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Introduction

introduction

In old cafés people talk about the good old days, because in those days everything was better 
– there is little discussion about that.

(Simon Carmiggelt, Dutch writer).

Just like Medicine itself, the training of residents is not as it used to be. In the past things 
were different, but whether they were better remains an open question. One thing 
is sure: the current generation of residents will learn and practise our profession in a 
different way. The rapid pace of innovation in surgical procedures and technology, com-
bined with the need to enhance patients safety, limited operating room resources, and 
decreased resident work hours have driven the development of simulation technology 
and new paradigms for surgical education (1). The topic of this thesis is perhaps also dif-
ferent from what one would expect from a plastic surgeon; it is not a clinical topic but an 
educational one. I have noticed that in plastic surgery the focus of publications is often 
on technical skills and especially new techniques in what is often a very small field of 
expertise, for example, a thesis about arthrosis of the base of the thumb (2), or the path 
of a small connective branch of a superficial nerve in the hand (3). The accomplishments 
of the plastic surgeon are often attributed to his or her clinical expertise, but without 
adequate training he or she would not possess that expertise. There is a growing inter-
est in the field of surgical education. In Kolozsvari’s paper she quotes the Society of 
American Gastrointestinal and Endoscopic Surgeons (SAGES) who rated “What methods 
of simulation are most effective in helping surgeons learn techniques and skills for 
gastrointestinal and endoscopic surgery” in the top third of research priorities (1). Also 
there is evidence that there are more sources of funding available for research projects 
aimed at objective measurements of performance (1). 

In short, there is a growing belief that good clinical care for the patient starts with good 
education of the medical specialist. The training of medical specialists is a combination 
of learning the theoretical basis and training in technical skills. The Medical Training 
Programme (Masteropleiding) of the Academic Medical Center (AMC) describes this 
as follows: “The Master phase of medical training is the phase in which students learn to 
practise on their own as future doctors. During this phase the student should go through 
a process of development during which he or she learns to integrate knowledge, skills and 
professional behaviour, first in simple cases and later gradually in more complex clinical 
cases, with steadily less coaching” (4).
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Historical overview of the surgical training

Until the 18th century surgeons were butchers, barbers and charlatans. This was in 
contrast to the highly educated doctores medicinae, who were philosophers seeking 
a higher understanding of the medical world and the salvation of the human being. 
The surgeon’s profession, on the other hand, was a very practical one. Knowledge was 
transferred from master to pupil. By repeating a procedure numerous times the pupil 
eventually became skilled and competent enough to become a master himself. Scien-
tific learning and lectures were reserved for gentlemen with little practical knowledge 
of the human body. Acquiring new knowledge about anatomy was also hindered by the 
fact that until the end of the 16th century it was forbidden to open up a corpse (5,6).

Technical skills, science and knowledge came together in 1597 when the first anatomical 
theatre was opened in Leiden with the purpose of acquiring and sharing new knowledge 
(5). It must be said that this sharing was mostly a one-way street. The master tutored and 
the students had to watch and listen, a way of teaching that today’s residents would 
probably find disappointing.

However, the lack of rules concerning operations on patients offered the perfect circum-
stances for the apprentice surgeon to improve on surgical techniques and try out new 
ones.

the beginning of structured surgical education

Until the 19th century, surgical training consisted solely of apprenticeships. The length 
of the apprenticeship and the age of a new apprentice could vary, but on average it 
lasted 5 to 7 years and the apprentice started around the age of 13. Even when surgery 
gradually changed from a craft to a profession, the training was composed mostly of 
master-pupil training and there was no clear curriculum or fixed end-result. There was 
not yet a balance between acquiring skills and gathering knowledge. 

