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n.r. Not reported
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TAVI Transcatheter Aortic Valve Implantation
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Chapter 1

Summary/Samenvatting
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Traditionally, surgery has been taught and practiced on real patients in the operating room
(OR), which is often time-consuming, may lead to more patient complications and poor patient
outcomes. More than a decade ago, the Institute of Medicine increased the public and
institutional awareness about the high prevalence of medical errors in modern healthcare.’
Besides, opportunities for surgical teaching have significantly diminished since the introduction
of the European Working Time Directive.” As a consequence, educational bodies began to
consider methods of training that would improve physician education without putting the patient
at risk by using a wide range of training models. Within this area, soft-embalmed human bodies
like Thiel cadavers are notable and suited to train surgical procedures. However, flow from
artery to vein in embalmed human bodies to simulate closely the living has not yet been
installed. The purpose of this thesis is to establish and analyze a long dynamic flow from artery

to vein in Thiel embalmed cadavers.

The first aim of this thesis was to compare various surgical training models, including human
cadavers used to learn laparoscopic skills (chapter 4). Training with a virtual reality (VR)
simulator or a video trainer (VT) versus no activity improves basic laparoscopic skills. Moreover,
the effectiveness of VR and VT to learn minimally invasive surgical skills is similar. Structured
stepwise proficiency-based training using validated VR models leads to higher quality
performances compared to standard laparoscopic training in the OR. Only one trial, focusing on
laparoscopic sigmoidectomy, compared human cadavers versus VR simulators and observed
better results for one out of four scores after cadaveric training. Since only four out of 58 trials

were free of bias, no further conclusions can be drawn from this review.

During the last decades, researchers have reperfused human cadaver models and used them
in surgical training. In chapter 5, the literature about the use of these reperfused human
cadaver surgical training models was systematically reviewed. Embalmed and fresh tissues
have been equally employed. Within the extent of embalmed bodies, a minority of studies
reported training on Thiel embalmed models. The vessels of complete bodies were filled in half
of the reports, while reperfusion of both arteries and veins was carried out in more than one-
third of studies. Generally, water-based perfusates were applied, which quickly cause edema
and tissue deformation. Furthermore, a prolonged dynamic reperfusion of the entire vascular
tree of Thiel embalmed human bodies with a more suitable perfusate than water has not been
described. The reported reperfused models were mainly utilized to teach vascular procedures,
but training progress was not monitored with validated assessment tools. In two studies, new
flap techniques were practised on cadavers and repeated successfully in patients. Regular

workshops using reperfused human cadavers currently do not exist.
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As a first experimental step, a dynamic flow from the external iliac artery to the external iliac
vein was created in one fresh pig hindquarter (chapter 6). A heart-lung machine pumped
Paraffinum Perliquidum (PP) through a cannula that was inserted in the external iliac artery.
Although venous drainage was realized, the reperfusion was prematurely terminated due to an
uncontrollable leakage at the cutting edges of the raw muscle surface and the hemisectioned
sacrum. Afterwards, PP drained from an incision made in the skin and subcutaneous tissue of
the ankle. Thus, this pilot study demonstrated that PP runs from artery to vein under acceptable

conditions, but with significant leakage.

Chapter 7 analyzed if a similar reperfusion can be established in the vessels of one pair of
fresh pig lungs. In addition, the pulmonary distribution of PP was evaluated. As described
above, a heart-lung machine injected PP into the arterial system (i.e. pulmonary trunk). After
spread in both lungs, PP eventually left the specimen through a cannula inserted in the left
atrium. Imaging showed a diffuse distribution of contrast-enhanced PP in the vascular system of
both lungs, which decreased in cranial direction. A significant leakage toward the
tracheobronchial tree was measured, most probably due to too high inlet pressures, causing
vessel wall rupture. Overall, PP enabled vascular reperfusion in fresh lungs from artery to vein
with adequate pressure-flow relationship. However, leakage remained an important issue,
necessitating further exploration of the reperfusion capacities of PP.

Next, Thiel embalmed pig kidneys were reperfused (chapter 8). Because the quality of tissue
preservation in Thiel embalmed human bodies is also known to vary, the spread of the
embalming solution in the pig kidney was investigated. In 15 kidneys, contrast-enhanced Thiel
embalming solution was administered. Adequate preservation was achieved due to complete
parenchymatous dissemination of the solution. Then, we reperfused 20 Thiel embalmed pig
kidneys for 120 minutes at a flow rate of 1 mL/min with either PP or diluted Polyethylene Glycol
(PEG) 400. No statistically significant weight, volume and pressure gain were observed after
more than 60 minutes of reperfusion with PP. In contrast, these parameters further increased
during reperfusion with diluted PEG. PP filled both major vessels and renal tissue, whereas
diluted PEG spread widely in the kidney. In conclusion, PP circulated in Thiel embalmed pig

kidneys, which were suitable to establish this.

The purpose of the next study was threefold (chapter 9). First, establishing and assessing ideal
Thiel embalming circumstances. Therefore, immediately after euthanasia, pressure-controlled
pump-driven embalming of one complete pig and three pig hemibodies was performed,
enabling adequate tissue perfusion and fast administration of the embalming solution. Direct

inspection during embalming revealed that arterial filling was followed by dispersion in the
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organs and finally venous drainage. After two weeks, further distribution of the embalming

solution was noticed, indicating that the process continued.

Subsequently, a long reperfusion from artery to vein with PP was assessed and its effect on the
gross anatomy and its feasibility for surgical training were observed. We found that arterially
injected PP drained via the venous cannula. Leakage, however, persisted despite a maximum
arterial pressure of 30 mmHg, forcing to lower the flow rate once venous drainage occurred.
Most organs and tissues, however, tended to have an adequate vascular filling. Subsequent
reperfusion for several hours allowed testing several surgical procedures under realistic

circumstances.

Next, the microvascular flow of PP in pump-embalmed pig small intestines was investigated
and compared with that perceived in gravity-embalmed human tissues. PP recruited the
capillaries of pump-embalmed pig small intestines without extravasation and finally filled the
veins. In contrast, in gravity-embalmed human small intestines, PP was blocked at the arterial
level probably due to multiple brownish spots fixed in the mucosa. The composition of these
spots is still unknown. In summary, pressure-controlled fast administration of Thiel embalming
solution immediately after death was essential to facilitate vascular reperfusion. The amount of
leakage during reperfusion with PP varied between organs, but prolonged reperfusion at low
flow rates was possible without major gross anatomical deformations, enabling surgical training.

Chapter 10 mainly presents preliminary results of reperfusion of kidneys, prelevated from Thiel
embalmed human cadavers. The same technique was applied as described in chapter 8, but
reperfusion was established with PP for 240 minutes. Statistically significant weight and volume
gain were observed during the first 120 minutes. Afterwards, no further weight and volume
increases were measured. The macrovascular course of PP was nicely visualized with
Computed Tomography (CT), but minor accumulations of contrast agent were observed in the
cortex, impeding further interpretation of the course of PP. Afterwards, to closely mimic a
dynamic lifelike reperfusion, the flow rate was increased to 25 mL/min for one hour, which
resulted in statistically significant weight and volume gain despite low arterial pressures.
Similarly, one liver was reperfused for 240 minutes at low flow rates and low vascular pressure.
Although a flow from the hilar vessels to the inferior vena cava was effectively installed without
obvious gross anatomical deformations, the vascular anatomy could not be clearly reproduced
due to widespread minor parenchymatous accumulations of contrast agent.

A flow from artery to vein was also installed for several hours in one human arm. Only minor
subcutaneous accumulations of contrast agent were observed after 240 minutes. Moreover, the

course of major arteries and veins could be traced up to the level of the hand, but no contrast
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was found in the vessels of the fingers. Afterwards, vascular surgery could be practiced on this
model under realistic conditions.

Finally, a long reperfusion in a complete Thiel cadaver was intended. Although the vessels of
several organs and tissues were realistically filled, only local venous return was observed and
no venous outflow occurred in the cannula. Local differences in capillary leakage and presence
of arteriovenous shunts; microvascular obstructions; and clots in major veins may be causative
factors for lack of venous drainage, hindering a successful dynamic reperfusion in a complete

Thiel human cadaver.

Chapter 11 describes how transfemoral aortic valves were implanted in eight Thiel embalmed
human bodies. A Virtangio perfusion device injected Paraffinum Liquidum (PL) in the femoral
artery in retrograde direction. Due to the expansion of the aorta the introduction and
deployment of aortic valves was feasible under fluoroscopic guidance. Five valves were
correctly positioned. This reperfusion model may allow training of endovascular transfemoral

techniques.

In conclusion, (non)-reperfused human bodies’ significance within the extent of surgical training
tools is still unclear. PP reproduces a lifelike flow in pump-driven pressure-controlled Thiel
embalmed pig models for a prolonged period under acceptable intravascular circumstances, but
leakage that varies among organs exists. On-pump embalming is a requisite to ease vascular
reperfusion. This reperfusion, however, causes no major gross anatomical deformations,
allowing lifelike simulation of multiple surgical operations.

PP runs under allowable intravascular conditions and has tolerable tissue effects in gravity-
embalmed Thiel human kidneys, one liver and one arm, but its microscopic course in human
tissues (except small intestines) has not yet been demonstrated. Reperfusion of a Thiel
embalmed human body is still in a preliminary stage, preventing us to draw robust conclusions.
Future anatomical research will focus on Thiel embalming solution’s intracorporeal spread
during on-pump cadaveric embalming; vascular wash-out techniques prior to embalming; and
implementation of pressure-controlled arterial embalming. In addition, the course of several
types of perfusates in Thiel embalmed human body parts will be compared. The findings of
these experiments can aid in the elaboration of vascular reperfusion in Thiel embalmed human
bodies using a preferred perfusate. Finally, various surgical procedures on reperfused Thiel

embalmed human organs and extremities can be initiated and assessed.
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Van oudsher worden chirurgische vaardigheden aangeleerd op patiénten in de operatiezaal. Dit
is tijdrovend en kan leiden tot meer complicaties. In 1999 wees het Amerikaanse instituut voor
geneeskunde voor het eerst op de hoge prevalentie van medische fouten in de moderne
gezondheidszorg.1 De invoering van de Europese richtlijn betreffende de organisatie van de
arbeidstijd in 2003 zorgde echter voor een belangrijke reductie in operatietid en dus
leermogelijkheden voor chirurgen in opleiding.2 Om de kunde van chirurgen in opleiding te
verbeteren alvorens ze op patiénten opereren wordt in toenemende mate gebruik gemaakt van
trainingsmodellen. Er is een uitgebreid aanbod aan trainingsmodellen. Thiels gebalsemde
menselijke kadavers zijn uniek om gevorderde chirurgische procedures te oefenen. In Thiels
gebalsemde menselijke kadavers werd echter nog nooit een doorbloeding van slagader tot ader
aangelegd. Dit doorbloede of gereperfundeerde model kan zo de eigenlijke patiént nog beter
simuleren. Het doel van deze thesis is het installeren en analyseren van een langdurige
dynamische doorbloeding van slagader tot ader in Thiels gebalsemde kadavers.

Hoofdstuk 4 van deze thesis vergeleek chirurgische trainingsmodellen om laparoscopische
vaardigheden aan te leren. Simulaties met virtuele realiteit (VR) en video trainers (VT)
verbeteren in gelijke mate chirurgische basisvaardigheden in vergelijking met geen training.
Gestructureerde training met VR leidt tot een betere laparoscopische handigheid dan de
traditionele leermethode in de operatiezaal. Slechts één studie vergeleek training op menselijke
kadavers met VR. In deze studie werd een sigmoidresectie tijdens een kijkoperatie geoefend.
Slechts één op vier geévalueerde scores was beter na training op menselijke kadavers. De
methodologie van deze studie was echter niet goed waardoor de resultaten niet betrouwbaar
zijn. Andere onderbouwde besluiten kunnen niet uit deze review genomen worden gezien

slechts vier van de 58 studies methodologisch correct uitgevoerd werden.

De voorbije jaren trachtten onderzoekers de bloedvaten van menselijk kadaverweefsel te
vullen. Deze gereperfundeerde modellen werden vervolgens gebruikt voor chirurgische training.
Hoofdstuk 5 is een overzicht van menselijke kadavers met gereperfundeerde bloedvaten die
gebruikt worden voor chirurgische training. Er wordt even vaak getraind op gebalsemde en
verse gereperfundeerde menselijk kadavers. Training op gereperfundeerd Thiels gebalsemd
weefsel gebeurt slechts zelden. Bijna de helft van de studies onderzochten reperfusie in
volledige kadavers. Bovendien werden slagaders én aders in het merendeel van de studies
opnieuw doorbloed. Doorgaans werden waterige perfusievioeistoffen geinjecteerd die viot
oedeem en weefselvervorming veroorzaken. Er werd echter nog nooit een langdurige
dynamische reperfusie van slagader naar ader gerapporteerd. Gereperfundeerde
trainingsmodellen lieten toe om talrijke chirurgische procedures te oefenen. Het merendeel
betrof vaatchirurgie. Er is momenteel geen enkele studie die de progressie van aangeleerde

vaardigheden op gereperfundeerd kadaverweefsel met een gevalideerde methode objectief
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nagaat. Slechts in twee studies werden aangeleerde vaardigheden op gereperfundeerde
kadavers met succes herhaald in de patiént. Workshops op gereperfundeerde modellen worden
nu nog niet systematisch georganiseerd.

Hoofdstuk 6 beschrijft een dynamische reperfusie van de arteria iliaca externa naar de vena
iliaca externa in het achterkwartier van een pas overleden varken. Een hart-longmachine
pompte Paraffinum Perliquidum (PP) in een canule die in de arteria iliaca externa was
geplaatst. Uiteindelijk draineerde PP langs de vena iliaca externa. Het experiment werd
vroegtijdig beéindigd omwille van een lekkage ter hoogte van de doorgesneden spieren en het
sacrum. Na het experiment vlioeide PP uit een incisie die gemaakt werd ter hoogte van de huid
en onderhuids vet van de enkel. Deze pilootstudie toonde aan dat een dynamische reperfusie
kan aangelegd worden van slagader tot ader in vers varkensweefsel onder aanvaardbare

condities maar met een belangrijke lekkage.

