 23% of SM3.29 

There are however, difficulties with the practical application of both the Haggitt and 

Kikuchi systems as the flexible endoscopic excision of a polyp, very often results in 

multiple fragments, causing problems with localising the level of maximal invasion 

accurately.  Additionally, Haggitt is dependent on the polyp morphology being stalked 

and upon there being recognisable submucosa to define level 4 whereas Kikuchi 

requires a specimen containing muscularis propria.  A more recent classification 

described by a Japanese group seeks to address these problems by using only the 

depth and width of invasion in microns beyond the muscularis mucosa.30  This study 

of 292 patients with early invasive cancer showed the incidence of lymph node 

metastases was 3.9% in tumours less than 2000µm and rose to 18.2% for those of 

4000µm or greater.  The clear advantage of this ‘Ueno’ system is its independence of 

polyp morphology.  A recent study on the inter observer reliability of the Ueno system 

showed good concordance for depth measurement (ICC 0.83 across 6 GI 

pathologists examining 10 T1 polyps) with only fair agreement for width (ICC 0.56 in 

the same group).31  The Ueno classification has been adopted widely in Japan 

however, in the UK, in the absence of a consensus view, all three staging systems 

are used. 

 

 

Figure 2.5 The Kikuchi classification of malignancy in sessile colonic polyps.  

Image taken from Nascimbeni et al 2002.29 
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2.5 The Historical Treatment of Rectal Cancer 
 

The treatment of rectal cancer has been a focus of surgical attention for many years.  

The original procedures were, by necessity in the absence of anaesthesia, perineal.  

Faget (1739), Lisfranc (1826) and Verneuil (1873) all performed such local-type 

excisions, as did Salmon, the founder of St. Mark’s Hospital.32  Subsequently, also at 

St. Mark’s, William Allingham used a staged approach with a formation of an inguinal 

colostomy, followed two weeks later by a perineal excision. 

It was the advent of general anaesthesia which permitted the exploration of the 

abdominal cavity, prompting Lockhart-Mummery to describe the staged abdominal 

and perineal approach which was used in the UK until the early 1930s.  He 

performed a laparotomy, checked for metastases and then formed an iliac 

colostomy.  The patient’s rectum was irrigated for around two weeks until they were 

fit enough to undergo the perineal excision.  This allowed tumours of the lower 

rectum to be excised quite effectively, however those higher up were difficult to 

access with such an approach and perineal fistulae were common.33 

In the UK, surgeons continued to explore and try to improve upon the combined 

abdominal and perineal approaches:  Ernest Miles’ radical technique focussed on a 

complete oncological clearance but carried with it a huge mortality of around 40% at 

the start of his career.12   Advances in patient selection and blood transfusion 

reduced the mortality for Miles’ patients to 10% by the end of his career, however, his 

immediate successor, William Gabriel, whose approach, stressed the perineal 

component of the dissection, succeeded in reducing operative mortality to 1.5 

percent.32   

Concurrently, in mainland Europe, a different approach was being adopted:  the 

trans-sacral approach was described by Theodore Kocher and advocated by 

Kraske.21  In this approach, the patient was placed in the lateral position, an incision 

made posterior to the rectum and working up alongside the sacrum.  The coccyx and 

some sacral vertebrae were then removed to permit access to the rectum, the 

peritoneum incised, bowel drawn downwards, divided and excised en bloc with the 

anal canal and sphincters, and a sacral colostomy formed.  Subsequently, Kraske did 

make attempts to leave the anal canal in situ and perform a coloanal anastomosis, 

however, this almost always resulted in a persistent faecal fistula. 
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Meanwhile, continued work on the pathology of rectal cancer confirmed the original 

findings of Ernest Miles regarding the importance of the upward lymphatic spread.  

Cuthbert Dukes and others noted that downward spread only occurred once tumours 

were locally advanced and metastases had choked the lymphatics along the superior 

rectal artery.34 

 

2.6 Modern Developments in Radical Surgery 

 
2.6.i Sphincter-sparing surgery 

 

The anterior resection, as it is now known, was developed at the Mayo clinic, by 

Claude F. Dixon, at a time when the majority of surgeons in Europe were focusing on 

a dual abdominal and perineal or abdominal and sacral excision.35  The operation 

was first performed with a handsewn anastomosis and was therefore technically 

challenging and carried the risk of anastomotic leakage.  Developments in the 

technique by others such as Baker and subsequent further modifications leading to 

the coloanal pull through and anastomosis permitted sparing of the sphincters even 

in tumours of the distal rectum.  The next significant advance in this area was the 

introduction, in the 1970’s of circular stapling devices.  These devices made it 

possible to perform anastomoses low in the pelvis and with a lesser chance of 

anastomotic leakage.36  The circular stapling devices now provide a reliable option 

for colorectal and coloanal anastomoses however, very low anastomoses and those 

involving an ileoanal ‘J’ pouch are often performed using a handsewn technique in 

preference to a circular stapling device. 

 

2.6.ii Total mesorectal excision 

 

Professor Bill Heald examined the trends of local recurrence in his institution; North 

Hampshire Hospital, Basingstoke, in the 1970’s and 1980’s and found these to occur 

predominantly posteriorly.  Heald described a plane, the ‘Holy Plane of Rectal 

Surgery’ and encompassing a bilobed volume of lymphatic and adipose tissue (figure 

2.6) and demonstrated a reduction in local recurrence down to 3.3% with careful 

dissection in this plane.8  Heald poetically describes the maintenance of dissection in 

this plane outwith the mesorectum but without compromising the autonomic pelvic 

nerves as being like sailing between Scylla and Charybdis. 
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Figure 2.6  Diagrammatic representation of the Holy Plane, as published in the 

British Journal of Surgery in 1982.37 

 

Professor Heald’s impressive results with surgery alone, led to formal attempts to 

standardize rectal cancer surgery.  In Norway, for instance, in 1993, a project was 

started to train surgeons in TME and pathologists in specimen examination.  Before 

the instigation of this project, local recurrence in those treated with curative intent 

was 28% (between 1986 and 1988 with 78% undergoing a TME dissection), and by 

the follow-up study period with 96% of patients being managed with TME, recurrence 

was reduced to 8% at 39 months and 12% at five year follow up.38,39  These findings 

were replicated by similar programs in Sweden (in which the effect of surgeon 

volume was also noted) and the Netherlands.40 41 

 

The importance of the TME plane applies to any radical approach to the rectum and 

dissection in this plane, producing the characteristic looking specimen, is now 

accepted as the gold standard worldwide.  The radical operations performed for 

rectal cancer in the developed world are the anterior resection, abdominoperineal 

excision of the rectum and, for very advanced disease involving other pelvic organs, 

the total pelvic exenteration.  The major advances of neoadjuvant treatment and 

laparoscopy have impacted upon the outcomes of all of these procedures and are 

discussed below. 
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The selection of the most appropriate radical operation for a low rectal cancer 

remains topical in so far as the APER was, for a while, seen by some as an 

outmoded operation, superseded by the low anterior resection, and out of favour due 

to (1) the necessity of a permanent stoma which was assumed to be associated with 

a worse quality of life and (2) evidence of higher rates of CRM positivity and local 

recurrence with APER.42,43  Variability in the rate of APER as opposed to anterior 

resection was reported as a significant cause for concern44 and the inclusion of the 

‘APER rate’ in the National Bowel Cancer Audit Project (NBOCAP)45 caused some 

disagreement amongst units who felt that they had a greater proportion of patients 

who were best served by this approach.46 

 

However, a further anatomical development in the APER attempted to improve this 

issue of local clearance and reduce local recurrence by avoiding the natural ‘coning’ 

of the specimen which occurs when the sphincters are encountered.  For tumours of 

the distal rectum, the sphincters form the natural CRM and are therefore at a much 

lesser distance from it than those in the mid or upper rectum surrounded by 

mesorectal fat.47  Surgeons in Stockholm sought to address this by adopting a more 

radical approach, similar to Miles’ operation:  this involves mobilization of the 

mesorectum only as far down as the origins of the levator muscle, followed by  stoma 

formation, and closure of the abdomen.  The patient is then turned into the prone 

position, and an extended perineal dissection is performed including the sphincter 

complex and following the inferior surface of the levators to a point laterally where 

they originate on the pelvic sidewall, thereby achieving a cylindrical extralevator 

excision (Extralevator Abdomino Perineal Excision or ‘ELAPE’).48  Some results have 

been promising49 with a dramatic reduction in the CRM positivity rate (from 36% to 

12.5 % for one retrospective non randomized trial)47 however, these results have not 

been widely replicated and have yet to be tested in a large scale randomized trial.50,51 

 

The negation of the assumption of poor regarding quality of life in APER52 and an 

increasing appreciation of the significant symptoms affecting many of those 

undergoing low anterior resection (section 2.3 above), which can be especially 

difficult to manage in the elderly and frail, coupled with the surgical advances in 

APER has somewhat restored its reputation. 
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2.6.iii Neoadjuvant Treatment in Rectal Cancer 

 

Despite very low rates of recurrence being achieved using Heald’s technique, there 

remained doubt that preoperative radiotherapy did not have a role to play.  A large 

clinical trial conducted in the Netherlands demonstrated improved local control of 

disease with radiotherapy administered before TME.  In this study, patients with 

clinically resectable T1-T3 disease were randomized to TME alone or to short course 

radiotherapy (5Gy over 5 days) followed by surgery after a 21 day interval.  There 

was tight control of the surgical standards required to join the trial with all surgeons 

being mentored and approved to join the trial.  Recurrence was reduced from 8% to 

2% with preoperative radiotherapy, casting some doubt on the theory that good 

surgical technique alone is the key to the optimal management of rectal cancer.53     

 

A subsequent trial in Germany showed that pre-operative chemoradiotherapy 

conferred a benefit in terms of local recurrence, sphincter preservation and toxicity, in 

comparison to post-operative treatment:  in this study, those with locally advanced 

(T3 and T4 node positive disease) were randomly assigned with 421 patients 

receiving preoperative chemoradiation and 402, postoperative.54  The preoperative 

regimen consisted of 180Gy over 5 days with infusional 5-FU and a six week interval 

to surgery and the postoperative regimen entailed the same initial irradiation coupled 

with 4, 5 day cycles of 5-FU followed by a boost of 540Gy radiation. Despite the 

positive findings for local disease control, no benefit in overall survival was shown.  A 

meta-analysis of 14 randomized trials of radiotherapy for rectal cancer showed 

preoperative treatment to be associated with a reduction in local recurrence (odds 

ratio 0.49; P 0.001), disease-specific mortality (odds ratio, 0.71; P 0.001), and overall 

mortality (odds ratio, 0.84; P 0.03) in comparison to surgery alone.55  The radiation 

regimens in this study varied widely and data was not presented on the rates of 

surgical TME.  Despite this variation, there was agreement on the absence of benefit 

to those with Dukes’ A tumours.  Also of note was an increase in mortality seen when 

a total of over 30 Gy radiation was administered. 

 

In the UK, radiotherapy is generally utilized for locally advanced tumours in which the 

circumferential resection margin (CRM) is threatened, however, debate remains as to 

the optimum course of preoperative radiotherapy: with short course radiotherapy 

(SCRT) versus a combined longer course of chemo and radiation (LCRT), the trade 

off being theoretical toxicity versus improved oncological response.  The 2007 
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ACPGBI Guidelines advocate he use of short course (usually 25 Gy given in 5 

fractions over one week with a week before surgery) in surgically resectable disease 

and long course of 45 Gy over 25 fractions in 5 weeks with or without a boost and 

followed by an interval for maximal response before rescanning to establish 

response and assess surgical resectability.   Adjuvant chemotherapy is 

recommended for those patients undergoing surgery with the intention to cure and 

found to be node positive, or node negative but with high risk features of the tumour 

itself on operative histology.56 

 

Direct local delivery of the radiation endorectally with ‘high dose rate brachytherapy’ 

(HDR) or ‘Papillon’ contact radiotherapy may be used as alternative to conventional 

EBRT and are gaining ground in some countries, often post-treatment with local 

excision of the residual lesion or scar.  One controlled but non-randomised trial of 

patients with mod-lower rectal cancer of any stage and follow-up up to five years 

compared moderate and high dose intraluminal brachytherapy (IBT) to no treatment, 

followed by surgery.  Those having IBT had a 72% chance of sphincter-preserving 

surgery Vs 42% (p<0.0001) and a local recurrence rate of 8% compared with 21% 

(p=0.005).  However, despite disease free survival being better with IBT 72 Vs 65%, 

the p value for this was not stated by the authors and interestingly, the overall 

survival (OS) showed no significant difference with IBT OS of 62% at 5 years and 

65% for the controls.57  IBT may be used alone or as a boost to EBT in those with 

locally advanced cancers.  In this context it has been shown to augment the tumour 

response.58 

 

A recent meta-analysis of oncological outcomes for local excision compared to 

radical surgery after neoadjuvant chemoradiotherapy analysed eight suitable studies 

covering a total of 1300 patients and found no significant difference between the 

groups for OS, LR or disease-free survival (DFS).59  

 

  

2.6.iv Laparoscopic surgery for colorectal cancer 

 

In order to adequately access, excise the rectum and potentially form an 

anastomosis, a surgeon must have access not only to the pelvis, but also the splenic 

flexure and transverse colon for mobilization.  This usually necessitates a full-length 

midline laparotomy, hence, the advent of laparoscopic surgery for colon and rectal 
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cancer generated significant interest in its potential benefits (as well as concern 

regarding pitfalls).  Randomised studies of open versus laparoscopic colectomy 

showed a reduction in circulating cytokines (IL-1 and 6) and in C-reactive protein, 

suggesting that reducing the trauma of the midline abdominal incision would 

minimize the overall physiological trauma to the patient.60,61  Not all studies confirmed 

these results,62 however, there was general acceptance of the principle of the 

reduction of physiological trauma being favourable and indeed further work showed a 

reduction in post-operative pain63 and improvement in short term quality of life 

indices.64 

 

However, the critical outcome measures for minimally invasive surgery in colorectal 

cancer related not just to length of stay or pain, but to oncological results i.e. the 

CRM, lymph node harvest, local recurrence and survival.  The MRC CLASICC 

(Conventional versus Laparoscopic Assisted Surgery in Colorectal Cancer) trial was 

set up in 1996 to address these questions.  It recruited 796 patients over six years at 

27 UK centres.  Patients were randomized to receive laparoscopic (n=526) or open 

(n=268) surgery.  The number of advanced (Dukes’ C2) tumours and the in hospital 

mortality was found to be equal between the two groups.  Of the rectal cancers, the 

rate of positive CRMs was greater for those undergoing laparoscopic as opposed to 

open anterior resection (16 of 129 patients [12%] versus four of 64 [16%]) however, 

this difference was not significant.  No significant difference was seen in CRM for the 

APER group, however there were only 17 patients managed with APER overall.65  

The results were analysed both by intention to treat and by actual treatment 

delivered and were reported as the actual treatment delivered i.e. laparoscopic Vs 

open Vs converted.  At five years, no differences were found between 

laparoscopically assisted and open surgery for either rectal or colonic cancer in 

terms of overall survival, disease-free survival, local or distant recurrence66 and these 

results persisted at a mean of 62.9 months follow-up.67 Conversion to open operation 

was associated with a worse overall survival, most marked in the early follow-up 

period, but there was no difference in disease free survival in this subgroup.66   

 

The COLOR (COlon cancer Laparoscopic or Open Resection) study group, 

performed a large (1248 patient) multicentre study distributed widely across Europe 

and reported similar short term outcomes with the laparoscopic surgery group having 

less intraoperative blood loss, earlier recovery of bowel function, shorter hospital stay 

and an equally radical resection (judged by number of nodes harvested and length of 

specimen).68  At 53 months median follow-up, positive CRM rate, morbidity and 
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mortality were similar in both groups. The combined 3-year disease-free survival for 

all stages was not significantly different between the laparoscopic and open groups 

(p=0.70 by log-rank test) nor was the combined 3-year overall survival (p=0.45).  

However, the authors had set a predetermined non-inferiority boundary for the 

difference in disease-free survival at three years and based upon their observed 

difference in disease free survival of 2% between the groups (95% CI -3.2 – 7.2), 

concluded that they could not rule out open surgery being superior in this regard.  

These results were obtained from an intention to treat analysis, however, on 

reanalysis by treatment received, no difference was demonstrated.69 

 

Lacy et al published his data from 219 patients randomized to laparoscopic or open 

surgery for their colorectal cancer, analysed on an intention to treat basis, which 

showed shorter recovery times and better outcomes according to the following 

metrics in the laparoscopic group:  shorter time to peristalsis-detection (p=0.001) and 

oral-intake (p=0.001), shorter hospital stays (p=0.005), lower morbidity (p=0.001), 

higher probability of cancer-related survival (p=0.02), independent association with 

reduced risk of local recurrence (hazard ratio 0.39, 95% CI 0.19-0.82), all cause 

mortality (0.48, 0.23-1.01), and cancer-related mortality (0.38, 0.16-0.91).  The 

authors therefore concluded that their results supported the superiority, rather than 

equivalence, of laparoscopic surgery for colorectal cancer.  The results were 

however treated with some scepticism by the wider colorectal community on account 

of;  the cohort of patients being relatively small and heterogeneous;  the procedures 

having been performed by a single highly skilled and very high volume surgeon in a 

dedicated centre and, furthermore, the results were driven by the patients with the 

most advanced (stage III) disease.70  By a median follow-up of 95 months, these 

trends had continued with a tendency towards greater cancer-related survival (P = 

0.07, NS) and overall survival (P = 0.06, NS) for the laparoscopic group and a 

reduced risk of local recurrence (hazard ratio 0.47, 95% CI 0.23-0.94), death from a 

cancer-related cause (0.44, 0.21-0.92) and death from any cause (0.59, 0.35-0.98).71 

 

Radical laparoscopic surgery is now recommended in the UK by ‘NICE’ (the National 

Institute for Clinical Excellence) as ‘an alternative to open resection for individuals 

with colorectal cancer in whom both laparoscopic and open surgery are considered 

suitable’.72  This 2006 technology appraisal replaces the original 2000 guidelines in 

which open rather than laparoscopic surgery was the ‘preferred surgical procedure’ 

and laparoscopic surgery for colorectal cancer was only to be undertaken as part of a 

randomized controlled trial.73  This guidance is generally felt to lag somewhat behind 
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the current evidence for laparoscopic surgery and a revised guideline with stronger 

recommendation for laparoscopy is expected in the future. 

 

2.7 Pre-Operative Staging of Rectal Cancer 

 

The diagnosis of a rectal cancer is a clinical and histological one, with concordance 

between the two being important.  Clinical examination is of great importance in 

judging the anatomical aspects of the tumour i.e. height, fixity, radial extent, which, in 

conjunction with patient factors i.e. comorbidities, age, ability to manage a stoma, 

contribute to the selection of the most appropriate treatment.  The availability and 

efficacy of a range of treatments; neoadjuvant and adjuvant therapies and minimally 

invasive surgery, has made accurate information about tumour, nodal status and the 

presence of distant metastases, over and above that which can be gleaned from 

clinical examination, extremely important.  This is the aim in performing staging of the 

patient. 

 

2.7.i Staging of distant metastases 

 

As discussed previously, distant metastases in colorectal cancer are most commonly 

hepatic or pulmonary.  The presence of clinically overt metastases in either location 

is not common at presentation and these are therefore sought using a combination of 

tumour markers (notably CEA) and imaging.   

 

It is widely accepted that plain radiography of the chest is not sensitive enough to 

reliably detect pulmonary metastases and CT is therefore mandatory in this regard.74 

For hepatic metastases, ultrasonography was once the most commonly used 

modality for staging owing to its safety, low cost and non-invasive nature, with 

accuracy of around 80%.75  However, its lack of specificity, operator dependence and 

the lack of efficacy for either US or plain radiography in pulmonary lesions resulted in 

the practice of whole body CT scanning for staging gaining favour.75,76 

 

CT is well-established in the detection of hepatic metastases in patients with a 

variety of primary tumours.  The appearance of hepatic metastases depends upon 

their vascularity and this differs according to the primary tumour.  Hypervascular 

metastases, such as those associated with neuroendocrine tumours are readily 

detectable in the arterial phase, whereas colorectal metastases usually appear as 
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hypoattenuating lesions and are best seen in the portal venous phase of 

enhancement.77  The lack of contrast differentiation between colorectal metastases 

and the liver substance has been reported as a problem, but one which is overcome 

by the use of an appropriate volume of intravenous contrast.78  The use of multi-

directional (MD) CT increases the number of ‘slices’ taken with each rotation of the 

CT gantry and reduces the scan time, while reducing slice thickness and has 

therefore improved sensitivity.  The sensitivity of CT for colorectal metastases is 

generally reported at around 70% with a specificity over 95%. 79,80,81  The limitations 

of CT in colorectal hepatic metastases are its high radiation dose and low sensitivity 

for lesions under a centimetre in size.   

 

A recent study from the Danish Colorectal Cancer Group showed 7.5% of the 26,200 

patients in the cohort had pulmonary metastases, emphasising the importance of 

their detection.82  The detection of lesions of indeterminate nature both in liver, lung 

and elsewhere is a significant conundrum and is often addressed using PET-CT 

 

2.7.ii Local staging 

 

The local features of relevance in performing staging and allowing appropriate 

treatment selection are 

• depth of invasion of the tumour into bowel wall 

• tumour morphology and size 

• involvement of local lymph nodes  

• extramural venous invasion 

• CRM status 

High quality MRI of the pelvis can give reliable information regarding all of the above 

without the requirement for bowel preparation, air insufflation, or intravenous 

gadolinium.83  MRI characteristics of a tumour have been shown to closely mirror 

those of the final tumour histology.84  Thin section MRI, correctly performed (with 

slices perpendicular to the rectal wall) and interpreted in a multidisciplinary setting 

has been shown to reduce the rate of positive CRMs,85 86 however, this is dependent 

upon a significant skill level of radiographer and radiologist. MRI is also somewhat 

limited in its accuracy in the same group of low tumours with a lesser CRM due to 

their location beyond the sphincters. 
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In early malignancies, the ability of endoanal ultrasound to delineate each layer of 

the rectal wall is advantageous,87 with a pooled sensitivity and specificity on meta-

analysis of 87.8% and 98.3% respectively for T1 tumours88 and a sensitivity and 

specificity for detection of nodal involvement of 73.2% and 75.8%.89  Endoanal 

ultrasound is therefore accepted as an important component of staging for lesions 

which are found to be superficial on MRI and which may be appropriate for TES.  

Despite that, the ‘TEM Collaborative’ audit of the actual use of EAUS in routine 

clinical practice suggested a very low uptake (33%) and low accuracy, with 44.8% 

being incorrectly staged (32.7% under and 12.1% over).90  These low figures are 

likely to arise from issues such as; scanning of advanced or polypoid tumours, whose 

base is likely to be beyond the penetration of the ultrasound field (around 5 mm), 

technical errors with balloon inflation (the EAUS balloon inflation needs to be 

adjusted depending on the tumour location) and a lack of skilled operators.   

 

Finally, the possibility of synchronous colonic adenomas in colorectal malignancy has 

been reported at 15-50% and of synchronous cancer at 2-10%.91–93  Although larger 

lesions may be detected in the unprepared bowel visualized at abdominal CT, 

preoperative colonoscopy is recommended in all patients who have not had a full 

colonoscopy already as part of their diagnosis.94  Some groups have advocated on 

table colonoscopy for patients presenting with obstruction or with lesions impassable 

at flexible endoscopy,95 however, for reasons of operative time and practicality, the 

usual approach is an early postoperative colonoscopy. 

 

2.8 Local Excision 

 

2.8.i History of local excision 

 

The history of local excision is somewhat circular:  as discussed in section 2.5, any 

surgical treatment undertaken on rectal lesions prior to the advent of antisepsis, 

antibiotics and anaesthesia was, by necessity, local.  Subsequently, more radical 

treatment has been made possible and oncological results have improved hugely.  

However, the recognition that a good oncological result must be balanced against 

possible iatrogenic morbidity and mortality, which is significant in the elderly and 

infirm, as well as reduced quality of life, resulted in interest in local excisional 

methods returning in the early 1980’s.  It was a German surgeon, Gerhard Buess, 
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who developed the technique of TEM in the early 1980’s and published widely on his 

clinical results.96,97  Buess’ platform was taken on and developed by Richard Wolf 

GmBH, by whom it is still marketed today.  Other companies have created similar 

platforms, most notably Storz’s Transanal Endoscopic Operating System ‘TEO’98 

however, Buess’ platform remains superior to its competitors.  Buess’ design was 

innovative both clinically and technically in its day, however, it has been essentially 

unchanged since its inception and little progress has been made in responding to its 

weaknesses. 

 

The current clinical cohort considered for local excision with TEMS, or equivalent, 

consists of; 

• Benign lesions which cannot be excised using traditional flexible endoscopy 

• Lesions which initially purport to be benign but are subsequently found to 

have a focus of malignancy (‘carcinoma in situ’ or Cis) and which cannot be 

fully excised with flexible endoscopy 

• Cis in which the malignant focus is found after flexible endoscopic excision to 

be in the base of the lesion and with histologically confirmed /a high likelihood 

of positive margin 

• Early (T1) rectal malignancy with lymph node status thought to be negative 

on MRI/endoanal ultrasound  

• Early rectal malignancy with involved nodes on imaging or advanced 

malignancy in a frail patient unable to undergo a more radical procedure due 

to the risks of prolonged anaesthesia and surgical morbidity    

Data on the mortality risk in radical surgery in the elderly is a major driver in the 

interest in local excision.  Unadjusted odds ratios of up to 16 for those over 80 years 

old undergoing colorectal surgery and adjusted odds ratios between 5 and 13 for 

those over 85 years of age underline the huge comparative risks faced by these 

patients.99–101   

 

2.8.ii Outcomes of Local Excision 

 

Given that the tenet of local excisional surgery is about the balance of functional and 

‘histological outcome’ (so-named as the lesion may be benign but may still recur), it 
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may be said that the local excision of large benign lesions has obvious benefits over 

radical surgery:  rates of recurrence are low and, should recurrence occur, it can 

easily be managed with a repeat local excision.102,103   

 

Quality of life is a key issue, which is commonly affected by radical surgery with high 

rates of permanent changes in faecal continence, bladder and sexual 

dysfunction.104,105  Local excisional techniques have shown superiority in each of 

these domains106 with quality of life alteration in local excision being temporary and 

reversible.107 

 

There is no shortage of case series of TEMS reporting good quality of life outcomes, 

nor is there a paucity of evidence for the high operative risk of radical surgery for 

elderly and infirm patients however, a high-quality randomized trial has yet to be 

performed comparing full-thickness local to radical excision.  Table 2.3 lists the most 

recent comparative studies for T1 cancers.  However, all were retrospectively 

performed, lack information on any adjuvant therapy and fail to account for histologic 

risk factors.  

 

Table 2.3 Comparison of outcomes from Local Excision and Total Mesorectal 

Excision for T1 cancers. 

Study N f/u(months) LR OS 

Bentrem 2005108  

LE 151 48 15% 83% 

TME 168 58 3% 93% 

Nascimbeni 2004109 

LE 70 54 6.6% 72.4% 

TME 74  2.8% 90.4% 

Mellgren 2000110 

LE 69 60 18% 72% 

TME 30 60 0% 80% 
LE = local excision, TME = total mesorectal excision, LR = local recurrence, OS = overall survival 

 

The ‘TREC’ pilot study (Transanal Endoscopic Microsurgery (TEM) and 

Radiotherapy in Early Rectal Cancer) is a phase II clinical trial based in Birmingham, 

and is currently recruiting with the aim of assessing the feasibility of and informing 

the design of a large, multi-centre randomised study comparing radical surgery 
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against radiotherapy plus local excision for early rectal cancer. It is intended that data 

from the pilot study will be obtained to allow accurate sample size estimation and to 

refine the primary outcome measures for the Phase III TREC trial.111 

 

The management of patients who have responded completely to chemoradiotherapy 

and have no tumour remaining on MRI or examination is contentious: the risk of local 

recurrence is too great for some who advocate radical excision in every case but the 

idea of performing radical surgery only to remove not a single cancer cell seems 

excessive to most.  On the other extreme are those that argue for watchful-waiting;  

Habr-Gama reported only 2.8% local recurrence at 57 months in 71 complete 

responders with this approach,112 however, these results have not been reproduced 

elsewhere.  Local excision however, offers the opportunity to confirm of 

completeness of the response histologically from the TEM specimen, while avoiding 

the morbidity and mortality from a radical operation.  Results equivalent to radical 

surgery have also been reported for local excision in patients who have not had a full 

response but have been significantly downstaged by chemoradiation.113  The 

problem with this approach is that however reassuring the histology from the local 

excision is, the mesorectum and its associated lymph nodes remain unsampled in 

both watchful-waiting and local excision with TEM.  Rates of lymph node positivity 

are around 3-16%114 in T1 cancers, 20-25% for T2 and over 50% for T3 and T4 and 

the accuracy of imaging modalities in identifying affected nodes, is as yet, too poor to 

be relied upon. 

 

 

2.9 Discussion 

 

The parallel historical improvements in the understanding of the applied anatomy, 

physiology and pathology of the rectum, alongside the developments in surgical 

technique and adjuvant therapies has shown the importance of a sound 

understanding of these concepts.  It was, arguably, an appreciation of pelvic 

anatomy, anaesthesia and antisepsis notwithstanding, which allowed anterior 

resection and abdominoperineal excision to be pioneered.  There is no doubt that 

such a deep appreciation of rectal and pelvic anatomy led to the recognition of the 

anatomy of the ‘holy plane’ of rectal cancer surgery, which has revolutionized 

prognosis after surgical resection, and indeed, extralevator abdomino perineal 

excision has also been driven by the recognition of the impact of the anatomy of the 

anal sphincters upon the surgeon’s ability to deliver clear resection margins.  When 
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considering addressing the technological issues with the various platforms available 

for local transanal surgery, while it may seem somewhat retrograde to some, it is 

entirely appropriate to start with such a review of applied basic sciences. 