The shift towards a more structured curriculum began with Thorbecke’s law on the 
practice of medicine on the 1st of June 1865. In terms of this law, having a medical 
degree was no longer sufficient to be allowed to practise medicine. The doctor would 
also have to have passed two state exams (7). For surgical education, in 1889 William 
Halsted introduced at the Johns Hopkins Hospital in Baltimore (USA) the training system 
that still bears his name. He stated: “We need a system and we will surely have it, which will 
produce not only surgeons, but surgeons of the highest type, who will stimulate the finest 
youths of their country to study surgery, and to devote their energies and their lives to raising 
the standards of surgical science.” 
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Halsted founded a residency training program that dramatically changed the way in 
which surgeons were trained. Before Halsted, surgical training was a haphazard series of 
preceptorships without a definite end. Halsted believed that surgical training should be 
accomplished in a set period of time, have a progressive increase in responsibility and 
operative experience, and have a final period of independent activity (8). This training 
system is based on a gradual transfer of responsibility to the resident (9). 

The basic principles of this surgical teaching model are:

- The resident should have intensive and repeated possibilities to care for surgical 
patients under the supervision of an experienced surgical trainer.

- The resident should understand the scientific basis of diseases requiring surgical 
intervention.

- The resident should acquire the necessary surgical skills.

changing paradigms

Today this knowledge has been both broadened and deepened. Accumulating knowl-
edge and acquiring surgical skills take place in a more parallel way. Unfortunately, the 
possibilities for acquiring the skills to use the knowledge obtained are threatening to 
fall behind. Residents spend less time than previously in the operating theatre due to 
legislation on working hours (7). Also, the increase in regulations and the economic ef-
ficiency that is expected by medical insurance companies are putting the learning pro-
cess during operations under pressure. One consequence is the shift from learning on 
the patient in the clinical environment to learning in a specifically designed simulation 
environment away from patient care (the so-called “skills labs”). In order for surgeons to 
excel, repetitive training is important (10). Ericsson in his paper suggests that experts’ 
superior performance is acquired through learning and adaptation, with a profound 
impact from goal-oriented practice and only a limited role for hereditary abilities (11). 
The more some basic skills are practised, the greater the chances are of anticipating and 
dealing with surgical factors in the right way in different clinical situations (12,13).

Repetition allows for the automatisation of skills. Gallagher defines this in his paper as 
the Attentional Capacity Threshold (ACT), which means the amount of information a per-
son can process at a moment in time. When skills are automatic, then more attentional 
capacity is left for other factors that are important during an operation. An advantage of 
skills labs is that endless repetitions are possible until the skills have become automatic 
(13).
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Another advantage of training in a skills lab is the possibility of objectively assessing 
the skills. Skills during a live operation are embedded within the procedure and the 
assessment is frequently done with the aid of scoring lists such as the Objective Struc-
tured Assessment of Technical Skills (OSATS) (14). Despite validation of these lists, there 
is always a degree of subjectivity in the assessment (15). In a skills lab it is possible to 
record objective parameters of technical skills. Frequently used parameters include the 
duration (time), the tracking of instruments and the measurement of forces (15-17).

influences on the current training structure 

It is important to adapt the current training methods to the present generation of resi-
dents. The way this generation starts using new devices is exemplary. Instead of simply 
reading the instructions, they will try out the device and discover while using it how it 
works. This way of doing things is much more intuitive. Such intuition has also led to 
many important scientific discoveries. Besides that, we observe that there is “instant sat-
isfaction behaviour”. This indicates that people feel the need to see an immediate result 
of their actions, instead of also looking at the long-term effects. The resident wants to 
have immediate feedback on his or her performance and improvements. 

In summary, the old system of learning procedures on the patient is no longer appropri-
ate.

In current daily practice the residents gather knowledge from publications and through 
the Internet, whereas this information used to come from books and through lectures. 
The danger of searching the Internet for information is the fact that the course director 
has little control over what the resident learns. The content of websites offering informa-
tion is very often not peer-reviewed. Also, the level of knowledge is difficult to assess. 
E-learning has the advantage that it suits the way of learning of the current residents, 
while allowing interactive elements to be added and the possibility of testing the level 
of knowledge gained at the end. Lectures may also in the future be replaced by interac-
tive videos and E-learnings. These methods also fit the current standard of “just-in-time 
learning” – the residents aim to gather the information they need just before the mo-
ment that they need it. The widespread use of computers and mobile devices allows the 
information to be readily, easily and quickly available.