Hierna werd onderzocht of een gelijkaardige reperfusie kan aangelegd worden in de bloedvaten
van een paar verse varkenslongen (hoofdstuk 7). Bovendien werd de verspreiding van PP in
de longen nagegaan. De hart-longmachine pompte eerst PP in de truncus pulmonalis. PP
verspreidde zich vervolgens in de longen en draineerde tenslotte langs een canule in de linker
voorkamer. Beeldvorming toonde dat PP met contrast zich overal in de longen bevond maar
met afnemende mate in craniale richting. We maten een belangrijke lekkage naar de
luchtwegen. Wellicht veroorzaakten te hoge intravasculaire drukken een ruptuur van de
bloedvatwand. We concludeerden dat PP van slagader tot ader circuleert in een paar verse
varkenslongen met aanvaardbare intravasculaire druk en debiet. Lekkage bleef echter een

probleem waardoor de reperfusie-eigenschappen van PP verder moeten worden geanalyseerd.

In een volgend experiment (hoofdstuk 8) reperfundeerden we Thiels gebalsemde
varkensnieren. We onderzochten ook de verspreiding van de balsemvloeistof aangezien de
balsemkwaliteit van menselijke kadavers varieert. Hiervoor balsemden we 15 nieren met een
mengsel van contraststof en Thielse balsemvloeistof. Een volledige verspreiding van de
balsemvloeistof in het nierparenchym zorgde ervoor dat alle gebalsemde nieren intact bewaard
werden. Hierna reperfundeerden we 20 Thiels gebalsemde varkensnieren gedurende 120
minuten aan 1 mL/min met PP of verdunde Polyethyleenglycol (PEG) 400. Na meer dan 60
minuten reperfusie met PP stelden we geen significante gewichts-, volume- en intravasculaire
druk toename vast. Dit was echter wel het geval met verdunde PEG. PP reperfundeerde de
grote renale vaten, terwijl verdunde PEG zich diffuus verspreidde in de nier. We besloten dat
PP eveneens in Thiels gebalsemde varkensnieren circuleert en dat nieren geschikt zijn voor dit

onderzoek.
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De volgende studie onderzocht drie aspecten (hoofdstuk 9). Ten eerste wilden we ideale
balsemcondities creéren en evalueren. Eén volledig varken en drie halve varkens werden
meteen na euthanasie met een pomp onder gecontroleerde druk gebalsemd. Zo konden we
een adequate en snelle weefselperfusie verzekeren. Inspectie van de verspreiding van de
balsemvloeistof toonde dat eerst de arterién werden gevuld, daarna de organen en uiteindelijk
trad er veneuze drainage op. Herevaluatie na twee weken leerde dat de balsemvloeistof de

weefsels verder had gekleurd. Dit betekent dat de verspreiding in de weefsels zich verderzette.

Nadien werd een langdurige reperfusie met PP van slagader tot ader aangelegd en werd de
weerslag op de anatomie en de geschiktheid van de weefsels voor chirurgische training
bestudeerd. In alle onderzochte modellen draineerde arterieel-geinjecteerde PP via de veneuze
canule. Ondanks reperfusie aan lage druk (30 mmHg) trad er lekkage op waardoor het debiet
werd verlaagd eenmaal veneuze drainage optrad. De meeste organen vertoonden een
adequate vulling van hun vaten. Vervolgens werd gedurende meerdere uren een reperfusie
aangelegd die toeliet om chirurgische ingrepen te testen in realistische omstandigheden.

Ten laatste vergeleken we de microvasculaire reperfusie van PP in pompgebalsemde
varkensdundarmen met menselijke dundarmen die met de zwaartekracht werden gebalsemd.
PP stroomde in de haarvaten van pompgebalsemde varkensdarmen zonder uit de bloedvaten
te treden en bereikte tenslotte de aders. PP werd echter geblokkeerd in zijtakken van kleinere
slagaders van menselijke dundarmen. Vermoedelijk zijn bruine gefixeerde plekjes in de vaten
van de mucosa hiervoor verantwoordelijk. De samenstelling van deze plekjes is ongekend. Uit
dit onderzoek werd geconcludeerd dat drukgecontroleerde toediening van Thielse
balsemvloeistof zo vlug als mogelijk na overlijden essentieel is om een goede balseming te
hebben. PP lekt echter nog in variabele mate in verscheidene organen. Lange reperfusie is wel
mogelijk aan lage debieten zonder dat dit een grote weerslag op de anatomie heeft zodat

chirurgische ingrepen kunnen gebeuren.

Hoofdstuk 10 bevat voorlopige resultaten van experimenten op Thiels gebalsemd humaan
weefsel. Hierbij werden voornamelijk nieren gereperfundeerd nadat deze verwijderd werden uit
Thiels gebalsemde menselijke kadavers. We gebruikten dezelfde techniek zoals beschreven in
hoofdstuk 8 maar de reperfusie met PP duurde 240 minuten. Gedurende de eerste 120 minuten
werden statistisch significante gewichts- en volumetoenames gemeten. Nadien traden er geen
statistisch significante veranderingen meer op. CT beelden toonden PP in de grotere niervaten
tot en met vertakkingen aan de cortex. In de cortex waren echter hier en daar kleine
ophopingen van contrast aanwezig die de interpretatie van de reperfusie daar bemoeilijkten.

Vervolgens probeerden we de realiteit nog meer te benaderen door het debiet gedurende één
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uur te verhogen naar 25 mL/min. Dit resulteerde in statistisch significante gewichts- en
volumetoenames ondanks lage gemeten arteriéle drukken.

Op een gelijkaardige manier werd één lever gereperfundeerd met een laag debiet en lage
intravasculaire druk. Er werd een circulatie gecreéerd zonder opvallende weerslag op de
anatomie van de lever. Meerdere kleine parenchymateuze contrastophopingen bemoeilijkten
een duidelijke visualisatie van de vasculaire anatomie.

Op dezelfde wijze werd gedurende meerdere uren een circulatie aangelegd in één arm. Na 4u
reperfusie vonden we in beperkte mate onderhuidse contrastophopingen. Op CT kon het
verloop van de voornaamste arterién en venen gevolgd worden tot in de hand. In de vingers
konden we geen reperfusie aantonen. Vervolgens werden open vaatheelkundige technieken
onder realistische omstandigheden getest.

Finaal probeerden we een langdurige reperfusie aan te leggen in een volledig Thiels
gebalsemd kadaver. Hoewel we de vaten van organen en weefsels konden reperfunderen was
er slechts lokaal veneuze drainage en geen uitstroom via de veneuze canule. Lokale variaties
in arterioveneuze shunts en capillaire lekkage; microvasculaire obstructie; en klonters in de
grote venen zijn potentiéle oorzaken die een dynamische reperfusie in een volledig kadaver

verhinderen.

Hoofdstuk 11 beschrijft in acht Thiels gebalsemde humane kadavers hoe via een
transfemorale toegang een nieuwe aortaklep wordt geimplanteerd ter hoogte van de natieve
aortaklep. Eerst werd Paraffinum Liquidum (PL) retrograad in de arteria femoralis gepompt.
Hierdoor werd de aorta gedilateerd waardoor via minimaal invasieve weg onder radioscopische
controle de aortakleppen konden opgeschoven worden tot aan het hart. Radiologisch nazicht
leerde dat vijf kleppen correct werden gepositioneerd. Dit gereperfundeerd model laat toe om
endovasculaire transfemorale technieken te oefenen. Het beschreven model is wel eenvoudiger

dan de hierboven besproken reperfusies omdat vulling van de venen niet beoogd werd.

Uit deze thesis kan besloten worden dat de betekenis van (niet)-gereperfundeerde humane
kadavers als chirurgisch trainingsmodel nog onvoldoende gekend is. PP stroomt van slagader
naar ader in Thielse varkens die met de pomp onder gecontroleerde druk werden gebalsemd.
Deze langdurige reperfusie gebeurt aan lage drukken en gaat gepaard met lekkage die varieert
van orgaan tot orgaan. Balsemen met de pomp is essentieel om latere reperfusie met PP te
vergemakkelijken. Reperfusie leidt echter niet tot belangrijke anatomische vervorming zodat
verscheidene chirurgische procedures kunnen gesimuleerd worden. In menselijke nieren, één
lever en één arm die met de zwaartekracht werden gebalsemd stroomt PP ook onder
toelaatbare intravasculaire omstandigheden en is het effect op de weefsels aanvaardbaar.
Behalve in de dundarm werd het microvasculair verloop van PP in humaan Thiel weefsel nog

niet onderzocht. De reperfusie van volledige Thiels gebalsemde menselijke kadavers staat nog
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in zijn kinderschoenen en vereist dus nog onderzoek. Toekomstig onderzoek zal zich dus
richten op pompgestuurde drukgecontroleerde verspreiding van Thielse balsemvloeistof in
menselijke kadavers. Er zal ook onderzocht worden hoe de bloedvaten kunnen geledigd
worden alvorens te balsemen. Bovendien moeten de reperfusie-eigenschappen van
verscheidene perfusaten in Thiels gebalsemde lichaamsdelen vergeleken worden. Deze
onderzoeken kunnen helpen om de reperfusie van slagader naar ader in volledige Thiels
gebalsemde menselijke kadavers met een voorkeursperfusaat verder te ontwikkelen. Tenslotte
kunnen we binnenkort chirurgische procedures op gereperfundeerde humane Thiel organen en

extremiteiten aanbieden en evalueren.
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General introduction

Until the 19th century, training surgeons - if any training existed at all - was through
apprenticeships, meaning that students learned surgical practice through direct observation and
by imitating the skilled teacher, both in the OR and in the clinical setting. Principles or
guidelines for trainee selection, knowledge and practical skills learning and how to teach these,
were lacking. Toward the end of the 19th century education became more structured by William
S. Halsted who introduced a German-style residency surgical training system “see one, do one,

teach one”, based primarily on graded responsibility.>®

As stated above, this system remains the cornerstone of surgical training worldwide and has
been successful in transferring knowledge and skills from one generation to the next. However,
this model is no longer acceptable to either the surgical profession or to the well-informed
public. Moreover, teaching and training opportunities have diminished by the introduction of the
European Working Time Directive, increasing complexity of cases, new surgical technologies
and therapies, growing importance of OR efficiency, intensifying demand for documentation and
other “service-related duties”.* There is now more emphasis on enhancing the efficiency of the
learning process. Furthermore, public demand for greater accountability and patient safety,
have diminished opportunities for learning through work with patients.® As a result, interest in
tools to teach surgical skills away from the patient in a structured fashion has increased
dramatically. Surgical simulation shortens and flattens the learning curves of trainees resulting
in error reduction and increased patient safety.”® Simulation-based training is more and more
integrated within training programs for clinicians at all stages and should serve as an adjunct to

current surgical training practices.’® **

Residents would thus be trained in the laboratory until
pre-set criteria have been met and only then would they be allowed to join procedures in the
OR.™ The scheduling practice also impacts on surgical skills acquisition. Residents retain and
transfer skills better if taught in a distributed way instead of using short courses, which are
assumed to be suboptimal.13 Note that besides the type of training model, the curriculum in
which it is implemented combined with formative feedback after the intervention are of

significant importance to enhance skills acquisition.

This preface, firstly, describes the available tools to enhance surgical skills and emphasizes the
lack of a prolonged ‘lifelike’ reperfusion from artery to vein in human bodies. Secondly, the
development of Thiel embalmed human cadavers and use in various medical specialties is
reported. Thirdly, a summary of pump-driven flow from artery to vein in fresh animal and human

models is presented.
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Surgical training models

Synthetic models

VT’s are frequently used and have a basic design: a box with holes for trocars and for a camera
or mirror displaying an image from a closed space, meant to simulate the insufflated peritoneal

cavity.™

Most manufactured VT's, irrespective of the technology used, have this basic
design. Standard laparoscopic instruments can be employed to learn and practice basic
surgical skills like individual maneuvers required during an operation (e.g. suturing, needle
manipulation, tissue retraction, etc.), the sequence of tasks during a laparoscopic intervention
or part of an operation (e.g. dissection of the gallbladder from the liver bed, dissection of the
hilar structures of the gallbladder, etc.). Although VT’s mostly utilize rubber or plastic parts to
simulate tissues and anatomic relationships, fresh animal organs or organ groups may be used

as well.

Synthetic endovascular training tools range from low-fidelity solid plastic models to high-fidelity
devices with pulsatile flow and the addition of C-arm radiography.”® These are relatively
inexpensive, but they cannot fully simulate the dynamic flow of the human arterial circulation.
Low-fidelity simulation is an effective method for training minimally invasive endovascular skills
training and allows practicing essential early steps with force feedback. Deployment of single
use devices is, however, wasteful and adds to the cost of training.

Thus, presently, a variety of synthetic simulators are available.” These models are safe,
reproducible, portable, readily available and generally more cost-effective than animals or

cadavers.

Virtual reality

VR technology has proven its potential for enhancing skills in laparoscopy, endoscopy and
endovascular procedures.s' * Most VR systems are commercially available and offer
standardized tasks and multiple modules in various anatomical regions under realistic
circumstances (e.g. laparoscopic cholecystectomy (CCE)).:LS In general, VR allows practicing
more advanced surgical skills and entire procedures. Data can be captured and provide very
detailed feedback of performance (e.g. precision, accuracy, error rates) using validated
assessment metrics. Procedures or maneuvers can be repeatedly exercised until sufficient
competence has been demonstrated using the real devices slightly modified over and over.
Patient-specific simulations are also possible, which may allow repeated practice of a

procedure before performing the real case. No ethical issues are related to the use of VR.
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Limitations are significant cost, set-up, transport and maintenance cost. The devices are prone

to technical failure and regular calibration is essential.

Animal models

Anesthetized animals, particularly the pig model, are commonly used in surgical training
courses.'” With respect to their anatomy and physiology, pigs constitute one of the best
experimental animal models for human systems in surgical fields (e.g. urological,

18-21

gastrointestinal, maxillofacial, plastic, transplantation surgery, etc.). The dog is also one of

the most used animals in experimental research and has a reasonable size to perform surgical
procedures as laparoscopy, cardiac surgery, transplantation training and so forth and so on.???*
Furthermore, the surgical anatomy of sheep (e.g. liver, middle ear, gynecological structures,

etc.) resembles that of humans, making them recommendable for training purposes.®?’