 

The proliferation of treatment modalities for rectal malignancy is a marker of the 

importance attached to its cure by academics and clinicians alike.  In this chapter, 

the purpose and methods of staging have been explored, which educate the 

management decisions made for each patient diagnosed with the disease.  The 

importance of accurate staging and patient selection in this context of multiple 

treatment options, has been discussed.  Some treatment options were felt to be 

beyond the scope of this review chapter:  adjuvant, or postoperative chemotherapy, 

pelvic exenteration and a discussion on the use of the defunctioning loop ileostomy 

in anterior resection were omitted.  

 

The role of local excision in the wider context of colorectal cancer has been 

discussed and potential areas and aspects which are likely to result in its increased 

demand identified:  (1) the concept of the complete pathological response to 

radiotherapy is one of these areas,  (2) the application of a less physiologically 

traumatic procedure to the elderly whose mortality and morbidity with radical 

procedures is so high, (3) the likely increasing number of benign adenomas 

diagnosed through screening programs and requiring a better solution that 

endoscopic excision. 

 

In the light of these shifting requirements, it is not clear whether the current platforms 

for transanal surgery will be sufficient.  For instance, in addressing the needs for 

excision of large benign screen-detected lesions, the most important features, other 

than safety, may be cost-effectiveness of the platform as well as improved imaging 

and ergonomics, to cater for the less-skilled technician and to allow widespread 

adoption of the technology.  Whereas, in a discussion on cancer treatment, depth 

imaging for lymph nodes and histology of the margins are likely to be the more 

important factors.  In the next chapter, the strengths, weaknesses and areas for 

development of the platforms currently utilized in transanal surgery are therefore 

explored. 
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Chapter	  Three	  

The Current Status of Platforms Available for 
the Local Excision of Rectal Lesions:  Review, 
Critique and Needs Analysis 
 

3.1 Introduction 

 

There is considerable clinical demand for the local excision of rectal lesions as one 

third of the colorectal cancers diagnosed worldwide are staged as ‘T1’ at 

presentation i.e. potentially appropriate for local excision.3,115–117  In addition, the 

majority of colorectal cancers are known to arise from benign adenomas.118 These 

potentially pre-malignant lesions have been shown to be present in 20-30% of the 

population worldwide119,120 with around 5-15% of ‘large’ lesions (usually defined as 

those over 1.5 or 2 centimetres) containing a focus of malignancy.121 

 

Small lesions can usually be excised at colonoscopy using a snare, however, the 

excision of large lesions (i.e. those likely to be of more clinical significance) using 

flexible endoscopy is technically difficult, due to motion and a lack of precise control 

of the snare.  This is particularly so in the rectum, due to space constraints of the 

anatomy.  Furthermore, such lesions tend to be removed piecemeal and excision is 

often incomplete, risking recurrence, which for large lesions is reported at 16-47%.122  

In addition, due to the fragmented nature of the specimen, it is not always possible to 

determine histologically the exact location of any invasion.31 Newer techniques such 

as endoscopic submucosal resection have better outcomes, but are even more 

technically challenging for the endoscopist, limiting their availability to super-

specialised endoscopists in large centres.123–125 

 

The local excision of lesions from within the rectal lumen using surgical platforms for 

transanal endoscopic excision should offer a more stable and reliable method for 

excising large benign lesions, as well as a much less invasive alternative to radical 

excision of the rectum from within the pelvis via anterior or abdominoperineal 

excision.  Full-thickness local transanal excision is accepted as a primary treatment 
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modality for early rectal cancers and local excision in the submucosal plane for 

benign lesions.   

 

In summary, the options available for the surgical management of large adenomas or 

early malignancies are as follows: 

 

• Flexible endoscopic resection: this often involves electro-cautery wire loops, 

which are dragged, often indiscriminately, beneath the lesion. Endoscopic 

Mucosal Resection (EMR) or SubMucosal Resection (SMR) often fails to 

provide consistent results in-vivo due to the complexity of instrument 

manipulation and stability required for tissue manipulation. 

• Transanal Endoscopic Surgery (TES) 

o Transanal Endoscopic MicroSurgery (TEMS), R. Wolf96 and Transanal 

Endoscopic Operation (TEO®), Storz98 platforms offer a 40mm 

operating proctoscope through which full-thickness excisions of 

lesions as high as 20cm from the anal verge can be performed.  

o TransAnal Minimally Invasive Surgery (TAMIS)126 is a generic term for 

the use of a port, usually intended for Single Incision Laparoscopic 

Surgery (SILS), with either standard laparosopic instruments, or a 

robotic platform in the form of the DaVinci SI, to perform transanal 

excision. 

• Laparoscopic excision: for lesions with malignant foci that cannot be 

addressed endoscopically, segmental bowel resection is required, which 

carries the attendant risks of any major colonic procedure including those of 

anaesthesia and either anastomotic leakage in the case of anterior resection 

of the rectum, or of a permanent stoma in abdominoperineal excision of the 

rectum. 

• Combined laparo-endoscopic excision:  this approaches allows a full 

thickness wedge excision of colon to be performed.  It requires a skilled 

endoscopist and laparoscopic surgeon, so while it carries the advantage of 

obtaining a full thickness specimen, it is labour intensive and still necessitates 

general anaesthesia. 

• Platforms currently in the pre-clinical research phase: 
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All of the platforms currently available for local transanal excision have considerable 

limitations.  The aim of this chapter is to explore each of the techniques, or platforms, 

in detail, presenting their strengths and weaknesses, and to provide a wish list of 

improvements incorporating possible solutions.   

 

3.2 Methodology 

 

The chapter is divided into a description of each platform, followed by a comparison 

of their capacities, a review of their strengths and weaknesses and finally, suggested 

strategies to address these. 

 

A search of the published scientific literature was performed for each of the platforms.  

The search strategy was as follows: PubMed, Google Scholar, EMBASE and the 

COCHRANE database were used in conjunction.  The review was originally 

performed in 2011 and was updated in early 2015.  The search was limited to 

publications in the English language.  The search was restricted to the preceding one 

year and search terms were limited to the name of each platform within the title of the 

publication.  Publications were analysed for reference to strengths, weaknesses and 

areas for development.  Clinical outcomes were not recorded as the purpose was to 

capture information about the technical aspects of the platforms, as perceived by 

surgeons.   

 

A second line of enquiry was based around discussion with three consultant 

colorectal surgeons as to their opinions on the systems with which they had 

experience. 

   

3.3 Surgical platforms for transanal endoscopic surgery 

 
3.3.i Transanal Endoscopic Microsurgical Excision ‘TEMS’ – R. Wolf 

 

The original system for surgical transanal excision is the Wolf ‘TEMS’, developed in 

the 1980’s by Gerhard Buess.96  The basic premise of this original platform, and each 

of its competitors, is the use of laparoscopic principles:  the insertion of a port with an 

air-tight seal, in this case a proctoscope, under general anaesthesia, and instillation 

of carbon dioxide gas to expand the rectum and generate a workspace.  A rod-lens 
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style scope is then inserted for visualization and slightly modified laparoscopic 

instruments are used to perform the procedure.  

 

The TEMS system (figure 3.1), has various unique features: 

 

• A simple ‘viewing hub’ (screw-on cap for the proctoscope containing a glass 

fenestration) is provided in order to allow for the placement of the 

proctoscope in the optimal position relative to the target lesion, before fixing 

the device with the supporting ‘Martin’s arm’ 

• Three lengths of operating proctoscope are provided: 120mm and 200mm 

with an oblique edge and 137mm with a flat edge 

• The operating hub of the port has a double system of air tights seals, one 

internally and one externally 

• A combined pump and insufflation device, designed specifically to maintain 

the pneumorectum consistently, even during suctioning (figure 3.2 B) 

• The scope provides 3D stereoscopic visualization through adjustable 

eyepieces and an extra attachment for a camera in order to facilitate display 

on a monitor for the assistants.  This scope is fully autoclaveable. (Figure 3.2 

A) 

• The scope has an irrigation channel to maintain a clear lens without requiring 

removal of the scope for cleaning   

• Modified laparoscopic instruments include a suction-irrigation device, pinpoint 

diathermy device, grasping forceps, scissors, needle holders and a device for 

applying a bead to suture.  All of these (except the bead-crusher) have 

specifically angled tips designed to optimise control.  Where relevant, left and 

right-handed versions are provided 
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Figure 3.1 The Wolf TEMS system in use.  Image utilized with surgeon and 

patient consent. 

 

 
Figure 3.2 A - The TEMS 3d stereoscope with teaching port for attachment of an 

ancillary camera head and channels for irrigation and light cable.  B – Wolf combined 

system comprising CO2 insufflator and pump for irrigation and suction.  Images 

reproduced from R. Wolf product catalogue. 
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3.3.ii Transanal Endoscopic Operating System ‘TEO®’ – Storz 

 

Storz’s device for transanal excision is somewhat simpler than the Wolf design, 

utilizing, as it does, a standard laparosopic CO2 insufflator and a modified monocular 

laparoscope.  The systems features are: 

• A 30 degree 5mm laparoscope, with angled head for direct viewing or 

attachment of a camera and modified laparoscopic instruments (figure 3.3) 

• Operating proctoscope available in three lengths (75mm, 150mm and 

200mm) all with oblique end (figure 3.3) 

• Dual internal and external rubber air seals 

• Compatibility with a standard laparoscopic insufflator, camera system, light 

source 

• KSLock quick release connection between the proctoscope and supporting 

arm 

• Laparoscopic instruments with angulation designed to allow easier access to 

the tissues with control  

 

 
Figure 3.3 The Storz TEO® device.  Image courtesy of Karl Storz product 

catalogue. 
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Figure 3.4 The Covidien SILS™ Port.  Image courtesy of Covidien.127 

 

3.3.iii Transanal Minimally Invasive Surgery ‘TAMIS’ 

 

A further simplification, using only a single-use, ‘Single Incision Laparoscopic 

Surgery’ (SILS™) port (figure 3.4) and standard laparoscopic equipment was first 

described in 2010 in a non randomized controlled study of patients pre-selected for 

TES.126  In this initial study, six patients underwent TAMIS, using entirely 

conventional laparoscopic instrumentation via a Covidien  SILS™ port.   

 

TAMIS has become a generic term, incorporating the same approach of standard 

laparoscopic instruments via any appropriate port, or indeed glove,128 as well as the 

use of robotic instrumentation.129 

 

 

3.4 Flexible Endoscopic Techniques 

 
3.4.i Endoscopic Mucosal Excision ‘EMR’ 

 

This technique was developed for the removal of sessile or flat neoplasms confined 

to the mucosa or submucosa.  It was originally described for use via a rigid 
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sigmoidoscope130 but by 1973 had been used in conjunction with a flexible scope.131  

The technique is usually used for lesions of 2cm diameter or less, or for piecemeal 

removal of larger lesions.   

 

Commonly employed strategies for EMR polypectomy include;  injection-assisted, 

cap-assisted, ligation-assisted and more recently, underwater EMR, which may be 

useful in salvage EMR.132 

 

• Injection-assisted EMR uses an injected lift to elevate the lesion and provide 

a zone of safety, through which an electrocautery snare is dragged, with or 

without an added manual ‘lift’ from forceps.132  A triple channel scope is 

required to permit lifting and simultaneous snaring 

• Cap-assisted EMR133 also uses a saline lift and, in addition, a dedicated 

device, which clips onto the end of the endoscope, into which a semi-annular 

cautery loop is inserted.  Suction is then used to draw in the lesion and the 

loop dragged beneath it.  Caps are available in different materials and sizes 

for different purposes, a straight-edged cap being used in colonic resections 

• Ligation-assisted EMR uses standard suction band ligation to draw in and 

capture the mucosa and submucosa.  The banding device is then exchanged 

for a snare which is applied above or below the band134 

• Underwater EMR (UEMR) involves suctioning air from the GI lumen and 

replacing it with water.  This is thought to help separate the mucosa and 

submucosa from the muscularis by allowing them to float.  This avoids the 

need for infiltration with a needle which has the theoretical risk of seeding 

tumour cells and the definite limitation in salvage surgery that scar tissue 

fuses the layers, preventing an injected lift from working.135,136  UEWR may 

also allow the safe removal of lesions which are indurated, ulcerated, or do 

not lift with injection for another reason and which, with a standard injected 

lift, would risk  transmural perforation.137 

 

Various solutions have been used to achieve the injected lift; saline, autologous 

blood, hyaluronic acid, albumin and blood.  Saline is used most commonly with the 

disadvantage of its rapid dissipation, but advantages of ease of availability, low cost 

and safety.  The piecemeal nature of the specimen, which often results from this 
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technique, especially with large lesions, may cause problems accurately interpreting 

the histology and has prompted the development of submucosal resection, which is 

better suited to the management of larger lesions. 

 

 

3.4.ii SubMucosal Resection ‘SMR’, also known as Endoscopic Submucosal 

Dissection ‘ESD’123  

 

SMR, or ESD, was developed for large (greater than 2cm diameter) flat lesions and 

aims to produce an en bloc resection.  The technique is usually applied to gastric 

lesions, however, it has been described in the colon and rectum.123,124,138  The lesion 

is first marked circumferentially with diathermy, a submucosal lift injected and cautery 

is then used to dissect around the lesion and beneath it, producing a disc of tissue.  

A variety of different ‘cutting’ devices are available for ESD:  most are based on 

electrocautery.  One alternative is a high pressure ‘waterjet knife’, such as that by 

ERBE (Erbejet®, Erbe Elektromedizin Gmbh)  which has been utilised in animal 

models and gastric ESD.139,140    

 

Overall, excision via a flexible scope is technically extremely challenging for the 

endoscopist due to motion and lack of precise control of the scope.  However, 

despite this, the risks of perforation, delayed bleeding and local recurrence have 

improved dramatically over the past 10 years and are now comparable to TEMS at 

around 4.8%,141 4.5%142 and 0-2% respectively.143–145 
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Table 3.1 Summary of currently available platforms for TES and flexible excision 

(EMR includes SMR/ESD as well). 

 

3.5 Summary of the Techniques Available for Surgical and Flexible Local 

Excision 

 

Table 3.1 summarises the characteristics of the techniques currently available for the 

excision of rectal lesions including the three major surgical approaches and flexible 

endoscopy, considered for the purposes of this table as a single technique.  The 

obvious benefit of flexible excision is that general anaesthesia is not a requirement, 

however, generous sedation may be required which may cause cardiorespiratory 

compromise in itself.  The very specific nature of the equipment required for the 

TEMS results, in general, in a system which is better able to meet the requirements 

of TES, whereas the TEO and TAMIS with their more generic approach may be less 

well designed for TES, but come at a far lesser cost.  These relative merits are 

discussed in the next section. 
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3.6 Critique of the Current TES Systems 

 

Publication Study design TEM critque TEO 

critique 

TAMIS 

critique 

Serra-Aracil 

2014146 

71 patients 

randomized to 

TEO / TEM 

-Cost € 220 

-Equipment 

breakdown 

+ Cost € 

60 

- 

Da Rocha 

2008147 

Trial of a novel 

surgical 

proctoscope in 32 

patients 

-Cost 

-Pneumo 

-Cost 

-Pneumo 

- 

Maglio 2015148 Single centre 15 

patient series of 

TAMIS 

-Cost 

-Trauma to 

sphincter 

- +Cost effective 

+Less trauma 

to sphincter 

Hakiman 

2015149 

Review  +3D scope 

+reliable 

pneumo 

 -2D vision 

- 

Hayashi 

2013150 

Trial of 1 patient -Training 

required 

-Cost 

+3D vision 

- +Flexibility of 

port choice  

+Ordinary lap 

instruments 

Morino 

2015151 

Consensus 

statement 

+Established 

approach 

-Requiring 

evidence 

-Requiring 

evidence 

Clancy 2015152 Meta-analysis +Magnified view 

+stable pneumo 

- - 

Samalavicius 

2014153 

Single centre 

experience with 

20 TEMS 

+Vision - - 

Bergeles 

2014154 

Technical paper +3D Vision 

-Lack of 

subsurface 

vision 

- - 

Serra-Aracil 

2014155 

Review +Sphincter 

preservation 

+Viewing 

system 

- - 
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Schiphorst 

2014156 

37 patient series - - +Cost 

+Learning 

curve 

+Availability 

Van Loo 

2013157 

2 patient series -Cost 

-Learning curve 

 +Cost 

+Learning 

curve 

Perez 2014158 Retrospective 

review of 30 

patients 

-Occult lateral tumour spread 

Valero-

Navarro 

2014159 

5 TAMIS cases -Cost 

-Availability 

- +Cost 

+Availability 

Hompes 

2014129 

Robotic TAMIS in 

16 patients 

- - -Cost (extra 

€1000) 

-Conversion to 

standard 

TAMIS (n=1) 

-Unstable 

pneumo (n=1) 

Smart 2014160 Review +Binocular 

vision 

- - 

Maya 2014161 23 patient 

prospective study 

+Learning curve 

decreases after 

4 cases 

- - 

Walensi 

2014162 

9 patients 

undergoing 

TAMIS 

-Handling 

-Application 

-Cost 

- +Handling 

+Application 

+Cost 

Lee 2014163 25 patients 

undergoing 

TAMIS 

-Cost 

-Equipment 

-Learning curve 

 +Spinal 

anaesthetic 

+Cost 

 

Table 3.2 Studies over a one year period offering positive or negative opinions 

on any of the three TES platforms.  ‘-‘ indicates a negative opinion and ‘+’ positive,  

Pneumorectum is abbreviated to ‘pneumo’. 
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19 studies were found over the preceding year, which mentioned technical aspects of 

TES in either a positive or negative light.  These are summarized in the table (3.2) 

above.  Subsequently, 3 consultant colorectal surgeons at a single institution with 

experience of TES were interviewed.  Each was asked to describe the positive and 

negative features of any of the platforms for TES with which they were familiar.  

None had direct experience of robotic TAMIS.  Points raised during these interviews 

are listed in box 3.1 and summarized in table 3.3.   

 

3.6.i Common themes arising from the literature search were: 

 

(1) Concerns about cost – 8 studies cited TEMS cost as a problem, 4 cited 

the cost of TEO as a problem but one felt TEO cost was preferable to TEMS, 

6 studies cited cost as a positive in TAMIS, one cited it as a negative however, 

this was in robotic TAMIS. 

(2) Complexity and availability of equipment – was a negative feature of 

TEMS reported in 4 studies, whereas the ready availability of equipment for 

TAMIS was praised in 4 studies. 

(3) Learning curve – there was a perception in 3 studies that the learning 

curve or training required for TEMS was an issue, however one study 

performed specifically to address this showed a learning curve which only 

lasted four procedures.161 

(4) 3D vision of the TEMS scope was cited as a positive in 6 studies 

(5) The reliability of pneumorectum – there were scant comments on this but 

for TEMS, one study felt this was good and another poor, for TEO and TAMIS 

one study each reported poor pneumorectum 

(6) Sphincter compromise – one study expressed concern about this in TEMS 

and felt TAMIS to be superior in this regard, however another praised TEMS 

for its sphincter preservation (in comparison to radical surgery). 

 

Other issues mentioned included the concern about occult lateral tumour spread, 

particularly following radiotherapy158 and a lack of subsurface visualization154 which 

were universal to all modalities.  Favourable characteristics of the TEMS were said to 

be its ‘established efficacy’151 in comparison to both TEO and TAMIS, and of TAMIS, 

the possibility of the procedure being performed under spinal anaesthetic was 

praised.163  It should be noted that, theoretically, any of the surgical transanal 

approaches might be performed with spinal anaesthesia and sedation. 
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3.6.ii Results arising from the surgeon interviews 

 

The outcome of the surgeon interviews produced more detailed feedback than the  

literature review (see box 3.1 and table 3.3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 3.1 Interview feedback from surgeons on TES platforms.  Where 

comments were duplicated they are only recorded once. 

 

• Poor reliability of the TEMS insufflator which may result in a procedure  

being abandoned entirely 

• Complex set-up of the TEMS insufflator and suction-irrigation attachments  

• Poor pneumorectum with the TEO insufflator 

• Pneumo not very good with either system 

• Like the 3D TEMS vision 

• Stereoscopic view in TEMS very good but only possible directly through 

the eyepieces, resulting in an uncomfortable operating position 

• Concern about diameter of the proctoscope in TEM and TEO resulting in 

anal sphincter stretch and transient change in continence 

• Lack of manoeuvrability of the straight proctoscope of TEO and TEM 

making some tumours inaccessible or requiring repeated repositioning of  

the scope, or even patient, intraoperatively 

• Clashing of the long, rigid instruments in the small workspace of TEM,  

TEO and TAMIS 

• TEM – possible to suture (although awkward)  

• Surgeon judgement alone is required as to excision margins in both radial  

and deep planes for TEO and TEM 

• Imaging gives no depth information to guide as to the risk of perforation for  

TEO and TEM 

• Inability to see or excise local lymph nodes in TEO and TEM 

• Lucky to have TEM and TEO available but cost is an issue to many  

hospitals 
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Table 3.3 Critique of currently available platforms for TES based on surgeon 

interview. 

 
3.6.iii Combined output from literature review and interviews 

 

The combined output from the literature search and surgeon interviews may be 

grouped broadly into the following categories:  (1) visualisation / imaging, (2) 

histopathology, (3) workspace and instrumentation, (4) training and (5) cost.  These 

are explored further below and, in the next section, potential solutions proposed. 

 

1) Visualisation / imaging 

o The 3D magnified vision afforded by the TEM scope is felt to be 

advantageous, but necessitates an uncomfortable operating position 

o There was concern that subsurface structures are not demonstrated 

in-situ; namely lymph nodes, missing a potential opportunity to sample 

these.  Additionally, the underlying microvasculature and layers of the 
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rectal wall remain concealed and there is the potential for 

unanticipated bleeding, or full thickness perforation   

o The depth of tumour invasion is uncertain intraoperatively.  Pre-

operative investigations may under-estimate the depth of tumour 

penetration. Potential sequelae of this are incomplete oncological 

resection due to microscopically positive deep margins or, conversely, 

inadvertent full thickness penetration of the bowel wall: if above the 

peritoneal reflection, this will result in pneumoperitoneum, 

necessitating repair endoscopically, or via an emergency laparotomy, 

and quite probably requiring stoma formation 

o The transitional zone between normal and abnormal mucosa is not 

visualised intraoperatively, preventing the operator from ensuring 

excision with adequate radial margins 

2) Histopathology 

o The nature of local excision of a small amount of tissue carries the risk 

of positive radial and/or deep margins.  However, this is usually only 

discovered post-hoc, when the specimen is analysed with formal 

histopathlogy 

o Lymph nodes remain unstaged; 3% to 16% of T1 rectal tumours are 

associated with lymph node metastases.114  At present, there is no 

other validated way, other than histological analysis, to sample the 

mesorectal nodes and so potentially significant information regarding 

tumour stage is missed 

3) Workspace and instrumentation 

o Poor ergonomics and a lack of predictable control of the instruments 

due to collisions between them, or ‘swording’ within the confined 

luminal space may prevent reliable excision of lesions in the intended 

surgical plane 

o The length of the proctoscope and rigidity of the instruments mean 

that lesions beyond the rectosigmoid junction cannot be excised in this 

manner, equally, it may not be possible to excise those which lie in 

close proximity to the anal verge, due to a poor air seal caused by an 
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inadequate insertion of length of proctoscope being inserted, and due 

to a lack of the required angulation of instruments 

o The diameter of the current proctoscope may reduce internal sphincter 

tone, leading to incontinence, and thus poor quality of life,164,165 

however, this complication is usually temporary107 

 

4) Training 

o It is clear that there is a perception that TEMS in particular requires 

training and carries a significant learning curve.  It is likely that the 

majority of the training is required to understand and be able to set up 

the equipment, hence a learning curve of only 4 cases has been 

demonstrated161 

5) Cost 

o This is an important concern for any surgical technology.  Whilst it is 

clear that the initial costs associated with the robotic TAMIS are the 

greatest, followed by TEMS, the cost-effectiveness in terms of hospital 

stay, readmission and outcomes may prove favourable in comparison 

to radical surgery in selected cases 

 

3.7   Discussion:  Needs Analysis to Address the Shortcomings of TES 

 
3.7.i Visualisation / Imaging 

 

Given the positive feedback regarding the TEMS 3D stereoscope but issues raised 

regarding its uncomfortable operating position, formal testing of the importance of 3D 

vision in the procedure would be of value.  Should 3D vision be shown to improve 

surgical performance, a method of displaying the 3D view more ergonomically, for 

instance with a head-mounted display, a passive 3D monitor or an immersive 

Intuitive DaVinci-style stereoscopic display may be explored. 

 

The question of whether it may be possible to image the subsurface for vessels, 

lymph nodes and to establish the depth of resection should be addressed.  Imaging 

methods already in use in the local staging of rectal cancer and therefore with proven 
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accuracy in delineating the local pelvic anatomy, namely ultrasound and MRI, are 

likely to be the frontrunners in such a development.  How these might be 

incorporated into a TES platform should also be considered so as to avoid 

overcomplicating the surgeon’s visual ergonomics. 

 

3.7.ii Histopathology 

 

The concerns regarding occult radial abnormal mucosa and positive radial and deep 

margins, which remain unrecognized until formal histological specimen examination 

is performed may be addressed using in situ microscopic imaging techniques such 

as confocal endomicroscopy or optical coherence tomography. 

 

3.7.iii Workspace and instrumentation 

 

The issues of instrument clashes in the naturally limited workspace of the rectum 

may be addressed by redesigning the instruments.  The precise requirements of 

such instruments in terms of articulation and force generation may be defined in the 

following ways:  the limitations imposed by the anatomy of the human rectum may be 

quantified by performing 3D reconstruction of CT pneumocolon data from patients 

figure 3.5 shows such an example (ethical review board ID 07/Q0703/24).  There are 

limitations to this methodology, namely that the rectal wall distension achieved at 

pneumocolon as opposed to with an operative TEM insufflator, is likely to be less 

reliable and therefore tend towards a slight underestimate of the working volume.  

Nevertheless, an appreciation both of the overall volume and the shape of the 

workspace has been gained.   

 

 
Figure 3.5  An example of a 3D volumetric mesh reconstruction of the human rectum 

from CT pneumocolon data [P.Pratt]. 
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Figure 3.6 Demonstration of the workspace accessible (area shaded grey) with 

rigid instruments with the introduction of articulating tips [V.Vitiello]. 

 

The pneumocolon dataset from figure 3.5 can then be merged with a computer-

generated simulation to compare the workspace, which can be accessed with 

differing conformations of instruments.  Figure 3.6 shows the resultant working 

volume of rigid shaft instruments with articulated tips.  The same simulation may be 

performed to compare the working volume achieved with increasing degrees of 

freedom i.e. articulation at instrument ‘wrists’, ‘elbows’ and ‘shoulders’.  Such an 

approach could be used to simulate and select an improved set of TES instruments.   

 

A study of eighteen patients using a TEO simulator indicated preference in terms of 

visualization and manoevrability of 3mm diameter minilaparoscopy instruments over 

5mm instruments.166  The width of instruments may therefore also be of relevance 

and could be simulated in the same way as their articulation. 

 

Should novel instruments be designed, the amount of force which the grasping 

instrument(s) must be able to deliver, in order to sufficiently retract the colonic tissue 

during dissection, has been quantified in an ex vivo trial using porcine colon.  The 

graph in figure 3.7 shows the peak retraction force generated of 2.5 newtons.  Force 

requirements for suturing are similar:  in a recent study conducted by the group, 

using the ATI Nano17 F/T sensor, the mean maximum force (SD) for novice, 

intermediate and expert groups was 3.92 (1.60), 3.15 (1.37), and 2.95 (0.90) 

Newtons respectively.  These values seem consistent with those reported by 

Horeman et al, who found mean maximum force (SD) for novice and expert groups 

to be 4.7 (1.3) and 2.6 (0.4) Newtons respectively. The Micro-IGES system will 
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therefore be designed to be able to offer 5 newtons, so as to cover the likely 

requirements, plus a margin for error. 

 

 
Figure 3.7 Force in Newtons on the y axis Vs time in milliseconds on the x axis 

during a retraction / diathermy task on ex vivo porcine colon. 

 

 

Finally, the requirements of capabilities of novel instruments i.e. grasper, point 

diathermy, suction/irrigation, scissors and needle holder must be determined.  The 

best method for so-doing is likely to incorporate interview with an experienced 

surgeon(s) and observation of several procedures. 

 

Fears about the impact of the operating proctoscope on anal sphincter function seem 

to be contradicted by the majority of the evidence, however, the use of a slimmer and 

soft port, as reported in TAMIS, may be favourable both in terms of short term anal 

function and surgical ergonomics.  Hayashi et al who used 3 different ports in 9 

patients undergoing TAMIS:  the SILS port, EZ access port and GelPOINT port were 

found to be equally suitable.150 

 

3.7.iv Training 

 

An ideal TES platform would be easier to use and with a shorter learning curve to 

proficiency than the current platforms with the aim of allowing a greater number of 

surgeons and indeed non-surgeons to perform TES safely in local hospitals.  
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Features which may prove to make a platform more ‘accessible’ to the untrained 

surgeon or physician are likely to be the ease of set-up, ergonomics of the 

instruments and high quality visual display, potentially with added imaging to direct 

excision depth and radial boundaries. 

 

3.7.v Cost 

 

When considering making technical improvements to a surgical platform, the issue of 

cost is somewhat complex in so far as the initial materials and methods for a 

prototype may be considered costly, whereas, if successful, their use on a much 

larger scale may eventually demonstrate cost effectiveness.   

 

3.8 Conclusions and Future Work 

 

The platforms available for TES are of exceptional quality and display some refined 

features to enhance task performance, however, TES is naturally awkward and none 

of the platforms, with the exception perhaps, of robotic TAMIS, have yet managed to 

overcome this satisfactorily.  In addition, increasing focus on the oncological results 

of TES has rightly resulted in concern about potential positive radial and deep 

margins and unsampled lymph nodes.  Equal concern to avoid complications such as 

inadvertent full thickness perforation, especially in a patient who may well have been 

considered unfit for major radical surgery, must also be addressed. 