As far as the technical skills are concerned, the residents do not have the opportunity to 
learn by repetition on patients. Currently they learn by reading about the procedures, 
instead of acquiring the skills by practising them. To bridge the gap, technology could 
play a part.
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In other professions, such as in the aviation and petrochemical industries, the use of 
simulators is an integrated part of training (18).

Furthermore, the development of computer games in this century has contributed to 
the development of computer-based tools for medical applications. In a virtual reality 
environment, residents can become competent in skills without the restrictions of learn-
ing in the clinical environment. This is important because it stimulates creativity and 
leaves room for intuitive handling. The borderless possibilities of virtual reality allow for 
discoveries that will then lead to new ideas. And without new ideas we would not go 
forward.

After all, this is not so new: even on the Children’s TV programme Klokhuis there was an 
item in 2003 about the use of simulators for the training of endoscopic skills in gynae-
cology. The laparoscopic specialities such as gynaecology have a head start where the 
use of simulators in training is concerned, but other specialities too use simulators and 
virtual reality (Chapter 3). For arthroscopic surgery there are simulator models on the 
market for knee and shoulder arthroscopy (Chapter 3). However, there is little material 
available for wrist arthroscopy. Although this could be due to the very small field of 
interest, in this case the use of simulators may be especially important. Furthermore, the 
role of wrist arthroscopy within hand and wrist surgery is growing and thus the training 
of these skills is becoming more important (Chapter 2). 

The subject of this thesis is an initiative for improving the education of residents in surgi-
cal skills and knowledge by using the current technical possibilities.

The choice of wrist arthroscopy was driven by the fact that novel techniques have 
recently been developed within hand and wrist surgery for which specific skills are nec-
essary, and there is little educational material available to teach these skills compared 
with other specialities.

structurE of tHE tHEsis

In the first two chapters the history of wrist arthroscopy and its current position in hand 
surgery are described, based on the results of an electronic survey held among hand 
surgeons from different countries. An overview is also given of the educational tools 
available for wrist arthroscopy.

In the subsequent chapters a wrist arthroscopy curriculum is outlined.
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Chapter 4 describes the process by which an E-learning module for wrist arthroscopy 
was developed. The most important goal was to develop a module that would be based 
on the requirements of the future users and with a content that would be peer-reviewed 
by a group of experts. This E-learning was then validated. The results of the pre- and 
post-tests of students who did the E-learning were compared with those of the group 
who received the same information through a pre-recorded lecture. The participants 
were also asked to rate the E-learning for pleasantness of use. 

In the next chapter the process of developing a wrist arthroscopy simulator is described 
(Chapter 5). For the development of the prototype the requirements were defined based 
on the results of a survey. These requirements were translated into design requirements 
and then used to design a prototype simulator that was subjected to testing during an 
expert meeting.

Chapters 6 and 7 deal with objective ways to assess the skills and the progression of skills 
in a skills lab environment. I chose the forces used during wrist arthroscopy as an objec-
tive measure. First the forces used by experts during a diagnostic wrist arthroscopy were 
measured using a custom-made device and a force platform (Chapter 6). Subsequently, 
the forces used by novices were measured with the same device and the patterns of 
forces by the experts and the beginners were compared. 

Lastly, in Chapter 8 another way of supporting residents in their arthroscopy training 
is explored, namely the tracking of instruments. With the tracing system described in 
Chapter 8 the instruments can be tracked and made visible on the screen, which pro-
vides direct feedback on the movements of the resident.