Live animal tissue offers excellent tissue manipulation and a high degree of realism for full

procedure simulation in a wide range of surgical interventions.> *°

However, need for
specialized staff to perform general anesthesia and purpose-built facilities for cleaning, storage
and disposal are major disadvantages.’’ Moreover, the costs of running an animal laboratory
are very high. In addition, practicing on animals is limited because of single-use, legal and
ethical concerns (e.g. the Cruelty to Animals Act forbids the use of animals in the United
Kingdom).'” Also, although often limited, the anatomical and size differences compared to
humans are significant limitations. For example, pig small intestines are used to demonstrate
small bowel anastomosis, but the submucosal layer is difficult to identify when performing

serosubmucosal anastomosis.*’

Human cadaver models

The previously described models are all compromised by the lack or absence of nhormal human
anatomical relationships and tissue handling.7 Human cadavers are exceptional because
complete operations can be performed under the most realistic conditions.'® Others, however,
criticize the high cost, availability limited to anatomical centers and for advanced procedural
training, single-session use of endovascular tools, absence of validated assessment tools, as

well as the often poor quality of cadaveric tissue.> *°

Currently, workshops are offered
worldwide on fresh as well as embalmed human cadavers. Fresh cadavers can only be used for
a short period, whereas soft embalmed bodies (e.g., Thiel cadavers) are valuable alternatives
due to their prolonged and realistic preservation. In 2011, Gilbody et al. systematically reviewed
the use of human cadaver workshops for training postgraduate surgical trainees in basic or
advanced surgical skills.” Included studies needed to have a clearly defined outcome measure
to evaluate the efficacy of training. Eight studies were identified. Two studies attempted to
assess transfer of skills acquired during cadaveric training to the clinical setting. None showed
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any evidence that skills learnt by training on cadavers improved performance in the OR. The
absence of a control group, low number of participants and mainly inexperienced residents
involved in both studies may explain this finding. Three studies used subjective questionnaires
and revealed that trainees valued cadaveric training. Together, both trainees and assessors
believe that cadaver workshops are useful adjuncts when teaching surgical skills, but there is
currently limited evidence for the effectiveness of cadaver workshops in surgical training.

Likewise, vascular reperfusion of human cadaver models has been poorly studied in terms of

acquired skills and impact on skills transfer to real life.2%*°

Moreover, a more advanced type of
human cadaveric circulation, which is the prolonged dynamic lifelike reperfusion from artery to
vein has not yet been described in literature. Some of the advantages and disadvantages of

various models are summarized in table 1.
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Table 1. Types of simulations available. Adapted from Reznick et al.®

Simulation Advantages Disadvantage Best use
Cheap, portable, Acceptance by trainees . . . .
Bench P, P ] p . y . ' Basic skills for novice learners, discrete
reusable, minimal low fidelity, basic tasks, .
models . : skills
risks not operations
High fidelity., Cost, special fac:|I|t_|es
, Lo , and personnel required, Advanced procedural knowledge,
Live availability, practice . . . . )
: . ethical concerns, single procedures in which blood flow is
animals hemostasis and ] ) . . .
) . use, anatomical important, dissection skills
entire operations )
differences
H‘,Igh f,|,deI|ty, only Cost, availability, single
true” anatomy . Advanced procedural knowledge,
use, compliance of . : o : .
dissection, continuing medical education

Cadavers . ;
simulator, practice . . ) .
) . tissue, infection risk

entire operations

Cost, maintenance, and
downtime, acceptance by Basic laparoscopic skills, endoscopic and

Reusable, data
VR L :
. capture, minimal trainees, three j
simulators . , . transcutaneous procedural skills
setup time dimenstions not well
simulated
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Thiel embalmed cadavers

Embalming fluids

Until now, formaldehyde-based embalming has been the most widely used preservation method
worldwide (i.e. 87 % of centres).31 Formaldehyde fixes the tissues and quickly stops all
decomposition processes of the corpse.32 Moreover, it destroys pathogens in the body through
disinfection and sufficient concentrations prevent microbiological proliferation on preserved
cadavers. Despite these excellent properties, high concentrations of formaldehyde or prolonged
usage are associated with important hardening and tissue discoloration. Also, this product has
a pungent, irritating odour, making it unpleasant to work with. Moreover, formaldehyde is highly
toxic to all animals, regardless of method of intake.** The International Agency for Research on
Cancer reclassified formaldehyde as a known human carcinogen.* A saturated water solution

of 37 % formaldehyde by mass is called 100 % formalin.

Development of the original Thiel embalming

In 1992, Professor Walter Thiel from Graz, Austria, reported an entirely new soft-fix method with
a minimal concentration of formalin.*?> This method was developed over a period of 30 years
(1960 - 1990). Initially, numerous combinations of solutions with different concentrations of
substances were tested using in vitro series of fresh beef. Preservation of both natural tissue
color and softness were of particular importance. The in vitro experience was gradually
implemented to develop the final Thiel embalming solutions. Lowering the concentration of
formalin was essential during this process, but tissue preservation and tissue hardening effect
of formalin needed to be balanced.

In total, 977 complete human bodies and many cadavers after autopsy were tested. Thiel
observed that concentrations of 3 % formalin still caused tissue hardening and discoloration,
while concentrations down to 2 % were not always associated with optimal cadaver
preservation. Hence, from 1965, boric acid for disinfection (one of the final components) was
added, among others (that were later omitted). In 1972, a stem solution of ammonium nitrate-
chlorcresol mixture with or without potassium nitrate was successfully implemented. Later,
sodium sulphite and morpholine became final components, due to their favorable effect on color
preservation. In 1986, ethyl alcohol was omitted from the embalming solution because of its
flammability and replaced by mono-ethylene glycol for preservation of tissue plasticity.
Eventually, formalin, ammonium nitrate, boric acid, chlorcresol, sodium sulphite and morpholine

became the main components of the embalming solutions.

34



Administration of this mix of products results in an embalming that meets high standards of
preservation. The color and consistency of the tissues are very close to those of living
individuals and produces flexible cadavers that are preserved for a long period. The embalming
solutions are largely odorless and cause no irritation of skin and mucosa. Moreover, the fluids
remain stable during prolonged storage and effectively disinfect the cadavers without mold
formation. Concentrations of formaldehyde in room air remain under the limit of detection. The
excellent quality of preservation is visualized in a photographic atlas of practical anatomy
published by Thiel in 1997.%°

Thiel embalming is still relatively unknown.®" The main obstacle to its wider use is probably the
language barrier, as publications describing the technique are in German. Negative aspects are
the long preparation time and the high cost of the procedure (material, chemical products). At
Ghent University, Thiel embalming costs approximately € 760, while the price for a classic
formalin-based technique is only € 30. If the infrastructure (e.g. embalming bath, vacuum

sealing to preserve the bodies, etc.) is also included, prices go up to $ 1,200.%
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Composition of the embalming fluids

The original embalming procedure is quite complicated and, as described above, consists of
several solutions. Table 2 shows the formulae of the embalming solutions as described by Thiel
in 1992.

Table 2. Composition of the original Thiel embalming fluids. Adapted from Thiel

Stem solution 1989 Amount
Hot tap water 63.30 %
Boric acid 1.90 %
Mono-ethylene glycol 19.00 %
Ammonium nitrate 12.6 %
Potassium nitrate 3.2%
Stem solution 86/3 (chlorcresol)

Mono-ethylene glycol 90.90 %
4-chloro-3-methylphenol 9.10 %
Perfusion solution 1989

Stem solution 1989 1430 L
Stem solution 86/3 (chlorcresol) 0.50 L
Sodium sulphite 0.70 kg
Formalin 0.30 L
Tank solution 1986

Hot tap water 71.90 %
Boric acid 216 %
Mono-ethylene glycol 719 %
Ammonium nitrate 719 %
Potassium nitrate 3.60 %
Formalin 1.44 %
Sodium sulphite 500 %
Stem solution 86/3 (chlorcresol) 1.44 %
Visceral solution 1989

Stem solution 1989 10.00 L
Stem solution 86/3 (chlorcresol) 0.50 L
Sodium sulphite 0.50 kg
Morpholine 0.30 L
Formalin 0.85L
Isopropyl alcohol 3.00 L
Brain-spinal cord solution 1990

Tap water 40.0 %
Mono-ethylene glycol 10.0 %
Isopropyl alcohol 40.0 %
Formalin 10.0 %
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Administration of the embalming solutions

The embalming procedure starts shortly after arrival of the body. Originally, Thiel reported a
complex embalming method that consists of stepwise perfusion of the cadaver followed by
immersion in a bath.

Perfusion solutions

These are administered over three days (table 3). Primarily, the superior sagittal sinus is
cannulated after making a small hole drilled through the skull. This is followed by tracheal
intubation. Two cannulas are then inserted in the external iliac artery in antegrade and
retrograde direction. Next, the colon is embalmed transrectally with visceral solution and the
stomach is filled with the same fluid using a gastric tube. Afterwards, visceral solution is
administered in the superior sagittal sinus at 150 mmHg. Subsequently, the lungs are filled with
the same fluid through the tracheal tube. Then, the perfusion solution is injected at 150 mmHg
through both cannulas placed in the external iliac artery. Lastly, the brain-spinal cord solution is
administered through two lumbar puncture needles, which are punctured transnasally through
the lamina cribrosa. After perfusion, the cadaver typically has a bloated appearance.

Table 3. Administration of the individual embalming fluids.

Type of
Cannulation embalming Amount Remarks
solution
Sup.erlor‘ visceral solution 9.0-100 L administered in 2
sagittal sinus 1989 steps

visceral solution FENNUA catiped
Trachea 295 L until complete

1989 brain embalming

visceral solution
Stomach 1989 1:0L

visceral solution
Rectum 1989 40L
External iliac perfusion 11.0-15.0 L volume dependent
artery solution 1989 ' ' of body size
Lamina brain-spinal cord ’ procedure often

not reporte

cribrosa solution 1990 repeated
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Immersion solution

Afterwards, the cadaver is immersed in a hypertonic tank solution for at least 6 months. In the
first days after perfusion, some bluish and reddish discoloration of the skin often occurs. This
slowly disappears and the skin increasingly pales.37 Authors assume this is displaced blood that
was not drained during perfusion. Due to osmosis, the cadaver gradually loses fluid and regains
its initial appearance.32 The color of the fluid in the bath turns increasingly brown over time,
suggesting that blood cells are broken down and dissolve into the bath fluid. However, these
advantageous effects (i.e. water loss and passage of blood toward the tank) can be associated
with mummification of the hands and feet. This phenomenon occurs only if the embalming
solution did not reach these parts of the cadaver and can be prevented by local intravascular
injection of perfusion solution before immersion in the bath. In addition, the epidermal layer
detaches during immersion in the tank. It is still unknown whether the whole epidermis or only
one or a few epidermal sublayers get lost. Although not tested by Thiel, the author stated that
this can be prevented by short immersion of the cadaver in high concentrated aqueous
formaldehyde solution.*

Care of the bodies during the embalming process

Dehydration of the cadavers during preparation can be halted through wrapping them in
moistened wipes and occasional wetting of exposed regions with an appropriate solution (table
4).

Table 4. Composition of wetting solution T86. Adapted from Thiel.*

Components Amount
Hot water 87.72 %
Boric acid 263 %
Mono-ethylene glycol 4.39 %
Sodium sulphite 4.39 %
Stem solution B 0.87 %

This solution provides an additional protection against mold formation and does not interfere
with the tissue colour. Moreover, this technique can be successfully applied if the embalmed
cadaver suffered significantly due to intensive use and in case of no further preservation in the

tank.
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Preservation of the bodies

Cadavers can be sealed in plastic bags or remain in submersion. In both cases gradual fluid

loss occurs.

Improved variant of the original embalming solutions

In 2002, Thiel published an improved variant of his original embalming procedure.38 Although
several adjustments were implemented, this variant mainly focused on preservation of the brain

and spinal cord (table 5 and 6).

Table 5. Adjustments observed in the improved embalming technique.

Added Solution
Mono-propylene glycol stem solution I and I
tank
brain-spinal cord solution
Ethyl alcohol |ntest|r_1al squtl_on
perfusion solution
tank
Morpholine perfusion solution

Increased concentration

brain-spinal cord solution
Formalin intestinal solution
perfusion solution

Omitted
Mono-ethylene glycol
Isopropyl alcohol
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Table 6. Composition of the improved variant of the original Thiel embalming solution. Adapted

from Thiel.®
Stem solution | 1998 Amount
Hot tap water 63.30 %
Boric acid 1.90 %
Mono-propylene glycol 19.00 %
Ammonimum nitrate 12.60 %
Potassium nitrate 3.20 %
Stem solution |l 1998 (chlorkresol)
Mono-propylene glycol 90.90 %
4-chloro-3-methylphenol 9.10 %
Perfusion solution for one human cadaver 2001
Stem solution | 1998 12.00L
Stem solution 11 1998 (chlorkresol) 0.50 L
Sodium sulphite 0.60 kg
Morpholine 0.450 L
Formalin 050L
Ethyl alcohol 200 L
Tank solution 1998
Hot tap water 65.47 %
Boric acid 216 %
Mono-propylene glycol 719 %
Ammonimum nitrate 719 %
Potassium nitrate 3.60 %
Ethyl alcohol 6.47 %
Formalin 1.44 %
Sodium sulphite 5.00 %
Stem solution Il 1998 (chlorkresol) 1.44 %
Visceral solution 2001
Stem solution | 1998 12.00L
Stem solution Il 1998 (chlorkresol) 0.50L
Sodium sulphite 0.60 kg
Morpholine 0.450 L
Formalin 1.00L
Ethyl alcohol 2.00 L
Brain-spinal cord solution 1998
Tap water 40.00 %
Ethyl alcohol 45.00 %
Formalin 15.00 %

Firstly, in the original embalming method, Thiel observed that despite the presence of 10 %
formalin in the brain-spinal cord solution, the central nervous system turned in an almost pulpy
condition. Removing mono-ethylene glycol from this solution had only a slight effect on the
organs’ constitution. The small cerebrospinal fluid volume (5-6 %) in relation to the brain size

and the difficulty to replace this fluid by embalming solution can explain this observation. To
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improve the preservation of brain and spinal cord, these structures were embalmed with a
peristaltic pump for 24 hours. Therefore, two lumbar puncture needles were passed through the
lamina cribrosa into the anterior horn of the lateral ventricles and a third lumbar needle was
inserted between L5 and S1 into the subarachnoid space, enabling a continuous circulation
from head to spinal cord at 67.2 mL/min.