 

The approach taken in this thesis is to attempt to address these issues by exploring 

potential developments in imaging; macroscopic and subsurface.  The reason for 

selecting this approach is twofold (1) pragmatism: the expertise required to create 

physical solutions to improve the instrumentation of TES is very heavily based in 

mechanical engineering and (2) evidence from other successful platforms such as 

the DaVinci robot in which the high-quality monitor is integral to the success of the 

console and from other procedures, such as hepatic metastasectomy in which 

ultrasound guidance is used intraoperatively to achieve appropriate margins. 
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Chapter	  Four	  

 

The Creation and Validation of a Simulator for 
the Transanal Excision of Rectal Lesions 
 
“You can only make it once.  But you can make it better as many 

times as you like.” Winston W. Royce (1929-1995), 

Computer Scientist. 

 
4.1 Introduction 

 

In the absence of a disruptive technology to address the problem of rectal lesions 

from an entirely different and perhaps non-surgical standpoint, the overarching aim of 

the work reported in this thesis was to attempt to improve the ‘hardware’ available for 

TES.  As described in chapter three, a number of areas for potential improvement of 

TES exist and while the optimum end product may contain aspects of each of these, 

it is necessary to introduce incremental changes one at a time and follow each with a 

period of evaluation, leading to possible further incremental design improvements, 

before retesting and introduction of the next component.  This process of ‘iterative’ 

design is used in many industries but most commonly in computer software 

development, in which it is used to optimize the user-product interface.167   

 

In the case of a physical challenge, such as rectal lesions, it is clear that such an 

iterative, or ‘plan-do-study-act’ (PDSA) model168 will require a reliable platform for 

testing and evaluation.  Various pre-clinical options for this were considered: 

computer-based virtual simulator, whole animal ex-vivo, or in-vivo model, or a 

physical benchtop simulator.  Regarding a VR simulator, the main concern was that 

the interface for the surgeon would be too far removed from the reality of TES, and 

moreover, any changes to the TES equipment would only be tested as virtual 

updates.  The use of a whole animal was felt to be unnecessary and wasteful and at 

this particular early stage of device development, a live animal model was felt to be 
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in excess of what was required.  A good benchtop model for TES simulation was 

therefore sought.  This need drove what began as a search for a TES simulator, but 

ultimately ended up as a project to create one, necessitating validation of the 

simulator.  This chapter describes that process. 

 

4.2 Creation of the Simulator 

 

4.2.i The search for a TES simulator 

 

The group of Gerhard Buess, inventor of TEMS, described not just a simulator but 

entire training program based around a custom-made benchtop jig, with progression 

of task complexity throughout the program.169  The simulator itself consisted of a 

simple box with a hole cut in one side to hold the TEMS rectoscope.  Three tasks are 

described 

(1) Using a transparent box and rectoscope and under direct vision, the trainee 

surgeon must cut a defined disk out of a piece of cloth with scissors (now a 

recognized task in the ‘Fundamentals of Laparoscopic Surgery’ training).170 

(2)  The same task is performed but under the stereoendoscopic vision of the 

Wolf TEMS scope, using an opaque box and rectoscope, with diathermy to excise 

the disk from a sheet of animal tissue.  

(3) A tube of bovine colon is secured to the operating rectoscope and the end 

tied off.  Gas is insufflated to simulate the distended rectum and again, a disk is 

excised with diathermy. 

 

Clearly, the focus of Buess’ program was towards training rather than device 

development, but both require a simulator which approximates the salient aspects of 

the procedure as well as is reasonably practicable.  The Buess simulator is elegant in 

its simplicity, inexpensive (with the exception of the TEMS equipment itself) and 

easily reproducible.  However, one significant weakness of the simulator required for 

our device testing is the absence of a polyp or tissue depth beyond the few 

millimetres thickness of the bovine colon.  We anticipated the need to assess the 

depth of an excision rather than the radial margins alone.  In addition, the distension 

of the rectum into a perfect cylindrical balloon was not felt to accurately represent 

most clinical scenarios. 
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Storz’ TEO training courses, one of which they kindly allowed me to attend during the 

course of this research, also offer essentially the same box trainer using bovine or 

porcine colon, but again, no polyp.  This chapter explores the whole system 

requirements for our simulator and in particular, the options for polyp simulation 

which were extensively explored via trial and error. 

 

4.2.ii Cognitive task analysis to establish system requirements 
 

With such a plethora of methods available, it was decided that the precise 

characteristics of a simulator needed to meet the requirements of device 

development for our group, should be defined from scratch.  Cognitive task analysis 

(CTA) was utilized to enable drilling down to the step-by-step requirements.  

Cognitive task analysis (CTA) is a method that has been used in medical and non-

medical environments to deconstruct the physical and cognitive steps taken by 

experts performing a given task.  The aim of the CTA is twofold:  1 - to inform the 

development of the simulator and 2 – to produce a pathway which may act as an 

independent aid to the teaching of these examinations.171  

 

4.2.iii CTA method 

 

Serial observation was performed of a single expert (AD) performing transanal 

excision of rectal lesion using TEMS equipment by two independent observers.  This 

‘running commentary’ was distilled into a series of steps which had been performed 

by the surgeon (steps performed by other team members e.g. connection of non-

sterile end of equipment such as diathermy, or the scrub nurse’s preparation of the 

airtight seals for the proctoscope hub were excluded).  The resultant task analysis 

was presented to the expert and 2 other consultants, who also perform the procedure, 

for suggestions of any modifications. 
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Figure 4.1 Flowchart showing the process of TES deconstructed into component 

steps by CTA. 

 

From the CTA (figure 4.1), the following aspects were identified as those which 

needed to be reproduced by any simulator 

- equipment  

o needs to be as close as possible to that used in vivo in terms of 

angles/function etc. as use of different tools e.g. scissors over 

diathermy create different challenges etc. 

- tissue characteristics 

o allow some kind of excision – ideally with diathermy (see above) 

o should have some kind of target pathology with depth 

o Must be possible to use diathermy on the tissue 

- Workspace 

o Ideally patient position is simulated – most likely in lithotomy 

- End points for testing 

o New devices tested on the simulator will need to be robustly 

evaluated.  The main primary endpoint will be a clear excision margin 

and so this must be measureable. 
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We predicted that ultrasound scanning may be introduced during future benchtop 

experiments and therefore a further requirement was that the polyp should be 

detectable on USS.   

 

4.2.iv Polyp simulation 

 

Several ideas were explored for the creation of polyps within a rectal wall and 

simulator.  A virtual reality (VR) simulator was considered and virtual models of the 

rectum in 3 dimensions were created from CT pneumocolon data (figures 4.2, 3.5 

and 3.6).   

 

 
Figure 4.2 A series of 3 dimensional reconstructions (Anatomage™) of CT 

pneumocolons showing the initial reconstruction on the left, subtraction of the 

skeleton in the central image and close up image of the rectum on the right. 

 

The main criticism of a VR approach was it would be necessary to accurately 

simulate not only a rectal polyp and the anatomy of the rectum, but the whole 

operative scenario including tool-tissue interaction with haptic feedback.  It was felt 

that by using the actual TEMS proctoscope and tools, at least these aspects could be 

said to reflect a genuine operative procedure.  The simpler strategy of simulating only 

the patient part of the procedure was therefore pursued. 

 

Synthetic skin (‘neoderma’ has been described in a TES model172) was discounted 

as an option for simulation of the rectal wall as it is not compatible with diathermy, 

which is the standard TES excisional tool (see figure 4.4) and was required to 

accurately reflect the operative experience.  
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Next, the CT pneumocolon data was used to create inverse 3 dimensional mesh 

volumes in CAD (figure 4.3) with the plan to either place polyps into this structure or 

use it as a mold for a silicon phantom.  Creating polyps of a sufficiently different 

density to the surrounding tissue using the 3D printer was not possible and 

additionally, each print run was slow and costly and up to a few hundred would be 

required.  A silicon phantom was created using the 3D printed mesh as a mold:  

brushed silicon (Rebound®, Smooth-On, Inc., Texas, USA) was painted into the 

mold after spraying with releasing agent (also by Smooth-On).  The resultant colonic 

wall was in two complementary halves which were then sealed together with super 

glue (details above).  A convincing colonic tube was formed, but the texture was not 

realistic and the tissue was not diathermy compatible.  This strategy was therefore 

abandoned. 

 

 
Figure 4.3 CAD designs for 3 dimensional imprints of the rectum created from CT 

pneumocolon data, to be printed in 3 dimensions in plastic (on an Objet260 Connex 

rapid prototype printer, Objet Ltd., Rehovot, Israel).   

 

A mouse model of Familial Adenomatous Polyposis was first described in a randomly 

mutagenized colony of mice in 1990173 and several rodent models of polyposis and 

colorectal cancer have subsequently been described.174,175  At the time of 

researching this simulator, no genetic models of colorectal cancer in larger mammals 

had been described in the English literature, one such model has since been 

described.176  Because of this lack of a genetic model for colonic polyps in large 

mammals, polyps still have to be simulated even in an in vivo animal model.  For this 

reason it was not felt that there was sufficient justification for the use of live or indeed 

whole ex vivo large mammals for our studies.  Instead, a method of simulating polyps 
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in tissue, which could then be excised with diathermy was sought.  As can be seen 

from table 4.1, a wide variety of methods for simulating colonic polyps has been 

described in the published literature both in vivo and ex vivo, predominantly for 

colonoscopy training and device-testing.   

 
Authors & 
year 

In vivo 
/ ex 
vivo 
model 

Type of 
animal 
tissue 

Method of 
polyp 
simulation 

Purpose Number of 
specimens 

Outcome 

Kopelman 
et all. 
2008177 

In vivo, 
survival 
study 

Porcine 
rectum 

Laparotomy, 
rectal 
mobilization, 
then 2 methods 
described: (1) 
Ovarian tissue 
placed 
submucosally 
and (2) 
transmurally 

Colonoscopic 
excision 

10 animals, 
2 polyps in 
each 

Size and 
shape of 
excised 
lesions 

Hon et al. 
2010178 

In vitro Porcine No polyp, 
methylene blue 
circumferential 
tattoos only 

Endoscopic 
submucosal 
dissection (ESD) 

10 lesions 1 excision 
examined for 
completeness 
of excision 

Rajan et 
al. 2002179 

In vivo Porcine, 
survival 
study 

Diathermy 
tattoos only 

Endoluminal 
transmural 
resection device 
(full thickness) 

8 pigs 
randomised 

Completeness 
of excision, 
survival 

Tribonias 
et al. 
2015180 

In vivo Porcine, 
survival 

Double 
channel 
gastroscope: 
forceps holding 
colonic wall to 
create polyp 

Cold snare 
polypectomy 

2 animals, 
15 ‘polyps’ 

Bleeding, 
perforation, 
histology after 
necropsy 

Brigic et 
al. 2013181 

In vivo Porcine, 
non 
survival 
and 
survival 

Methylene blue 
and argon 
plasma 
coagulation 
concentric 
rings 

Full thickness 
laparoendoscopic 
excision 

5 
procedures 
in 5 
animals 

Margins, 
survival 

Ansell et 
al. 2012182 

Ex vivo Porcine 
colon 

Injection of a 
solution which 
solidifies on 
cooling, 
addition of 
sausage skin 
of 
pedunculated 
lesions  

Colonoscopy 
training 

17 
participants 
(one 
‘procedure’ 
each) 

Validation of 
simulator 
metrics 

Metz et al. 
2013183 

In vivo, 
survival 

Porcine 
colon 

Suction polyps Colonoscopy 
training 

10 animals, 
10 
resections 
in each 

Histology after 
necropsy 

Rizan et 
al. 2013184 

Ex vivo Porcine 
colon 

Injection of 
‘polyp mix’ 
submucosally 

TES specific 
(TEO) 

Not 
disclosed 

Feasibility 
study 

Ansell et 
al 2014185 

Ex vivo Porcine 
colon 

s/a Rizan et al s/a Rizan et al  Full validation 
of simulator 

Campbell 
et al. 
2014186 

Ex vivo Porcine 
colon 

Mucosa tied off 
to create 
pedunculated 
polyps 

Transanal 
minimally 
invasive surgery 

 Feasible use 
of simulators 
on TAMIS 
course 

Table 4.1 Studies showing different methods of simulation of colonic polyps. 
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Requirements, in addition to compatibility with standard TES instrumentation were 

that the tissue should contain or be made to contain a lesion somewhat akin to that 

usually encountered at TES (see figure 4.4).  The lesion should therefore (a) have 

enough field change visible on the surface to allow an assessment to be made of the 

operator’s accuracy when excising radial margin, (b) have depth in order to assess 

deep margins and (c) be visible on ultrasound so that this tool may be tested in future 

studies.    

 
Figure 4.4 Image from TEMS procedure.  Left image shows a typical appearance 

of a polyp at TEMS with obvious surface change but a predominantly sessile and 

radially expansive growth pattern.  Right image illustrates the role of the diathermy 

wand in excision of the lesion. 

 

The pros and cons of the various techniques available (table 4.1) for polyp simulation 

are summarized in table 4.2:  suction polyps and tied polyps, as described in table 

4.2 were discounted on the basis that they were too pedunculated, lack the radial 

spread and depth required.  Achieving both (a) and (b) created some difficulties in so 

much as, a change on the surface of the tissue by diathermy, dye or maceration for 

instance (‘marked polyps’ in table 4.2) produces a good visible target for the 

participant, but is not coupled with changes beneath the surface needed for the 

assessment of the depth of excision or ultrasonographic abnormality.  Injected polyps, 

on the other hand, while providing a deep structure for excision, are not always 

visible on the surface. 
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Method of polyp simulation Advantages Disadvantages 
Suction polyps 
 

• Easy to create 
• Inexpensive 

• Flexible endoscope or 
other suction device 
required 

• Very short-lived 
(procedure performed 
within 60 seconds of 
polyp formation)183 

• Animal tissue required 
• Cannot judge margins 

Tied polyps 
 

• Easy to create 
• Inexpensive 
• Reproducible in large 

numbers 
• Can be made in 

advance 

• Pedunculated polyps 
only 

• Tend to be easily 
removed with snare 

• Animal tissue required 

Marked polyps 
 

• Easy to create 
• Inexpensive 
• Reproducible in large 

numbers 
• Can be made in 

advance 
• Easy to judge accuracy 

of operator 

• No depth to lesion 
• Animal tissue required 

Injected polyps 
 

• Inexpensive 
• Reproducible in large 

numbers 
• Can be made in 

advance 
• Possible to judge 

accuracy of excision in 
deep as well as radial 
margins 

• Somewhat irksome to 
create 

• Animal tissue 

Table 4.2 Techniques available for simulation of polyps showing their respective 

advantages and disadvantages. 

 

The following tissues and methods of polyp simulation were tested: 

 

Tissues and synthetic polyps tested: 

- chicken breast with diathermy changes 

- porcine liver with diathermy / argon plasma changes 

- chicken breast with plastic polyps slotted in  

- porcine colon with plastic polyps slotted in 

- porcine colon with plastic polyps glued between dual layer 
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Porcine colonic and hepatic tissue was obtained from a regional supplier (Fresh 

Tissues Supplies, West Sussex, UK).  The tissue originates from low risk (category 

three) animal by products and was handled and discarded carefully according to our 

local protocols.   The chicken breast was standard shop bought food-grade material.  

The synthetic ‘plastic’ polyps were created using commercial piped silicon from a 

builders’ merchant. 

 

Diathermy changes both to the chicken breast and liver, left adequate stigmata on 

the surface of the tissue, but failed to create subsurface changes beyond 1mm, 

producing mainly surface desiccation and charring.  Argon plasma coagulation 

(ERBE 250’ device, ERBE GmbH, TÜbingen, Germany) was utilised on porcine 

hepatic tissue at varying intensities and duration.  Depth of the coagulation ranged 

from 5-20mm at wattages from 20-65W and up to 20mm for 30 watts over 30 

seconds.  The change was visible on the surface as charring and similarly during 

dissection.  This method of polyp simulation also allowed visualization (of hypoechoic 

areas) on ultrasound.  However, the texture and surface appearance of the liver was 

not felt to accurately simulate that encountered at TES in the human rectum. 

 

Piped silicon was then tried to create lesions at depth in the tissue.  This was shaped 

into disks of varying radius and thickness (figure 4.5 A), which were allowed to dry 

before being inserted into the animal tissue.  Figure 4.6 shows the resultant 

ultrasound image (an hypoechoic area) when the silicon is placed into chicken breast.  

One downside was that even if the silicon was piped directly into the chicken and 

allowed to harden, it did not adhere to the adjacent tissue and would therefore pop 

out if a single overlying incision was made, preventing accurate assessment of 

completeness of excision.   It was noted that the characteristics were somewhat akin 

to that of a lipoma in the subcutaneous fat and this method was thought to be a 

potentially inexpensive and simple way to create a ‘lipoma simulator’. 
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Figure 4.5   The creation of simulated polyps.  A:  silicon gel is applied to porcine 

colon.  B:  Two layers of porcine colon with the silicon interposed between them.  C:  

a polyp is marked radially with permanent marker and D:  three excised polyps. 

 

 
Figure 4.6 The ultrasonographic appearances of a silicon lesion within chicken 

tissue. 
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The subsurface silicon produced a subtle mass effect on the surface that was readily 

appreciable, but again the surface was felt to lack some realism.  Next, attempts 

were made to insert silicon polyps into ex vivo porcine colonic wall.  This proved 

difficult as the wall was so thin.  A layered approach was therefore undertaken with 

silicon glued (Super Glue®, Superglue Corps., Ontario, Canada) between two flat 

sheets of porcine colon.  This created a raised surface and subsurface change 

(figure 4.5 B) that, on excision, did not shell out in the same manner as the chicken 

model.  In order to achieve a further sense of mesorectal depth and to allow good 

conductance via a diathermy return electrode (paediatric sized return plate, Covidien 

PLC, Dublin, Ireland), this was in turn glued onto chicken breast tissue. 

 

4.2.v Equipment 

 

Wolf TEMS and Storz TEO demonstration sets were obtained on a loan basis.  The 

equipment in each exactly replicated that in the clinical sets in use at our institution.  

Instruments selected for the simulator were an angled diathermy wand, two angled 

toothed graspers (one for tissue and one for the ultrasound probe) and angled 

laparosopic scissors (all from the ‘TEO’ range by Storz GMbH).  The diathermy wand 

was connected to an ‘ERBE 250’ device (ERBE GmbH, TÜbingen, Germany) and 

circuit completed using a paediatric diathermy patient return electrode (Covidien PLC, 

Dublin, Ireland) on which the porcine colon was seated. 

 

4.2.vi Workspace simulation 

 

The workspace was simulated using a pelvic trainer designed for obstetric simulation, 

placed on a ‘Mars’ operating table (Trumpf GmbH & Co. KG, Ditzingen, Germany) 

with Lloyd-Davis leg supports (Allen Amatech, Massachussets, USA).  The anal 

aperture of the pelvic simulator was increased in size to admit the operating 

proctocope.  Sterile operative drapes were suspended between the pelvis and Lloyd-

Davies boots to create the impression of a patient in the lithotomy position (figures 

4.7 and 4.8).   

 

Pneumorectum was felt not to be necessary to the simulator at this stage and so a 

flat sheet of the porcine colon, containing synthetic polyps, and atop the chicken, was 

placed in a gutter inside the pelvic trainer. 
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Figure 4.7 Left and right images show the TEMS proctoscope & tools, before the 

pelvic trainer and synthetic lower limbs were added.  (Note that the set-up is shown 

with 3D viewer (see chapter 5) in the left image and standard 2D screen on the right). 

 

 
 

Figure 4.8 The proctoscope is now inserted into the pelvic model with lower limbs 

added.  Right hand image shows a participant using the simulator. 
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4.3 Simulator metrics 
 

4.3.i Quantification of quality of performance 

 

In order to assess the impact of any device development on performance using the 

TES simulator, relevant parameters, suitable for objective measurement were 

required.  Surrogate markers were sought for clinical outcome and surgical efficiency. 

 

The completeness of excision of any rectal lesion, as discussed previously, has a 

significant impact upon local recurrence and therefore potentially on patient survival.  

Given that the direct measurement of morbidity or quality of life was clearly not 

possible with a benchtop simulator, the attainment of clear margins around a 

simulated lesion was selected as a suitable surrogate marker.  Methods for 

assessing both radial and deep margins were developed.  ‘Tattoos’ (markers in 

permanent ink) were placed radially around each polyp (see figure 4.5 C) to 

delineate the desired radial extent of the excision to the surgeon and to facilitate 

measurement of their accuracy of excision as deviation from these tattoos.  Deep 

margins could be quantified by analysis of an excised specimen, using calipers to 

measure the distance between the edge of the specimen and the border of the 

silicon simulated polyp.  This method of radial ‘tattooing’ was felt to be appropriate 

because during TES the first step in polyp excision is to mark the radial excision 

margin using a series of diathermy stigmata (see figure 4.4 and 4.9). 

 

 

Figure 4.9 

Intraoperative 

image showing the 

planning of the 

radial excision 

margin using 

sequential 

diathermy marks. 
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Numerous metrics from simulation have been used as surrogate markers for surgical 

performance in vivo; the cruder, primary metrics such as number of errors and time 

taken can be measured with ease and do not require specialist equipment and have 

been reliably shown to have construct validity in so much as they can discriminate 

between those of differing skill level, however, they provide no direct information 

regarding accuracy or dexterity and additionally, powering a study with errors as a 

primary endpoint may require very large numbers of study participants. 

 

Secondarily derived metrics such as the distance of travel of surgical instruments 

(‘pathlength’), speed and accuracy of performance have been measured with 

success in a variety of open and laparoscopic simulated tasks, using a variety of 

methods and have been shown to be good surrogates for surgical skill170,187,188 with 

good correlation to benchtop outcome indicators189 and to operating room 

performance:  experienced laparoscopic surgeons are ‘more economical in terms of 

the number of movements and more accurate in terms of target localization and 

therefore use much shorter paths’.190 

 

A number of different systems have been used for motion analysis:  the ‘Imperial 

College Surgical Assessment Device’ (ICSAD), uses a commercially available 

electromagnetic tracking system, the Isotrak II (Polhemus, USA), attached to the 

dorsum of a surgeon’s hands, the data from which is processed by bespoke software 

to generate the number of movements, pathlength and speed of motion.  These have 

been shown to be effective surrogates for dexterity on open procedures; small bowel 

anastomosis and vein patch insertion191 as well as laparoscopic tasks.192 

 

The ‘ADEPT’ (Advanced Dundee Endoscopic Psychomotor Trainer) uses an optical 

motion tracking system of infrared cameras surrounded by infrared light emitting 

diodes and infrared reflectance sensors placed on one limb of the surgeon.  The 

positional data collected is extrapolated to generate motion analysis.193  Although this 

technique has been shown to have validity and reliability,194 it suffers from requiring a 

direct line of sight between the LEDS, reflectors and cameras, which, if interrupted, 

leads to data loss.  Furthermore, it is not possible to obtain data from two limbs 

simultaneously due to signal overlap. 

 

Structured assessments of skill, such as the ‘Objective Structured Assessment of 

Technical Skill’ (OSATS) which comprises a task-specific checklist and a global 

rating scale and the ‘McGill Inanimate System for Training and Evaluation of 
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Laparoscopic Skills’ (MISTELS) have also demonstrated reliability and construct 

validity in measuring the technical ability of surgical residents using benchtop 

simulators195,196,197 and, in one study, good correlation with motion analysis.198  

 

Electromagnetic tracking was selected over infrared or other optical tracking 

modalities because the lack of line of sight within the TES simulator rendered the 

latter unviable.  The Aurora electromagnetic tracker (NDI) was selected because its 

size meant that it was small enough to be placed on the tip of a TES instrument in 

order to measure tip motion directly, as opposed to measuring hand motion as per 

the ICSAD. 

 

4.3.ii Task workload 

 

In addition to measuring the effect of alterations to the TES platform on outcome and 

performance metrics, the effect on the surgeon’s workload was thought to be of 

importance:  improving the ergonomics of the system, for instance, would logically be 

thought to decrease the physical and mental workload of the task, whereas, 

increasing complexity of the system, even though it may result in improved outcomes, 

would be likely to increase the workload of the surgeon.  It might also be anticipated 

that more experienced surgeons would perform the task with a lower mental and 

physical demand than novices.  A workload metric which could quantify the impact of 

changes to the TES platform in surgeons of different levels of experience was sought.   

 

The Borg CR-10 scale, a self-reported rating of perceived exertion from 0-10,199 used 

mainly in sports coaching, has been utilized to assess physical workload in surgery200 

but is very generic and provides only a single score with no information regarding 

other aspects of workload such as mental demands.  The NASA-Task Load Index 

(NASA-TLX) questionnaire is a multi-dimensional rating scale comprising six 

domains; mental demand, physical demand, temporal demand, performance, effort 

and frustration, reported on a scale and in the second part of the questionnaire, using 

a series of paired comparitors.201  The NASA-TLX is the most widely used measure 

of workload in human factors research and has been used extensively in surgical 

research.202,203,200,204  An online version of the questionnaire is available which 

significantly simplifies data collection and analysis.205  The NASA-TLX in its online 

version was therefore selected for trial use in the TES simulator. 
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4.3.iii Validation of the simulator and metrics 

 

An experiment was designed to evaluate the validity of the simulator.  The key 

components of the simulator to be assessed were; 

• Face validity (a subjective measure of the degree to which the simulator 

‘looks like’ it will do what it is meant to do)  

• Convergent validity (the degree to which the simulator is similar to the real 

scenario i.e. does it create an authentic environment)  

• Content validity (whether the simulator measures the same skills as the ‘gold 

standard’) 

• Construct validity (whether the simulator measure skill level i.e. can it 

distinguish between an expert and a novice)  

• Reliability 

 

4.4 Methods 

 

4.4.i Participants 

 

Participants were medical students and surgeons ranging from junior trainees (senior 

house officers/core trainees) to consultant colorectal surgeons at a single institution 

(Academic Health Sciences NHS Trust in North West London).  The study was 

advertised on email to the medical students and junior trainees.  Other trainees and 

the consultants were approached directly and recruited.  An information sheet 

regarding the study was provided and subsequently, written consent was gained, 

including permission to record anonymised video footage of the tasks performed.  

Information on participant demographics and surgical experience was collected using 

a questionnaire. 

 

4.4.ii Simulated task 

 

The TES simulator was set up as described above; with a synthesized polyp located 

in a sandwich of porcine colonic tissue, mounted on chicken to allow diathermy 

conductance and housed in the pelvic trainer with Lloyd-Davies supports and drapes 

to give the impression of a patient in the lithotomy position.  The tools provided were 

an angled TEO grasper and an angled TEO diathermy wand with the Aurora EM 
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tracker attached.  Participants were allowed to familiarize themselves with the 

simulator and equipment by performing a single practice task. 

 

Instructions were given to the participants to mark the radial extent of excision of 

each lesion with diathermy as per the first stage of a TES, placing their diathermy 

marks as close to the centre of the tattoos as possible and then to excise the lesion 

aiming for minimum deep margins of one millimetre. 

 

Each participant was asked to perform the task three times.  Time taken to perform 

each task was recorded in minutes and seconds.  The accuracy of excision was 

assessed by analysis of each specimen by two independent assessors; radial margin 

accuracy was measured using a freeze-frame of the video recording of each task at 

the point at which all diathermy marks had been placed on the tattoos.  The deviation 

of each diathermy mark from each tattoo was measured in millimetres (to the nearest 

2 decimal places).  Specimens were examined for obvious errors (defined as 

diathermy swipes or marks within the radial tattoos) and minimum deep excision 

margins (in millimetres to 2 decimal places), by the same two assessors.  

Performance of the tasks was analysed by two experts (consultant surgeons; Mr. P. 

Paraskeva and Mr. S. Purkayastha) using the video recordings and guided by a five-

item questionnaire regarding tissue handling skills, instrument control, surgical 

efficiency, use of diathermy and overall performance.  These items were rated on a 

ten point Likert scale.  The electromagnetic Aurora tracker was used to measure the 

distance travelled by the participant’s active tool (diathermy wand).    

 

After completing the three excisions, participants were asked to complete a NASA-

TLX questionnaire regarding the task workload they experienced and a custom-

designed questionnaire which assessed face validity of the simulation using a ten 

point Likert scale across seven domains; realism of the overall set-up, the tissue, 

task, instruments, clinical scenario, perception of whether the simulation would 

improve performance and interest in using the simulator in the future. 
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4.4.iii Primary outcome measures 

 

Metrics selected as primary outcomes were accuracy (deviation from radial tattoos), 

minimum deep margins, pathlength, expert ratings and the participant ratings of the 

simulator. 

4.4.iv Secondary outcome measures 

 

Time taken, errors made and task workload were the secondary outcome measures. 

4.4.v Data analysis 

 

Participants were stratified into three groups depending on their level of experience:  

novices were those without any experience as primary operator or assistant in 

laparoscopy, TES, robotics or SILS, intermediates were those with experience of 

laparoscopic surgery but no primary operator experience in TES or SILS and experts 

were senior registrars and consultant surgeons with primary operator experience in 

TES and or SILS.  Experience in SILS was judged as relevant owing to the crossover 

in skills requirement between the two.  

The primary outcome data were analysed using median and interquartile ranges 

calculated using Microsoft Excel for Mac (2011, Version 14.4.7).  The ANOVA test for 

analysis of variance was used to compare the results between the experience groups 

with significance set at p-value <0.05. Inter-rater agreement for the specimen 

excision accuracy and expert rating were calculated using the same method.  