The ultimate goal is a curriculum that would be as follows: the resident will go through 
the E-learning module and be tested at different times, both during the E-learning and 
at the end. When the results are satisfactory, the resident will be allowed to train on the 
simulator. 

Before training, the forces used during arthroscopy on a cadaver wrist will be measured 
and recorded. After training sessions on the simulator, the forces will be measured again. 
Only if the resident has shown sufficient improvement after training in the skills lab set-
ting will he or she be allowed to participate in a wrist arthroscopy in clinical practice. 
This way the supervisor will know at what level of knowledge and level of expertise the 
resident is when he or she is allowed participate in a clinical procedure.

It is suggested that this curriculum be called the “theatricum anatomicum 3.0”.
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introductiE

“In verlepte cafés gaat het altijd over vroeger, toen alles beter was, want daarover kan geen 
verschil van mening bestaan” (Simon Carmiggelt)

Net als de geneeskunst zelf is ook de opleiding van de assistent in opleiding tot specia-
list (AIOS) niet meer zoals vroeger. Vroeger was alles anders maar of het ook beter was, is 
maar zeer de vraag. Een ding is zeker: de huidige generatie specialisten in opleiding zal 
het vak anders aanleren en ook anders uitvoeren dan de generatie zittende specialisten. 
De snelheid van innovatie in chirurgische procedures en technologie, gecombineerd 
met de behoefte om de patiëntveiligheid te vergroten, de beperkte operatie capaci-
teiten, en het werktijden besluit hebben de ontwikkeling van simulatie technologie 
gestuurd en zo ontstonden nieuwe paradigma’s voor de chirurgische opleiding (1). Het 
onderwerp van dit proefschrift is wellicht ook anders dan men van een plastisch chirurg 
zou verwachten; geen klinisch onderwerp maar een onderwijskundig onderwerp. Het 
valt mij op, dat de nadruk bij publicaties doorgaans ligt op de klinische vaardigheden 
in de plastische chirurgie en in het bijzonder nieuwe toepassingen op een vaak steeds 
kleiner gebied. Bijvoorbeeld, een proefschrift over artrose van het duimbasis gewricht 
(2), of over het verloop van één zijtak van een oppervlakkige zenuw (3). Het succes van 
de plastisch chirurg wordt vaak toegeschreven aan zijn klinische vaardigheden maar 
zonder het voortraject van adequate scholing zou hij of zij niet zo ver gekomen zijn.

Er is een groeiende interesse in chirurgisch opleiding. In Koloszvari’s artikel benoemt zij 
de Society of American Gastrointestinal and Endoscopic Surgeons (SAGE) die stelt dat 
“Welke methoden van simulatie zijn het meest effectief om chirurgen te ondersteunen 
in het aanleren van technieken en vaardigheden voor gastrointestinale en endoscopi-
sche chirurgie” thuishoort in de top drie van onderzoeksprioriteiten (1). Er is ook bewijs 
dat er meer sponsoring beschikbaar gesteld wordt voor onderzoeks projecten die 
gericht zijn op objectieve metingen van vaardigheden (1). Kortom, er is een groeiend 
besef dat goede zorg van patiënten begint bij een goede opleiding van de artsen. 
Kenmerkend voor het opleidingstraject van de medisch specialist is de combinatie van 
theorie leren en vaardigheden opdoen. In het raamplan Masteropleiding van het AMC 
staat dit als volgt beschreven: “De Masteropleiding vormt binnen het opleidingscontinuüm 
van geneeskundige opleidingen de fase waarin de student leert zelfstandig te functioneren 
als toekomstig arts. In deze fase dient de student een ontwikkeling door te maken waarin 
hij leert kennis, vaardigheden en professioneel gedrag geïntegreerd toe te passen, eerst in 
eenvoudige en geleidelijk in meer complexe situaties, met steeds minder begeleiding en in 
een steeds hoger werktempo”(4).
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Historisch overzicht van de chirurgische opleiding