Secondly, adding ethyl alcohol to all embalming solutions (except stem solutions | and IlI) or its
use instead of isopropyl alcohol improved tissue solidity without loss of full natural elasticity.
This improvement was particularly observed in the brain and in the fat tissue.

Thirdly, in 1998, the slightly toxic and corrosive mono-ethylene glycol was replaced by the
unaggressive and non-toxic mono-propylene glycol. The latter product impacted on tissue color
preservation, which was balanced by adding 3 % morpholine.

Fourthly, the concentration of formalin in the perfusion solution was increased to enlarge the
strength of the tissues, but also influenced muscle color. Adding morpholine largely
compensated this phenomenon.

Simplified embalming procedure

Currently, centres (e.g. Dundee, Ghent, Graz and Zurich) adopted a more simplified approach
that consists of vascular embalming and subsequent immersion in the tank because additional

infusions seem superfluous for bodies used for surgical training.>" 3

Vascular access

The initial step remains vascular embalming, but the access among centres varies. Although
Thiel employed the external iliac artery, other vessels can be cannulated more easily.
Presently, at the institute of anatomy in Ghent, Belgium, the femoral artery is the only and
preferred access.* The femoral vein is not cannulated for embalming or venous drainage of
blood. If the femoral artery is unsuitable, the carotid artery or great saphenous vein is being
used. Similarly, Groscurth et al. from the institute of anatomy in Zurich, Switzerland, prefer one
arterial access.*® At the Centre for Anatomy and Human Identification in Dundee, United
Kingdom, infusion is done via the femoral artery and via the superior sagittal sinus.®” This

double approach is currently the same as in Graz, Austria.*”

Embalming techniques

A few centres still use the original perfusion solution 1989 and tank solution 1986 and

administer 15.8 L perfusion solution for an average size cadaver.®® *°

However, presently, as
practice has gradually evolved over time, formulae and perfusion volume used in Graz and
Dundee are slightly different than the most recent version published by Thiel in 2002.%" This
means that the perfusion and tank solutions still have the same components (except for ethyl

alcohol that is not used in the tank solution anymore), but in a slightly different concentration.
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Moreover, as stated above, these centres use a double vascular access and administer 13.0 L
and 5.5 L in the arteries and veins, respectively. Furthermore, storage time in the tank is now
considerably shorter compared to the original publication by Thiel (table 7). In the literature,
however, the impact of these measurements on the embalming quality has not been described
in detail. Afterwards, the bodies are stored in sealed plastic bags until use. Cadavers that are in
active use are stored in the tank between sessions. Table 8 shows the composition of Thiel
embalming fluids as used in Dundee and Graz. Note that no toxicity data concerning these

mixtures are presently available.
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Table 7. The simplified embalming procedures applied in several centres.A: artery; V: vein; * embalming formulae and double vascular access are
currently the same as in Graz.*’

Author Centre Perfus_lon Volume Vascular Immer_smn Quratlon Storage
solution access solution in tank
Groscurth  Zurich, perfu§|on femorall T tank solution plastic
£ of 40 Switzerland solution 158 L carotid 1986 4 weeks bags
et al. 1989 artery
Kerckaert perfusion , :
@ Ghe-_nt, solution 158 L femoral tank solution 4.6 weeks plastic
et af. Belgium artery 1986 bags
1989
adjusted a]:emogar: q
Eisma et Dundee UK perfusion A:13L sU ririor tank solution 5 months plastic
al 37+ ' solution V:55L Sap ot 1998 bags
2001 9
sinus
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Table 8. Stem solution Il contains 9.10 % 4-chloro-3-methylphenol and 90.90 % mono-
propylene glycol. Total volumes are approximate and based on an average size cadaver and
the size of the tank used in Dundee. Adapted from Eisma et al.*’

Arterial Venous Tank
Components . . . . .

infusion infusion solution
Hot tap water 6.8 L 1.45L 1250 'L
Boric acid 250 ¢ 80¢g 45 kg
Mono-propylene glycol 25 L 780 mL 150 L
Ammonium nitrate 1,680 g 520 ¢g 150 kg
Potassium nitrate 420 g 130 ¢ 75 kg
Stem solution 11 1998 500 mL 190 mL 30 L
Sodium sulphite 700 g 190 g 105 kg
Morpholine 150 mL 110 mL -
Formaldehyde (8,9 %) 21 L 1.9 L 125 L
Ethyl alcohol 1L 1.1 L -
Total volume 13 L 55L 1,720 L

Flexibility of Thiel cadavers

The notable flexibility of Thiel cadavers creates many new applications, for example, surgical

procedural training is generally favoured for its realism.> *#*®

However, as discussed below,
the tissue integrity of fresh cadavers more closely approaches the living and thus remains the
golden standard for biomechanical research. Benkhadra et al. investigated the pronounced
suppleness of Thiel cadavers.* Light microscopic analysis of the biceps brachii muscle and
brachioradialis tendon fibres of Thiel cadavers was compared with that of fresh cadavers and
formalin-preserved cadavers. The muscle fibres of Thiel cadavers had a cut-up ‘minced’
appearance, but were contained in an intact collagen sheath. These changes were not found in
the other cadavers. Probably, corrosive effects of boric acid cause fragmentation of muscles
proteins, which could explain the suppleness of Thiel cadavers. This study did not evaluate
alternative explanations for the observed flexibility such as electro-microscopic assessment of

possible alterations in collagen ultrastructure.

Applications for Thiel cadavers

As stated earlier, in contrast with Thiel cadavers, conventional embalming procedures using
mainly formalin have far less applications due to profound changes of color; altered
biomechanical tissue properties by extensive protein cross-linking; fragility of organs and

37, 40, 50

tissues; and formaldehyde’s known toxicity and annoying odour. Table 9 compares

formalin-based embalming with Thiel embalming.
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Table 9. Formalin-based embalming versus Thiel embalming.

31, 32, 36, 37, 51

Formalin-based embalming

Thiel embalming

tissue rigidity
tissue discoloration
tissue dehydration
tans tissues
rapidly coagulates blood
constricts capillaries
unpleasant odor
deteriorates with age
most widely used
long preservation

preservation in open-air

bactericidal, fungicidal and
insecticidal

relatively limited applications
suitable for dissection

cheap

soft tissues

natural tissue colors

bloated appearance followed by
gradual dehydration

preserved tissue integrity
no data available
no data available

largely odorless

stable solutions during long
storage

relatively unknown

long preservation (x 1 year)

preservation in sealed bags or
embalming bath

effective cadaver preservation
many applications
more difficult dissection

expensive and complex

Anatomical training model

Because of the prolonged preservation, Thiel cadavers can be employed to teach anatomy
during dissection courses.* Others, have suggested that Thiel cadavers are less suitable for
dissection and only use them for surgical training because tissue dissection is more difficult

31, 37, 39

compared to formalin-fixed bodies. For example, during dissection, yellow oily liquid

collects in the tissue planes. This is thought to be the lipid from disrupted fat cells.
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Proponents of anatomical training on this model argue that the good preservation of tissue
planes, the ease of skin removal and superficial fascia dissection lead to easier and faster
separation of superficial structures. Moreover, for teaching the musculoskeletal system, Thiel
cadavers are superior. Tissue flexibility allows a lifelike demonstration of joint mobility and
movements of the forearm aid in the identification of muscles. The abdominal and thoracic
organs are often very realistic. Due to their pliant structure, organs can be more easily
displaced, which facilitates overall access and visualization of body structures. Features seen in
removed Thiel embalmed-organs are very similar to the in vivo condition. Also, vessels are soft
and flexible and can be subjected to latex injection.53 The relatively poor preservation of the
brain and bone marrow; soft texture of the uterus; and detachment of the epidermal layer of the

skin are drawbacks.®" %2

Surgical training model
Thiel cadavers afford working conditions almost as realistic as in the living and have been
widely appraised for hands-on workshops for several surgical disciplines.®® “**® Thiel

embalmed tissues remain in good condition, in spite of repeated use during surgical
procedures. Workshops can be offered on the same cadaver for one year.

Laparoscopy

In 1996, AblaBmaier et al. reported the first laparoscopic surgical procedure (i.e. Billroth I
gastrectomy) performed on seven Thiel cadavers and praised the good training possibilities to
simulate minimally invasive surgery.>® Giger et al. published a qualitative assessment of
laparoscopic procedures (i.e. colon, hernia, vascular and bariatric surgery) on Thiel cadavers
using a five-point Likert scale and underlined that authenticity of tissue color, tissue consistency
and operative tactility were scored highly (mean > 4).42 The lowest rates were recorded during
the vascular course (i.e. laparoscopic infrarenal aorto-bifemoral bypass) because training
occurred on non-perfused blood vessels. Rai et al. evaluated laparoscopic nephrectomy on
Thiel cadavers and all steps of this procedure were rated 4.0 plus by trainees and faculty
members.>® Research evaluating transfer of laparoscopic skills from the Thiel cadaver to real

life is still lacking.*?

Flap raising and microvascular surgery
Wolff et al. established training courses on Thiel cadavers and confirmed their suitability to

learn flap raising.”?

Pedicles at free flap donor sites are perfectly preserved and even
perforators can be dissected and exposed. Vessel lumina can be rinsed. Nerves are slightly
weaker than in fresh cadavers. This is merely an observation and is not further investigated in
this study. Typical characteristics of arteries and veins can be distinguished microscopically,

allowing realistic handling.
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Endoscopy
The usage of Thiel cadavers for cystoscopy and transurethral resection of the prostate has
been explored with promising outcomes.* These preliminary findings need, however, further

validation.

Cardiac surgery

This will be discussed in chapter 11 of this thesis.

Transplant surgery
Cabello et al. published their initial experience in organizing workshops in kidney prelevation

and transplantation and stressed that this procedure can be performed as in real life.>®

Other surgeries
Thiel cadavers are preferable to practice thyroid surgery and to learn ultrasound-guided

percutaneous tracheal puncture.** *°

Despite a success rate of 90 % for tracheal puncture,
damage to the thyroid was present in eight out of nine successful punctures, underscoring the
relevance of training. Thiel cadavers provide lifelike circumstances to perform various surgical
techniques on external and middle ears, but also to practice oral surgery and implantology.*®*’

Other applications

Development and refinement of techniques

Because length and diameter of vessels, nerves and muscles are similar as in vivo, Thiel
cadavers are feasible to study the anatomy of dissected flaps (e.g. the free vascularized sural
nerve graft combined with a fasciocutaneous posterior calf flap pedicled on the superficial sural
artery).57 The anatomical findings are useful to assess the suitability of these flaps for nerve
reconstruction and soft tissue coverage in case of extended nerve and soft tissue defects of the
extremity. Thiel embalmed arteries are particularly suitable to investigate microvascular
anastomoses in terms of vessel patency, leakage and stricture using angiography; and vessel
wall structure using light microscopy and scanning electron microscopy.58 In 2014, Wolff et al.
described reperfusion of Thiel embalmed flaps from artery to vein to practice flap raising
procedures.”® Reperfusion was established with a thin aqueous solution, which easily
extravasates. As a consequence, venous return was only observed in a small number of flaps
or even missing completely. Sufficient venous return in a flap is essential to assess the quality
of flap raising and subsequent functioning. This is impossible in this model, limiting its reliability
and underlines the relevance of using a better perfusate.

Technical feasibility of challenging surgery has been tested on Thiel cadavers. For example,
hybrid natural orifice transluminal endoscopic approach for Roux-en-Y gastric bypasseo,

transanal iIeoproctostomy61 and anorectal transplantationez. Moreover, new techniques in
d63-65
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undertaking morphometric studies and may improve technically challenging surgery (e.g.
latissimus dorsi tendon excursion).66 Furthermore, Thiel cadavers have been employed to
compare emergency cricothyroidotomy kits.®’

Thiel cadavers have proved advantageous in the development and modification of vertical
obturator nerve block, selective peripheral and pectoral nerve block and axillary brachial plexus
block.**"?

Images of inflated Thiel embalmed lungs are of high quality, simulating chest radiographs of
patients and were used for the analysis of the image quality performance of digital radiography
systems.73 Thiel cadavers serve as a clinically relevant phantom for cone-beam computerized
tomography acquisition used in daily practice for setup correction in multiple radiotherapy do-
mains.”™ Moreover, based on anatomically validated Thiel cadaver datasets, new guidelines for
brachial plexus delineation have been developed, which may lead to diminished upper

75, 76

extremity symptoms after radiation therapy. In addition, there is growing interest in Thiel

cadavers as a model for MR-guided interventional procedures.”’

Biomechanical research

Freezing is currently the standard postmortem storage method for the study of the mechanics of
biological systems. Fessel et al. evaluated the biomechanical characteristics of fresh-frozen and
Thiel embalmed human digitorum profundus tendons.*® Thiel embalmed tendons had
statistically significant (P = 0.048) lower failure stress (probably due to collagen denaturing) and
did not faithfully reflect biomechanical properties of fresh frozen tendons. The authors
recommended against the use of Thiel embalmed tendons for biomechanical research. Unger
et al. investigated the effects of Thiel embalming on cortical bone mechanics and observed
after six months of Thiel storage a reduced elastic modulus.”® Likewise, in biomechanical
studies investigating failure loads of orthopedic implants, fresh-frozen specimens are
preferable. These findings contrast with several reports, underscoring preserved native tissue

properties of Thiel cadavers.®® & 47 7 79

Thiel embalming diminishes tendon and bone
mechanical properties, but macroscopic tissue integrity remains sufficient to facilitate handling
and anatomical research.® Thus, the mechanical effects of Thiel embalming on connective
tissues are complex because of softening effects of boric acid and the cross-linking effect of
formalin. Perhaps, the former predominates.

Besides, Thiel cadavers enable the study of human middle ears mechanics in response to bone

conduction stimulation.®°

Varia
Eisma et al. investigated if respiration-related movement of the liver during ventilation in Thiel
cadavers has potential for research and training in minimally invasive procedures.77 The applied

ventilation is comparable to tidal volumes at rest and the liver displacement is similar to
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literature. Thiel-embalmed tissue is not suitable for radiofrequency ablation studies.®* The
electrical conductivity of Thiel embalmed liver exhibits a frequency response similar to
radiofrequency tumor ablation, but this is much higher than obtained from ex vivo fresh porcine
liver. As a result, the radiofrequency ablation zone of a Thiel-embalmed liver sample is

extremely small due to its much higher conductivity.

Advantages and disadvantages of Thiel embalming

Table 10. Advantages and disadvantages of Thiel embalming.