StatPlus plugin for Excel was utilized (version 5.8.2.0, AnalystSoft Inc.) for these 

calculations.  Secondary outcome data were analysed in the same way.  
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4.5 Results 

 

4.5.i Primary outcome results 

 

Median [Q1 – 

Q3] 

Novices Intermediates Experts ANOVA 

Deviation - 

radial (mm) 

0.33 [0.21-

0.46] 

0.15 [0.04-0.23] 0.08 [0.05-

0.16] 

P = 0.00 

F = 4.10 

Deep margin – 

minimum (mm) 

0.89 [0.35 – 

1.00] 

1.13 [0.99 – 1.50] 1.47 [1.22 – 

0.98] 

P = 0.00 

F = 4.09 

Path length 

(mm) 

746.09 [609.86 

– 864.24] 

575.44 [454.34 – 

677.46] 

425.58 [398.61 

– 471.25] 

P = 0.00 

F = 4.11 

Expert rating 6 [6.0-7.0] 8.5 [8.5-9.0] 9.75 [9.0-9.8] P = 0.00 

F = 4.59 

 

Table 4.3   Primary outcome results expressed as median and interquartile 

ranges for each of the three experience levels. 

 

29 subjects (13 novices, 10 intermediates and 6 experts) were recruited to the study.  

These numbers were chosen pragmatically as a sample size calculation could not be 

performed due to an absence of previous studies to indicate expected differences 

between groups in the selected primary endpoints. 

 

Inter-rater reliability between the two independent and blinded assessors for the 

subjective rating scale was significant p=0.83, as was reliability between the two 

assessors for accuracy and minimum margin depth (p=0.75 and 0.81 respectively). 

 

The quality of excised specimens was greater, both in terms of radial accuracy and 

minimum deep margins, for experts over intermediates and intermediates over 

novices (figures 4.10 and 4.11) with the one-way ANOVA confirming this result to be 

statistically significant (p = 0.00).  Surgical efficiency improved with increasing levels 

of experience (figure 4.12) (p = 0.00) and the performance ratings on video analysis 

were greater with increasing surgical experience (figure 4.13) (p = 0.00).  The ability 

of the simulator to reliably distinguish between participants of different levels proves 

its construct validity and the ability to measure the outcomes of radial and deep 

margins, which are a clinical outcome metric, shows the content validity.  Also 
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showing the content validity is the expert rating of the participants’ performance 

which, as per table 4.3 and figure 4.13 reliably distinguishes between those of 

differing seniority. 

 

Figure 4.14 shows the participants’ ratings of the realism of the simulator across 

seven domains.  With a minimum median score of 8 for any domain, the simulator 

could be said to have proven face validity. 

 

 
 

Figure 4.10  Accuracy of radial excision (measured as deviation from the target 

tattoos in mm) across the three experience groups.  The boxes show the 1st and 3rd 

quartiles bounding the median and the error bars show the minimum and maximum 

values. 
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Figure 4.11 Minimum deep margins in mm across the three experience levels.  

The boxes show the 1st and 3rd quartiles bounding the median and the error bars 

show the minimum and maximum values. 

 

 
Figure 4.12 Total pathlength travelled in mm for each experience level.  The boxes 

show the 1st and 3rd quartiles bounding the median and the error bars show the 

minimum and maximum values. 
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Figure 4.13 Expert rating of performance for the three experience levels broken 

down into individual metrics. 

 

 
Figure 4.14 Participant ratings for the realism of the simulator across 7 domains. 
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4.5.ii Secondary outcome results 

 

Median [Q1 – 

Q3] 

Novices Intermediates Experts ANOVA 

Time taken 

(secs) 

82.5 [62.8 – 

106.7] 

69.6 [50.2 – 81.5] 57.6 [44.3 – 

72.1] 

P = 0.007 

F = 4.10 

Task workload 38.3 [35.2-49.7] 46.0 [27.5-53.4] 13.2 [6.1-21.5] P = 0.02 

F = 4.59 

Errors 0 [0 – 0] 0 [0 – 0] 0 [0 – 0] P = 0.36 

F = 4.10 

 

Table 4.4 Secondary outcome results expressed as median and interquartile 

ranges for each of the three experience levels. 

 

The time taken to perform each task decreased, as would be logically expected, with 

increasing surgical skill level (p = 0.007) but perhaps more interestingly, the learning 

curves for time on sequential attempts at the simulated TES task (figures 4.15 and 

4.16 A-C) show flatter ‘curves’ for experts and intermediates than for novices, whose 

time per task tended to decrease with each attempt.  This again, shows construct 

validity in terms of distinguishing between participants of differing levels of skill and 

prior experience, but also content validity in so far as the simulator would appear to 

have a role in flattening learning curves for novices.  Interestingly, despite 

intermediates’ performances in terms of pathlength and specimen quality being 

superior to novices and despite their flatter learning curves, the results of the task 

workload (figure 4.17) would suggest that they were having to work harder than the 

novices to achieve their results (median values of 38.3 Vs 46.0 for novices Vs 

intermediates), whereas the expert group had a significantly lower task workload 

(13.2, p = 0.02).  The number of errors made by any of the groups was so small that 

any analysis of the results was not meaningful. 
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Figure 4.15 Cumulative learning curves for the three experience levels (each line 

represents a single participant with the novices in blue, intermediates in red and 

experts in green) as defined by the time taken with each sequential attempt at the 

TES task.  
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A    B    C 

Figure 4.16 Learning curves for each experience level (each line represents a 

single participant) as defined by time taken against sequential attempts at the TES 

task.  A = Learning curve for novices, B = intermediates and C = experts. 

 

 

 
Figure 4.17 Task workload, measured as the total score on the NASA-TLX 

questionnaire, for each of the three experience groups. 
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4.6 Discussion 

 

The chapter has shown the development of a simulator from scratch, which is novel 

in its ability to measure quality not just of surgical performance using global rating 

scales or motion analysis, but using the metrics of radial and deep margins which 

have direct clinical applicability and may therefore be more appropriate for use as 

primary outcome measures in any assessment of future TES device changes, 

whether ex vivo or in vivo.  A potential major limitation of the approach described to 

assess validity of the simulator was the participant numbers (29 in total) which, when 

subdivided across the groups, may be underpowered to accurately detect differences.  

 

This component of the simulator could arguably be thought of as the most relevant 

and shows both the construct validity in terms of differential performance in 

experience groups and content validity in its ability to measure a clinically relevant 

metric.  While the expert rating of the participants’ performance has been shown to 

have validity in its ability to discriminate between those of differing experience levels, 

it is fairly labour intensive, requiring skilled raters to view each task, and could 

therefore be excluded from the simulator metrics in future, using the margin metrics 

alone.  Furthermore, the individual metrics in the expert rating have not been 

independently validated, only the mean score. 

 

The validation of the use of the Aurora EM tracker for motion analysis is of interest in 

that not only does it also show construct validity, but the metric may also be useful 

when introducing changes to tools or surgical workflow in TES, which may impact 

upon surgical efficiency.  One potential limitation of the motion data in this study was 

that only a single tool was tracked:  previous work by Smith et al.192 showed that 

novices differ not only in moving faster but also moving the left hand faster whereas, 

the right was faster than the left in both intermediate and experienced laparoscopists.  

The future use of the simulator to assess novel TES tools may require motion of two 

tools to be tracked.  This would be feasible with the Aurora tracker as each sensor 

can be ‘labelled’ so as to avoid crosstalk of the data. 

 

Feedback from the participants regarding the simulation was very favourable, scoring 

between eighty and a hundred percent in the simulation questionnaire and confirming 
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its face validity.  The high scores on questionnaire items regarding ‘transferability’ of 

skills to the in vivo setting and the interest of participants in using the simulator for 

further training show the content validity of the simulator. 

 

The small number of errors reported may suggest that the simulation was not 

sensitive enough to detect errors, this is true in so far as the expert rating scale, for 

instance, did not have a section on errors.  However, the lack of error data was not 

felt to be a concern as the errors measured were not likely to reflect a serious 

intraoperative error, but rather a minor technical stagger, with no likely clinical 

sequelae.  Significant and relevant errors could have included breaching the tumour:  

this minimum margin of 0mm was already recorded in the radial and deep margins 

data and could be extracted from that, or clinically relevant errors seen by the expert 

raters such as perforation through the bowel and chicken breast could have been 

recorded.  However, no such major errors occurred in any of the groups. 

 

The workload data was of interest in so much as the lower scores for the experts 

would suggest the previously described effect of increased automaticity of action with 

increasing motor skill and therefore a reduced mental workload, or perhaps reduced 

physical demand also due to familiarity with the motions.  The increased workload of 

the intermediates in comparison to the novices would seem likely to reflect, to use 

the language of Maslow’s learning, a conscious incompetence in the intermediates 

who are aware of their goals and deficiencies and struggling to achieve them, versus, 

the unconscious incompetence of the novices who are unaware of the deficiencies of 

their performance. 

 

Although no formal metric was measured, the simulation was shown to be readily 

repeatable i.e. creation of the polyps was relatively quick and easy and polyps could 

be made ahead of time and frozen without impacting the tissue quality significantly.  

The expert video analysis was somewhat labour intensive for the consultants 

performing this task, but it is not clear that this metric would be required when 

assessing changes to TES equipment:  one would imagine that in such a scenario, 

the consultant opinion on the use of the TES equipment itself, by them, would be of 
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more relevance.  Such a metric could be added in, using a questionnaire format 

specifically designed for any new equipment. 

 

Overall, a simulator has been created with validated metrics, which can now be used 

for the work in this thesis to build on the current TES platforms with stepwise 

improvements. 
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Chapter	  Five	  

The Role of Visualisation in Transanal 
Endoscopic Surgery: How Important is Three 
Dimensional Vision?   
 

5.1 Abstract 

 

In this chapter, the importance of stereoscopic vision in the TEMS platform is 

explored.  The poor ergonomics of the currently available stereoscope are identified 

and a potential solution to this problem is presented in the form of a novel device 

displaying the stereoendoscopic image in a three-dimensional, immersive manner.  

The design and development of this novel viewing device are described.  A 

randomised, controlled, crossover, ex vivo study comparing the device to the current 

stereoendoscope, as well as to flat screen two and three-dimensional HD monitors is 

presented.  Initial steps towards clinical utilisation of the viewer are discussed. 

	  

5.2 Introduction 

 

Visualisation is one area in which there is considerable disparity in both type and 

quality amongst the various TES platforms in current clinical use.  Few would argue 

that the most superior optics are found in Wolf’s TEMS96 system, which has a custom 

stereoendoscope producing a high quality magnified 3D image of the operative field.   

By comparison, Karl Storz’s TEO offers only 2D visualization through a modified 

laparoscope.  Similarly, within the generic approach of TAMIS, standard laparoscopic 

tools and visualisation, 128,206 may be used, (most commonly a 2D monitor), or the da 

Vinci Si 129 console may be utilised with its high quality, immersive 3D vision. 
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The TEMS system has evolved little since its inception, but remains the most widely 

used platform.  Its superior visualisation is likely to be one reason for the system’s 

continued popularity.  However, a major associated drawback is that the operator 

can only obtain this image by viewing directly into the stereoendoscope, requiring the 

adoption of an uncomfortable position of neck flexion.  Modern models of the TEMS 

stereoscope also have an ancillary channel to allow the image to be simultaneously 

displayed on a 2D monitor, with obvious benefits to safe performance of the 

procedure, as well as training.  The poor ergonomics necessitated by viewing 

through the stereoscope lead many experienced surgeons to choose to operate 

using the ancillary 2D flat screen, only switching to the stereoendoscope if the 

procedure becomes challenging.   

 

All of the TES platforms require a high degree of technical skill to overcome this and 

other issues such as lack of triangulation and instrument clashes in the small 

workspace (even robotic TES requires a different but nevertheless highly specialised 

skill set) in order to achieve a complete resection with clear margins.  R0 resection is 

of paramount importance as salvage surgery for positive margins or local recurrence 

is associated with a worse prognosis than primary radical surgery.207  In light of the 

likely growth of TES, any improvements may translate into widespread clinical 

benefits. 

 

Motivated by these potential translational benefits and the desire to offer a solution 

independent of a full robotic console, a novel 3D stereoscopic viewer was designed 

and built.  The simple design was based on the principles of the ‘Wheatstone 

stereoscope’208 209  (figure 5.1) in which two still images were placed on opposite 

sides of a box, with a pair of mirrors angled at 45 degrees between them, reflecting 

the separate images into the left and right eye:  this mimics the most salient 

physiological depth cue of binocular disparity, thereby producing the impression of a 
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3D object.  To create a TES viewing system the still images were replaced with small 

video monitors.  The images supplied to the monitors were reversed left-right. 

 

Figure 5.1  The Wheatstone stereoscope circa 1838210  

 

The work of previous groups on 3D surgical displays has shown that first generation 

systems were associated with visual strain, headache and even facial discomfort.211  

However, improved second generation systems have shown some benefits in ex vivo 

tasks.212,213 Technical issues which can result in a suboptimal image include cross-

talk between the two images of a stereoscope, which can be perceived as ‘ghosting’ 

(a faint duplicate image), flicker and vertical disparity, and lead to eye strain, when 

continued compensation is required.213,214  The development of 3D displays is further 

burdened by their inherent removal of a number of other depth cues such as 

accommodation and motion parallax.211,213,214 

 

The Wheatstone-inspired design, with dual screens and mirrors, a version of which is 

also used in the da Vinci console, creates an immersive environment, which has 

previously been shown to benefit surgical performance215 and produces the illusion of 

a 3D object without the need for polarising glasses.214   



 107 

 

In this chapter, the creation of the novel stereoscopic viewer is described and its 

performance is compared against the traditional Wolf stereoendoscope and standard 

2D HD and 3D HD monitors in a randomized, cross-over study in a simulated TES 

scenario and based on a pilot study.  This is the first TES-specific study on 3D 

visualisation.  

 

5.3 Methods 

 

5.3.i Creation of a novel 3D stereoscopic viewer 

 

 
The principles of Charles Wheatstone’s design were used to inform the arrangement 

of two small video monitors (5.6” TVLogic VFM-056W 1280x800) placed opposite 

one another, with paired mirrors angled at approximately 45 degrees and paired 

lenses (figure 5.2).  Video footage was streamed simultaneously to the monitors.  

Eight clinicians were asked to assess the resulting viewer. The two consultants and 

six trainees were shown video footage recorded from the da Vinci Si during a robotic 

partial nephrectomy.  The output from the da Vinci stack was selected because the 

video is already divided into parallel left and right eye feeds.  Feedback from the 

clinicians was collected informally and was very positive.  All felt that the system 

should be explored further and indicated interest in participating in a formal benchtop 

trial. 
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Figure 5.2  The original arrangement of the stereoscope. 

 

Subsequently, the video input was replaced with a live feed generated from a pair of 

high definition (‘HD’) 1080p laparoscopic camera heads (H3-Z by Storz UK Ltd).  A 

bracket to secure the camera heads (figure 5.3) was printed in plastic on an 

Objet260 Connex rapid prototype 3D printer (Objet Ltd. Rehovot, Israel); this was 

quickly replaced with a machined aluminium version.  The camera heads were 

attached to the TEMS stereoscope eyepieces (figure 5.4) and processed by a pair of 

HD image hubs (Storz ‘Image 1 with SDI’).  The optimum position for the monitors, 

mirrors and lenses was finalized (figure 5.5) and an aluminium plate was 

commissioned (CDRM, UK) to maintain these positions while permitting minor 

adjustments in the appropriate plane (figure 5.6).  The whole apparatus was then 

suspended from a custom-built stainless steel frame (Gallops, UK) (figure 5.7 and 

5.8).  The configuration of components in a box shape gave rise to its nickname 

amongst study participants, the ‘box viewer’, which is used hereafter.   
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Figure 5.3  Storz HD H3-Z camera heads secured in the rapid-prototyped bracket 

(Objet260 Connex, Objet, Israel).  This was soon replaced by a machined aluminium 

version. 

 

Figure 5.4   A pair of Storz HD laparoscopic camera heads, held together with a 

machined aluminium bracket, are connected to the TEMS stereoscope. 
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Figure 5.5  CAD drawing of the aluminium base plate showing positions of the 

components mounted on it. 

 

Figure 5.6  An internal view of a CAD model of the viewer, with one of the monitors 

and lenses removed for clarity. 
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 Figure 5.7  External CAD view of the complete viewer suspended from its custom 

built frame.  

 

Figure 5.8  The complete apparatus with dual cameras attached to the TEMS 

stereoscope and ‘box viewer’ suspended from its frame. 

 
The whole process leading from prototype device in figure 5.2 to a device which 

could reliably be used in a benchtop study (figure 5.8) took several months of a trial 

and error process with continuous minor adjustments.  Throughout this time, 

attention was paid to the necessary future regulatory processes which would be 
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necessary for clinical translation of the viewer.  Issues to be considered included:  

the choice of materials for the manufactured components (these needed to be robust 

enough to tolerate the weight of the camera heads, screens and lenses, without 

shifting position and meet cleaning requirements), how to address the proximity of 

the viewer to the sterile operative field, certification of electrical safety and reliability 

of the image.  Regarding the materials, 3D rapid prototyped plastic was replaced with 

machined aluminium as this was felt to optimize strength Vs weight and be easy to 

clean.  Screens in current clinical use in laparoscopic and robotic surgery are not 

sterilized, but are not usually in such close proximity to the sterile field as this viewer 

would need to be.  Production of a completely sterilisable viewer was thought to be 

extremely difficult to achieve and also not entirely necessary given that the ‘sterile 

field’ in rectal surgery is by definition clean-contaminated.  A technique for draping 

the viewer with sterile drapes, such that it would not come into direct contact with the 

operative field, was therefore developed.  This included the use of standard camera 

head bags, one of which was large enough to admit the dual camera heads with 

supporting bracket (figure 5.9), two further such sheathes were used to envelop the 

frame suspending the viewer and standard adhesive operative drapes were used to 

encase the viewer and protect the operative field from potential contamination (figure 

5.10).  The only formal regulatory approval which was required prior to 

commencement of the benchtop study was inspection of the device for electrical 

safety.  This was carried out by the hospital ‘Electrical and Biomedical Engineering’ 

(EBME) department. 
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Figure 5.9 Dual camera heads and bracket enveloped in sterile plastic sheath. 

 

 
 

Figure 5.10 Technique for draping the viewer and thereby ensuring its separation 

from the sterile operative field. 
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5.3.ii Randomised controlled cross-over study to evaluate the novel box viewer 

 

 

This study was informed by its pilot, with participants performing a validated [Chapter  

6] ex vivo TES task in four different visual modalities (Wolf stereoendoscope, novel 

box viewer, 2D HD and 3D HD monitor with polarising glasses), acting as their own 

controls and crossing over to each modality in a randomly allocated order so as to 

minimise any learning effect. 

 

5.3.2 ii (a) Pilot study 

 
An exploratory pilot study was performed to test the following hypotheses in the 

simulated TES task: 

1) 3D visualisation is superior to 2D in a TEMS environment; 

2) 3D visualisation via the novel viewer is superior to direct visualisation via the 

stereoscope or standard 3D display. 

 

Primary outcome measures were: time taken, instrument tip path-length (calculated 

using electromagnetic tracking data from the Aurora™ sensor mounted on the 

diathermy tip), and ergonomic assessment of the systems using the NASA-TLX 

questionnaire.201   

 

10 participants; 8 trainee surgeons and 2 consultants took part in the study.  Each 

was allowed time to practice the simulated task and was then assessed performing 

the task 3 times on each of the following 4 visual displays: 

1) TEMS stereoscope 

2) 2D HD flat screen 

3) 3D HD flat screen 
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4) ‘box viewer’ 

The results revealed a significant improvement in task performance, defined as 

reduced path length and time taken, using the novel 3D viewer over standard 3D and 

2D.  The novel viewer received more favourable NASA-TLX questionnaire ratings 

than standard 3D and the stereoscope.  There was no significant difference in 

performance and ratings between standard 3D and 2D monitors.   

 

This pilot study was used to inform a larger study:  a power calculation based on the 

primary outcome measures from the pilot data, with a power of 0.80 and alpha 

(probability of falsely rejecting the null hypothesis) of 0.05, dictated a minimum 

sample size of 25 participants.  A surrogate marker of improved negative margin 

rates was added to the study: accuracy, defined as distance of diathermy from each 

tattoo, was added to the primary outcome measures.  The order in which participants 

utilised the 4 visual modalities was formally randomized.216  It was decided that 

binocular vision should be a pre-requisite for participation in the study.  A screening 

test for stereoscopic vision217 was therefore introduced at study recruitment with the 

intention of excluding any candidates who failed it.  No other tests of vision were 

performed but questions on refractive error and colour vision were added to the pre-

test questionnaire.  

 

5.3.2 ii (b) Study Participants  

 

Participants were recruited from the staff of a 1500-bedded group of 3 acute, 

teaching hospitals in London, UK, and medical students from that institution’s 

Bachelor of Science programme.  Males and females ranging in experience from 

novices to consultant colorectal surgeons were included.  All subjects were screened 

for stereoscopic vision217 and were excluded if the test was failed. 
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5.3.2.ii (c)  Task 

 

The first operative step of a TES procedure was simulated using ex vivo porcine 

colon, containing a synthetic polyp consisting of piped silicon interposed between a 

dual layer of porcine bowel.  These ‘polyps’ were of a standardised size (median 

35mm, IQR 34-37mm) and, so as to guide the subjects to the intended surface 

boundary of the lesion and allow judgement of accuracy, the surface of the porcine 

bowel was marked with twelve circumferential ‘tattoos’ in permanent marker ink 

(figure 5.11 a & b).  

This porcine colon was placed in the simulator described in chapter four which 

mimics a posterior rectal tumour (the most common location for lesions managed 

with TES).  Participants were given an angled, toothed grasper and pedal-operated 

diathermy wand (TEO, Storz UK Ltd), on the tip of which was mounted an 

electromagnetic tracking sensor (Aurora™, Northern Digital) (figure 5.11 b). 

 

Figure 5.11  ‘a’ - porcine colon containing synthetic polyp and with circumferential 

‘tattoo’ markings, ‘b’ - a participant with the simulated patient in lithotomy position. 

 

a b 
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Participants were asked to score around the lesion as in the first step of a TES 

procedure.  The setup, including endoscope position, illumination, distance between 

specimen and endoscope, and between viewing device and subject remained 

constant throughout the study, with participants being able to adjust the variables 

which would usually be dictated by the surgeon; the height of the operating table and 

chair, inter-ocular distance of the stereoendoscope and placement of the instruments 

in left versus right hands.  As in the pilot, the four different visual displays utilised 

were:  an LG HD 2D 1920x1080 monitor, LG 3D HD 1920x1080 with passive 

polarising glasses, Wolf 50° 3D stereoendoscope, and the novel stereoscopic ‘box 

viewer’.  

5.3. 2 ii (d) Procedure 

 

Figure 5.12  shows the progression of participants through the study:  written consent 

to participate was gained; a short, standardised explanation of TES and the task was 

given; and the stereopsis-screening tool administered.217  No participants failed this 

test. All then completed a pre-test questionnaire to determine level of experience, 

visual acuity and presence of colour vision.  Participants were then allowed to 

practice the task until a pre-determined level of proficiency was achieved.  Once 

proficiency was reached, participants completed the task three times using each 

visual display modality. The order of the visual displays was randomised to negate 

any learning effect.216  After completing the task three times on a particular display, 

participants answered a NASA-TLX questionnaire201 and moved on to the next 

display.  After a total of 12 tasks a post-test questionnaire was completed to collect 

feedback on the subject’s opinions of the visual displays and assess face validity of 

the simulation. 
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Figure 5.12 A flowchart illustrating the pathway of each participant through the 

study.  
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5.3.2 ii (e) Primary outcome measures 

 

Primary outcomes were path length, accuracy, time taken and task workload, 

compared between the four visual displays and for subgroups based on the 

experience level of the participants (assessed on the pre-test questionnaire).  The 

path length of the diathermy wand was deduced from three-vector coordinate data 

generated by the Aurora™ electromagnetic tracker.  Accuracy was assessed by end-

product analysis of each specimen, conducted by two blinded assessors (AdM and 

JJ), measuring distance between diathermy mark and target tattoo to the nearest half 

millimetre.  Time taken for each task was obtained from the duration of each video 

file to centiseconds accuracy.  The perceived workload of the three tasks performed 

with each modality was assessed by the participant using the NASA-TLX 

questionnaire201 which uses pair-wise comparisons to generate a weighted score 

between 0-100 (where 100 indicates a higher workload) based on the contribution of 

mental, physical and temporal demand, performance, effort and frustration to the 

task.  The pilot study of 10 participants was used to inform a power calculation, which 

dictated a minimum sample size of 25 participants.  Although the assessors were 

blinded to the modality, it was not possible to conceal the type of display system 

being used from the participant.   

5.3.2 ii (f) Secondary outcome measures 

 

Participant opinion regarding each of the imaging modalities was assessed using a 

custom-designed questionnaire, in which each modality was ranked across 5 

domains; image quality, visual discomfort, depth perception, ergonomics and overall 

preference, using a Likert scale of 1-10 and an opportunity for free text.  Errors 

during tasks, defined as inadvertent diathermy swipes or failing to mark at a tattoo 

were recorded.  However, the trial was not powered to analyse such errors. 
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5.3.2 ii (g) Statistical Analyses  

 

Primary outcome measures were assessed using median values and inter-quartile 

ranges, calculated using the SPSS statistics package for Windows, version 20.0.218  

Pair-wise comparisons between the four modalities and within the experience 

subgroups were calculated using Wilcoxon’s matched-pair signed-rank test for non-

parametric data. Inter-rater reliability of the assessors’ measuring accuracy was 

determined using the same methodology.  Secondary outcome measures were also 

expressed as median and interquartile ranges and, where relevant, comparisons 

were made using Wilcoxon’s matched-pair test.  The significance level was set at p-

value <0.05 for all outcomes. 

5.4 Results 

 

Forty participants completed the study.  Table 6.1 shows their demographics.  

Novices were defined as those without any experience as primary operator or 

assistant in laparoscopy, TES, robotics or SILS (24 participants).  Intermediates were 

laparoscopic surgeons with no primary operator experience in TES or SILS (11 

participants).  Experts were senior registrars and consultant surgeons with primary 

operator experience in TES and/or SILS (5 participants).  Experience in SILS was 

judged as relevant owing to the crossover in skills requirement between the two.  

5.4.i Primary outcomes  

 

Time taken and path length were significantly reduced with the 3D box viewer, 

compared to 2D and 3D screens, and were not significantly different from the 

stereoendoscope (table 5.2, figure 5.13 & 5.14).   Accuracy was significantly 

improved and task workload was significantly reduced with the 3D box viewer 

compared to the three other modalities (table 5.2, figure 5.15 & 5.16).  
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Table 5.1 Demographics of the study participants.  

 

 
 

Table 5.2  Results of the primary outcome measures. 

  

 

Total Participants  
 

 

40 
 

 

- 

 

Stereopsis  
 

 

40 
 

 

- 

 

Age Range (years) 
 

 

19-43 
 

 

0.003 

 
Gender (M:F) 

 
 

3:1 
 

 

0.003 

 

Novice: Intermediate: Expert 
 

 

24:11:5 
 

 

0.001 

 

Glasses/Contacts(YES:NO) 
 

 

23:17 
 

 

0.429 

 

Astigmatism (YES:NO) 
 

 

5:35 
 

 

0.000 

  

 

Median 

[IQR] 

(P-value) 

 3D Box Viewer  
2D 

Screen 
 

3D 

Screen 
 

3D 

Stereoendoscope 

 

Time  
Taken (s) 

  

44 [35-56] 

 

 

 

67* [56-84] 

(0.00) 

 

 

73* [54-89] 

(0.00) 

 

 

46 [36-59] 

(0.05) 

 

Path  

Length 

(mm) 

 

 

485 [339-570] 
 

 

617* [476-749] 

(0.00) 

 

 

691* [519-869] 

(0.00) 

 

 

473 [359-616] 

(0.33) 

 

Deviation 

(mm 
from 

target) 

 

 

0.10 [0.04-0.25] 
 

 

0.23* [0.10-0.43] 

(0.00) 

 

 

0.27* [0.13-0.44] 

(0.00) 

 

 

0.21* [0.08-0.42] 

(0.00) 

 

Task 

Workload 

 
 

33 [18-47] 
 

 

47* [37-62] 

(0.00) 

 

 

50* [37-60] 

(0.00) 

 

 

42* [26-53] 

(0.01) 
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Figure 5.13 Subgroup analysis of time taken by each group.  
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Figure 5.14 Subgroup Analysis of path length. 
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Figure 5.15 Subgroup analysis: accuracy (distance from cautery to target 

point to nearest 0.5mm). 
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Figure 5.16 Subgroup analysis:  Task Workload Index (as quantified by the NASA-

TLX). 
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Figure 5.17 Results of the post-test questionnaire on subjective opinion of different 

qualities of the four visual displays. 
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5.4.ii Secondary outcomes  

 

The 3D box viewer performed best on the post-test questionnaire (figure 5.17) with 

best image quality, depth perception, least visual discomfort (jointly with the 2D 

monitor) and five and a half fold and two and a half fold decrease in discomfort in 

comparison to the 3D screen and stereoendoscope respectively (p~0.00, p=0.01).  

Overall ergonomics were judged to be similar for the 3D box viewer, 2D and 3D 

monitors ergonomics (all median scores 8), but significantly superior to the 3D 

stereoendoscope with median score of 6 (p~0.00).  Subjects expressed a preference 

for the 3D box viewer for potential future clinical use.   

The number of errors did not differ across the visual display systems, but the study 

was not powered to examine this and the overall number was insufficient for 

meaningful comparison.  Face validity of the simulated TES scenario, assessed 

using the post-test questionnaire was high (mean score 60.5/70,  i.e. 86%). 

5.4.iii Subgroup analyses 

 

Novices, intermediates and experts showed the same trends and significant 

differences in primary outcome measures of time taken and path length.  The novice 

subgroup performed slightly differently from the intermediates and experts in 

accuracy and workload:  accuracy (measured as deviation from the tattoo) was not 

significantly different for experts and intermediates between the 3D box viewer and 

3D stereoendoscope, but in the novice group, was significantly better with the box 

viewer in comparison to all three other modalities (figure 5.15).  The novices showed 

significantly lower task workload with the 3D box viewer in comparison to all three 

other modalities, however the intermediates and experts only showed a significant 

reduction in workload between box viewer and 3D HD monitor (figure 5.16). 
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Interestingly, in secondary outcomes, the novices showed less discrimination 

between the image quality of the 3D stereoendoscope and 3D box viewer reported 

on the post-test questionnaire.  