Tot ver in de 18e eeuw waren chirurgen slagers, barbiers en kwakzalvers. Dit in tegenstel-
ling tot de hooggeleerde doctores medicinae, halve filosofen, die het hogere in de me-
dicinale wereld en het zalven van de mens zochten. De chirurg beoefende daarentegen 
een zeer praktisch vak. De overdracht van de kennis ging gaandeweg van meester op 
leerling. Door de vaardigheid veelvuldig te herhalen werd men bekwaam genoeg om zo 
doende zelf meester te worden. De wetenschap en het discours waren voorbehouden 
aan de edele heren zonder veel kennis van de inwendige mens. Het opdoen van nieuwe 
inzichten werd belemmerd door het feit dat tot het einde van de 16e eeuw het ook 
verboden was om een lijk te openen (5,6). 

Vaardigheden, wetenschap en kennis kwamen pas echt samen in 1597 toen in Leiden 
het theatrum anatomicum geopend werd met als doel kennis vergaren en delen (5). Dat 
delen was overigens wel eenrichtingsverkeer. De meester onderwees en de studenten 
keken toe, een onderwijsvorm waar de huidige AIOS geen genoegen meer mee zouden 
nemen.

Vrijheid bood de perfecte omstandigheden voor de jonge klare chirurgijn om nieuwe 
technieken uit te proberen en te verbeteren, omdat er weinig regulering was wat betreft 
ingrepen die op de patiënt werden uitgevoerd. 

Begin van de structuur in de chirurgische opleiding:
Tot in de 19e eeuw bestond de training van chirurgen uit stages. De lengte en de 
aanvangsleeftijd kon variëren, maar gemiddeld duurde het 5 tot 7 jaar en begon de 
stagiair rond de leeftijd van 13 jaar. Ook toen de chirurgie langzaam van een ambacht 
een beroep werd, bestond de opleiding nog vooral uit meester-gezel opleiding en ont-
braken opbouw en eindtermen. Er was nog geen duidelijke balans tussen het opdoen 
van vaardigheden en het vergaren van kennis.

De verschuiving naar een meer gestructureerde opleiding begon door de komst van 
de wet op de uitoefening van de geneeskunde van Thorbecke van 1 juni 1865. De 
doctorstitel verleende niet langer de bevoegdheid tot uitvoering van de geneeskunde; 
men mocht het vak alleen beoefenen als men twee staatsexamens met goed gevolg had 
afgelegd (7). Voor de chirurgische opleiding introduceerde William Halsted in 1889 in 
het John Hopkins Hospital in Baltimore (USA) het naar hem genoemd trainingssysteem 
met nadruk op geschakeerde verantwoordelijkheid (8). 

Halsted zei: ”We hebben een systeem nodig, en we zullen het krijgen, dat niet alleen 
chirurgen voortbrengt, maar chirurgen van het hoogste type, die de beste jeugd uit 
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hun land zullen aanmoedigen om de chirurgie te bestuderen, en die hun energie en 
hun leven in het teken zullen zetten van het verhogen van de standaarden van de 
chirurgische wetenschap”. Halsted legde de fundering voor een trainingsprogramma 
dat op ingrijpende wijze de training van chirurgen veranderde. Vóór de tijd van Hal-
sted, was de chirurgische opleiding een willekeurige serie van meester-gezelschappen 
zonder duidelijke einde. Halsted had de overtuiging, dat de chirurgische training zou 
moeten worden afgerond binnen een bepaalde tijd, met een toenemende mate van 
verantwoordelijkheid en operatieve ervaring, en met een eindperiode met onafhanke-
lijke activiteit (8). Dit training model is dus gebaseerd op een geleidelijk overdracht van 
verantwoordelijkheid naar de AIOS (9).

De principes van dit chirurgische leermodel zijn:

- De AIOS moet intensieve en herhaalde mogelijkheden krijgen om de zorg te dragen. 
voor chirurgische patiënten onder supervisie van een ervaren chirurgische opleider.