Advantages Disadvantages
soft-tissue preservation pulpy brains and spinal cord
lifelike preservation of tissue often inexplicable tissue quality
colour and consistency variation within and between bodies

low formaldehyde

g epidermal layer detachment
concentration

effective disinfection dehydration during storage in open air
largely odourless storage in sealed bags or in tank

causes no skin or mucosa :
long and complex preparation

irritation
stable embalming solutions  embalming technique varies between
during long storage centres
teaching musculoskeletal high procedural and infrastructural
system costs
less suitable for anatomical
surgical training model dissections and biomechanical
research
multiple applications relatively unknown
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Dynamic postmortem reperfusion of animal

and human models

Since the beginning of the 16" century, researchers investigated the human vascular anatomy

and tried to visualize the vascular system postmortem.® &

According to injection materials, the
techniques can be classified into six groups: (I) corpuscular preparations in gelatin or agar, (I1)
corpuscular preparations in watery solution, (1) oily liquids, (IV) hydrosoluble preparations, (V)
casts and (VI) miscellaneous.®® Most classic methods only perfused single organs. Few studies
described angiographies of complete human corpses and were, generally, applied on human
embryos and fetuses or newborns directly after death. Mostly, contrast agents were injected
with a syringe.®* %

Below, a summary of dynamically reperfused animal and human models with the aim of surgical
training (fresh pig organs) and postmortem diagnostics (forensic medicine) is presented.
Dynamic reperfusion is defined as ‘lifelike’ ongoing pump-driven circulation of a perfusate from
artery to vein. Note that this definition focuses on the proper course of the perfusate. Arterial

pulsations are not mandatory.

Animal models

Fresh

In 1993, Szinicz et al. described pulsatile perfusion of fresh pig organs and organ groups (e.g.
liver and gallbladder; heart and lungs; stomach and intestines) for laparoscopic surgery
simulation.?® This reperfused model is currently widely used in laparoscopic VT courses. The
organs are placed in a commercially available box, containing two tubes inserted through the
sidewalls. The arterial tube serves as inflow of the specimen. Another tube is placed at the
lowest point of the box as the outflow from the venous system. A specially adapted pulsating
pump delivers a mixture of tap water and red dye into the arterial tube for several hours.
Multiple surgical procedures can be simulated on this model (e.g. CCE, hepatic resection,
intestinal resection and anastomosis, controlling bleedings, etc.). The presence of pulsations is
a major advantage, but the low viscosity of tap water (i.e. 1.0 Millipascal.second (mPa.s) at
20°C) and the reperfusion at pressures ranging between 150 and 180 mmHg will rapidly lead to
extravasation of fluid. Keep in mind that the mean arterial blood pressure in adult pigs is 90
mmHg (unpublished data). Subsequently, deformation will be significant and venous
reperfusion is limited. Last but not least, postmortem reperfusion is only possible until ten hours

after death and storage time of fresh tissues is short.
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In 2006, Grabherr et al. conducted the first truly dynamic angiography or the so-called
‘postmortem circulation’ from artery to vein, in whole and hemibodies of a cat and dogs.87 In a
feasibility study, diesel oil was injected with a roller pump, installing a dynamic reperfusion for
approximately one hour. A fat-soluble contrast agent Lipiodol (i.e. Lipiodol Ultra Fluide®) was
injected as a bolus during ongoing reperfusion and angiography was performed. The vascular
system was visualized up to the level of smaller supplying and draining vessels and was
comparable to clinical angiographies, but perfusion parameters such as flow rate and vascular
pressure were not described. Additionally, microvascular flow of diesel oil was evaluated in the
chicken chorioallantoic membrane with fluorescein isothiocyanate dextrane and revealed that
capillaries were not entered, suggesting flow across arteriovenous shunts. The aim of this
research was to develop a minimally invasive autopsy method, by injecting contrast-enhanced
perfusate in the vascular system and performing a CT. As a result, postmortem diagnoses can
be made before a classical autopsy procedure is performed. Leakage into the gastrointestinal
lumen does occur with this new technique. Note that the viscosity of the perfusate is a
determinant of the level of microvascular reperfusion and thus indirectly leakage.

Human models

Forensic medicine

In postmortem investigations, minimally invasive angiography permits the detection of vessel
abnormalities and bleedings and may be an adjunct or a replacement of the traditional
autopsy.’” The perfusates used to reperfuse a body can be broadly divided into oily and

8. 87 The former are more confined to the vessel lumen, while the latter

aqueous solutions.
quickly extravasate and accumulate in the interstitial space. Note that increased capillary wall
permeability in the early postmortem phase facilitates leakage. Therefore, fat-soluble perfusates
and high-molecular weight water-soluble molecules are preferable. Moreover, only oily
perfusates will rinse postmortem clots. At present, dynamic reperfusion has only been
established with oily perfusates.

In 2008, Grabherr et al. first visualized the three phases of the vascular system (i.e. arterial,
parenchymatous and venous).®® They elaborated the two-step postmortem angiographic
technique and reperfused the upper (n = 2) and lower (n = 2) extremities of fresh human
cadavers with a modified heart-lung machine that contained a pressure-controlled and volume-
controlled perfusion mode. The pump circulated PP diluted with 20 % decane, which was
rendered visible by addition of Sudan red lll. The final viscosity of diluted PP was 24.4 mPa.s at

20°C, which is substantially higher than the intrinsic viscosity of vital blood (4-5 mPa.s).89

Firstly, antegrade arterial reperfusion of the lower extremities was initiated for three minutes
through a cannula introduced into the femoral artery. Reperfusion for five minutes was
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established with the following parameters: inlet pressure approximately 50 mmHg and flow rate
approximately 200 mL/min. After three minutes of circulation, a bolus of 40 mL Lipiodol was
injected into the arterial system and reperfusion was visualized with multi-detector CT
angiography. Vascular reperfusion was established without edema or absorption of PP and
enabled drainage of remaining blood through the tube in the femoral vein. Both arteries and
veins were visible and allowed them to make vascular diagnoses without autopsy.

Secondly, sole retrograde venous reperfusion of the upper extremities was installed because
venous lesions were suspected. Therefore, the brachial vein was cannulated and reperfusion
was installed for five minutes at a flow rate of 200 mL/min and inlet pressure of 30 mmHg. In
the first case, a bolus of 40 mL Lipiodol was injected after one minute of reperfusion and multi-
detector CT angiography was performed. In the other case, 20 mL of a 1:4 mixture of Lipiodol
and PP was injected as a bolus during ongoing circulation. In both cases, sole venous
reperfusion enabled to detect venous pathology such as local pinpricks and periodic narrowing
of the lumen in the context of drug abuse.

Later, the same author further improved this model, resulting in a standardized protocol for
high-quality postmortem angiography in human cadavers.*® This protocol facilitates radiologic
interpretations by decreasing artifacts during reperfusion and by using high perfusion volumes
that completely filled the vessels.

Another landmark was the introduction of a new oily contrast agent Angiofil® (Fumedica AG,
Muri, Switzerland), mixed with PL. Reperfusion with 6 % Angiofil® mixture yielded the best
radiological opacity of the entire vascular tree. In order to obtain these images, the femoral
vessels were cannulated in a caudal-to-cranial direction on one side. Then, the standardized
protocol was applied, which includes an initial filling of the arterial system, followed by venous
reperfusion and a short lifelike circulating phase (table 11). While developing this model, the
authors observed that by sole arterial injection veins were also visualized but separate filling of
arteries and veins resulted in a better filling of the vascular system. No accumulation of PL was
observed in the body cavities during autopsy, which can be explained by the higher viscosity of
PL compared to PP. Hence, PL is recommended during whole-body reperfusion as

extravasation in the gastrointestinal tract hardly was noted.
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Table 11. Resulting protocol. Adapted from Grabherr et al.®

. Total

Application Flow rate Duration —

(mL/min) (min/s) (mL)
Arterial phase 800 1'30" 1,200
Venous phase 800 2'00" 1,600
Dynamic (circulating) —
phase 200 2'30 500
Set filling (3/8"-tube) 400
Total consumption 3,700

: Volume

Preparation (mL)
Paraffin oil 3,500
Angiofil (6%) 210
Total mixture 3,710

Surgical research

Multiple studies have tested surgical techniques in human cadaver tissues, using various
reperfusion methods, but long dynamic reperfusion in Thiel cadavers has not been reported,

underscoring the importance of the objectives of this thesis.”*®’

Installing a long dynamic
reperfusion in a whole body is unique because various types of advanced surgical procedures
can be performed on reperfused arteries and veins. Moreover, the vessels remain filled and

bleedings persist - if not anticipated - during surgical procedures, lasting for several hours.
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Chapter 3

Rationale and objectives
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In 2005, a delegation of the departments of anatomy and surgery from Ghent University
hospital visited the University of Fribourg, Switzerland, to learn the Thiel embalming
technique.39 In the summer of 2006, a surgical training center with Thiel cadavers was officially
opened in Ghent as the second in Europe. Both clinicians and anatomists work together and
offer numerous workshops nationally and internationally to practice advanced surgical
procedures such as laparoscopic liver resections, bariatric surgery, colorectal procedures,

minimally invasive thoracic surgery, orthopedic surgery and so forth.

Although performing surgery on Thiel embalmed human tissues is certainly highly realistic, it
remains a great challenge to further elaborate this embalmed model by the reperfusion from
arteries to veins. Establishing vessel circulation may cause surgical bleedings during surgery,
forcing surgeons to dissect carefully as during live surgery. Secondly, the embalming technique
and the spread of the embalming mixture will be evaluated since variations in the quality of the

Thiel embalmed human tissues was observed during the execution of this reperfusion project.

The purpose of this thesis was to install a prolonged dynamic ‘lifelike’ flow from artery to vein in
Thiel embalmed cadavers. The following research questions were explored in consecutive
studies that form the basis of this thesis:

1. What is the evidence for laparoscopic skills training on surgical training models? (Part
A)

2. What types of reperfused human cadaver models used for surgical training are
currently available and what is their evidence to learn surgical skills? (Part B)
Is it feasible to establish a dynamic flow in the vessels of fresh pig tissue? (Part C)

4. How does Thiel embalming solution spread in pig kidneys and how does long dynamic
reperfusion with PP affect Thiel embalmed pig kidneys? (Part D)

5. What is the effect of ideal Thiel embalming circumstances on prolonged dynamic
(micro)vascular reperfusion in a pig model and is it suitable for surgical practice? (Part
E)

6. How does long dynamic reperfusion impact on Thiel embalmed human tissues? (Part
F)

7. Are arterially pressurized Thiel embalmed cadavers useful for endovascular surgical
training? (Part G)

PART A: Systematic review of laparoscopic skills training.

The tools for laparoscopic training include VT, live animal surgery; human and animal cadaver

training; and VR.% The first objective of this thesis was to compare their effectiveness in

learning laparoscopic skills with particular attention for the evidence of skills training on human

cadavers. Chapter 4 analyses the risk of bias of the included publications, summarizes the
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characteristics of the individual studies (i.e. type of participants and type of interventions;
training tasks; duration and frequency of training; and task and model used for skills
assessment) and focuses on a qualitative synthesis of the outcome data (i.e. time to perform

the task; error score; accuracy; composite score; and economy of movement).

PART B: Systematic review of reperfused human cadavers and body parts.

In 2001, Garrett et al. described the first human cadaveric circulation model in isolated sections
of the arterial system and employed it for training vascular procedures.97 Since then, simple to
more complex reperfused models have been reported. The objective of chapter 5 is to gain
insight into the existing reperfused human cadaver models for surgical training, particularly in
terms of characteristics of reperfused tissues; extensiveness of vascular flow; reperfusion
techniques applied and their related advantages/limitations; surgical procedures trained;

employment in training programs; skills assessment tools used; and skills transfer to patients.

PART C: Exploration and assessment of dynamic reperfusion in fresh pig tissues: two
pilot studies.

Initial work on postmortem dynamic reperfusion has mainly focused on the establishment of
optimal reperfusion conditions for high-resolution angiography of arteries and veins in fresh

animal tissues and human extremities.®” &

Although a prolonged circulation was developed in
fresh animal tissue, no reperfusion data such as flow rate, fluid loss and intravascular pressure
were described.?” Chapter 6 is a feasibility study that describes our early experience with the
installation of an ongoing flow from artery to vein in a fresh pig hindquarter using PP, with
particular attention to reperfusion time, flow rate, intravascular pressure, leakage and edema.
Chapter 7 expands the findings of the previous study with specific focus on the distribution of

PP in the vessels of fresh pig lungs and the amount and cause of perfusate leakage.

PART D: The spread of Thiel embalming solution in pig kidneys and subsequent long
dynamic reperfusion of these embalmed organs.

Expanded knowledge of the tissue effects of Thiel embalming can facilitate long-lasting
vascular reperfusion and permits to compare perfusates in terms of vascular spread, organ
weight and volume increase and generated arterial pressures. Chapter 8 describes the spread
of a fixed Thiel embalming volume in pig kidneys. Reperfusion properties of PP and diluted
PEG 400 were compared in these Thiel embalmed pig kidneys.

PART E: Long dynamic Thiel embalmed pig reperfusion, evaluation of the microscopic

vessel recruitment and feasibility for surgical practice. A plea for pump-driven

embalming.

Currently, at Ghent University Hospital, donated bodies are embalmed by gravity within 72

hours after death. This means that the embalming solution is lifted for several meters, creating
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temporarily high infusion pressure and easier administration. Ideal circumstances for Thiel
embalming with a pump as soon as possible after death may enhance embalming quality and
subsequent vascular reperfusion. In chapter 9, pigs are embalmed with a pump immediately
after euthanasia. A long reperfusion from artery to vein with PP was then assessed and its
gross anatomical effects and feasibility for surgical training were observed. Moreover, the
microvascular reperfusion in pump-embalmed pig small intestines was visualized and

compared with that perceived in gravity-embalmed human tissues.

PART F: Preliminary results of long dynamic Thiel embalmed human tissue reperfusion.

Previous research has demonstrated the exceptional reperfusion properties of PP in pig tissue.
In a next step, this was explored in human tissue prelevated from gravity-embalmed Thiel
cadavers. Chapter 10 mainly focuses on flow parameters and tissue effects during prolonged
dynamic human kidney reperfusion at low and high flow rates. Preliminary results of one liver,

one arm and one whole body reperfusion are added.