5.5 Discussion 

 

Studies to date have compared single 3D systems against a single 2D system, 

whereas, this study has shown, what has long been suspected clinically, that not all 

3D displays are equal:  while two of the 3D modalities, the stereoendoscope and 

novel 3D box viewer, performed equally well, both significantly outperformed the third 

3D modality of a monitor with polarising glasses.  Previous reports have stated that 

polarising modalities can potentially produce poor images, that appear dark due to 

the intensity of light emitted being quite low.219   In this case, the better performing 

systems were both stereoscopic in nature and the inferior 3D system was a monitor 

with passive polarising glasses (a high quality 1920x1080 HD monitor). 

The equivalent performance of the novel box viewer and stereoendoscope in terms 

of primary outcome measures is very positive for the novel viewer, as the Wolf 

stereoendoscope is highly regarded in the clinical community and remains the most 

commonly used platform for TES.   

It is possible that there may be some subtle differences in performance metrics 

between the box viewer and stereoendoscope, which were not detected:  for 

instance, the novice subgroup did show an improvement in accuracy when using the 

box viewer as compared with the stereoendoscope (figure 5.15).  This was the 

largest subgroup, hence it is possible that the intermediate and expert groups (of 11 

and 5 respectively) were not of sufficient size to detect this difference. 

An alternative explanation is that the equivalent performance is due to the 

experience of the intermediate and expert groups with the stereoendoscope in 

clinical practice.  Task workload does seem to have been affected by the level of 
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experience: in the intermediate and expert subgroups, it was not significantly 

different between the 2D screen and the 3D box viewer, which may be due to 

experienced surgeons being able to detect subtle monocular depth cues in the 2D 

screen. However, workload when using the 2D HD screen was significantly higher in 

the intermediate group compared to the expert group, perhaps showing the effect of 

intense training, over a number of years, needed to reach proficiency and comfort 

with a standard 2D screen in laparoscopy.  The differences between the subgroups 

with the 3D box viewer were smaller and less variable, suggesting that it may 

compensate in some way for inexperience and may flatten the learning curve. 

One unexpected result was that in the novice subgroup, the 3D screen was actually 

found to be inferior to the 2D screen.  One potential reason for this is that this group 

contained 5 individuals with astigmatism.  Post-hoc analysis of the questionnaires 

showed that these individuals consistently provided negative feedback regarding the 

3D screen and on exclusion of these individuals, significance was not reached in the 

comparison between 3D monitor and 2D.  It is possible that the participants’ 

corrective lenses interfered in some way with the polarising glasses used with the 3D 

screen. This suggests that astigmatism, and other refractive errors, may need to be 

considered in the future development of 3D visual display systems.  A subject’s 

binocular vision, or lack thereof, would be expected to affect their ability to visualise 

3D images regardless of the modality.  Two percent of the population lack binocular 

vision entirely and 15% to a lesser degree212 however, all participants in this study 

were found to have binocular vision.  This is not unexpected given that there may 

have been some selection bias, with participants either already working as surgeons, 

and medical students who self-selected to enter a ‘surgical’ study.  

Recognised limitations of the study included the differing sample size and gender mix 

for each subgroup (table 5.1).  However, there was enough power to show a 

significant difference in primary outcomes in all three subgroups.  An attempt was 
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made to limit any change in performance due to the Hawthorne effect220 generated 

by the presence of the researchers in the room; by ensuring no intervention from the 

researchers and utilising the discrete Aurora EM tracker to monitor instrument path 

length. Ideally, a full simulation of a TES polyp excision would have been performed, 

indeed, one might expect to see more profound differences in the results with a task 

more dependent on depth perception.  Prior work on methods of best simulating TES 

showed that this was the most appropriate mode, with the animal tissue allowing a 

view and dissection with some realism.   

Despite these minor limitations, the novel 3D box viewer was shown to improve 

surgical performance in TES simulation, providing a high quality image in an 

immersive and ergonomically favourable environment. No other stereoscopic system 

currently available meets all these criteria. Although the traditional Wolf 3D 

stereoscope performed well, it has significant ergonomic issues, with the box viewer 

being rated more favourably in this regard.  A potential future benefit of this system is 

that, unlike with the direct line-of-sight Wolf stereoendoscope, image augmentation 

with overlay of pre- or intraoperative imaging may be performed with the box viewer.  

This feature has been shown to be beneficial in some studies using the da Vinci 

robot.221,222  Additional 2D screens for assistants and nurses can also be connected, 

in the same way as with the standard stereoscope, by sharing the feed from the 

camera, which is paramount for the safety of the patient.  

Use of the 3D box viewer may increase the adoption of TES by reducing the learning 

curve of trainee surgeons.  An optimal visual display system is not a surrogate for 

high technical skill but will aid the development of these skills in a more favourable 

environment. It is possible that use of the box viewer by those already performing 

TEMS with the stereoscope may shorten operating times; a preliminary study 

performed by our group found that surgeon discomfort with the stereoscope resulted 

in them breaking their operating posture around twelve times during a forty five 
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minute case [di Marco 2013].  While the visual quality of the Intuitive Surgical da 

Vinci system, used by some to perform TES, is undoubtedly good, the system is 

expensive to acquire and maintain, whereas this simple addition to the platform costs 

a maximum of £2000 (likely to be less if it were to be manufactured in large 

quantities).  As with the use of standard Storz camera heads in current clinical 

practice, these are not sterilised, but are shielded by a sterile drape.  The same 

drape can be used to enclose the paired Storz camera heads used in this experiment, 

allowing immediate and safe clinical translation of the system. 

At the time of writing, the box viewer has been used in 5 TES procedures on patients, 

with all being completed successfully using the viewer.  Following on from this clinical 

feasibility study, a randomised clinical multicentre trial will be required in order to 

evaluate the clinical effect of the box viewer.  Reproduction of the box viewer to 

permit such a study is expected to be fairly straightforward and, as above, 

inexpensive. 

Ultimately, improvements in the visualisation for TES are likely to form one crucial 

component in a holistic approach to system improvement, which is likely to also 

address the limitations of operative tools, mounting system and to include additional 

augmented reality imaging. 

 
5.6 Conclusions 
 

The novel 3D box viewer, has been objectively shown to improve surgical 

performance in a simulated TES scenario across all levels of experience. This study 

has highlighted the importance of different modes of displaying 3D images and is the 

first to directly compare different stereoscopic displays.  Future developments for the 

box viewer include further improvements in the ergonomics by suspending it from an 
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overhead boom arm and introduction to the operating theatre initially as part of a pilot 

study to assess its feasibility and ease of use in a clinical environment, and 

subsequently, in a clinical study powered to examine the relevant patient outcomes. 
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Chapter	  Six	  

Intraoperative Ultrasound Augmented Reality in 
Transanal Endoscopic Surgery: 
Technical Development and Ex vivo Testing 
 
6.1 Introduction 

 

The complete excision of rectal lesions is of paramount importance to patient 

outcome:  radical salvage surgery for those with positive margins or local recurrence 

of malignant lesions is known to be more challenging than primary radical surgery 

and to confer a higher risk of abdominoperineal excision.207  In patients with benign 

adenomas, a positive margin has been shown to be the only independent predictor of 

recurrence.223 

 

Strategies for dealing with this challenge of incomplete excision are entirely 

dependent upon the individual patient.  The management pathway must be modified 

to suit that individual and may vary from (1) proceeding directly to radical surgery 

once the histology is confirmed, to, (2) in those who are unfit or do not wish to 

proceed to major surgery, commencing on intensive surveillance.  Local recurrence 

is most likely in the first 12 months223 and so regular examination under anaesthesia 

with biopsies or endoscopic surveillance may be appropriate. Of course, for some 

patients, who may be elderly and/or infirm, such an approach is unsuitable and 

indeed may do nothing to improve their outcome, given that ‘rescue’ radical surgery 

has already been ruled out.  For such patients, a 3rd option of (3) a full and frank 

discussion and discharge from active follow-up may well be a better option.   

 

All of the options above have obvious unpleasant sequelae for the patient:  whether it 

be the risk of major surgery, the cumulative risks and reduction in quality of life from 

multiple follow-up interventions or the possibility of recurrence with no further 

treatment options available.  It would therefore seem sensible to focus more energy 

on attempting to prevent positive margins from occurring. 
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When considering strategies to improve complete excision rates, one should first be 

clear that certain tumours cannot, by definition, be completely excised with a local 

approach i.e. those malignancies staged at T2 and beyond.  Once such tumour 

selection is accounted for, options for ensuring negative margins might include; 

 

• Microscopic imaging 

o Laboratory examination using intraoperative frozen section (FS), 

o In situ imaging with techniques such as confocal endomicroscopy 

(CLE). 

• Macroscopic imaging 

o The use of pre-operative imaging such as magnetic resonance 

imaging (MRI) to augment the what the surgeon sees, for instance, 

using image ‘overlay’, 

o In situ imaging with ultrasound. 

 

6.1.i Frozen section 

 

This is a very well established technique, based upon the description in 1905 by Dr. 

Louis B. Wilson, pathologist at the Mayo Clinic.224  The technique is widely used in 

clinical practice, usually for intraoperative confirmation of complete oncological 

resection, and has a high degree of accuracy.  However, it has the drawbacks of 

needing a pathologist on hand, and, more significantly, due to the technique for 

preparing the slides, it would not be advisable to examine the margins of the excised 

tumour as the whole specimen is likely to be damaged, preventing further meaningful 

histological analysis.  FS would therefore have to be performed on random biopsies 

of the surrounding residual tissue.  It would clearly not be practical or safe to take 

deep biopsies of the floor of the cavity and so this approach would be limited to 

random radial biopsies. 
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6.1.ii Confocal microscopy 

 

Confocal microscopy was initially a laboratory-based technique, which employs the 

principle of discarding the scattered light from an area of tissue surrounding that 

being examined, in order to produce high resolution images of tissue at 

magnifications of up to one thousand times.  It has traditionally been used in vitro to 

rapidly generate ‘histological’ information,17 but has subsequently been miniaturized, 

as confocal laser scanning fluorescence endomicroscopy, CLE, allowing the in vivo 

examination of tissue and real time, so-called, ‘optical biopsy’.  There are currently 

commercially available, CE and FDA-approved, CLE systems, which offer CLE 

integrated into an endoscope (eCLE) or as a small, separate, probe-based system 

(pCLE). The pCLE probe may be inserted down the biopsy channel of a gastroscope 

or colonoscope and, with the aid of a contrast agent (usually fluorescein or 

acriflavine), applied topically or intravenously, generate images of the surface of the 

mucosa to a depth of 100 microns (200 for eCLE).  

 

pCLE is able to show neoplasia in macroscopically normal tissue18 and has been 

used with some success in the surveillance of Barrett’s oesophagus,18 in ulcerative 

colitis19 in order to target biopsies for possible neoplasia and in the diagnosis of 

microscopic colitis in patients with chronic diarrhoea.20 
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Figure 6.1 From Pohl et al, Gut 2008.225  Barrett’s mucosa with early mucosal 

adenocarcinoma visualized with in vivo confocal microscopy (images A to C) and 

with light microscopy after H&E staining (images D-E).  Changes shown include 

irregular epithelial lining with variable width (white arrows), increased cell density 

seen as decrease in fluorescein uptake (white triangle), fusion of glands (black 

arrow) and irregular vascular architecture (arrow heads). 

 

Examination of a tissue site with CLE takes a few minutes per site, and is said to 

generate images with enough clarity and magnification for operators to be able to 

identify normal, dysplastic and neoplastic tissue.  The ‘Cellvizio ®’ (Mauna Kea PLC, 

Paris, France) confocal endomicroscope with 1.4 mm rigid probe was used to 

examine ex vivo porcine colonic mucosa.  The images obtained were noted to be 

markedly dependent upon the amount of force applied by the operator when holding 

the probe on the tissue.  A benchtop study performed by our group confirmed this:  

crypts were seen to splay as increased force was applied and fewer crypts could be 

seen in the field.226  Furthermore, it was found that images of a high enough quality 

to judge tissue characteristics could only be generated if the probe was held 

perpendicular to the tissue.  A subsequent in vivo study in a porcine animal model 

using a custom-designed force adaptation device attached to the CLE probe, 
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introduced to the porcine rectum via a TEMS rectoscope showed that at forces of 

100-300 mN, crypts and vessels were visible in 99% of still images and 71% of the 

images were classified by independent observers as good or excellent.227  The 

practical applicability of this finding and translation to the human rectum is however, 

troublesome:  in practice, a probe would be introduced through a TES port and 

therefore parallel to the rectal wall, necessitating subsequent bending or angulation 

of the probe to achieve perpendicular wall contact.  The maintenance of a reliable 

position and force on a naturally undulating colorectal mucosa is extremely 

challenging. 

 

Another shortcoming of the technique is the size of the examined field:  pCLE gives 

cellular information on a field of view of 500 microns and depth information only to 

100 microns.  The limitations of the small radial field of view are obvious in that there 

is higher chance of sampling error leading to areas of microscopic abnormality being 

missed.  The limited depth penetration however, is more significant:  human colonic 

wall is approximately 2-4mm thick and a snapshot of 100 microns therefore only 

skirts the mucosa.  This means that reliable information on invasion is not generated 

and therefore, while the technique is widely said to provide ‘virtual histology’ or an 

‘optical biopsy’ it would seem more appropriate to label the technique ‘virtual 

cytology’.  Additionally, one has to consider the accuracy with which a surgeon can 

excise tissue, i.e. is there any point in imaging to the micrometre when the limitations 

of tools will only allow translation to the nearest millimetre at best.   

 

Given these significant translation disadvantages, macroscopic imaging was 

examined next as a possible solution. 

 
 
6.1.iii The local staging of rectal cancer:  magnetic resonance imaging (MRI) versus 

endoanal ultrasound (EAUS) 

 

As discussed in Chapter Two, the staging of the local extent and anatomy of rectal 

cancers is of paramount importance in selecting the appropriate treatment.   The gold 

standard imaging modality for this is MRI because it is the most capable of 

accurately demonstrating the local extent of the tumour, even when it has penetrated 

to a depth beyond the reach of ultrasound imaging. In addition, it can display the 

surgically relevant anatomical detail required for planning resections.  MRI is also the 

modality of choice for restaging after neoadjuvant therapy, as, unlike ultrasound, it 
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can distinguish changes such as fibrosis and oedema.228  However, endoanal 

ultrasound has an important role in substratifying early rectal cancers, as at high 

resolution it is able to delineate each layer of the rectal wall.87  Operator variability is 

however an issue, with optimum reported sensitivity and specificity for T1 tumours of 

97% and 96% respectively,89 dropping to a mean T stage accuracy of 85% with the 

exclusion of publication bias.  The use of a high frequency probe (15 mHz) has been 

shown to stage 86% of submucosal lesions correctly.87  Endoanal ultrasound is 

therefore accepted as an important component of staging for lesions which are found 

to be superficial on MRI and which may be appropriate for TES.  Despite that, the 

‘TEM Collaborative’ audit of the actual use of EAUS in routine clinical practice 

suggested a very low uptake (33%) and accuracy (44.8%).90  These low figures are 

likely to arise from issues such as; scanning of advanced or polypoid tumours, whose 

base is likely to be beyond the penetration of the ultrasound field (around 5 mm), 

technical errors with balloon inflation (the EAUS balloon inflation needs to be 

adjusted depending on the tumour location) and a lack of skilled operators. 

 

6.1.iv Image augmentation for TES 

 

The specific requirements for an imaging modality to augment the performance and 

outcomes in TES are somewhat different to those of pre-operative staging, namely:  

(1) the focus is on a preselected group of superficial lesions which have already been 

fully staged and thought appropriate for TES, (2) the modality needs to be capable of 

delivering dynamic information about changes in the anatomy as a tumour is excised 

and (3) it would be optimal if the imaging can be performed while excision is 

occurring, so as not to interrupt the operative ‘flow’. 

 

The use of MRI therefore has the obvious pitfalls that its real strength lies in 

preoperative staging of more advanced lesions and that performance of dynamic MR 

intraoperatively would necessitate access to an open MR scanner and an entire 

change of TES equipment to MR compatible materials.  The use of pre-operatively 

obtained MRI images to augment the operative field is feasible and has been 

described in other procedures, however, dynamically mapping the MR image to the 

deformation of the rectum by the pneumorectum and, more importantly, the operation 

itself is unlikely to be achieved with sufficient accuracy for it be of any use.  
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Looking at minimally invasive surgery more generally, ultrasound has become a 

popular modality owing to its safety, convenience and high image quality of some of 

the newer high frequency probes.  Various techniques for the use of ultrasound in 

minimally invasive surgery have been described, such as the ‘sonic flashlight’ (or 

‘Real Time Tomographic Reflection’) of Stetten et al.,229 the ‘DaVinci Canvas’, the 

technique for freehand 3D ultrasound described by Ali and Logeswaran and 

applications during laparoscopic partial nephrectomy and bronchoscopy introduced 

by Cheung et al. and Dressel et al.,230–232 respectively. Langø et al. provide an 

extensive review of navigated laparoscopic ultrasound and describe their own 

experiences of optimal resection planning during adrenalectomy in a porcine 

model.233 In addition, Schneider et al. have performed a feasibility study for ‘pick-up’ 

ultrasound, using the renal vasculature to perform registration to preoperative CT 

images.234 

 

However, the nature of the transanal approach with its small operating space, small 

lesions and location within the pelvis, means that localisation techniques employed to 

date in the most relevant studies, namely exogenous electromagnetic or optical 

tracking, robot kinematic feedback, either individually or in combination, are not 

practical for the intended application, nor are accurate enough. Indeed, the difficulties 

associated with performing precise hand-eye and probe calibrations, typically 

required in a contemporaneous manner, present important barriers to successful 

clinical translation. 

 

In this chapter, a method for intraoperative imaging in TES with a miniature surgical 

ultrasound probe is explored.  Using a technique is based on optical pattern tracking 

alone and a novel dual pattern calibration method, ultrasound overlay images are 

produced and validated in phantom and porcine experiments designed to measure 

accuracy of the image overlay and gauge suitability for clinical translation. 

 

In this chapter: 

• Ultrasound probe selection is discussed 

• The physical method devised for utilising the microsurgical ultrasound probe 

in transanal procedures is described 

• The novel method of ultrasound probe calibration is described  
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• The use of real-time tracking of the probe position to allow image-

augmentation by ultrasound image ‘overlay’ onto the operative field is 

detailed 

• Validation of the calibration and tracking with an ex vivo benchtop study in a 

simulated TEMS scenario, which also serves as a pilot for a subsequent 

larger trial, is presented  

• A feasibility study of TES in a porcine model is described 

• Finally, an ex vivo user trial of the effect on clinician performance of 

introducing ultrasound images to a simulated TEMS procedure, is reported 

 

6.2 Microsurgical Ultrasound Probe Use in TES 

 

6.2.i Ultrasound probe specification 

 

The Hitachi UST-533 multi-frequency linear array microsurgery transducer (Hitachi 

Aloka Medical Ltd., Tokyo, Japan) (figure 6.2) was selected for its appropriate 

dimensions and frequency.  The probe is usually utilized in paediatric and biliary 

surgery and has an insertional diameter of 10mm, width of 13mm overall with 

scanning width of 10mm, slim flexible output/input wire and frequency of 5-13MHz; 

its high frequency upper end allowing visualization of small structures.235  An Aloka 

ProSound Alpha 10 cart was used to drive the transducer.   

 

 

Figure 6.2 The Hitachi UST-533 multi-frequency linear array microsurgery 

transducer (Hitachi Aloka Medical Ltd., Tokyo, Japan) with 10mm scan width. 
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6.2.ii Adaptation of the probe for use in TES 

 

In order to facilitate the intraoperative use of the ultrasound probe, a mounting 

bracket was designed (figure 6.3) to hold the probe and part of the flex, with a 

protrusion on the superior surface of the right size and shape for a Storz TEO 

grasper and angled at 45 degrees to encourage the face of the probe to remain 

perpendicular to the laparoscope.  The bracket was manufactured initially in plastic 

using an Objet260 Connex rapid prototype 3D printer (Objet Ltd., Rehovot, Israel) 

and, once the design was fixed, printed in stainless steel (grade 316L) using 

technique known as direct metal laser sintering (CRDM Ltd., Buckinghamshire, UK).  

This grade of stainless steel was selected for its durability and suitability for 

autoclaving and therefore direct translation to clinical use. 

 

 

 
 
  

Figure 6.3 Top right – Stainless steel 

direct laser sintered brackets (CRDM 

Ltd.) used to hold the ultrasound probe in 

situ.  Left and right-handed options seen 

below and above respectively.  Top left - 

A right-handed TES grasper (Storz, 

TEO), right-handed bracket and 

ultrasound probe.  Bottom - The non-

symmetrical pattern of the KeyDot® 

marker (KeySurgical Inc., Eden Prairie, 

MN, USA). 
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6.2.iii Ultrasound probe calibration method 

 

This novel method utilised the static spatial transformation from the ultrasound image 

frame to the transducer frame, which was defined by a KeyDot® marker (KeySurgical 

Inc., Eden Prairie, MN, USA), a semi-permanent sticker displaying a non-symmetrical 

chessboard pattern laser-engraved on 6.35mm diameter, 76.2µm thickness 

destructible acrylate disc and originally designed for labeling and tracing surgical 

instruments (Fig. 6.3 bottom image).  The KeyDots were partly chosen because their 

original purpose meant that they were approved for clinical use, can withstand 

sterilisation cycles and, being circular, have no corners to lift.  This was important 

because, once calibrated, the relationship between image and transducer frames 

remained fixed, requiring the marker to remain securely in place.   

 

An object of known geometry containing image points with known spatial positions 

was required in order to estimate the probe calibration transformation, represented 

as an image scaling followed by a 6 DOF translation and rotation.  A multiple Z-wire 

arrangement was employed for this purpose.236,237 The calibration phantom was 

printed using an Objet260 Connex rapid prototype 3D printer (Objet Ltd., Rehovot, 

Israel), which has typical build accuracies of between 0-85µm.  Fig. 6.4 (left) shows 

the phantom design, with multiple Z-wires threaded into 300 micron holes of known 

spatial positions, and the boss on which the calibration pattern is mounted. Micron 

Hard high speed steel wires (Nachi-Fujikoshi Corp., Tokyo, Japan), of nominal 

diameter 250µm, were chosen for their straightness tolerance.  The phantom was 

filled with water at temperature of 38 degrees and scanned using the probe with 

matching mounted tracking sticker (figure 6.4 right).  The images were captured 

using the TES laparoscope in the laboratory with a 5mm diameter Storz mono 

laparoscope (Karl Storz GmbH, Tuttlingen, Germany). Intrinsic camera parameters 

and distortion coefficients were estimated using an implementation of Zhang's 

calibration method,237 238 using at least twenty phantom pattern images at different 

distances and orientations. The novelty of this calibration method was in the 

simultaneous capture of the phantom and transducer patterns (figure 6.5). By 

recovering the extrinsic parameters of the transformations between the patterns and 

their projections in that image, through the minimisation of reprojection error,238 it was 

possible to estimate the relationship between the phantom and transducer coordinate 

systems. 
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Figure 6.4 Left - The Z-wire phantom, middle - resulting ultrasound image of the 

Z-wires, right – modified ‘validation’ phantom being scanned with front panel 

removed.  The error in the validation is the distance between the crossing point of the 

wires and the ultrasound image overlay. They line up exactly when the calibration is 

perfect.    

 

 

6.2.iv Ultrasound probe tracking method 

 

This was performed using a modified version of a pre-existing method of chessboard 

tracking using Delaunay triangulation.  Each separate image frame was captured 

(Quadro SDI card, NVIDIA Corp., Santa Clara, CA, USA) and processed using a 

sequence of processing stages e.g. recognition of corners, recognition of 

quadrilaterals239 Figure 6.5 (left) shows the dual patterns for calibration, the 

coordinate frames (middle) and pattern tracking with an ultrasound image overlay 

(right).  Once a pattern which met the required sequence of processing was identified, 

the camera parameters were used to find the optimal extrinsic transformation and 

this was concatenated with the calibrated transformation to establish the correct 

location of the ultrasound image relative to the probe (figure 6.5 right). 

  

 
Figure 6.5 Left - dual patterns for calibration, middle - coordinate frames and 

vectors, right - pattern tracking with an ultrasound image overlay.  Red lines are the 

Delaunay triangulation, purple=triangles, green=quadrilaterals, the corners of which 

make up the chessboard 
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Figure 6.6 The ultrasound image projected beneath the probe. 

 

Accuracy of the position of the projected image was validated using a modified 

phantom (figure 6.4 right) containing only a single crossed wire, with a removable 

front panel.  The crossing point in the phantom was scanned and phantom front 

panel removed to generate a direct line of site to the crossed wire point.  Once the 

two images containing the crossed wire were obtained, the accuracy of the 

ultrasound overlay was assessed by comparing these two (figure 6.4 right).  Eight 

calibrations were performed and using this method, error was calculated.  The mean, 

standard deviation and maximum errors were 669, 255 and 961 microns respectively.  

The ‘operational envelope’ i.e. range over which the probe was reliably tracked was 

estimated in X, Y and Z coordinates (see table 6.1), with Z, in/out translation being 

measured from the endoscope tip to tracking dot centre.   
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 Range Minimum Maximum 

Rotate X 97° -44° 53° 

Rotate Y 102° -54° 48° 

Translate Z 42mm 22mm 64mm 

 

Table 6.1 Operational envelope of ultrasound probe tracking. 

 

6.3 Validation of the Ultrasound Probe Calibration and Tracking:  An Ex 

Vivo Pilot Study and In Vivo Porcine Feasibility Study 

 

6.3.i Ex vivo pilot validation study 

 

A pilot study of 6 participants (5 clinicians and 1 engineer) was performed to assess 

accuracy of measurement of polyp depth using the ultrasound overlay.  The 

hypothesis that overlay ultrasound would permit accurate depth judgment was tested 

by asking each participant to use the ultrasound overlay to estimate the thickness of 

simulated colonic polyps (piped silicon of 1.5 – 4mm thickness interposed between 

layers of ex vivo porcine colon), comparing their estimates to the gold standard of 

Vernier caliper measurements.  Participant opinion on the overlay system was 

garnered using a questionnaire. 

 

The results (figure 6.7) revealed a mean error for lesion thickness estimation of 

0.46mm.  Participants responded  favourably on the questionnaire to the image 

overlay, as opposed to an ultrasound image shown separately but on the 

laparoscopic monitor, and the option of having the image unintegrated and available 

only on the ultrasound cart. 

 

 
Figure 6.7 Results of the pilot study of accuracy of ultrasound overlay in TES.  

Graph showing the error in depth approximation of lesions across 6 participants. 
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6.3.ii In vivo porcine feasibility study 

 

The opportunity arose to perform a feasibility study in a live porcine model, as part of 

a wider series of studies (PPL 80/2297, PIL 70/2563).  The Storz TEO equipment 

was used with the ultrasound overlay equipment described above.  The purpose was 

to demonstrate that the setup was robust enough to perform in a live clinical scenario 

and that the tracking was able to generate overlay at different positions of the probe 

on the rectal wall.  These aims were met. 

 

6.4 The Use of Pre-Operative Versus Intraoperative Ultrasound in Simulated 

Transanal Endoscopic Microsurgery:  a Randomized Cross-Over Study 

 

6.4.i Materials and Methods 

 

6.4.i (a) Study recruitment 

 

This study was advertised on email to surgical registrars and consultants from the 

staff of our institution.   Inclusion criteria were registrars and consultants in surgery 

who responded to the email indicating interest in participation.  Previous experience 

of luminal excision was not a prerequisite, neither was prior experience of ultrasound 

and/or image augmentation.  Participants were provided with an information leaflet 

regarding the study protocol and written consent was obtained. 

 

6.4.i (b) The TES benchtop simulator 

 

The TES simulator described in chapter five was used.  Synthetic ‘polyps’ (silicon 

lesions glued between a double layer of colon) as utilised in the pilot study, was 

placed in the TES pelvic simulator, on a clinical operating table (Mars, Trumpf 

Medical GmbH & Co. KG, Ditzingen, Germany) with Lloyd-Davis leg supports 

(Amatek Accessory, Amatek Inc., Berwyn, Penn, USA), in which phantom lower 

limbs were placed to produce the effect of a patient in the lithotomy position.  This 

simulated patient was covered with sterile operating drapes. 

 

Instruments provided were an angled diathermy wand, two angled toothed graspers 

(one for tissue and one for the ultrasound probe) and angled laparoscopic scissors 
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(all from the ‘TEO’ range by Storz GMbH).  The diathermy wand was connected to an 

Erbe250 (ERBE Elektromedizin GmbH, Germany) device and circuit completed using 

a paediatric diathermy patient return electrode (Covidien PLC, Dublin, Ireland) on 

which the porcine colon was seated. 

 

The ultrasound probe and brackets were provided, connected to the Aloka cart, with 

the default setup being to offer the participant a ‘right-handed’ bracket and grasper 

for the ultrasound. 

 

6.4.i (c) Participant Pathway 

 

Figure 6.8 shows the participant progression through the study from recruitment 

onwards:  consent for participation, including video and photographic recording was 

obtained, the pre-test questionnaire was then completed, consisting of information 

regarding participant demographics, level of training and experience in ultrasound, 

laparoscopy, TEMS and robotics as primary operator and assistant.  Each participant 

was then instructed on the use of the ultrasound probe and allowed to familiarise 

themselves with the set-up, manipulate the ultrasound probe and perform a single 

practice task. 
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Figure 6.8:  Flowchart showing participant progress through the study. 