- De AIOS moet begrip krijgen van de wetenschappelijke basis van chirurgische aan-
doeningen.

- De AIOS moet vaardigheden verwerven in het omgaan met de patiënten en met 
technische operaties van toenemende complexiteit, met toenemende eigen verant-
woordelijkheid en onafhankelijkheid: het zogenaamde “see one, do one, teach one” 
principe.

Veranderend inzicht

Nu ontstaat zowel verdieping als verbreding van de kennis. Kennis vergaren en het op-
doen van operatieve vaardigheden worden meer parallel aan elkaar onderwezen. Helaas 
dreigt het verkrijgen van de vaardigheden, om de opgedane kennis te kunnen toepas-
sen, achterop te raken. Er wordt minder geopereerd, mede als gevolg van het arbeids-
tijdenbesluit (7). Ook de toegenomen regulering en de bedrijfseconomische efficiency 
die verwacht wordt zetten het leren tijdens het opereren onder druk. Het gevolg is een 
verschuiving van het leren in de klinische omgeving op de patiënt naar het leren in een 
daarvoor ingerichte simulatie omgeving buiten de patiëntenzorg (de zogenaamde skills 
labs). Om te kunnen excelleren is oefenen van belang (10). Ericsson suggereert in zijn 
artikel dat de superieure vaardigheden van een expert verkregen worden door leren en 
aanpassen, met een belangrijke invloed van “goal oriented practice” en slechts een klein 
deel aangeboren vaardigheden (11). Hoe meer bepaalde basisvaardigheden geoefend 
zijn, hoe meer ruimte er is om op verschillende situaties in de klinische praktijk goed te 
reageren (12,13).
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Herhalingen zorgen voor het automatiseren van vaardigheden. Gallagher definieert 
dit in zijn artikel als de Attentional Capacity Threshold (ACT). Hiermee wordt bedoeld 
de hoeveelheid informatie die we kunnen verwerken op een bepaald moment. Als 
vaardigheden geautomatiseerd zijn dan hou je meer aandacht over voor de andere 
zaken die van belang zijn tijdens de ingreep. Een voordeel van een skillslab is dat deze 
herhalingen mogelijk zijn (13).

Een andere voordeel van training in een skillslab omgeving is de mogelijkheid om 
vaardigheden objectief te beoordelen. Vaardigheden tijdens een “echte” operatie zijn 
ingebed in de volledige procedure en de beoordeling gebeurt aan de hand van score 
lijsten zoals de Objective Structured Assesment of Technical Skills (OSATS) (14). Ondanks 
validatie van deze beoordelingslijsten blijft er een mate van subjectiviteit aanwezig (15). 
In een skillslab is het mogelijk om objectieve parameters vast te leggen voor technische 
“deel-vaardigheden”. Vaak gebruikte parameters zijn tijdsduur, het volgen van traject 
paden of krachten metingen (15-17). 

invloeden op de huidige opleidingsstructuur

Het is van belang om de huidige onderwijsmethoden te laten aansluiten bij de huidige 
generatie. Illustratief is de manier waarop door de huidige generatie een nieuw apparaat 
in gebruik genomen wordt. Waar men in het verleden eerst de gebruiksaanwijzing las, 
gaat de huidige generatie direct uitproberen en ontdekt zo gaande weg hoe het ap-
paraat werkt. De aanpak is meer intuïtief. Deze intuïtie speelt ook een doorslaggevende 
rol bij veel wetenschappelijke ontdekkingen. We zien ook dat er sprake is van “instant 
satisfaction behaviour “. Dit betekent, dat men behoefte heeft aan een direct resultaat, 
en minder gericht is op de langtermijneffecten. De AIOS wil direct inzicht hebben in zijn 
of haar eigen vooruitgang. 

Samenvattend is het oude systeem van leren op de patiënt niet meer passend. 