PART G: Arterially pressurized Thiel embalmed cadavers: an essential model for
training.

In 2010, Grabherr et al. introduced a modified heart-lung machine that installs postmortem
human cadaveric circulation to perform angiography and to diagnose vascular lesions that
could explain the cause of death.” Chapter 11 investigates if this technique allows testing
endovascular procedures in Thiel embalmed human cadavers. Therefore, in contrast with the
previously described dynamic reperfusion method, sole retrograde pressurization of the femoral
artery and aorta was established and subsequent endovascular delivery of aortic valves was

assessed radiographically and after extraction of the heart.
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PART A

Systematic review of

laparoscopic skills training
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Chapter 4

Training models in laparoscopy: A systematic
review comparing their effectiveness in learning
surgical skills

W.Willaert, D.Van De Putte, K.Van Renterghem, Y.Van Nieuwenhove,
W.Ceelen, P.Pattyn

Acta Chirurgica Belgica 2013, 113, 77-95
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Abstract

Background Surgery has traditionally been learned on patients in the OR, which is
time-consuming, can have an impact on the patient outcomes and is of variable
effectiveness. As a result, surgical training models have been developed, which are compared

in this systematic review.

Methods We searched PubMed, CENTRAL and Science Citation Index Expanded
for randomized clinical trials and randomized cross-over studies, comparing laparoscopic
training models. Studies comparing one model with no training were also included. The
reference list of identified trials was searched for further relevant studies.

Results Fifty-eight trials evaluating several training forms and involving 1591 participants were
included (four studies with a low risk of bias). VR or VT training versus no training improves
surgical skills in the majority of trials. Both VR and VT are as effective in most studies. VR
training is superior to traditional laparoscopic training in the OR. Outcome results for VR robotic
simulations versus robot training show no clear difference in effectiveness for either model.
Only one trial included human cadavers and observed better results versus VR for one out of
four scores. Contrasting results are observed when robotic technology is compared with manual

laparoscopy.

Conclusion VR and VT training are valid teaching models. Practicing on these models
similarly improves surgical skills. A combination of both methods is recommended in a
surgical curriculum. VR training is superior to unstructured traditional training in the OR. The
reciprocal effectiveness of the other models to learn surgical skills has not yet been

established.
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Introduction

Abdominal surgery has traditionally been performed via an open approach. However, during
the last decades, there is an obvious trend toward minimally invasive surgery worldwide
making laparoscopic surgery the standard approach for several procedures. This irreversible
change necessitates a dramatic adaptation of the current surgical curriculum. This
adjustment is inevitable because performing minimally invasive surgical procedures often
demands a high level of skills. Presently, the traditional teaching methods in the OR do not
suffice to learn these skills because of the diminished training hours for surgical residents and
the lack of time for surgeons to adequately teach techniques. Moreover, the long learning
curve for most laparoscopic procedures together with the risk of serious complications when
performed by inexperienced hands impede a fast learning of minimally invasive techniques.

As a consequence, surgical training models have been developed to serve as an adjunct to
standard teaching in the OR. The most used laparoscopic simulation models are VR, VT,
animal training and human cadaver training. Strikingly, together with the growing use of robots
in surgical practice, robot technology has recently been applied in these training methods,
apart from the manual laparoscopic equipment.

Numerous studies and several reviews evaluating the value of the previously described

99-106

models reported their favorable training effects. In addition, transfer of skills toward the

OR, which is the purpose of training, has been shown in many reports.%® 0% 102 107, 108
Moreover, comparative trials have been developed to determine the real place of each model
in a surgical training curriculum. In brief, the methodology, the participants, the training tasks,
the assessment tools and the measured outcomes in these comparative trials are highly
variable. As a result, a Cochrane systematic review about VR training for surgical trainees in
laparoscopic surgery has stated that further research toward better methodological quality and
more patient-relevant outcomes are needed. Despite the low quality of most included studies,
this systematic review has concluded that VR training can supplement standard laparoscopic
surgical training of apprenticeship and is at least as effective as V1.2

The aim of this review is twofold. Firstly, to extend the current knowledge of most of the
outcomes as described in a Cochrane systematic review by adding the most recent literature
and by using more inclusion criteria.*%° Secondly, as teaching surgical skills cannot be the only
purpose of training, this review also intends to evaluate the value of human cadavers in learning

surgical anatomy.
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Materials and methods

A structured approach for this review was used as described in the Cochrane Handbook for

110

Systematic Reviews of Interventions (Version 5.0.1).” Methods of the analysis and inclusion

criteria were specified in advance and documented in a protocol which was not published.

Criteria for considering studies for this review
Types of studies

Only randomized controlled trials and randomized cross-over trials were considered for
inclusion. Quasi-randomized studies, where the allocation sequence was not randomly
generated, were excluded. The language of the trials and the year of publication were no
exclusion criteria. Unpublished studies were not included.

Types of participants

Studies including medical students and surgical residents irrespective of their surgical

experience as well as certified surgeons were eligible for inclusion.

Types of interventions

Trials comparing any surgical training model as VR training, VT training (using conventional
laparoscopic equipment as well as robots), animal models and human cadavers were
considered for inclusion. Also, studies comparing any of these methods versus no training or
combinations of training models were included. Trials comprising comparisons with mirror box
trainers or cardboard box trainers were also included in this review but comparison with these

models was not performed.

Types of outcome measures

e  Primary outcomes :
Time taken to perform the task.

Error score as defined by the authors.

e Secondary outcomes :
Accuracy as defined by the authors.
Composite score as defined by the authors.

Economy of movement as defined by the authors.

Studies were included if they compared any of these specific outcomes.

67



Search methods for identification of studies

Electronic searches

Studies were identified by searching electronic databases. The full search strategy for
MEDLINE (through PubMed) is displayed in table 1. From January 2012 till April 2012, one
author searched for randomized controlled trials and randomized cross-over trials using
CENTRAL in The Cochrane Library 2012, Issue 3; MEDLINE (1966 to the present through
PubMed); and Science Citation Index Expanded (1900 to the present). A last search was run

on 13 April 2012. The search strategy was developed and conducted by WW.

Table 1. Search strategy MEDLINE (through PubMed)

#1 randomized controlled trial [Publication Type]
#2 controlled clinical trial [Publication Type]

#3 randomized [Title/Abstract]

#4 placebo [Title/Abstract]

#5 clinical trials as topic [mesh: noexp]

#6 randomly [Title/Abstract]

#7 trial [Title]

#8 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7
#9 animals [mh] NOT humans [mh]

#10 #8 NOT #9

#11 #10 AND train* [Title/Abstract]

#12 #10 AND surg* [Title/Abstract]

#13 #10 AND laparoscop* [Title/Abstract]
#14 #10 AND celioscop* [Title/Abstract]
#15 #10 AND peritoneoscop* [Title/Abstract]
#16 #10 AND virtual realit* [Title/Abstract]
#17 #10 AND box [Title/Abstract]

#18 #10 AND video trainer [Title/Abstract]
#19 #10 AND animal [Title/Abstract]

#20 #10 AND pig [Title/Abstract]

#21 #10 AND sheep [Title/Abstract]

#22 #10 AND rabbit [Title/Abstract]

#23 #10 AND inanimate [Title/Abstract]
#24 #10 AND human [Title/Abstract]

#25 #10 AND cadaver [Title/Abstract]

#26 #10 AND bod* [Title/Abstract]

#27 #10 AND corpse* [Title/Abstract]

#28 #10 AND simulat*[Title/Abstract]

#29 #10 AND MIST-VR[Title/Abstract]

#30 #10 AND lapsim [Title/Abstract]

#31 #10 AND lap man [Title/Abstract]

#32 #10 AND robot* [Title/Abstract]

#33 #10 AND bench model [Title/Abstract]
#34 #10 AND computer assisted [Title/Abstract]
#35 #10 AND education [Title/Abstract]
#36 #10 AND skills [Title/Abstract]

#37 #10 AND sutur* [Title/Abstract]

#38 #10 AND knot tying [Title/Abstract]
#39 #10 AND thiel [Title/Abstract]
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Searching other resources

The reference list of identified trials was searched for further relevant studies.

Data collection and analysis

Selection of studies

Each stage of the study selection process was performed by the same researcher (WW) who
was not blinded to the names of the study authors, their institutions, the journal of publication or
the results. Firstly, the titles and abstracts of the retrieved records were screened. Then, the full-
text report of all possibly relevant abstracts were searched and examined whether they met the
inclusion criteria. Special attention during the search was given to detect duplicate publications.

If no full report was available, the original investigators were contacted.

Data extraction and management

A data collection form was made as described in the Cochrane Handbook for Systematic
Reviews of Interventions.™™* This form was npilot-tested on five randomly-selected included
studies and refined accordingly. Finally, only one form was used. One author (WW) extracted
the pre-specified data as described below:
1. Year of publication
Setting and country
Inclusion criteria
Number of participants
Type of training models
Evaluated tasks in each group
Duration of training in each group

Assessment tool

© ® N o g M w DN

Outcomes (described above)

10. Methodological assessment (described below)

Only those outcomes of interest in the review were collected. In addition, key conclusions and
comments by the study authors and review authors were noted. No variables were added to the

data collection form after the review started.

Assessment of risk of bias in included studies

All studies that met the selection criteria were individually assessed for methodological quality in

an unblinded manner at both study and outcome level. Therefore, a component approach

based on domains was used. One author assessed the domains of sequence generation,

allocation concealment and blinding of the outcome assessors. Moreover, incomplete outcome

and selective outcome reporting and whether selection bias occurred were evaluated. For each
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guestion-based item, the author described what was reported to have happened in the study.
Then, a judgment (Yes for low risk of bias, No for high risk of bias or unclear) relating to the risk
of bias was made. Trials with adequate methodological quality in all the six domains were

considered to be trials of low-bias risk.

Measures of treatment effect

Although a meta-analysis was not made, the intended summary effect measure for each type
of outcome is described below:

1. Dichotomous variables: the risk ratio and odds ratio.

2. Continuous variables: mean difference and standardized mean difference.

Subgroup analysis and sensitivity analysis were not performed.

Results

Description of studies

Results of the search

Figure 1 illustrates the flow of studies through this review. Using MEDLINE, CENTRAL and
Science Citation Index Expanded 80 studies were identified. Scanning reference lists of these
randomized trials revealed three extra studies. These 83 trials were retrieved for further
assessment. Nineteen studies were excluded as they did not meet the inclusion criteria.
Moreover, it was not possible to retrieve the full report of six trials despite contacting the study
authors. A total of 58 trials (57 references) were finally selected for inclusion.
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Literature search:

Databases: PubMed, Web of Science and
CENTRAL: n=80

Additional references identified through
scanning reference lists of the identified
randomized trials: n=3

Search results combined. n = 83 (eligible trials
on basis of title and abstract)

Excluded on basis of exclusion criteria: n=19

s No surgical skills tested: n=1

s  Comparison of different forms of VR
training: n=1

s Assessment task in the groups are
different. n =2

s No comparison of different training
models or comparison of one method
versus no training: n =2

* Results not compared between groups:
n=2

« Non-randomised trials: 1= 11

Excluded: not retrievable full reports from the
trial register:n =6

Total included trials: n =58

+ Randomised controlled trials: n = 48
+ Randomised crossover trials: n=10

Figure 1. Flow diagram which summarizes the study selection processes
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Characteristics of the included studies

Fifty-eight trials involving 1591 participants were identified. Forty-eight studies were
randomized controlled trials, whereas ten studies were randomized cross-over trials. These
trials were reported in 56 full papers. Two separate studies were reported in one full paper and
one study was published as an abstract in the supplements of a journal.**® ** One
duplicate was identified, however, using different assessment models to evaluate effectiveness

of training.***

Therefore, both studies were considered as unique trials. Forty-one trials
compared training versus no activity; 23 trials compared VR versus another training form (VT
training (n = 15), standard laparoscopic training in the OR (n = 3), robot training (n =3) and
human cadaver training (n = 1); and VR and VT versus VT (n = 1); six studies compared
robot training versus VT training (n = 5) or laparoscopic animal training (n =1); one
study described laparoscopic animal training combined with VT versus VT.

The characteristics of the studies are summarized in the ‘Characteristics of included studies’
table (Appendix 1). We did not contact the authors to obtain individual participant data. Every
included study was published in English and the majority was performed in the USA (31 out of
58). Eighteen studies assessed the training tasks on animal tissue whereas 14 trials evaluated
training skills on patients. Only one trial used fresh human cadavers to train laparoscopic
sigmoidectomy.

Risk of bias in included studies

An extensive evaluation of each study on each criterion based on the Cochrane Collaboration’s
tool for assessing the risk of bias is reported in a ‘Risk of bias summary’ (Appendix 2). Only four
studies were considered to be of low risk as the six domains were positively assessed.’®'%
None of the other 54 trials reported both adequate sequence generation and allocation

concealment. Blinding of outcome assessors was reported in 35 trials.

Effects of interventions

Outcome data from the individual studies are presented in the ‘data and analysis’ table
(Appendix 3). “Because the methodological quality of the studies, the participants,
interventions, assessment tools, reported outcomes varied markedly, the focus of this review
was describing the studies, their results, their applicability and their limitations and on

qualitative synthesis rather than meta-analysis”.116

Several definitions were used for each outcome across the included studies:
1) Primary outcomes:
a. Time: taken to complete the task, reduction in time (e.g. percentage) to perform the task
(post-training versus pre-training status), speed in performing the task or change in

speed after comparison with pre-training status.
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b. Error score: tissue handling, composite error score, number of errors (dropping object,
perforation of the object), complications and hospital stay.
2) Secondary outcomes:

a. Accuracy: excess needle manipulations, mean dot scores for suturing tasks and number
of damaged beads.

b. Composite score: several forms used in the included studies.

c. Economy of movement: path length of instruments, speed of instruments, total hand

movements and efficiency.