 
NASA-TL 

 
Participants recruited 

and written consent 

gained 

Pre-test questionnaire 

completed 

Instruction on study 

protocol and use of 

equipment given 

Practice task performed 

Randomization to TASK 1 

i.e. modality 1, polyp 1 Vs modality 2, polyp 1 

Vs modality 3, polyp 1 

TASK 1 – e.g. modality 1, polyp 1 

TASK 2 – e.g. modality 3, polyp 1 

Post-test questionnaire 

and feedback 

   NASA-TLX 

   NASA-TLX 

   NASA-TLX 

Randomization to TASK 2 

i.e. modality 1, polyp 2 Vs modality 2, polyp 

1 Vs modality 3, polyp 1 

Randomization to TASK 3 

i.e. modality 1, polyp 2 Vs modality 2, polyp 

1 Vs modality 3, polyp 2 

TASK 3 – e.g. modality 3, polyp 2 

The process continues until all 9 tasks i.e. 3 

polyps in 3 modalities complete  
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Participants then performed nine tasks in a randomised order,216 excising three 

synthetic polyps in each of the following three scenarios: 

 

1. ultrasound report simulation; a written description of an ultrasound scan of the 

polyp was provided, without any images (see box 6.1 for an example). 

2. on table ultrasound; ultrasound scanning of the polyp was performed by the 

participant prior to commencing dissection. 

3. intra-operative ultrasound; ultrasound was used by the participant during the 

procedure.  Images were displayed either in a separate window on the 

monitor, or as an augmented reality overlay with the appearance of the 

ultrasound being ‘cut away’ into the tissue.  Participants were able to switch 

between these two modes using a foot pedal switch. 

 

Participants were asked to aim to excise each synthetic polyp with a clear margin of 

at least 1mm. 

 

Participants were shown 3 different modalities displaying the ultrasound during 

intraoperative scanning:  a separate ultrasound image displayed in the corner of the 

operative view (so-called ‘picture in picture’, figure 6.9 - left), ‘overlay’ of the 

ultrasound image onto the tissue surface (figures 6.5 right and 6.6) and finally, a 

‘cutaway’ version of the overlay intended to give an impression of depth to the tissue 

(figure 6.9 - right).  This cutaway technique has been utilized with good results in 

several other procedures.231,240  
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Figure 6.9 Left – early benchtop example of a picture-in-picture ultrasound 

display and Right – a ‘cut away’ effect in an ex vivo renal model, aiming to display 

the ultrasound with a sense of depth in the tissue. 

 

Box 6.1 Example pre-operative ultrasound report. 

   

 

After each procedure (defined as a excision of a single synthetic polyp) the 

participants completed a questionnaire to measure the task workload (NASA-TLX).201  

Following the ninth and final procedure, a custom-designed questionnaire was 

completed.  This consisted of nine questions, marked on Likert scales 1-10, 

regarding ease of use, interpretation and preference for each of the three scenarios. 

The excised specimens were reviewed by 2 independent raters.  The raters used 

Vernier calipers to measure the following for each specimen: 

 

• Polyp size 

o Maximum and minimum diameter 

Example ultrasound report 

‘A ovoid lesion with maximum diameter of 17mm, minimum 15mm extends around 3mm in depth 

from the surface of the colon.  It appears to be fixed to surrounded colonic wall.  No 

adjacent vessels or nodes are identified’. 
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o Maximum and minimum depth 

• Radial margins 

o Maximum and minimum from excised edge to edge of polyp 

• Deep margins  

o Maximum and minimum from excised edge to edge of polyp 

Measurements were taken in millimetres and rounded to 2 decimal places. 

 

6.4.i (d) Post-procedure questionnaire 

 

After completion of all nine tasks, participants were asked to complete a 

questionnaire consisting of 7 questions with responses on a Likert scale of 1-10.  The 

questions can be seen in box 6.2. 

 

 

 

Box 6.2 Questions from the post procedure questionnaire.  Answers were 

given on a Likert scale with range 1-10.  Note that not all high marks were 

necessarily favourable:  the wording and scales were interchanged in order to 

prevent participants from answering without actively considering each item. 

 

 

Using the pre-op ultrasound 

1 I was able to interpret the images 

2 I found it was possible to retain the pre-op images in my mind during the procedure 

3 I found myself wanting to be able to perform further scans while performing the 

procedure 

Using the intraoperative ultrasound 

4 I was able to interpret the images 

5 I found it useful to be able to scan during the procedure 

6 I preferred the ultrasound overlay image to the separate screen 

7 Comparing the ‘plain’ ultrasound overlay image with the ‘cutaway’ version, I preferred  

  (plain image 1-> cutaway 10) 
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6.4.i (e) Statistical analysis 

 

Primary outcome measures were the radial and deep margins around the simulated 

polyps  (judged by two independent observers, PP and AdM) and the task workload 

according to the NASA-TLX index.  Means and standard deviations were calculated 

for the lesion sizes and margins.  Secondary outcome measures were time taken 

and feedback from the custom questionnaire, particularly opinions on the 3 different 

methods of displaying the ultrasound (picture-in-picture, overlay or cutaway).  

Results were analysed using StatPlus (LE Mac v5 2011) with the 1-way ANOVA test 

comparing means of the 3 populations with the ‘f’ test.  P<0.05 was taken to indicate 

statistical significance. 

 
6.4.ii Results 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2 Demographics of study participants. 

 

Twenty one participants took part in the study.  Table 6.2 shows their demographics:  

6 were experienced surgeons and 15 had some prior experience of ultrasound 

(mean number of scan performed 20).  No participants were excluded or failed to 

complete the study.  No adverse events occurred.  Inter-rater reliability for the 

measurement of lesions and margins was high (correlation coefficient R = 0.84). 

 

Total participants   21 

 

Age (years) median (range)  34 (26-53) 

 

Gender (M:F)    15:6 

 

Intermediate: Expert   16:5  

 

USS experience  (Y:N)  15:6 
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6.4.ii (a) Primary outcome results 
 

Mean ; SD in mm Report Pre-operative US Intra-operative US 

Lesion diameter  14.7 ;  3.55 13.7 ; 2.56 14.0 ; 3.92 

Radial margin – max 3.57 ;  1.51 6.14 ; 3.08 5.43 ; 1.72 

Radial margin – min 0.93 ;  1.30 2.71 ; 1.60 2.71 ; 0.76 

Lesion depth  2.34 ; 0.90 2.21 ; 1.03 2.14 ; 1.03 

Deep margin – max 0.79 ; 0.81 1.43 ; 0.83 2.29 ; 0.57 

Deep margin – min 0 ; 0.82 0.86 ; 0.63 2.00 ; 0.76 

 

Table 6.3 Summary of results of mean and standard deviations of polyp sizes 

and excised margins in all 3 modalities. 

 

Figure 6.10 Schematic showing the minimum and maximum radial and deep 

margins for the three groups.  Figures are formatted as  “mean ; standard deviation”, 

in mm, to 2 decimal places. 
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Figure 6.11 Box plot showing the lesion sizes (box boundaries are mean 

maximum and minimum absolute sizes in mm) with maximum radial margins ‘whisker’ 

above and minimum radial margins as ‘whisker’ below, in the 3 imaging modalities. 

 

 
Figure 6.12 Box plot showing the lesion depths (box boundaries indicate the mean 

minimum and maximum sizes) with maximum and minimum deep margins shown as 

‘whiskers’ above and below, in the 3 imaging modalities. 

 

Table 6.3 summarises the results which are illustrated by figures 6.10-6.12:  there 

was no significant difference in the sizes of the synthetic polyps in terms of radial or 

deep dimensions.  The minimum and maximum radial margins of the excised 

specimens containing the polyps were significantly greater in both the pre- and 

intraoperative ultrasound groups in comparison to the ultrasound report group 
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(p=0.02, p=0.03) but not significantly different between the two ultrasound groups.  

Results for the deep margins were a little different with the report group faring badly 

(mean minimum margin of 0, SD 0.82mm) and a significant difference in minimum 

and maximum deep margins between all three groups (p≈0.00, p=0.01 
respectively).   
 

Analysis of the NASA-TLX (figure 6.13) data showed a general downward trend from 

intraoperative ultrasound to preoperative to the ultrasound report group.  No 

significant difference was found in the total TLX scores for the 3 groups. However, on 

analyzing the first and original component of the TLX score (the ‘scale’, Likert-type 

components), significant differences were found between all 3 groups (p=0.05), with 

the lowest workload being in the report group and highest in the intraoperative 

scanning group. 

 
Figure 6.13 Mean NASA-TLX scores for each individual component of the 

questionnaire. 
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6.4.ii (b) Secondary outcome results 

 

There was no significant difference between time taken for the US report and pre-

operative ultrasound arms (5 minutes 5 seconds versus 5 minutes 54 seconds), but 

total time was significantly greater for the intraoperative US arm (mean of 7 minutes 

28 seconds) in comparison to the US report group (p=0.01).  The intra-operative 

versus pre-operative groups’ times approached but did not reach significance 

(p=0.10). 

 

 Question Mean 

score 

Standard 

deviation 
Using the pre-op ultrasound  

1 I was able to interpret the images with ease (ease = 1) 5.5 2.07 

2 I found it was possible to retain the pre-op images in my mind 

during the procedure (true = 1) 
6.6 2.01 

3 I found myself wanting to be able to perform further scans 

while performing the procedure (yes = 1) 
5.1 2.38 

Using the intraoperative ultrasound  

4 I was able to interpret the images with ease (ease = 1) 4.8 2.15 

5 I found it useful to be able to scan during the procedure (yes = 

1) 

4.3 1.89 

6 I preferred the ultrasound overlay image to the separate 

screen (yes = 1)     
3.4 3.03 

7 Comparing the ‘plain’ ultrasound overlay image with the 

‘cutaway’ version, I preferred (plain image 1-> cutaway 10) 
2.9 1.91 

 

Table 6.4 Results of the post-procedure questionnaire. 

 

Participants were equivocal about the ease with which they felt able to interpret both 

the pre-operative ultrasound and the intra-operative ultrasound (5.5 and 4.8 

respectively).  Participants appeared to feel able to maintain the impression of the 

pre-operative ultrasound image in their mind while operating (6.6).  Participants were 

equivocal on whether they wished, during the procedure, to perform further scans 

(5.1) and, when asked about the intra-operative scanning modality, were not 

convinced about its utility (4.3).  In terms of the manner in which the ultrasound 
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image was displayed, clear preferences were shown for the overlay image over the 

‘picture in picture’ separate image and for the ‘plain’ overlay over the ‘cutaway’ image. 

 

 

6.5 Discussion 

 
6.5.i The simulated TES study 

 

This benchtop study showed that the ultrasound imaging of the scenario, performed 

by the clinician, can improve the outcome as defined by an increased excision 

margin.  However, the study suggested that whether the ultrasound imaging was 

performed just prior to excision or during, was not relevant in the context of radial 

margins, but did make a significant difference to deep margins.  It is likely that this is 

because, although the synthetic lesions were buried within the porcine colon, the 

raised boundary of each lesion was visible to the naked eye and so repeated 

ultrasound is less likely to be beneficial.  This is also the case clinically in which 

radial margins are usually easier to judge than deep margins and therefore suggests 

that there may be a useful role for this system in clinical practice.   

 

The obvious counter to that are the added time taken to perform intraoperative 

scanning and the cognitive burden placed on the surgeon, illustrated by the 

significantly increased NASA-TLX scores.  In clinical practice, however, if the 

technique is more likely to generate clear margins, it is likely that most surgeons 

would eschew the added time taken and demand on their skills.  Furthermore, one 

would expect that with experience of the system, cognitive burden and time taken 

would decline. 

 

Weaknesses of this study include the small size of lesions:  13.7-14.7mm mean 

diameter and 2.14-2.34mm mean depth.  In comparison to a standard lesion selected 

for TES, these are on the small side.  The reason for selecting smaller lesions was 

simply practicality:  (1) it was easier to manufacture smaller silicon synthetic polyps, 

(2) with relatively small sample size, a great variation in lesion size was not desirable 

as it could have affected results, (3) it takes longer to excise a larger lesion and each 

participant had to excise a total of 9 test lesions: it was not felt that busy clinicians 

should be expected to undertake a study taking over an hour and there was a 
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concern that beyond an hour, mental fatigue and distraction may have affected 

results. 

 

The sample of participants was great enough to generate significant results, however, 

it would have been interesting to have a greater number, particularly of senior 

participants.  One other suggestion was the inclusion of radiologists, however, it was 

felt that a meaningful comparison of their technical output would be difficult to 

achieve. 

 

Participant response to the ultrasound overlay was generally very favourable.  

Negative comments mainly related to the slight delay in image processing.  This will 

require some improvement prior to clinical translation, however, given the promising 

results, particularly for the deep excision margins, the system was felt to be worth 

pursuing.  

 

6.5.ii Technical aspects of the ultrasound overlay system 

 

This novel technique for ultrasound calibration and subsequent tracking has shown 

sufficient levels of measurement accuracy, repeatability, computational efficiency and 

robustness in the context of phantom, but nevertheless, realistic scenarios.  

 

In common with most camera-based systems, this system is limited by the fact that it 

cannot automatically adjust to changes in zoom or focus. Although, importantly, no 

probe re-calibration is required in this event, the current setup still demands a repeat 

camera calibration. To make this practical for intraoperative use, the system will be 

extended to support adjustments of the zoom position over a discrete space of 

precalibrated camera intrinsic parameters.  

 

The restricted workspace of the rectum does present a challenge for manipulation of 

the probe, however, the probe could equally well be grasped by a different and more 

ergonomic grasper, including a robotically manipulated tool.  The use of ultrasound, 

even if accurately displayed and interpreted, does not entirely obviate the risk of 

positive margins.  This is particularly true for the deep margins.  Although subsurface 

techniques, such as confocal endomicroscopy, have insufficient penetration for initial 

use on the surface of a lesion, they may have a role in scanning the cavity for 

residual neoplastic cells. 
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Barriers to translation of this system into clinical practice are relatively few:  the use 

of ultrasound intraoperatively has precedence, the system has been shown to be 

accurate enough in phantom trials and robust enough in a live animal trial, and the 

novel components e.g. probe bracket have been manufactured with clinical 

translation in mind, using autoclavable materials.  This is, therefore, a realistic next 

step for this system. 

 



Chapter	  Seven	  

From Bench to Bedside:  a Patient Case Series 
Showing Iterative Changes to the Transanal 
Endoscopic Surgical Platform 
 

7.1 Introduction 

 

Pre-clinical benchtop trials of the proposed alterations to the TES platform showed 

promising results:  the novel stereoscopic viewer showed equivalence to the TEMS 

stereoscope in terms of accuracy, pathlength and time taken but superior 

ergonomics, and the use of in situ ultrasound scanning showed promise in improving 

deep resection margins.  A single animal study (chapter six) showed feasibility of the 

ultrasound probe in a clinical scenario but with the limitations of there being no lesion 

to scan, nor, given the porcine pelvic anatomy, any mesorectum.  The introduction of 

these two novel components of the TES platform to clinical practice at an early stage 

in a pilot capacity was deemed important to their full assessment and further 

development.  A pilot study was therefore undertaken, identifying all those patients 

due to undergo TES at our institution and selectively adding one, or in later cases 

both, of the novel components to the TES, or obtaining other clinical information 

relevant to the further development of the visualization in TES. 
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7.2 Preliminary work to permit patient translation 

 

The introduction of novel devices to the operating room required further corroboration 

or their safety and sterility followed by formal ethical approval and an appropriate 

recruitment and consent process for the patients. 

 

7.2.i Certification of equipment 

 

The safety testing and certification of the proposed additional components for TES 

consisted of (1) electrical safety testing and (2) proof of suitability of non CE-marked 

components for medical use and (3) microbiological assessment. 

 

Routine electrical inspection and safety testing was performed by our institution’s 

EBME department on the PC, ultrasound cart and the stereoscopic viewing box.   

 

The Aloka ultrasound probe and cart were already CE marked for medical use. The  

custom designed probe-holding bracket, as a novel non-CE marked device to be 

inserted into the body, required manufacturer’s certification regarding the 

composition of the alloy as suitable for medical use (see box 7.1) and approval was 

only sought for its use in a research capacity. 
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Box 7.1   Test certification for the ultrasound probe holding brackets. 

 

7.2.ii Equipment decontamination 

 

The infection control department for our institution were consulted:  the operative set-

up meant that the PC and ultrasound cart were at a similar distance from the patient 

as a laparoscopic ‘stack’ and so sterility of these items was not required.  The 

stereoscopic viewing box, being in a clean-contaminated area between the Lloyd-

Davies boots, was not required to be sterilized itself, but was required to be covered 

in sterile drapes in order to prevent contamination of the adjacent sterile operative 

field.  The viewing port for the surgeon was left undraped.   

 

LPW Technology Ltd
PO Box 768, Lymm

WA15 5EN
United Kingdom

Tel:  +44 (0)845 539 0162
Fax: +44 (0)845 539 0163

sales@lpwtechnology.com

UK VAT Reg. No.: 920 1346 67
UK Company No.: 6233481

Date: LPW Sales Order: 1474
Client Purchase Order Number: CRD11522

Client: CRDM Limited
Address: Unit D, Wycombe Sands

Lane End Road
High Wycombe
HP12 4HH

Description:
Quantity: 40kg

Alloy Name: LPW Reference No.:

Actual Actual Range
Element Min Max Size Unit %
Fe Bal Bal +45 microns 1
C 0.03 0.018
Si 0.75 0.58
Mn 2 1.25
P 0.025 0.022
S 0.01 0.004
Cr 17.5 18 17.8
Ni 12.5 13 12.7
Mo 2.25 2.5 2.36
N 0.1 0.09
Cu 0.5 0.23
O 0.1 0.014

We certify that this powder supplied conforms to the specifications given. 

LPW Technology Ltd

Specified Range

Other Testing/Comments:
All testing undertaken at ISO 17025 certified labs. 
Sieve Analysis conforms to ASTM B-214. Microtrac conforms to ASTM B-822

test = sieve

Size Analysis
LPW-316-1 UK1211

Test Certificate

Gas Atom, AISI 316L, 15-45 micron

Chemical Analysis (wt%)

25 July 2012
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The majority of effort had to be focused on achieving the sterility of the components 

of the ultrasound which were to be introduced into the patient, via the TES 

proctoscope; these comprised the ultrasound probe with its tracking dot adhesive 

marker and the probe-holding steel bracket.  This process required (1) the 

identification of the appropriate cleansing method for each piece of equipment and 

(2) a series of cycles of cleansing, followed by testing for any organisms. 

 

Figure 7.1 A - Sterrad® system, B – extract from the Aloka ultrasound probe 

manufacturers instructions and C – information regarding the Instru-Safe Medical 

Instruments tray. 

 

The composition of the steel alloy ultrasound probe bracket (box 7.1) meant that it 

was suitable for high temperature cleansing with steam.  In contrast, Hitachi Aloka, 

the manufacturers of the ultrasound probe recommended cleaning of the probe with 

either Ethylene Oxide, Sterrad®, or Perasafe, (figure 7.1B) it being unable to 

withstand the temperatures required for autoclaving.  Our institution had newly 

purchased a Sterrad®100NX system (figure 7.1A) and this was therefore selected for 

probe cleaning.  Sterrad®NX uses a combination of hydrogen peroxide vapour and 

low-temperature (maximum 55°) gas plasma to sterilize medical instruments without 

leaving any toxic residues.241 
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Information regarding the attached KeyDot was sought from the manufacturers, 

KeySurgical:  the marker was manufactured from a 3M™ (St. Paul, USA) label 

material 7847, which can be imaged and ‘kiss cut’ by a laser beam, with the top layer 

being engineered to be ablated by a laser beam to produce an image and is certified 

to ISO 9002 standard.242  The label and adhesive were reported by 3M as being 

resistant up to 392°F and able to withstand corrosive chemical such as sodium 

hydroxide (200 hours) or sulphuric acid (300 hours) with no change to the integrity of 

the material and was therefore also able to withstand the process of Sterrad cleaning 

selected for the ultrasound probe.  This was crucial as a recalibration of the probe 

would be required with any change in position of its marker (chapter six).  

 

Figure 7.2 A - The Guardian tray with barcode tag and B - the ultrasound probe 

held within the tray, C – The Barcode for the angled grasper and trinket box, D – the 

Instru-Safe tray containing a grasper and trinket box. 

 
 
Suitable containers were sought in which to house the ultrasound probe and the 

probe brackets during the cleaning process.  The Summit Medical Inc., Guardian 

Tray, with soft silicon insert, was selected for its compatibility with the Sterrad system 
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to house the Aloka ultrasound probe (figure 7.1c and 7.2 A, B).  A small, mesh, 

‘trinket box’ from KeySurgical was selected to house the probe brackets and this was 

placed inside a larger case Summit Medical Instru-Safe Tray designed to hold the 

angled TES graspers (figure 7.2 C,D).  The two boxes were labelled with barcoded 

tags for tracking between theatres and TSSU (figure 7.2 A, C).  A set of instructions 

for the theatre and TSSU staff regarding the contents of each tray and the cleaning 

instructions for each, was prepared and approved by the infection control department. 

 

Both sets of equipment were then subjected to the cleansing, as described above, 

and microbiological swabs taken from several parts of the equipment to establish if 

any microbes had survived the cleaning process.  The equipment in tray two which 

was autoclaved showed no growth, however, the ultrasound probe did show 

microbes present after Sterrad cleaning.  This prompted a review of the Sterrad 

process by the nurse lead for infection control, who, on inspecting the TSSU, found 

the process was not being performed correctly.  Staff were re-trained in the use of 

Sterrad and a further two sequences of cleaning and testing of the ultrasound probe 

showed no microbial growth.  On this basis, both sets were approved for entry into 

the circulation and prepared for clinical use. 

 

7.2.iii Ethical approval 

 

Ethical approval was sought by way of an amendment to a pre-existing ethics 

application regarding the use of novel imaging platforms for pelvic surgery 

(‘Improving Outcomes in Robotic and Endoscopic Surgery using Augmented Reality 

Guidance’).  Permission was granted to recruit TES patients, to collect, process and 

store any pre-operative imaging data from their diagnostic and staging studies, to 

use this and in situ generated ultrasound for intraoperative image augmentation, to 

use the novel stereoscope and to record and store any intraoperative data.  Ethical 
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approval was duly granted by the London, Dulwich, NRES Committee (07/Q0703/24) 

in September 2011. 

 

7.3 Patient Case Series 
 

7.3.i Methods 

7.3.i (a) Patient identification and recruitment 

 

From December 2011, all patients listed for TES at our institution were identified from 

the weekly Colorectal Cancer Multi-Disciplinary Meeting, theatre lists and the diary of 

the Consultant Surgeon performing such procedures.  Where possible, the study was 

discussed with patients in clinic, when they attended for their routine pre-operative 

review.  They were given a copy of the patient information leaflet with contact details 

for those running the study.  Those not attending a clinic were contacted by 

telephone and sent a copy of the information leaflet by post or email.  All patients 

were then visited on their admission and any questions regarding participation were 

answered and, where appropriate, written consent gained.   

 

7.3.i (b) Preoperative preparation 

 

No changes were made to the standard patient investigations or pre-operative 

preparation.  Standard investigations at our institution for such patients would usually 

be a flexible endoscopic investigation of the bowel, and cross sectional imaging in 

the form of CT scan covering chest, abdomen and pelvis and an MRI of the pelvis for 

loco-regional staging purposes.  Standard pre-operative preparation would usually 

include oral preparation of the bowel, taken as per our institution’s guidelines and 

sips of water up until four hours prior to the estimated operation time.  Consent for 

the procedure was gained by the relevant clinical team member (specialist registrar 

or consultant) in the usual manner, with questions regarding elements of the study 
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being directed to the clinical researcher.  On occasion, this was the same person:  

when that occurred, it was made clear that refusal to participate in, or withdrawal 

from the study, would have no effect on the clinical treatment delivered. 

 

The cross-sectional imaging of patients recruited to the study was examined and 

reconstructed in 3D using OsiriX software for DICOM data243 to produce images 

suitable for use in intra-operative augmentation (figure 7.3). 

 

Figure 7.3.  Example of a 3D mesh reconstruction created from a patient’s pelvic 

MRI.  The tumour is coloured red. 

 

Two additional personnel were present in theatre to facilitate the study:  one non 

clinical (PP) and one clinical (AdM), although when this person was also the assisting 

SpR, only one extra team member was present.  The Wolf TEMS platform was used 

throughout the case series.  The equipment required for the study was set-up in the 

theatre prior to the patient’s arrival and the nursing staff were fully briefed.  It was 

necessary for the clinical researcher to scrub in to assist the nursing staff with the 

preparation of the equipment such as setting up of the ultrasound probe, attaching its 

bracket and draping of the dual camera heads.   
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As per usual clinical practice at this institution, the procedure was performed under 

general anaesthesia, with intravenous antibiotic prophylaxis (metronidazole), 

mechanical thromboprophylaxis and a forced-air patient warming device. 

 

7.3.i (c) Intraoperative recording 
 

Each case in the pilot study was recorded either directly from the Storz OR-1 hub or, 

if the stereoscopic viewer was used, from the two Storz image-1 hubs, via the 

custom PC.  The video files were, as per the ethics application, stored securely on an 

Imperial AHSC NHS network.   

 

7.3.i (d) Intraoperative image augmentation 

 

Where appropriate the stereoviewer and or the ultrasound probe were used 

intraoperatively.  Information regarding the flow of the operation, any issues 

encountered with the equipment and surgeon feedback were recorded and stored in 

a locked cabinet in an Imperial AHSC NHS office. 

 

7.3.i (e) Clinical follow-up 

 

It was expected that the majority of patients would be discharged on post-operative 

day one, with 5 days of oral antibiotics prophylaxis, stool softening agents and 

minimal oral analgesia.  Patients were visited by the clinical researcher on post-

operative day one and any adverse symptoms recorded.  Histology results were 

followed up by the clinical researcher.  Routine clinical follow-up was not always 

undertaken at our institution, depending on the source and location of the original 

referral.  Those that were suitable for follow-up locally were seen in clinic by the 

clinical team at an interval determined by their histology result i.e. 1-2 weeks for 
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malignancy and 4-6 for benign disease.  This follow-up was not adjusted for the 

study.  Outcome at follow-up for those seen locally was established by the clinical 

researcher based on notes review and for those seen elsewhere, this was based on 

clinical correspondence received.  As this was a pilot study and was not intended to 

follow clinical outcome data, plus as many of the patient’s were selected for TES 

based on their frailty, this policy of limited follow-up was felt to be acceptable. 

 

7.3.i (f)  Study endpoints 

 

As a pilot study, exploratory endpoints were selected: 

• Feasibility of the stereoviewer in a clinical scenario 

o Judged on observation and surgeon feedback 

• Surgeon opinion of the stereoviewer 

o Based on a custom user questionnaire for the surgeon 

• Feasibility of the USS probe use 

o Judged on observation and surgeon feedback 

• Feasibility of combined use of the stereoviewer and USS probe 

o Based on a custom user questionnaire for the surgeon 

• Preferred method of displaying the USS image for augmentation; picture in 

picture or overlay 

o Surgeon feedback and custom questionnaire 

• Patient outcome details 

o Complications 

o Histological outcome 
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7.3.i (g) Data processing 

 

The study endpoints were used to establish which novel aspects in each clinical case 

were performed successfully and which aspects required modification before future 

use.  The cases are presented below in chronological order. 

 

A mechanism for the capture, recording and reporting of any adverse incidents was 

put in place prior to the commencement of the study. 

 

Patient 

identifier 

Patient 

demographics 

Patient  

information 

Tumour 

information 

What was 

undertaken 
1 84 female Presented with 

anaemia.  PHx 
IHD, AF on 
warfarin. 

T1 N1 Low TA 
with LGD at 4-9 
o’clock. 

Model made from 
pre-op MRI. 
Video recording 
of procedure 
manually fused 
with MRI 
retrospectively. 

2 74 female Presented with 
bright red, 
painless, rectal 
bleeding. 

Well 
differentiated 
neuroendocrine 
tumour 
incompletely 
excised at flexi 
sig in October 
2011. 

Video recording 
from OR1. 
Procedure 
performed at 
sister institution. 

3 68 male Sessile rectal 
lesion found at 
colonoscopy for 
altered bowel 
habit. 

Tubullovillous 
adenoma of 
2.5cm x 2cm x 
0.5cm 
completely 
excised. 

Pre-operative 
staging scans 
assessed. 

4 66 male Anal canal polyp 
found at 
urological 
investigation. 
1.5cm. Nil else on 
colonoscopy. 

Villous adenoma 
with low grade 
dysplasia. 
Completely 
excised. 

1st video recorded 
in stereo for first 
time using two 
camera heads 
onto tem scope. 
1st use of 
stereoviewer in 
theatre to play 
back. 

5 86 female Presented with 
rectal bleeding.  
Suspicious lesion 
on CT 
pneumocolon.  

Adenocarcinoma 
SM1.  Local 
vascular 
invasion noted.  
Continues on 

OR1 video 
recorded. 
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MRI ‘polypoid 
mass at 5cm from 
anal verge 
measuring 1.6cm 
x1cm T1, no 
nodes involved. 

follow up (last 
seen 2013). 

6 81 female P/w rectal bleed 
to local hospital.  
Biopsies showed 
adenocarcinoma 
and MRI T1 N0. 

Poorly 
differentiated 
adenocarcinoma 
SM3 T1 NX M0.  
Local follow-up. 

1st 
contemporaneous 
use of 
stereoviewer for 
procedure itself.  
1st MRI overlay in 
situ. 

7 73 male Presented with 
mucus discharge 
and some rectal 
bleeding.  Villous 
adenoma on 
biopsies. 

3.4cm x 2.3cm x 
0.4cm sessile 
villous adenoma 
with foci of high 
grade dysplasia.  
Excision 
incomplete.  
Yearly 
colonoscopy f/u 
(last in 2014). 

2nd in situ use of 
stereoviewer.  1st 
use of ultrasound 
probe in situ.  1st 
recorded video 
and USS stream.  
Registered 
tracking overlay 
performed post 
hoc. 