Training versus no training

1. VRtraining versus no training

8, 10, 98-100, 113-115, 117-127

This review included 20 studies, which analyzed this comparison. Seven®

100, 113, 114, 117, 119, 124 8,10, 113, 118, 121

and five trials assessed the effect of training using pig tissue

or patients, respectively.

a. Time

8, 98-100, 114, 115, 118-127

Time was evaluated in 16 studies. Half of these trials showed statistically

8, 99, 115, 120, 122-124

significant better time scores following training. Moreover, a statistically

significant difference was found in an additional trial for five out of six evaluated tasks.'*® In

contrast, six studies observed statistically non-significant difference for this outcome.® *** &

121,125,126 The same finding was also noted in one study for 3 out of 4 analyzed tasks.'®

b. Error score

8, 115, 118, 120, 121

The error score was assessed in 11 studies, of which five trials mentioned a

statistically significant better result in case of VR. This was confirmed as well in one extra

study if an objective scoring system was used. However, if evaluation was done with a

subjective score a statistically non-significant difference was obtained in this trial."** Five
studies did not demonstrate any statistically significant difference concerning this outcome.*®

100, 113, 114

c. Composite score

This scoring system was measured in seven studies. VR significantly outperformed no

activity in five studies.*® 9% 114 115119

117

A statistically non-significant difference was found in one

100

trial™~" and for three out of four tasks in a second study.

d. Economy of movement
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Three trials reported a statistically significant better result for this outcome after training.® ** *2° A

fourth study showed statistically significant difference in number of movements taken by each

hand (increase for the non-dominant left hand and decrease for the right hand).126

98, 113, 124

A statistically

non-significant difference was observed in four studies.

2. VT training versus no training

Nineteen trials analyzed this comparison,'* 9100 123 125138

100, 129, 133, 137-139

, of which 6 assessed training effect

128,131, 134, 135

on pig tissue and four on patients.

a. Time

98, 100, 123, 125-131

Fourteen studies described this outcome. Half of these trials showed statistically

significant difference (shorter time, greater time improvements and better time scores) when

123,127, 129131 This was also noted in another trial for two out of four

98, 125, 126, 137

subjects trained on the VT.

100

tasks.” A statistically non-significant difference was reported in four trials , Whereas

one study noted statistically non-significant difference in the time post-training, but a statistically

significant difference in tie time difference between baseline and post-training.**

Similarly,
statistically significant larger median time reductions pre-training versus post-training were
measured in an additional trial using VT training, whereas a statistically non-significant

difference between both groups was found when tested on the porcine model.**

b. Error score

Although a non-significant difference was calculated in one study'®, VT training resulted in

statistically significant better scores in the majority of trials,%® 128 130 134135

c. Composite score

Eight out of 11 studies reported statistically significant higher composite scores in the
training group.t® 128 133136, 138, 139 A statistically non-significant difference was found in two

131, 137 100

trials and for three out of four tasks in a third study.

d. Economy of movement

Statistically significant better economy of movement scores were encountered in two trials
following VT.%® 3 One paper reported a significant reduction in the number of movements of
the dominant (right) hand, however, a significant increase in the number of movements of the

left hand was noted.*?®

135, 137

Similar results for both compared groups were reported in two

studies.

3. VR training and VT training versus no training

Two studies analyzed the training effect on either patients or pigs.*®® **°

a. Time
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Similar results were found for both studies. Gastrogastric knot tying in a laparoscopic Nissen
model was done in a statistically significant shorter time (sec) (mean + Standard Deviation
(SD)) (525.6 + 189.6 vs 789.5 + 171.3) (P < 0.003) for the trained group.'*® Likewise, three
tasks (placing a piece of bowel in a bag, liver biopsy and ‘running the bowel’) in a porcine
model were performed faster after training (P < 0.02), except for placing a stapler on the

bowel (no P-value).'®

b. Error score
Statistically significant fewer errors (mean + SD) (25.6 £ 9.3 vs 37.1 + 10.2) (P < 0.01) were

found in the trained group while performing two gastrogastric knots in a patient.140 The study

using the pig noted similar numbers of errors for all tasks between both groups (no P-value).100

c. Accuracy

Statistically significant (mean + SD) (18.5 + 10.5 vs 27.3 £ 8.5) (P < 0.05) fewer excess needle

manipulations were described after training in one trial.**°

d. Composite score

An overall subjective score by a blinded assessor revealed no statistically significant difference

for all groups (no P-value) except for one out of four tasks (‘running’ the bowel) (P < 0.03).**°

VR training versus other training forms

1. VR training versus VT training

98, 100, 107, 108, 123, 125-127, 141-147’ of which four

107

Fifteen studies compared both training models

100, 142, 144, 147

assessed the effectiveness of training on pig tissue and one on patients.

a.Time

Thirteen trials evaluated this outcome. Eight trials noted statistically non-significant difference
among both groups.?® 100 126, 127, 144, 145, 147, 148 This \yag also the case in a cross-over study for
two out of three tasks. However, a statistically significant faster task performance in the VT-VR
group versus the VR-VT group was noted for the third task (elastic band) when performed using

the VT trainer.*** The VT group performed tasks statistically significant shorter in two trials which

were assessed on this VT model." 1%

In contrast, one trial noted a statistically non-significant
difference between both groups when tested on the VT, while tested on the VR a statistically
significant shorter time was reported for the VT group.'® One cross-over trial found for two out of
three tasks (cutting and knot-tying) a statistically significant superior performance achieved

during training on one simulator to that achieved on the same simulator by the other group.146

b EI’I’OI’ Scoreg& 100, 143, 146, 147
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One out of five trials noted a statistically significant better score (P = 0.0008) after VR training,
while the other studies did not mention any statistically significant difference between both
groups following training.**?

C. Composite Scoreloo, 107, 108, 142, 144, 147

IlOO, 142, 144, 147

Four out of six trials evaluated both training models in a pig mode , Whereas one

107

study evaluated a subgroup on patients.”" Using the composite score, a statistically non-

significant difference was found for three trials and for three out of four tasks in a fourth trial.'%

142,144,147 | contrast, subjects who trained on the VR trainer performed statistically significant

better when objectively scored on the VR trainer in two trials.*®” *%®

Notably, one of these
trials used a second scoring system (subjective) to do a subgroup analysis in postgraduate
year (PGY) two surgical residents who trained on patients (CCE), which showed statistically

non-significant difference between both training models.*®’

d. Economy of movement®® 08 126 141, 146

98, 126

A statistically non-significant difference was found for two out of five trials and for two

out of three tasks in an additional cross-over trial***

. The latter trial evaluated both groups
post-training using both models and noted that the VT-VR group significantly outperformed the
VR-VT group for both hands when tested on the VT and for the right hand when tested on the
VR. One trial reported statistically significant superior plateau performance in the VR group

versus the VT group for all three tasks.™*®

This was also the case for another study when the
post-training was assessed on the VR trainer. However, when tested on the VT trainer there

was a statistically non-significant difference.'®®

2. VR training versus standard laparoscopic training in the OR

Three trials were identified, evaluating the training effect on patients.*** 10% 112

a. Time
VR training resulted in a statistically significant shorter operation time (salpingectomy, CCE

and total extraperitoneal (TEP) hernia repair).'%% 102 112

b. Error score

Statistically significant fewer errors (11.7 vs 19.7) (P < 0.01) were made during laparoscopic
CCE in one trial following VR training.112 One study evaluated patient-related outcomes and
found statistically significant fewer intraoperative and postoperative complications (of any
type) and overnight stay (all P <0.05) after VR training.102

c. Composite score
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There was a statistically significant better operative performance in two trials following VR

training. % 102

3. VRtraining versus robot training

148-150 150
d. l.

Three trials were include One study evaluated the training effect on a porcine mode

a. Time

This outcome was evaluated in two studies. One paper compared two exercises. A pick-and-
place task (bimanual carrying) showed a statistically non-significant difference (P > 0.05). The
second task (passing a needle through holes) revealed a statistically significant shorter time for
VR (P = 0.003).® The other study compared the movement of rings through a wire, which was
statistically non-significant different for both training models (P = 0.21).**°

b. Composite score

Both trials reported a statistically non-significant difference in improvement of scores from the
pre-training status to the post-training status (P > 0.05).4%**°

c. Economy of movement

Total travelling distance of the instrument tip during the pick-up-and-place task (bimanual

148

carrying) was comparable for both groups (P > 0.05).”™ However, during the needle passing

task a statistically significant shorter distance was noted for the VR group (P < 0.001).

4. VR training versus fresh human cadaver training

This trial compared the laparoscopic sigmoidectomy procedure.'**

a. Composite score

Four scores were evaluated for both trainers and trainees. Generic events (appropriate incisions,
planes of dissection, instruments and diathermy use, retraction, hand-eye coordination, tissues
handling, suturing technique, bleeding control and speed of procedure) were statistically
significant better (= lower) scored on the cadaver for trainers (mean +SD) 1.0+0.1 vs 1.1
+ 0.3 (P = 0.020) as well as for trainees 1.0 + 0.1 vs 1.1 + 0.2 (P = 0.034). However,
statistically non-significant differences were noted for the other scores (specific and generic

skills and specific events) (P > 0.05).

5. VR training and VT training versus VT training

This review included one trial comparing these interventions.***

a. Time
Statistically non-significant difference (P > 0.05) was reported among both groups to complete

the tasks.
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b. Error score

Statistically non-significant differences (P > 0.05) were found among both training groups.

VT training versus robot training

Five trials were included, of which one'®* evaluated the training effect on pig tissue.™***

a. Time
Time to complete tasks differed among the studies. VT training outperformed robot training in

two trials (three out of four tasks™* and two out of five tasks™?, respectively). This difference
was statistically significant. In contrast, one study noted that performances were statistically

significant faster for three out of five tasks using robotics.**

b. Error score
One study observed fewer errors in the robot group™®®, but statistically non-significant
difference was found between both groups for the majority of tasks (4/5) in another
publication (no P-value)™?

errors for rope-passing (median number (range) (13.0 (3-31)) vs 6.0 (1-24)) (P = 0.05).'*?

. However, the VT groups made statistically significant more

c. Accuracy

Statistically non-significant difference for suturing and knot tying was noted in two trials™* **°,
but statistically significant better accuracy was found for the robot in two out of four tasks in
one trial.*®

d. Composite score

Subjects who trained on the VT had statistically significant higher scores (mean + SD) (84 +
75 vs 56 + 63) (P < 0.001) for knot tying.'*" In contrast, one study revealed that robot training

resulted in a better performance score (no P-value).™*

Laparoscopic animal training versus other

1. Laparoscopic animal training versus robot animal training

One trial reported this comparison in a porcine model.**

a. Time
Robot training resulted in a statistically significant faster performance of tasks (600 (473—-600) vs
460 (143-600) sec) (P < 0.001).

b. Error score
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Statistically significant fewer errors (1 (0-6) versus 0 (0-2)) (P < 0.001) were made in the robot

group.

c. Composite score
Subjects using the robot had statistically significant higher suturing scores (0 (0-8) versus 0
(0-457) (P < 0.001).

2. Laparoscopic animal training and VT training versus VT training

One trial reported this comparison.™’

a. Time

Adding laparoscopic animal training to VT resulted in a statistically significant difference in
percentage time improvement (mean * SD) (34.3 £ 5.7 vs 7.3 + 9.2) (P = 0.0001: 95 % CI)
compared with VT alone.

Discussion

The purpose of this review was to extend the current knowledge reported in a Cochrane

199 Therefore, the most recent literature

systematic review using their predefined outcomes.
(2009 to the present) as well as a wide range of comparisons of interventions were added. In
detail, trials analyzing VT training versus no training or robot training; VR training versus robot
training or human cadaver training; and laparoscopic animal training versus robotic animal

training were identified. The main findings of this systematic review are discussed below.

Estimating the actual value of a training model itself can be realized by comparing with a non-
trained group. As a result, qualitative synthesis of training with a VT shows its effectiveness in
slightly more than half of the trials in terms of time. Remarkably, almost every trial reports
better error and composite scores after VT training. Evidence for a trend toward better
economic performance after VT training is noted in a smaller amount of trials. Equal
conclusions can be made for VR training. Again, a similar proportion of trials demonstrate a
superior reduction in time to complete tasks following exercising in a virtual environment. This
is also the case for error scoring, confirming better composite scores after VR training in
almost every trial. The included trials observe in half of studies improved economic movement
result too. A meta-analysis for time outcomes (time taken to do the job) performed in a
Cochrane review confirms our findings as the VR group performed the tasks more quickly.
However, the reduction in time between first (before) and second (after training) assessments,
difference in the speed or in the improvement of speed between the two groups was not

109

statistically significant in this meta-analysis.” Note that in the current review this breakdown of

time as an outcome in several definitions has not been done. The other outcomes were not
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put into meta-analysis in the Cochrane review and their results were not as convincing as time
evaluation. Our analysis of these outcomes, based on more included studies, more strongly
confirms the significant effectiveness of VR training.

Interestingly, a comparison of a combination of both VR and VT models versus no training has
been done in two trials. Not unsurprisingly, positive training effects are noticed. However,

robust conclusion about the advantage over training using a single model cannot be made.

Equally interesting is the comparison of VR training versus VT training. Most included studies
notice no significant difference for time among both training groups. This is confirmed in the

109

meta-analytical review.” Although one recently published study reports significantly shorter

times for knot tying on a rubber sheet, this assessment has been done in a VT model.

141

Moreover, this study probably has considerable bias.” This review finds no difference for

error scores between both VT and VR groups for four out of five included trials. This finding is

in accordance with the Cochrane analysis.'*

When composite scores are evaluated, slightly
more than half of the trials show no difference among both groups. However, VR training was
superior according to two trials, but this assessment was done on the VR simulator.

In general, all trials that compare VR training with standard laparoscopic training in the OR
describe superior performance after VR training. This is in accordance with the literature and

confirms that a structured teaching is more effective than traditional training.**

No clear conclusions can be made when validating VR versus robot training. Only three trials
are included. The results for time and economy of movement vary. More consistency has been

found for the composite score, which revealed no significant difference for two trials.

Only one study evaluates fresh human cadavers. This comparative trial shows that training a
complex surgical procedure as a laparoscopic sigmoidectomy on a fresh human cadaver results
in improved dissection, retraction, hand-eye coordination, suturing, bleeding control and speed
of procedure compared with VR simulation. Note that this superiority is only significant for one
out of four evaluated scores. Moreover, no extra assessment tool, e.g. in the OR on a patient
was used in this study to further analyze the value of fresh human cadavers. Although the
results are promising, better comparative trials on human cadavers are necessary. These trials
could also contribute in learning surgical anatomy.

In recent years, robotic technology has been introduced in the surgical world. Its value has been
mostly compared with manual laparoscopy in terms of time to perform tasks. However, further
studies are needed as contrasting time results have been published. These findings differ from
one study which evaluated the same techniques in a porcine model showing better performance
for time, errors and composite score in the robot model.
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Importantly, despite a high number of included studies in this systematic review a considerable
amount of comparisons are based on a few studies. As only four of the included trials were free
of bias, strong conclusions cannot be made except for VR or VT versus no activity and for VR

versus VT or standard laparoscopic training in the OR.

Although only one study assessed training on human cadavers, it is surely positive that a huge
amount of included studies evaluated training effect on pig tissue and patients, indicating a trend

toward evaluating transferability of obtained skills.

This systematic review has also some notable limitations. Only one author searched for trials,

evaluated their eligibility, extracted data and assessed the methodological quality.

In conclusion, VR training and VT training are valid teaching tools. Exercising on these models
equally improves surgical skills. A combination of both methods is recommended in a surgical
curriculum. VR training is superior to unstructured traditional training in the OR. The reciprocal
effectiveness of the other models to learn surgical skills has not yet been stated.
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PART B

Systematic review of reperfused human
cadavers and body parts
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Chapter 5

Systematic review of surgical training on
reperfused human cadavers

F. Tozzi, W.Willaert, | Van Herzeele, K D’Herde, P.Pattyn

To be submitted
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Abstract

Background The role of reperfused human cadavers in surgical training has not been
established. This review analysed the literature on reperfused human cadaver models and their

educational applications in surgery.

Methods MEDLINE and Science Citation Index Expanded were used to identify reports
describing reperfused human cadaver models in terms of simulated surgeries, the use of tools
to assess technical competency and skills transfer to patients, cadaver status (fresh/embalmed)

and vascular reperfusion techniques.

Results Twenty-seven reports were included in the review. Most participants practised vascular
surgeries (n = 23), flap techniques (n = 4), or trauma procedures (n = 2). Training progression
was evaluated objectively in one study, but no data have been published. In two studies, new
flap technigques were practised on cadavers and repeated successfully in patients. Whole and
partial bodies were equally employed (n = 12). Thirteen studies each used fresh bodies and
embalmed cadavers. Most embalmed cadavers were formaldehyde fixed (n = 9), resulting in
stiffness. Few trainings were offered on soft Thiel-embalmed cadavers (n = 3). Only arteries
were reperfused in 16 studies, while in 10 studies, the arteries and veins were filled. Arteries
and/or veins were mostly pressurized (n = 16) and arterial flow was generated in 11 studies. No

lifelike artery—vein flow was established in complete cadavers.

Conclusion Various reperfused human cadaver models exist, enabling practise of mainly
vascular procedures. Preservation method determines the level of simulation fidelity. Thorough

evaluation of these models as surgical training tools and transfer effectiveness is still lacking.
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Introduction

The anatomical dissection of human cadavers has been used traditionally for teaching and
study purposes.158 Recent research has focused on the use of reperfused human cadavers to
assess the vascular system for forensic diagnostic purposes.83 For instance, in 2010, Grabherr
et al. established circulation in cadavers with a modified heart-lung machine to detect the cause

90, 159

of death.”® This technique has become a standard part of autopsy procedures. Reperfused

human cadaver models are also suitable for the refinement of contrast injection dosages for CT
examinations and for the testing of new devices.*®**%?

Post-mortem reperfusion creates new opportunities for surgical training; in particular, it allows
surgical residents to learn advanced and/or new minimally invasive techniques without
compromising patient safety. In 1993, Szinicz et al. developed a pulsatile porcine organ
perfusion model for the practising of laparoscopic procedures.86 Although this model has merits,
non-human anatomy makes it less user-friendly.

Numerous reviews of surgical training models> ¢ 10316

82, 83, 166

and post-mortem reperfusion
techniques in forensic medicine have been conducted, but no systematic review of the
role of reperfused human cadaver models in surgical training has been published. The aim of
this review was to analyze the literature on reperfused human cadaver models and their
educational applications in surgery. A systematic search was performed to identify studies
using partial and complete human bodies, in which arteries and/or veins were reperfused to
simulate lifelike circulation. The intent was to compare surgical procedures tested; applications
in surgical training programmes; cadaver status (fresh vs. embalmed); vascular reperfusion

technique and extensiveness; and advantages and limitations of the models.

Materials and methods

Inclusion and exclusion criteria

Publications, including abstracts and supplements, describing studies of human cadaveric
reperfusion in surgical training were considered for inclusion in this review. Only studies
published in English were included, independently of the year of publication.

Studies considered for inclusion in the review involved medical students, surgical residents and
board-certified surgeons, regardless of the level of surgical experience. Only post-mortem
studies in which flow or vessel pressurisation was established in whole human cadavers and
body parts to practise surgical interventions were considered. Trials testing new devices and

non-human, anatomical and imaging studies were not included in this review.
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Outcome measures

The primary outcome examined was surgical procedures performed. Secondary outcomes were
applications in surgical training programmes in terms of objective assessment of skills gained
and transfer of skills gained to patients; human cadaver status (fresh vs. embalmed); vascular
reperfusion technique; and advantages and limitations of the reperfused models, as described
by the study authors. Studies not assessing or reporting on specific outcomes were not

excluded.

Search strategy

The search methodology for this review was based on Chapter 6 of the Cochrane Handbook for
Systematic Reviews of Interventions (version 5.0.1)."® In January 2015, two authors (WW and
FT) independently searched the MEDLINE (1966—present, via PubMed) and Science Citation
Index Expanded (1955-present, via Web of Science) databases. The last search was
conducted on 20 January 2015. A wide range of free-text terms and the following medical
subject heading (MeSH) terms were used in various combinations: ‘anatomy’, ‘angiography’,
‘bleeding’, ‘cadaver®’, ‘corpse’, ‘dissection’, ‘education’, ‘embalm®, ‘endoscop®, ‘experimental
model’, ‘extracorporeal circulation’, ‘formalin’, ‘laparoscop*, ‘live surg*, ‘microsurgery’,
‘paraffin’, ‘perfusion’, ‘polyethylene glycol’, ‘postmortem’, ‘pressur®, ‘research’, ‘surgical training’
and ‘teaching’. When a search resulted in the retrieval of more than 300 records, the results
were discarded and the search was refined. The full search strategy for PubMed is illustrated in
Appendix 4. The reference lists of identified articles were reviewed manually to identify

additional relevant studies.

Study selection

The assessment of study eligibility and data extraction were based on Chapter 7 of the

1 Two authors

Cochrane Handbook for Systematic Reviews of Interventions (version 5.0.1).
(WW and FT) independently screened titles and abstracts of the retrieved records. The
reviewers were not blinded to the names or affiliations of study authors, the journals of
publication, or the study results. Full texts and abstracts of articles identified as potentially
relevant were then examined to determine whether they met the inclusion criteria. Special
attention was given to detect duplicate publications. When no full report was available, the

authors were contacted. Disagreements between reviewers were resolved by consensus.

Data extraction and management

Two authors (WW and FT) independently extracted pre-specified data from publications using a
data collection form designed for this study. The form had been pilot tested and revised
(addition of variables) accordingly. The following data were extracted: surgical procedures

practised; use of objective tools to assess skills; organisation of regular workshops on
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reperfused models; type(s) of participant; skills transfer to patients; use of complete and/or
partial human cadaver(s); number of reperfused bodies/body parts; cadaver status
(fresh/embalmed, embalming technique); reperfusion of arteries and/or veins; type of perfusate
used (including heated/non-heated); reperfusion technique; flow and pulsations established;
and advantages and limitations of the reperfused model. Key conclusions and comments
reported by study and review authors were also noted. Missing information was obtained by
contacting the original investigators and asking open-ended questions. We contacted 11
authors for further information. Eight responded and provided the necessary information. Risk
of bias and measurement of treatment effect were not assessed, as the studies included in this
review were descriptive and did not involve the objective evaluation of training progress using

validated methods.

Results

Screening of 163 publications identified as potentially relevant based on titles and abstracts led
to the assessment of 30 publications to determine eligibility for study inclusion. Eight of these
publications were excluded because they did not meet the inclusion criteria. Five additional
studies identified from the reference lists of identified articles were included in the study sample.
Thus, the final sample comprised 27 reports on descriptive studies, including two journal
supplements. No studies were reported in more than one publication. No disagreement
between reviewers concerning study inclusion occurred. Figure 1 illustrates the flow of study

selection.
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Records identified through PubMed
and WEB OF SCIENCE n = 163 Excluded (on basis of inclusion criteria)
(Eligible studies on basis of title and || n =133
abstract) Imaging studies n = 25
Anatomy studies n = 62
No flow model n = 4
Non-Englishn=9
Non-human n =2
No surgery n = 11
Device testing/embalming n = 20

Full-text articles assessed for
eligibility n = 30

Excluded n =8
« No reperfusion

A

Additional records identified through
reference listn=25
(including 2 supplements)

A

Total included studies n = 27
e Full text articles n = 25
e Abstracts/Supplements n = 2

Figure 1. Flow chart of study selection.

Primary outcome: surgical procedures

The main surgical specialties for which human cadaver model were used were neurosurgery (n

92, 93, 168-175 91, 97, 176-182 29, 30, 59, 94
= 10) 9)

, vascular surgery (n = , plastic surgery (n = 4) and

cardiac surgery (n = 1)28 (Table 1). Endovascular specialties, such as interventional radiology

91, 95, 96, 183

and cardiology, were only involved in a minority of studies. The target groups during

training were board-certified specialists, surgical residents and scrub nurses. The following

28, 30, 92-95, 168-170, 173-175’ vascular

91, 96, 97, 176-182
10)

procedures were carried out: vascular dissection (n = 12)

10)°® 9% 94 96168470, 172,114,175 "andovascular procedures (n =

29, 30, 59, 94

anastomosis (n =

vascular bypass (n = 9)? 30 9. 168-170. 173175 ‘5155 procedures (n = 4) , trauma surgeries

(n= 2)95’ % and wound closure (n= 1)94. Some workshops offered exercises in haemostasis (n

= 3)% %1% aneurysm creation and/or repair (n = 3)'7% 175 77

170

, resection of artificial tumours (n

- 2)170, 171

, endoscopic brain surgery (n = 1)""", neck dissection (n = 1)95 and craniotomy and

cisternal dissection (n = 6)% 70 172175

183

. One publication did not specify the type of

intervention. 29,91, 97, 173, 177,

178, 180-182

In addition, nine studies involved the use of radiographic imaging

and one group infused indocyanine green (ICG) to evaluate graft perfusion94.
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Table 1. Surgical technigues performed on reperfused human cadaver models. A, anastomosis; B, vascular bypass; C, wound closure; D, vascular
dissection; E, endovascular surgery; F, flap surgery; n.r., not reported; SELANA: sutureless excimer laser assisted non-occlusive anastomosis; STAP,

superficial temporal artery perforator flap.

Involved

New techniques

Study specialty Type of surgery tested?
A, B, D, craniotomy, dura mater opening, sylvian fissure splitting, vessel
Aboud et al.*™ Neurosurgery clipping, artificial tumor resection and endoscopic intraventricular No
procedures
Aboud et al. *® Various specialties n.r. No

Aboud and Moursi.”

Various specialties

A, B, E and trauma surgery

No, but possible

Trauma, vascular

D and trauma surgery (stab wounds to the heart, lungs, hepatic lobe and

Aboud et al.*® and general vena cava; tracheostomy; cricothyroidotomy; open fractures; neck No
surgery surgery on injured vessels)

Arbatli et al.'™® Vascular surgery E No

Bouma et al.”® Cardiac surgery A, B, D sternotomy No

Canaud et al.** Vascular surgery E No

Canaud et al.*® Vascular surgery E No

Carey et al.* Plastic surgery A, C,DandF No

Chapter 11 of this

Interventional
radiology, vascular

E, sternotomy and surgical heart extraction

No, but possible

thesis surgery and

cardiology
Faure et al.'* Vascular surgery No
Garrett” Vascular surgery No, but possible

Gragnaniello et al.'™*

Neurosurgery

Tumor resection

No
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Involved

New techniques

Study specialty Type of surgery tested?
Guvencer et al.'™ Neurosurgery A and craniotomy No
Jongkind et al.*"” Vascular surgery E and aneurysm repair No
Kawashima et al.'®® Neurosurgery A, BandD No
Kawashima et al.*® Neurosurgery A, BandD No
Linsen et al.'™® Vascular surgery E No, but possible
Bypass flap for
Malikov et al.* Plastic surgery B,DandF distal
revascularization
Numan et al.*™® Vascular surgery E No
Olabe et al.'™ Neurosurgery A, B, D and clipping of aneurysms No
Olabe et al.'™ Neurosurgery B, D and craniotomy No
Pham et al.” Neurosurgery D and haemostasis of injured vessels No
Russin et al.® Neurosurgery A, D and craniotomy No
Scaglioni et al.”® Plastic surgery F STAP for ear
reconstruction
\:Ia?mDoormaal et Neurosurgery A,Band D SELANA
Wolff et al.>® Plastic surgery F No
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Secondary outcomes

Application in surgical training programmes

Seven studies were conducted in workshop settings.?3 3% 92 94,95, 97 171

Presently, none of these
groups regularly organises workshops. Only Bouma et al. evaluated the skills required to safely
perform beating heart coronary anastomoses during a 2-day training session on Thiel
embalmed corpses.28 Skills were assessed using a validated modified Objective Structured
Assessment of Technical Skills (OSATS) published by Fann et al.'®* This OSATS decomposes
the procedure (performing a coronary anastomosis) in 10 teachable components (i.e.
arteriotomy, graft orientation, bite appropriate, spacing appropriate, use of needle holder, use of
forceps, needle angles, needle transfer, suture management/tension and knot tying. Each
component is scored from 1 to 5 (poor, below average, average, good and excellent). The
modified OSATS contains two additional components (cardiac positioning and intracoronary
shunt placement). Scores range between minimum 12 and maximum 60. The OSATS is first
used in a formative way (i.e. to provide feedback on areas of strength and weakness) and
finally in a summative way (i.e. to determine whether required competencies and standards
have been reached). Residents are required to perform at least 10 anastomoses and score at
least 48 points on four OSATS before they can ask for a final summative OSATS. They are
required to score at least 48 points on the final summative OSATS (‘good’ on all components)
before they can proceed to their training on patients. No data on skills transfer to real life were
published.

No study assessed skills transfer to patients. Two studies designed and practiced an

29,30 Malikov et al.

advanced flap technique on cadavers prior to carry it out on actual patients.
raised 32 bypass flaps in 16 preserved (embalm