8 58 male Patient choice 
TEMS after 
chemoradiation 
for moderately 
differentiated 
adenocarcinoma 
downstaged from 
T3 to T2. 

3cm x 2.5cm x 
0.7cm through 
muscularis 
propria by 1mm 
but completely 
excised in all 
margins by 
minimum 4mm.  
May 2014 liver 
metastasis 
detected – 
underwent 
hepatic resection 
in  July 2014. 

3rd use of 
stereoviewer.  1st 
use of new boom 
arm for viewer.  
2nd use of USS 
probe.  In situ 
picture-in-picture 
USS. Post-hoc 
overlay. 

9 69 male Polypectomy on 
bowel cancer 
screening 
program.  
Adenocarcinoma.  
MRI showed 
thickening 
thought due to 
polypectomy.  
Proceeded to 
TEMS. 

3cm specimen of 
scar.  No 
invasive 
malignancy, just 
reactive change. 

4th use of 
stereoviewer.  3rd 
use of USS.  1st 
use of live-
registered 
‘cutaway’ view. 

10 61 female Rectal polyp at 
8cm from anal 
verge found on 
follow up for 
previous 
colorectal cancer 

Semi annular 
anterior tumour – 
2.0cm x 1.5cm x 
1.5cm villous 
adenoma with 
low grade 

1st trial on table of 
BK endoanal 
probe.   
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(T2 ascending 
colon managed 
with right 
hemicolectomy). 

dysplasia.  
Completely 
excised. 

11 67 female Rectal adenoma 
on background of 
ulcerative colitis.  
Lesion at 10cm 
detected on 
screening 
colonoscopy.  
Warfarinised for 
cardiac valve.  
Transanal 
excision 
attempted 
elsewhere and 
failed due to 
bleeding – CT 
pneumocolon 
performed and 
patient referred. 

Tubulovillous 
adenoma 
excised 
completely in 
specimen of 
1.7cm x 1.6cm x 
0.3cm. 

1st full colonic 
reconstruction 
from CT 
pneumocolon. 

 

Table 7.1 Patient demographics, background clinical information and brief 

explanation of additional components of the procedure, over and above what would 

usually have been performed. 

7.3.ii Results 

 

11 patients were identified and recruited to the study.  2 patients were excluded from 

the final analysis as neither the ultrasound nor stereoscopic viewer were utilized.  

These patients are included in the table above but not discussed below. 

 

Patient 1 
 

The case of this 84 year old female with a low and fairly large tubular adenoma, was 

the first witnessed by our non-clinical researcher and was therefore used 

predominantly to allow him to familiarize himself with the procedure and equipment in 

vivo.  The pre-operative pelvic MRI of this patient was of good quality and was 

utilized to create a 3-dimensional mesh reconstruction of the anorectum and tumour.  
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The procedure was recorded in mono directly from the Storz OR1.  Retrospectively, 

the reconstructed MRI was fused manually with the video feed to show feasibility and 

to demonstrate what MRI image augmentation would look like.  Additionally, an 

attempt at objectively measuring the ergonomics of the head position was made.  

The e-AR sensor is a small, ear-worn pervasive sensor containing accelerometers 

correlating with movement in the x, y and z axes and a blue tooth transmitter.  It has 

been validated for monitoring of gait patterns and mobility following surgery.  In this 

setting it was worn by the surgeon in order to explore whether his head movements 

during the procedure could be detected with the e-AR.  The data from the e-AR was 

analysed alongside video of the surgeon and revealed that ‘spikes’ in the e-AR 

accelerometer output correlated with the surgeon withdrawing his head from the 

TEMS telescope.  During the 33 minute procedure, this occurred a total of 20 times:  

on 8 occasions for the proctoscope angle to  be readjusted and 12 reported by the 

surgeon due to shoulder and neck discomfort.  Figure 7.4 shows the raw output from 

the e-AR with peaks corresponding to these larger movements. 

 

 

Figure 7.4 The e-AR raw data output:  the three coloured lines represent output 

from each of the 3 accelerometers with peaks in activity at major surgeon head 

movements.   

 

The patient’s tumour was successfully excised using the Wolf TEMS platform (figure 

7.5). 
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Figure 7.5 The large tubular adenoma removed, before the specimen is pinned 

out. 

 

Feedback:  MRI augmentation useful for pre-operative planning but the image not 

detailed enough for intraoperative guidance.  The e-AR was shown to correlate with 

major repositioning by the surgeon and may therefore have a role in comparing the 

ergonomics of the stereoscope. 

 

Patient 2 

 

This 74 year old female’s procedure was performed at one of our sister institutions.  

Transport of the study equipment was deemed impractical at this early stage and so 

video feed of the procedure was recorded directly from the Storz OR1, in mono.  

Clinically there was no mass lesion visible, only tattoo placed by the endoscopist and 

some slight scarring of the mucosa.  This was excised and the defect sutured closed. 

 

Figure 7.6 Left – tattoo and some echymoses on the surface of the rectal wall, 

but no mass lesion and right – the excision being performed. 
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Feedback:  Need to focus on making sure that, in future, equipment is portable 

enough to permit movement to sister hospital and further afield.  In such a situation 

with no obvious mass lesion, ultrasound may have been beneficial. 

 

Patient 4 

 

The novel stereoviewer was introduced for the first time in this 66 year old male’s 

TES.  The stereoviewer’s dual camera heads and dual image-1 hubs were used to 

record, for the first time, in stereo vision and the resulting video was played back in 

stereo using the stereoviewer (figure 7.7).  This allowed the surgeon to assess the 

image quality.   

 

Figure 7.7 Left - The stereoviewer was introduced in patient 4 and right - the 

image quality assessed by the surgeon.    

 

Feedback:   On the questionnaire, the surgeon gave the system full marks for ease 

of viewing the 3D image and interest in using the system again.  One area was 

identified for development was decreasing glare in the images.  

 

Patient 6 

 

Prior to this case, the dual camera heads were re white balanced in an attempt to 

improve the glare.  The novel stereoviewer was then used for the second time in this 
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81 year old female’s case and but, more importantly, used contemporaneously for 

the first time.  The procedure was completed by the surgeon using the novel 

stereoviewer throughout. 

    

Figure 7.8 Top left - The stereoviewer in situ between the patient’s legs, top 

right and below left - the surgeon using the viewer to perform the procedure for the 

first time and below right, the resulting specimen. 

 

 Feedback:  The ease of visualization of the 3D image was again rated highly (10/10), 

the glare was reportedly improved from previously with the endoluminal view quality 

being ranked 7 (from 5 before).  In terms of the ergonomics, the head position and 

workflow were both rated significantly better than those of the TEMS stereoscope 

(scoring 9 on the Likert scale).  This was reflected in data captured from a single e-

AR sensor which showed significant activity spikes consistent with the surgeon 
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shifting position away from the stereoviewer:  there were only spikes at the start, 

withdrawal of the specimen and finish in contrast to the 12 major spikes in case 1 

using the TEMS stereoscope.  Negative feedback was reported regarding the effect 

of the suspension frame holding the stereoviewer, which impacted upon floor space 

at the surgeon’s feet required for pedals and caused some restriction of extreme 

lateral hand movements. 

 

Patient 7 
 

The 2nd in situ contemporaneous use of the stereoviewer was undertaken in this 73 

year old male’s procedure.  The ultrasound probe was used for first time and the 

resulting images were recorded.  Live registration and overlay was not performed.  

Post hoc registration was performed and the ultrasound image displayed in ‘picture in 

picture’ mode and cutaway for review by the surgeon (figure 7.9). 

 

 

Figure 7.9 Left – the ultrasound probe passed through the TEMS seal and ready 

for introduction to the proctoscope.  Upper right image – picture-in-picture 
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ultrasound image and lower – cutaway ultrasound overlay superimposed on the 

operative field. 

 

Feedback:  The surgeon reported that use of the ultrasound probe was 

straightforward and image quality was good.  However, the image did ‘drop out’ if the 

tracking pattern on the face of the ultrasound probe became obscured due to soiling 

e.g. with mucus.  The issue of how the probe would perform in cavity scanning in 

which blood may contaminate the marker was therefore raised.  The picture-in 

picture image was well-received but the cutaway was felt to obscure too much of the 

operative field. 

 

Patient 8 
 

A 58 year old male underwent a TEMS.  The novel stereoviewer was utilized 

contemporaneously for the 3rd time, but as a new feature, responding to the 

comments from the surgeon in cases 4, 6 and 7, a new boom to support the viewer 

was used in place of the metal suspension frame 

 

The USS probe was used for the second time and images presented intraoperatively 

as picture in picture without live registration (figure 7.10).  Ultrasound overlay images 

were generated post hoc.    Reconstructed MRI image was also used to show an 

example of how it could be displayed intraoperatively (figure 7.10 bottom left). 
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Figure 7.10 Top left – picture-in-picture ultrasound display, top right – overlay 

image, below left – reconstructed MRI displayed as a picture-in-picture and below 

right – the excised tumour. 

 
Feedback:  Ergonomics of the stereoviewer on the new boom arm were rated more 

favourably in terms of available room on the floor at the feet of the surgeon and no 

restriction to lateral hand motion.  The nurses also preferred this set-up as it 

prevented any contact of the support device with the patient’s sterile field and moved 

the footprint of the support (the counterweighted base of the stand) away from the 

crowded area between patient and surgeon.  Preference for the ultrasound imaging 

display remained with the picture-in-picture.  As previously, the reconstructed MI was 

not felt to convey sufficient detail to make it useful clinically. 

 

Patient 9 
 

In the case of this 69 year old male, the stereoviewer was used for the 4th time (still 

mounted on its new boom arm) and the ultrasound was used for the third time.  
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However, on this occasion, the ultrasound was registered live and the overlay view 

was used to mark the boundaries of the tumour to be excised.  The image was 

displayed to the surgeon as a ‘plain’ overlay and also a ‘cutaway’ in order to obtain 

their opinion on which modality was most useful. 

 

Feedback:  the ‘drop-out’ of the ultrasound probe was reported to be occurring less 

frequently (thanks to an adjustment of the tracking algorhythm) and again the picture-

in-picture imaging received more favourable feedback  with the overlay being said to 

obscure too much of the operative field. 

 

Patient 10 
 

For comparison, a standard endoanal probe (BK Medical) was utilized on table for 

this 61 year old male’s procedure.  The procedure was then performed with standard 

TEM technique with mono recording via the OR1. 

 

Figure 7.11 An image from the endoanal probe (BK medical) in patient 11 with the 

tumour in the 4-7 o’clock position. 
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Feedback:  The resolution of the endoanal probe was noted to be superior to that of 

the microsurgical probe, however, the inability to scan while looking at the operative 

field in order to correlate the two mentally was felt to be a significant disadvantage:  

the repeated withdrawal of the proctoscope to perform a scan was felt to disrupt the 

workflow more than could be justified by its improved image resolution. 

 

Patient 11 

 

This patient had undergone a CT pneumocolon pre-operatively.  This was used to 

create a 3D reconstruction of the colon.  The quality of the dataset was unusually 

high in so far as the entire colon was well-prepared, well distended and coated with 

oral contrast.  This produced an excellent 3D colonic model.  The patient ultimately 

underwent a transanal excision of a benign lesion too distal for formal transanal 

excision. 

 

Figure 7.12 A 3D mesh model of patient 11’s colon, constructed from a high 

quality CT pneumocolon.   
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Feedback:  Although neither the novel stereoscopic viewer nor ultrasound tracking 

was used, this case provided an important reminder of one of the mechanical 

limitations of TES:  inability to form a seal sufficient to complete the procedure in 

distally placed lesions.  This is an issue which future iterations of the device should 

aim to address.  Conversely, future iterations will also need to address lesions 

beyond the rectum.  The 3D colonic model could be utilised to synthesise an addition 

to the TES simulator of chapter four, in order to allow the simulation of such proximal 

colonic lesions. 

 

7.3 Discussion 
 

In this pilot study the novel 3D stereoscopic viewer, initially described in chapter five, 

was used safely and effectively in 4 clinical TES cases with no adverse effects and 

positive feedback from the surgeon regarding the quality of the optics.  Furthermore, 

observational data, output from the e-AR sensor and feedback from the surgeon all 

suggested that ergonomics of the stereoscopic viewer were superior to those of the 

TEMS stereoscope.  These results reflect those of the benchtop study reported in 

chapter five.  During the course of the pilot study, the ergonomics of the stereoscopic 

viewer were modified, in response to the comments of the surgeon, with the 

replacement of the original suspension frame with a counterweighted ‘boom arm’.  

This boom arm allowed the viewer to be deployed over the operating table and pulled 

down to meet the surgeon’s eyeline, leaving the floor area directly in front of the 

surgeon clear for diathermy and suction pedals.   This change was received 

positively by both surgeon and nursing staff. 

 

The introduction of the microsurgical ultrasound probe required a considerable 

amount of groundwork to establish that it, and the attached marker, were suitable for 

clinical use.  The ultrasound probe with its custom holding bracket were utilized in 
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three clinical cases, showing feasibility in a clinical scenario and image quality which 

was viewed favourably by the surgeon.  The challenge with the ultrasound probe was 

not so much to show its feasibility but to establish he best method of displaying the 

image.  Viewing of the image on the ultrasound cart required no work to process it 

but had the significant disadvantage of the surgeon having to look away from the 

operative screen and to try and marry the to images in their mind.  This would 

obviate most of the ergonomic benefit of using the immersive stereoscopic viewer, 

designed to prevent the surgeon from having to break their comfortable operating 

pose and change their focal length to see the ultrasound cart.  Live registration of the 

ultrasound probe was required to provide either a picture-in-picture ultrasound, 

standard overlay or ‘cutaway’ image (as described in chapter six).  Live registration 

and intraoperative use of the ultrasound to guide resection margins was successfully 

performed in a single case. 

 

Mirroring the findings of chapter six, the use of the ultrasound probe did present a 

less intuitive addition to the system than the stereoviewer, however, if the findings of 

that benchtop study with improved deep resection margins translate to clinical 

practice, then the effort required to use the ultrasound probe may well be justified.  

The way in which the ultrasound image is portrayed to the surgeon is likely to be 

integral to the success or failure of the intraoperative ultrasound in TES:  the 

presentation of the surgeon with a completely separate and independent screen for 

the ultrasound image was reported less favourably by the surgeon because, as 

described above, the ergonomics were clunky and furthermore, fusion of the 

ultrasound and operative view was therefore something he had to achieve himself.  

This was even more true for the use of the BK endoanal probe on table prior to the 

procedure, which generated high resolution images, but prevented simultaneous 

excision or even marking of the tumour because it filled the operating space 
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completely.  The results from chapter six would suggest that this preoperative 

scanning may not affect the radial margins but results in poorer deep margins.   

 

The options for image augmentation of picture-in-picture, overlay with alpha blend or 

cutaway may turn out to be matters of personal preference to individual surgeons 

although there are obvious advantages in each direction:  the alpha or cutaway 

overlay images would seem logically to be the easiest option for performing radial 

marking of a tumour; presenting a kind of ‘cut outside of here’ instruction to the 

surgeon.  That said, we know that radial marking seems to be the less affected by 

ultrasound (chapter six) and its real advantage may lie in being able to scan during 

excision or scan the cavity just after, looking for further deep extension.  Again, it 

would seem logical that presentation of the image in situ using overlay should make 

this easier.  The cutaway image seeks to get away from the odd idea that the cross 

sectional ultrasound image is displayed as a flat plane on the tissue surface, at odds 

with what it is actually showing.  However, the cutaway graphics do not seem to be 

the answer to this:  being reviewed negatively by the surgeons in the pre clinical trial, 

as well as during in vivo use. 

 

One major drawback, however, of the overlay system used was the delay from 

depressing the USS pedal to seeing the image and which persisted with continued 

use of the overlay.  This created an extra level of complexity for the surgeon who had 

to learn to make small movements followed by short pauses.  The delay is created by 

the image signal being processed by the PC but could be reduced by using a PC 

with an even greater processing power.  The picture-in-picture image also comes 

with a delay but it is possible to get around this and simply unite the images, without 

performing registration.  The ultrasound image could therefore be left on the screen 

throughout, with minimal distraction, in much the same way as an endoscopist may 

chose to have to the ‘ScopeGuide’ image in the corner of his or her screen (figure 
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7.13 left), or the vascular surgeon may retain the preceding still images of the last 

contrast bolus injections during endovascular procedures (figure 7.13 right):  the 

image is there if you want it, but doesn’t distract if you don’t.   

 

Figure 7.13 Example of picture-in-picture imaging in other circumstances.  Left - 

The Olympus ScopeGuide image on an endoscopy screen [image courtesy of 

Olympus Medical (Roy Soetikno MD / Tonya Kaltenbach MD)] and right  - the 

multiple images displayed on a single screen during an endovascular procedure on 

the thoracic aorta [image courtesy of Ms. Celia Theodoreli-Riga, Imperial College, 

London]. 

 

Ultimately, this pilot has shown these new developments to TES to be feasible and 

safe in a clinical environment.  These are significant steps for a new technology 

however, ultimately, the important question of the clinical impact of both the 

stereoviewer and the ultrasound will have to be answered in larger scale clinical 

studies designed to answer these questions. 

 

 



Chapter	  Eight	  

 
Discussion and Future Work 
 

“It’s important to understand the ‘aggregation of marginal gains’.  Put 

simply…. how small improvements in a number of different aspects of 

what we do can have a huge impact to the overall performance”.  David 

Brailsford CBE, Performance Director, British Cycling & General 

Manager, Team Sky. August 2012. 
 

8.1 Discussion 

 

The aim of this thesis was to explore the effect of visualisation on the success of 

transanal endoscopic surgery and to attempt to suggest improvements to TES, which 

may be translated clinically. 

 

8.1.i 3d visualisation 

 

Evidence in this thesis for the use of 3D vision in TES is based on a benchtop 

simulated study of participants of varying skill level followed by an in vivo feasibility 

assessment. 

 

In response to surgeon reports that the TEMS scope image was excellent but that it 

was let down by its physical ergonomics, a novel, immersive 3D viewer was built 

using the principles of the historic ‘Wheatstone’ stereoscope (the same principles 

used in Intuitive Surgical’s da Vinci console).   

 

Results of the simulated TES study showed that the novel stereoscopic viewer and 

traditional TEMS stereoendoscope performed better than flat 2D or 3D HD monitors 

in all domains, with the novel viewer showing superiority over the TEMS scope for 

ergonomics.  The limited clinical pilot study reflected this improvement in ergonomics. 
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This novel viewer was pitted against the traditional TEMS scope as well as flat 2D 

and 3D HD monitors in a large scale benchtop study of participants of varying skill 

level, using a validated simulator (chapter four).  Results revealed equivalence 

between the TEMS scope and the novel viewer in accuracy, time taken and 

pathlength, with both performing better than the flat screen monitors.  The novel 

viewer performed better in terms of ergonomic parameters:  task workload was 

lowest for the novel viewer except in the expert group, perhaps owing to their 

familiarity with the TEMS scope, and the novel viewer was ranked most favourably 

by all participants for its ergonomics. 

 

The findings of the limited patient pilot study showed that this novel device could 

feasibly be used in vivo and again, feedback regarding its ergonomics were positive.  

During the course of the pilot study it was possible to respond to feedback and 

reevaluate the system after improvements, the most notable being an improvement 

in what was described by the surgeon as ‘glare’ from the screen (this was caused by 

‘blooming’ from the camera sensors) and introduction of a boom arm to replace the 

suspension frame used to hold the device. 

 

The importance of the perception of depth in surgery has been debated extensively 

ever since the advent of minimally invasive surgery removed direct depth cues from 

the surgeon and left them to learn surrogate markers for depth instead.  Advocates of 

intraoperative 3D displays cite the flattening of learning curves of novices to MIS and 

a more intuitive and immersive environment enhancing the performance of the 

experienced surgeon as reasons for its adoption.  Sceptics point out that it is very 

rare that significant clinical harm occurs as a result of a single technical error, 

especially one generated by a misinterpretation of the operative workspace due to a 

limitation of the optics.  However, we should no longer evaluate new technologies 

solely in the context of the sea change or paradigm shift such as that presented at 

the introduction of MIS:  the majority of change in medical practice is brought about 

by incremental improvements and in the absence of an alternative to the physical 

removal of rectal tumours, incremental change to current surgical platforms should 

be pursued. 

 

The comparison of modes of visualisation presented in chapter five bears this out in 

that it shows the significant differences in performance resulting not just from the use 

of a 2D versus 3D display, but within the different options for 3D vision.  The fact that 
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in clinical practice, despite several major health technology companies now offering 

flat 3D monitors e.g. Storz 3D, Stryker, very few surgeons or hospitals have decided 

to invest in these.  However, the da Vinci console with its immersive 3D display, 

more akin to the novel stereoscopic viewer described in chapter 5, has been hugely 

successful.  Of course, the da Vinci is not merely a display system, however, the fact 

remains that the quality of its optics plays a major role in the surgeon’s overall 

experience of the console.  Imagine the da Vinci robotic interface with a standard 

flatscreen 2D monitor in front of the surgeon, or even a non immersive flat 3D screen 

requiring the user to don polarising glasses:  one can imagine that the actions which 

are made as straightforward by the da Vinci as they are in open surgery may be 

rendered less so, due to a comparative lack of visual cues to the surgeon. 

 

The positive results in chapter five for the TEMS telescope and the novel 

stereoscopic viewer may well say as much about the immersive nature of the view as 

about its 3D quality:  perhaps an immersive 2D HD screen should be added as a 

further arm in future benchtop work. 

 

The translation of the performance benefits of good 3D vision seen in chapter 5, and 

elsewhere in the surgical literature, into clinical outcomes is unlikely to be easily 

demonstrated:  it may be that the main benefit is to the surgeon.  However, this 

should not necessarily be dismissed out of hand:  a surgeon who accumulates less 

fatigue during a complex procedure such as TES, will have more capacity available 

for decision making in the face of unexpected events such as bleeding and 

perforation, and in the absence of those, will be fresher and have greater 

wherewithal to carry out the rest of his or her operating list, clinic, etc., unhindered by 

preceding cognitive or physical stress.  The abolition of 65 years as the mandatory 

retirement age in the UK, and gradual increase in the age at which a pension is 

granted may also require solutions for surgeons who will be expected to continue 

their heavily demanding schedules for several years longer than currently.   

 
8.1.ii Intraoperative image augmentation 

 

Image augmentation was explored in chapter six, and ultrasound selected as the 

most pragmatic choice for TES.  A method using optical tracking to calibrate and 

register the position of an ultrasound probe was described and validated and a large 
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simulated study was performed to examine the effect ultrasound on TES 

performance.  In vivo, in situ scanning was used in a small patient pilot study. 

 

Calibration of the ultrasound probe using twin optical markers and a phantom of 

known geometry, and optical tracking of the probe using the same markers, was 

found to be feasible.  The system was tested in simulated and patient environments. 

 

Probe calibration is clearly crucial to obtaining accurate measurements and may 

have clear clinical sequelae if not sufficiently accurate.  Probe position tracking is 

entirely necessary if one wishes to superimpose an ultrasound image onto an 

operative field and within the confines of the human pelvis options for tracking are 

limited.  This method of optical tracking is therefore a valuable development in TES 

and other clinical scenarios.  Limitations of the tracking patterns discovered during 

the simulated and in vivo pilot studies included the tendency of the tracking to ‘drop 

out’ i.e. miss frames, causing the tracked ultrasound image to disappear altogether at 

times.  This was found to be caused by the brightness of light delivered through the 

endoscope being such that it caused ‘blooming’ of the details of the pattern, namely 

the corners, which were required by the position algorithm.  This challenge has 

already been addressed by replacing the square checkerboard pattern with small 

rows of circles in the same pattern.  It has therefore been possible to remove the 

‘recognition of corners’ from the tracking algorithm resulting in reduced ‘drop out’.  

Another limitation of the optical tracking method was that debris on the tracking 

pattern, causing even partial obscuration of part of the pattern, could prevent 

registration.    The issue of debris on the probe occurred less frequently and further 

use of the system in vivo will reveal the extent of this problem.  It is likely to be a 

harder challenge solve as it will be an inherent challenge in any optical system, 

however, one option would be to enable the probe to self clean in much the same 

way as the Wolf TEMS stereoscope, or simply to experiment with rinsing the probe 

using the endoscopic irrigation device. 

  

Intraoperative ultrasound scanning improves deep resection margins in a simulated 

study. 

 

Three methods of conveying ultrasound information to a surgeon performing a 

simulated TES were compared:  an ultrasound report versus on table scanning prior 

to the procedure versus scanning during excision.  As may be expected, the use of 

ultrasound by the surgeon, both before and during the procedure, were associated 
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with greater task workload:  this is not really surprising given that most surgeons are 

unaccustomed to performing ultrasound, unfamiliar with the particular physical setup 

of the probe held by a grasper and unfamiliar in interpreting the images.  However, 

despite this, radial margins were found to be improved when ultrasound was used by 

the surgeon, and deep margins were shown to be improved by intraoperative 

scanning over pre-operative.  While these results must be interpreted within the 

limitations of the simulated environment, the evidence does suggest that the 

introduction of ultrasound to the intraoperative platform may yield direct clinical 

benefits.  Any technology which can reduce rates of positive margins is likely to have 

a significant effect on patients in a number of ways:  (1) reducing the need for further 

treatment, (2) obviating the need for invasive follow-up in those not proceeding to 

further treatment, (3) reducing the psychological stress associated with the need for 

further treatment or the continued uncertainty in watchful waiting and most 

importantly (4) reducing the potentially devastating occurrence of locally recurrent 

disease. 

 

Further clinical work will be required to determine if the effect seen in the simulated 

environment does translate. 

 

The small patient pilot study reported in chapter seven demonstrated that the 

ultrasound probe could feasibly be used in vivo.  The work required to get the probe, 

probe-holder and tracking system to this point was quite significant and serves as a 

good grounding both in terms of using this particular probe, but also improving our 

research group’s familiarity with the requirements of the process.  The important 

question to be answered is whether the use of an ultrasound probe or other image 

augmentation can improve resection margins in vivo. 

 

8.1.iii The TES simulator 

 

A hybrid simulator consisting of synthetic polyps in animal tissue within a pelvic 

trainer was shown to have face, content and construct validity. 

 

 

Simulation was selected as the most appropriate non-human method of testing the 

effect of changes in visualisation in TES and a custom-made simulator was created 

and validated.  The most important aspect of this simulator was the imitation of 
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pathology is such a way that excision margins could be judged effectively and 

imaging could be used.  Of course, the realism of a silicon polyp is limited and so one 

must look to the next step of testing, which will more accurately reflect in vivo polyp 

excision.  Many researchers would advocate using an animal model following the 

simulation, however, the lack of anatomical similarity even between larger mammals 

and humans and the lack of an easily reproducible pathology would result in a low 

yield from such a study, and at significant expense.  Having shown safety and 

feasibility in a human pilot study the next step is larger scale in vivo clinical trials. 

 

8.2 Future Work 

 

8.2.i 3D visualisation 

 

There are several different aspects to this;  one is to continue work in a simulated 

environment on what it is about the TEMS scope and the novel stereoscopic viewer 

which made them the better performing devices, it is possible that their immersive 

nature with the exclusion of distractions in the peripheral vision is important.  I would 

therefore propose a further simulated study using the same design as previously but 

comparing these two modalities with a kind of placebo stereoscopic viewer i.e. a 2D 

HD monitor housed in a box with a forehead rest. 

 

It would be useful to find a validated method for quantifying the ergonomics of the 

TES scenario.  In chapters 4-6 this was assessed using self-reporting via a custom 

questionnaire and objectively using the NASA-TLX assessment tool.  The NASA-TLX 

is validated for the measurement of workload in medical environments, however, the 

TES scenario has an almost unique set of physical ergonomics, shared perhaps only 

with SILS surgery, which it would be useful to be able to measure.  The feasibility 

work done using the e-AR sensor could be developed to fulfill this need:  full 

validation of the e-AR data output in terms of movement and angle of neck flexion 

could be performed using video footage and surgeon reporting in a simulated 

environment.   This would produce a much less cumbersome method of ergonomic 

assessment than, for example, using optical trackers on the surgeon’s limbs; such an 

approach may work in a laboratory environment but is unlikely to be reproducible in a 

clinical scenario. 
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With a validated ergonomic assessment framework in hand, the novel stereoscopic 

viewer and or immersive 2D viewer could be compared in vivo and alongside further 

testing of the ultrasound device. 

 

Looking outside of medicine, 3D immersive technology is being developed rapidly by 

the film and television and also gaming industries.  The drive in these markets is 

towards relatively inexpensive methods of allowing the viewer/gamer to be absorbed 

in the projected environment and, in gaming particularly, to interact with it.  It is highly 

likely that it is these industries which pioneer the future 3D imaging and control 

devices which may then be taken up by the healthcare sector. 

 

8.2.ii Image augmentation 

 

It is crucial to establish whether the benefits of ultrasound seen in a simulated 

environment really do translate.  In order to do this, a fixed protocol for the use of the 

ultrasound in vivo should be generated:  the ad hoc use by the surgeon in our pilot 

study would not lend itself to a meaningful comparison.  This should include an initial 

scan with estimate of radial and deep margins, rescanning part way through to 

reassess depth and cavity scanning after excision to see if any residual tissue can be 

detected.  A search should also be made for surrounding lymph nodes.  The 

specimen should then be measured immediately after excision (shrinkage occurs 

after placement in formalin) for comparison to the surgeon’s estimated margins and 

the histological margins followed up.  A fixed follow-up for patients should also be 

introduced, looking mainly at evidence of local recurrence and therefore lasting at 

least 18 months (this being the peak time at which LR is detected). 

 

Technical improvements to the ultrasound tracking should continue to be pursued, 

particularly the issues of delay and drop out.  Further work on these should continue 

ex vivo even after the initiation of a large scale clinical trial. 

 

The ultrasound probe could also be used to perform a so-called ‘freehand 3D’:  this 

described the creation of a 3D image from ultrasound by sequentially building up 

ultrasound slices through the tissue as the operator runs the probe ‘freehand’ over 

the surface.  It would be possible to combine this 3D volume with a surface 

reconstruction to provide a full virtual 3D model of the surface and subsurface 

anatomy intraoperatively.  Such technical developments should be explored 
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alongside any clinical trial so as not to delay or complicate it.  Again, the question of 

how much imaging information is truly beneficial will be key. 

 

The patient numbers at a single institution and the weakness of producing a single 

surgeon series mean that a multi-centre study would be more likely to reach a 

statistically significant conclusion.  Powering of the study would have to be done with 

care, using positive margins as primary outcomes and recruitment of other 

appropriate institutions would require a larger research team in order to facilitate and 

oversee this. 

 

Imaging of lymph nodes is an area which has been explored extensively in surgical 

specialities such as breast and skin oncology in order to allow identification and 

sampling of sentinel nodes.  Pathological differences i.e. the absence of a local 

sentinel node in rectal cancer and anatomical differences i.e. the depth of nodal 

tissue in the mesorectum and risk of tumour seeding during injection of methylene 

blue or equivalent, makes these techniques unsuitable for the rectum and pelvis.  

However, developments such as fluorescence radiolabelling of biomarkers (which 

has also been piloted in breast and melanoma node mapping) may be found to be of 

use in the mesorectum244.  Other fields may prove to be the turning point, for 

instance; metabolomics245,246 may offer a chemical marker for nodal involvement, or 

radionomics may generate novel methods for radiographically identifying affected 

nodes, allowing patient selection into or out of local excision. 

 

8.2.iii Other components of the TES platform 

 

TES clearly depends on more than the imaging hardware and software:  the 

limitations of its tools in the confined workspace are certainly a challenge which 

should be addressed.  However, whereas the most obvious answer may be to 

introduce articulated and therefore robotically assisted instruments, this will add a 

huge level of complexity to a platform which is at least elegant in its simplicity at 

present.  Work is already underway at our institution to produce articulated robotic 

tools with a small footprint which could fulfill the design brief. 

 

Microscopic imaging, though eschewed in chapter six, may have a role to play in 

cavity scanning.  Modalities which can scan a large area with adequate penetration 
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may be of use and as developments occur in this area, it will be necessary to monitor 

them and trial any promising-looking devices. 

 

8.2.iv Evidence for TES 

 

Although a tipping point has certainly been reached in the colorectal surgical 

community at which an appreciation of the importance of balancing functional 

outcomes with oncological ones, evidence that the oncological outcome of TES is not 

inferior to alternatives such as TME remains of paramount importance.  The TREC 

Trial may help to address this.   

 

8.2.v Early Stage Devices which may Challenge TES in Future 

 

The requirements of the operative tools may be met by devices more akin to current 

‘endoscopic’ tools rather than those presently used in surgical transanal procedures:  

the boundaries between these areas have started to become less distinct (perhaps 

largely driven by the requirements of SILS surgery for articulated or flexible 

instruments) and are likely to continue to converge.  Devices at pre-clinical stages 

which may produce useful contributions include: the ColonoSight system by 

Sightline247 and the EndoEase248.  Robotic devices early in their development, which 

may yet prove useful include Intuitive’s new single port operating system249, the 

‘Sprint SSSA’250 and OC Robotics’ ‘Snake Arm’251. 

 

8.3 Concluding Remarks 

 

I believe that the work in this thesis can serve as a useful starting point for the clinical 

exploration of visualisation in TES and has the potential to improve the working life of 

the surgeon as well as, critically, the outcome of many patients.  The possibility that 

ultrasound could reduce positive deep margins is certainly worth pursuing, although 

other options should not, at this fairly early stage, be consigned to the laboratory.  In 

improving the outcome of patients undergoing TES, it will be necessary to continue 

to make and evaluate incremental changes in the optics of the clinical platform while 

simultaneously developing other areas such as the instruments and microscopic 

imaging.  With such an approach it should be possible to effect real and meaningful 

change in clinical outcomes, albeit over a period of several years. 
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Appendices	  

 

Appendices for Chapter Four 
 

Pre Test Questionnaire 

 

 
  

Pre$Study*Questionnaire*Version*1.0*
*

[Type*text]* Reference*No.** [Type*text]*

Participant Identification No. 

Validation of a Benchtop Simulator for Transanal Endoscopic Surgery 

Pre-Study Questionnaire  

Please fill in the following details: 

ABOUT YOU  Age (years)    Sex (M/F)  

  
POSITION  
(Please mark as 
appropriate) 

 
Medical Student 

 F1/F2 

 Core Trainee 

 ST/SpR 

 
Consultant  

 
Other  
 
(please specify) 

 
 
EXPERIENCE 

 

Laparoscopic 
(Please mark as 
appropriate) 

Primary  
Operator  0         1-20         21-50         51-100        101-200         >200  

  
Assistant 0         1-20         21-50         51-100        101-200         >200  

TEMS 
(Please mark as 
appropriate) 

Primary  
Operator  0         1-20         21-50         51-100        101-200         >200  

  
Assistant 0         1-20         21-50         51-100        101-200         >200  

Robotics 
(Please mark as 
appropriate) 

Primary  
Operator  0         1-20         21-50         51-100        101-200         >200  

  
Assistant 0         1-20         21-50         51-100        101-200         >200  

SILS 
(Please mark as 
appropriate) 

Primary  
Operator  0         1-20         21-50         51-100        101-200         >200  

  
Assistant 0         1-20         21-50         51-100        101-200         >200  
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Face Validity Questionnaire 

 

 
  

 1 

Centre: The Hamlyn Centre 

Study No:    

Participant Identification No.  

Date: 

 

Title of Project: Validation of a Benchtop Simulator for Transanal Endoscopic 
Surgery 

 
   POST-TEST QUESTIONNAIRE 
 

Regarding the SIMULATED TEM SECENARIO - OVERALL (i.e. monitor, box 

trainer, partially simulated patient) I found that this looked realistic 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

Regarding the TISSUE IN THE SIMULATED TASK – I found the feel of this 

realistic 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

Regarding the SIMULATED TASK – I found this to realistically simulate the first 

step in a TEM procedure (creating a ring of diathermy points around the 

tumour) 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 
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 2 

Regarding the THE TEM INSTRUMENTS – I found these accurately reflected 

real instruments used in theatre 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

I found the OVERALL EXPERIENCE to be a good simulation of a TEM 

procedure 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

I think that USE OF THIS SIMULATOR would improve my performance in a real 

laparoscopic/TEM procedure 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

I would be INTERESTED IN USING THIS SIMULATOR for further training 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

  

 



 221 

Expert Rating 

 

 
  

Centre: The Hamlyn Centre 
Study No:    
Participant Identification No.  
Date: 

 
Title of Project: Validation of a Benchtop Simulator for Transanal Endoscopic 

Surgery 

 
EXPERT RATING  

 
 
 
Regarding the participant’s TISSUE HANDLING SKILLS:  I found these to be 
 
POOR        EXCELLENT 
1 2 3 4 5 6 7 8 9 10 
 
 
Regarding their CONTROL OF THE INSTRUMENTS:  all movements were 
accurate and well-controlled 
 
FALSE              TRUE 
1 2 3 4 5 6 7 8 9 10 
 
 
Regarding their SURGICAL EFFICIENCY:  all movements were useful and 
purposeful 
 
FALSE              TRUE 
1 2 3 4 5 6 7 8 9 10 
 
 
 
Regarding the USE OF DIATHERMY:  this was not excessive, with few errors 
and always performed in view 
 
STRONGLY DISAGREE    STRONGLY AGREE 
1 2 3 4 5 6 7 8 9 10 
 
 
Regarding their GENERAL PERFORMANCE OF THE TASK:  this was 
 
POOR        EXCELLENT 
1 2 3 4 5 6 7 8 9 10 
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Appendices for  Chapter Five 
 

Participant Information Sheet 

 

 

 

Assessing the Effect of Different Visual Display Systems on Surgical 

Performance  

 

Participant Information Sheet 
 

You are invited to take part in a research study.  This information sheet explains the 

purpose of the research and what it will involve for you.  If you have any questions, 

please contact the researcher (contact details at bottom of sheet).  

 

What is the purpose of this study? 

 

Transanal Endoscopic MicroSurgery (TEMS) is unusual in minimally invasive 

procedures in that it has traditionally been performed with a 3D image obtained by 

looking directly into a stereoendoscope.  The role of this 3D display in TEMS has yet 

to be formally assessed.  This study aims to compare the effects of different 3D 

visual displays compared to 2D displays.  

 

The research will involve participants conducting simulated TEMS-related tasks with 

different visual display systems, with tracking data and video recordings collected.  

Depending on your level of experience, this will take between 45 minutes and 2-3 

hours.  

 

Why have I been chosen? 

 

We are interested in assessing the role of different displays in people with a range of 

surgical and laparoscopic experience. 

 

Do I have to take part? 
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No - it is entirely up to you whether or not you participate. If you choose to take part, 

you will be given this information sheet to keep and will be asked to sign a consent 

form. You are free to withdraw at any time. 

 

What will happen to me if I take part? 

 

If you decide to take part, you will be asked to come for a session at the Hamlyn 

Centre, where you will be given time to familiarise yourself with the study and then be 

asked to carry out a number of TEMS-related tasks, with tracking data and video 

recordings collected. You will also be asked to fill in a pre and post-study 

questionnaire.  

 

Risks Vs possible benefits of taking part 

 

It is highly unlikely that this study will pose any risks or disadvantages to you.  The 

data gathered will contribute to research in optimal visual displays for minimal access 

surgery.  

 

What do I have to do next? 

 

Once you have consented to take part in the study you will be contacted by one of 

the named researchers and a time slot will be arranged with you to participate in the 

project. 

 

What will happen to the information I give? 

 

The information produced is confidential and will be stored anonymously and your 

name will be replaced by a code. It will be kept in a database at Imperial College. It 

will not be made available to anyone outside of the research group or used for any 

other purpose. All information about you will be kept confidential. 

 

We will keep the database of information for a minimum of 10 years. This will allow 

us to develop methods to improve alignment and visualisation in the future, and 

means that any results that may have been published can be verified. We may want 

to use the information for further research projects, but only if they are approved by 

the Research Ethics Committee. 
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What will happen to the results of the research study? 

 

The results will form part of a BSc project and may be published in peer-reviewed 

journals and/or presented at conferences. Your name will not be disclosed in any of 

the results. At the end of the study, a summary of the results will be available for you. 

 

Who has reviewed the study? 

 

Ethical approval was sought but deemed unnecessary. 

 

 

Contact Details 
 

Miss. Aimee Di Marco 

Specialist Registrar in General Surgery & Clinical Research Fellow 

a.di-marco@ic.ac.uk 

07974712333 

 

Miss Jenifa Jeyakumar 

iBSc Student, Imperial College London 

Jenifa.jeyakumar12@imperial.ac.uk 

07965469513 

 

Thank you for taking time to read this information sheet. A copy of the consent 

form is included in this pack. 
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Participant Consent Form 

 

Centre: The Hamlyn Centre 

Study No:    

Participant Identification No.  

CONSENT FORM 
 

Title of Project: Assessing the Effect of Different Visual Display Systems on 
Surgical Performance 

Name of Researchers: Miss. Aimee Di Marco, Miss Jenifa Jeyakumar, Prof A Darzi 

Please fill in the following details: 

Full Name:   

Gender: 

(mark as 

appropriate) 

 

 

Female  

 

Male 

Age:  Position:  

 
Please initial in each box: 

 

I confirm that I have read and understand the information sheet dated 26 

February 2012 for the above study. I have had the opportunity to consider 

the information, ask questions and have had these answered 

satisfactorily. 

 

 

I understand that my participation is voluntary and that I am free to 

withdraw at any time, without giving any reason, without my position at my 

institution and my legal rights being affected. 

 

I consent to video recording of the task and the collection of tracking data.  

I understand that all information will be stored in an Imperial College 

database in an anonymous form. 
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I agree to the use of my data in an anonymous form for publication in 

peer-reviewed journals, academic presentations and conferences. 
 

I agree to take part in the above study  

 
When completed, 1 copy for participant and 1 copy for researcher site file 

  

 

________________________ 

 

_______________________

_ 

 

__________________

_ 

Name of participant Signature Date 

   

 

 

_______________________

_ 

 

 

_______________________

_ 

 

 

__________________

_ 

Name of person taking 

consent 
Signature Date 
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Pre-Test Questionnaire 

 

Participant Identification No. 

Pre-Study Questionnaire  

ABOU  

Position 
(Please mark as 

appropriate) 

 

Medical Student 

 F1/F2 

 Core Trainee 

 ST/SpR 

 Consultant  

 Other  

 

(please specify) 

EYESIGHT 
(Please mark as 

appropriate) 

Do you wear glasses/contact lens?    YES                 NO  

 

 
If YES, please specify precription  

 Are you colour blind?                          YES                 NO  

 

EXPERIENCE  

Laparoscopic 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  

  

Assistant 0         1-20         21-50         51-100        101-200         

>200  

TEMS 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  
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Assistant 0         1-20         21-50         51-100        101-200         

>200  

Robotics 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  

  

Assistant 0         1-20         21-50         51-100        101-200         

>200  
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2D Vs 3D Questionnaire 

 

Centre: The Hamlyn Centre 

Study No:    

Participant Identification No.  

 
 

POST TEST QUESTIONNAIRE 
 

Title of Project: Assessing the Effect of Different Visual Display Systems on 
Surgical Performance 

Name of participant      Date     

 

 

 

Regarding the IMAGE QUALITY, I found this to be 

 

LOW               HIGH 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

 

 

I experienced VISUAL DISCOMFORT / EYE STRAIN 
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NOT AT ALL      VERY MUCH SO 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

I was able to PERCEIVE THE DEPTH OF THE 3D IMAGE  

 

WITH DIFFICULTY         EASILY 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

 

I felt COMFORTABLE WITH THE OPERATING POSITION 

 

NOT AT ALL      VERY MUCH SO 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 
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Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

 

 

I would consider using this system in a CLINICAL ENVIRONMENT  

 

DEFINITELY YES     DEFINITELY NO 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

 

 

Any Comments regarding the different viewing modalities? 

 

 

  

 

  

 

Regarding the SIMULATED TEM SECENARIO - OVERALL (i.e. monitor, box 

trainer, partially simulated patient) I found that this looked realistic 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 
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Regarding the TISSUE IN THE SIMULATED TASK – I found the feel of this 

realistic 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

Regarding the SIMULATED TASK – I found this to realistically simulate the first 

step in a TEM procedure (creating a ring of diathermy points around the 

tumour) 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

Regarding the THE TEM INSTRUMENTS – I found these accurately reflected 

real instruments used in theatre 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

I found the OVERALL EXPERIENCE to be a good simulation of a TEM 

procedure 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 

 

 

I think that USE OF THIS SIMULATOR would improve my performance in a real 

laparoscopic/TEM procedure 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 
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I would be INTERESTED IN USING THIS SIMULATOR for further training 

 

NOT AT ALL      VERY MUCH SO 

1 2 3 4 5 6 7 8 9 10 
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Expert Rating 

 

Centre: The Hamlyn Centre 

Study No:    

Participant Identification No.  

 
 

EXPERT RATING 
 

Title of Project: Assessing the Effect of Different Visual Display Systems on 
Surgical Performance 

Name of participant      Date     

 

 

 

Regarding the participant’s TISSUE HANDLING SKILLS:  I found these to be 

 

POOR        EXCELLENT 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

Regarding their CONTROL OF THE INSTRUMENTS:  all movements were 

accurate and well-controlled 

 

FALSE              TRUE 
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2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

Regarding their SURGICAL EFFICIENCY:  all movements were useful and 

purposeful 

 

FALSE              TRUE 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

 

Regarding the USE OF DIATHERMY:  this was not excessive, with few errors 

and always performed in view 

 

STRONGLY DISAGREE    STRONGLY AGREE 

2D screen 

1 2 3 4 5 6 7 8 9 10 
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3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 

 

Regarding their GENERAL PERFORMANCE OF THE TASK:  this was 

 

POOR        EXCELLENT 

2D screen 

1 2 3 4 5 6 7 8 9 10 

 

3D screen 

1 2 3 4 5 6 7 8 9 10 

 

Endoscope 

1 2 3 4 5 6 7 8 9 10 

 

Viewing box 

1 2 3 4 5 6 7 8 9 10 
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Appendices for Chapter Six 
 

Pre-Study Questionnaire 

Participant Identification No. 

Pre-Study Questionnaire  

ABOUT YOU –   

Position 
(Please mark as 

appropriate) 

 

Medical Student 

 F1/F2 

 Core Trainee 

 ST/SpR                                   Surgeon / Radiologist 

 Consultant                             Surgeon / Radiologist 

 Other  

 

(please specify) 

 

 

EXPERIENCE 

 

Ultrasound 

studies/FAST 

scans 

 

  

                  0         1-20         21-50         51-100        101-200         

>200  

Laparoscopy 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  

  

Assistant 0         1-20         21-50         51-100        101-200         

>200  

TEMS 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  
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Please fill in the following details: 

 

Any experience of image-guided surgery? – please give details and numbers  

 

  

  

Assistant 0         1-20         21-50         51-100        101-200         

>200  

Robotics 

(Please mark as 

appropriate) 

Primary  

Operator  0         1-20         21-50         51-100        101-200         

>200  

  

Assistant 0         1-20         21-50         51-100        101-200         

>200  
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Consent Form 

 

Centre: The Hamlyn Centre 

Study No:    

Participant Identification No.  

CONSENT FORM 
 

Title of Project: The role of pre Vs intraoperative ultrasound in a transanal 
endoscopy microsurgery phantom 

Name of Researchers: Miss. Aimee Di Marco, Dr. Philip Pratt 

Please fill in the following details: 

Full Name:   

Gender: 

(mark as 

appropriate) 

 

 

Female  

 

Male 

Age:  Position:  

 
Please initial in each box: 

 

  

I understand that my participation is voluntary and that I am free to 

withdraw at any time, without giving any reason, without my position at my 

institution and my legal rights being affected.  I have had the opportunity to 

consider the information, ask questions and have had these answered 

satisfactorily. 

 

I consent to video recording of the task and the collection of tracking data.  

I understand that all information will be stored in an Imperial College 

database in an anonymous form. 
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I agree to the use of my data in an anonymous form for publication in 

peer-reviewed journals, academic presentations and conferences. 
 

I agree to take part in the above study  

 
When completed, 1 copy for participant and 1 copy for researcher site file 

 

  

 

________________________ 

 

_______________________

_ 

 

__________________

_ 

Name of participant Signature Date 

   

 

 

_______________________

_ 

 

 

_______________________

_ 

 

 

__________________

_ 

Name of person taking 

consent 
Signature  Date 
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Post-Study Questionnaire 

 

Using the pre operative ultrasound 

 

 

I was able to interpret the images 

WITH EASE      WITH DIFFICULTY  

1 2 3 4 5 6 7 8 9 10 

 

 

I found it was possible to retain the pre-op images in my mind during the 

procedure 

TRUE         FALSE 

1 2 3 4 5 6 7 8 9 10 

 

I found myself wanting to be able to perform further scans while performing 

the procedure 

TRUE         FALSE 

1 2 3 4 5 6 7 8 9 10 

 

 

Using the intraoperative ultrasound 

 

I was able to interpret the images 

WITH EASE      WITH DIFFICULTY  

1 2 3 4 5 6 7 8 9 10 

 

I found it useful to be able to scan during the procedure 

YES              NO 

1 2 3 4 5 6 7 8 9 10 

 

I preferred the ultrasound overlay image to the separate screen 

YES              NO 

1 2 3 4 5 6 7 8 9 10 

 

Comparing the ‘plain’ ultrasound overlay image with the ‘cutaway’ version, I 

preferred 
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PLAIN IMAGE        CUTAWAY 

1 2 3 4 5 6 7 8 9 10 

 

 

Comments 

 

---------------------------------------------------------------------------------------------------- 
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Appendices for Chapter Seven  
 

Decontamination Notes for TSSU Staff 

 
Intraoperative Ultrasound Guidance 

for 
Transanal Endoscopic Microsurgery 

 
 
 

DECONTAMINATION NOTES 
 

 

 

 

Document Version: 1.0 

Last Modified: 22 October 2012 

 

 

 

Dr Philip J Pratt 

p.pratt@imperial.ac.uk 

07515 410990 

 

Dr Aimee N Di Marco 

a.di-marco@imperial.ac.uk 

07974 712333  
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TRAY #1 

SMP1671 

8004505141408086 
PROF DARZI ALOKA PROBE (LINDO) 

 

 
Figure 1  Guardian tray with red tag (left), ultrasound probe positioned within silicone 

finger insert (middle), and ultrasound probe with KeyDot marker dot attached (right) 

 

TRAY CONTENTS 
Tray 1 is called ‘PROF DARZI ALOKA PROBE (LINDO)’ (see figure 1, left) 

and contains 1x Hitachi Aloka UST-533 intraoperative electronic linear 

ultrasound probe. The tray has a blue silicone ‘finger’ insert, and the probe 

wire is best arranged in a spiral configuration (figure 1, middle). KeySurgical 

‘KeyDot’ marker dots, laser-etched with a small chessboard pattern, are 

attached to each side of the ultrasound probe. 

 
WASHING INSTRUCTIONS 
For the Guardian tray, see pages 5-6 in ‘Summit medical tray.pdf’. These 

instructions state that only neutral (6.0 – 7.5 pH) solutions, mildly alkaline, and 

free from sodium carbonate should be used to avoid damaging the anodised 

aluminium finish. 
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For the Aloka ultrasound probe, see page 19 in ‘Aloka-UST-533.pdf’. Please 

review the diagram in section 7-1-1, and note that only the probe and 

approximately half of the cable should be immersed in any liquid. The 

connector end of the assembly must be kept dry. 

 
STERILISATION INSTRUCTIONS 
The tray and contents will be subject to hydrogen peroxide plasma 

sterilisation in a STERRAD 100NX processing machine. STERRAD validation 

notes for the tray can be found in ‘SterradletterIntuitive.pdf’. For the Aloka 

ultrasound probe, which has a STERRAD compatibility label affixed on the 

connector, see page 23 in ‘Aloka-UST-533.pdf’.  

FULL DOCUMENT LIST  - TRAY #1 
Aloka UST-533 instruction manual:   Aloka-UST-533.pdf 
STERRAD validation for UST-533 probe:  STERRAD Aloka UST-
533 validation.pdf 
 

Summit Medical tray instructions:   Summit medical tray.pdf 
STERRAD validation notes for tray:  

 SterradletterIntuitive.pdf 
STERRAD 100S validation for tray:   Summit Instru-safe 
2.pdf 
 

KeyDot material specification:   MSDS_3MLabel7847.pdf 
KeyDot CE mark certificate:    Key Surgical_CE.pdf 
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TRAY #2 

SMP1672 

8004505141408087 
PROF DARZI ALOKA EXTRAS (LINDO) 

 

 

 
Figure 2  IN-7223 tray lid with red tag (left), grasper with bracket and ultrasound 

probe (middle), and tray with grasper, silicone inserts and trinket box (right) 

 

TRAY CONTENTS 
Tray 2 is called 'PROF DARZI ALOKA EXTRAS (LINDO)' (see figure 2, left) 

and contains 2x left-handed probe-holding bracket (s/steel), 2x right-handed 

probe-holding bracket (s/steel), 1x Storz grasper 33300 and 1x Storz grasper 

handle 33132 (figure 2, middle).  The 4 probe-holding brackets are held in a 

KeySurgical stainless steel trinket box within the main tray (figure 2, right). 

The brackets are manufactured from 316L grade stainless steel, using a 

Direct Metal Laser Sintering (DMLS) process. 

 
WASHING INSTRUCTIONS 
For the IN-7223 tray, see pages 5-6 in ‘Summit medical tray.pdf’. These 

instructions state that only neutral (6.0 – 7.5 pH) solutions, mildly alkaline, and 

free from sodium carbonate should be used to avoid damaging the anodised 

aluminium finish. 
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For the stainless steel trinket box, see the document ‘Mesh Trays 

IFU_RevA.pdf’ (single page). 

 
STERILISATION INSTRUCTIONS 
The tray and contents will be subject to steam sterilisation. For the stainless steel 

trinket box, see the document ‘Mesh Trays IFU_RevA.pdf’ (single page). For 

the IN-7223 tray, see page 11 in ‘Summit medical tray.pdf’. 

 
FULL DOCUMENT LIST - TRAY #2 
Trinket box instructions:    Mesh Trays IFU_RevA.pdf 
Trinket box material specification and validation: 2012_Mesh Trays - 
2012-04 -Letter.pdf 
 

Summit Medical tray instructions:   Summit medical tray.pdf 
STERRAD validation notes for tray:  

 SterradletterIntuitive.pdf 
STERRAD 100S validation for tray:   Summit Instru-safe 
2.pdf 
 

316L Stainless Steel test certificate:   LPW Test 
Cert_UK1211 %281474%29.pdf 
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ETHICAL APPROVAL 
Details of the study protocol and the approval correspondence can be found 

in the documents listed below. Ethical approval was granted for this study at 

the NRES Committee (London – Dulwich) on 7 October 2011. 

Further to the study protocol, during both TEMS procedures and other robotic 

procedures, brackets made from 316L stainless steel (figure 3) may be used 

to attach the Aloka ultrasound probe to the Storz grasper or da Vinci robot 

endowrist. Each bracket has a main body which holds the probe, a curved 

cable guide and a small foot which is grasped by the instrument. 

  
 

Figure 3  316L stainless steel probe brackets (left and right-handed) with scale 

The probe brackets are not CE marked at present, and thus will be used only 

in the context of this research study. Full details of the LPW-316-1 alloy, 

including chemical composition, can be found in the document ‘LPW Test 

Cert_UK1211 %281474%29.pdf’. 

 

ETHICS DOCUMENTATION 
REC reference:  07/Q0703/24 

Protocol number: cro666 

Amendment:  02 

Amendment date: 22 September 2011 

Approval committee: NRES Committee London - Dulwich 

Study protocol: EdwardsCRUK_Protocol_3.0.pdf 
Approval document:07.HQ0703.24 Scanned Sub Amend 02 22.09.11 FO AP 
2011.11.07.pdf 
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Key Surgical Instrument Trays Information 

 

 

 
Key® Mesh Trays 

 

INTENDED USE: 
Key® Mesh Trays are designed to store and protect hospital items and 
surgical instruments during the sterilization process. The trays are 
constructed of stainless steel and are available in a variety of sizes, 
shapes and styles to hold items that are difficult to keep track of. The 
use of the mesh trays will prolong the life of surgical instruments by 
protecting the items during storage, transportation, cleaning and 
sterilization.  
 

INSTRUCTIONS FOR USE: 
1. Identify mesh tray that will be used.  
2. Place unpouched instruments in mesh tray and wrap according to 
the sterilization wrap instructions. 
3. Trays should be sterilized according to the parameters detailed 
below. The mesh construction alleviates concerns of inadequate 
steam penetration of set during sterilization. 
4. After sterilization, move wrapped set to sterile storage area for 
storage or transport to point of use location. 
5. Return mesh tray to sterile processing department after set has 
been used. 
6. The mesh trays are reusable and should be cleaned and 
decontaminated prior to reuse. 
 

CLEANING AND DISINFECTION: 
1. Clean mesh trays prior to use. 
2. Prepare an enzymatic cleaning solution in accordance with the 
manufacturer’s  instructions. 
3. Soak soiled mesh tray according to the instructions for use for the 
enzymatic solution if necessary to loosen or remove soil. 
4. Use a soft bristle brush to remove all visible traces of soil; pay close 
attention to any hard-to-reach areas and crevices. A metal bristle 
brush may be used to remove dried soil. 
5. Rinse the mesh tray thoroughly with water. 
6. Dry the tray after final rinse. 
7. Visually inspect the tray before sterilization or storage to ensure 
the complete removal of soil. Check for any loose wires or burrs that 
may puncture or tear sterilization wrap or pouches. 
 
STERILIZATION: 

Cycle Type Temperature Minimum Time 
- Full Cycle 

Gravity 121° C 
(250° F) 30 minutes 

Pre-Vacuum 132° C 
(270° F) 4 minutes 

Immediate Use 
Pre-Vacuum 

132° C 
(270° F) 3 minutes 

 
There are no known contraindications and/or adverse effects. 
 

                                                                                  www.keysurgical.com 
BROC-3091, Rev A, 17 May 2012        T: 800.541.7995 
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Information on Laser Marked Adhesive Dot Matrix Patterns 
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Test Certificate for Parts Produced by CDRM 

 
 
 

LPW Technology Ltd
PO Box 768, Lymm

WA15 5EN
United Kingdom

Tel:  +44 (0)845 539 0162
Fax: +44 (0)845 539 0163

sales@lpwtechnology.com

UK VAT Reg. No.: 920 1346 67
UK Company No.: 6233481

Date: LPW Sales Order: 1474
Client Purchase Order Number: CRD11522

Client: CRDM Limited
Address: Unit D, Wycombe Sands

Lane End Road
High Wycombe
HP12 4HH

Description:
Quantity: 40kg

Alloy Name: LPW Reference No.:

Actual Actual Range
Element Min Max Size Unit %
Fe Bal Bal +45 microns 1
C 0.03 0.018
Si 0.75 0.58
Mn 2 1.25
P 0.025 0.022
S 0.01 0.004
Cr 17.5 18 17.8
Ni 12.5 13 12.7
Mo 2.25 2.5 2.36
N 0.1 0.09
Cu 0.5 0.23
O 0.1 0.014

We certify that this powder supplied conforms to the specifications given. 

LPW Technology Ltd

Specified Range

Other Testing/Comments:
All testing undertaken at ISO 17025 certified labs. 
Sieve Analysis conforms to ASTM B-214. Microtrac conforms to ASTM B-822

test = sieve

Size Analysis
LPW-316-1 UK1211

Test Certificate

Gas Atom, AISI 316L, 15-45 micron

Chemical Analysis (wt%)

25 July 2012