In de dagelijkse praktijk zien we dat de AIOS op vele manieren kennis tot zich nemen 
uit publicaties en via internet, waar de informatie vroeger vooral gezocht werd in boe-
ken en werd overgedragen via hoorcolleges. Het gevaar van de zoektocht op internet 
is het feit dat de opleiders weinig controle hebben op wat de AIOS leert. De inhoud 
van de diverse websites die informatie aanbieden is vaak niet gecontroleerd door een 
grotere groep experts. Ook is het eindniveau van de kennis moeilijk in te schatten. Een 
E-learning heeft als voordeel dat het aansluit bij de manier van leren van de AIOS, het de 
mogelijkheid biedt om interactieve elementen toe te voegen en om test momenten in 
te bouwen. Ook colleges zullen wellicht in de toekomst meer worden vervangen door 
interactieve video’s en E-learnings. 
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Deze methoden passen goed in het huidige “just-in-time learning”. De AIOS willen de 
informatie vergaren vlak voor het moment waarop ze de informatie ook gaan toepas-
sen. De beschikbaarheid van computers en portable devices maakt dat informatie die 
daarop aangeboden wordt makkelijk, snel en overal toegankelijk is.

Wat betreft de technische vaardigheden zien we dat de AIOS minder in staat zijn om 
ervaring op te doen door veel te doen. Er ontstaat een situatie dat ze iets “leren” door 
erover te lezen, maar in mindere mate “aanleren” door te doen. Om deze kloof te over-
bruggen zouden wellicht nieuwe technologische hulpmiddelen een rol kunnen spelen.

In andere beroepen, zoals de luchtvaart en de petrochemische industrie, is training op 
een simulator al een vereiste tijdens de opleiding (17,18). 

Verder heeft de opmars van de computers en de computerspelletjes in deze eeuw ook 
zeker bijgedragen aan de ontwikkelingen van toepassingen voor de medische wereld. 
Op virtuele wijze kunnen de AIOS zich bekwamen in hun vaardigheden zonder de 
beperkingen die het leren in de klinische situatie met zich meebrengt. Dit is belangrijk 
voor de ontwikkeling want het stimuleert de creativiteit en geeft ruimte aan intuïtief 
handelen. De grenzeloosheid van het virtuele biedt voeding aan ontdekkingen die op 
hun beurt weer leiden tot ideeën. En zonder nieuwe ideeën staat alles stil.

Het is ook allemaal niet meer zo nieuw: zelfs in het kinderprogramma Het Klokhuis van 
de NCRV werd al in 2003 aandacht besteed aan het gebruik simulatoren door gynaeco-
logen om endoscopische vaardigheden te oefenen. De laparoscopische specialismen, 
zoals de gynaecologie, lopen voorop als het gaat om het gebruik van simulatie in de 
opleiding. Ook bij andere specialismen wordt er gewerkt met zowel simulatoren, van 
simpel tot meer complex, als met virtual reality toepassingen (Hoofdstuk 3). Voor arthro-
scopisch toepassingen zijn er al modellen op de markt voor de schouder- en de kniesco-
pie (Hoofdstuk 3). Voor de pols is er echter nog zeer weinig. Waarschijnlijk heeft dit te 
maken met het kleine aandachtsgebied. Juist voor een dergelijke specifieke vaardigheid 
zou trainingsmateriaal aanwezig moeten zijn. Overigens neemt de rol van de polsscopie 
binnen de hand- en polschirurgie toe en dus is dit een belangrijke vaardigheid om goed 
te trainen (Hoofdstuk 2).

Het onderwerp van dit proefschrift is een aanzet tot een verbetering van het onderwijs 
van chirurgische kennis en -vaardigheden door gebruik te maken van de huidige techni-
sche mogelijkheden. In het bijzonder de hand- en polschirurgie waar men op dit gebied 
achterloopt bij de andere specialismen. De keuze voor de polsscopie is ingegeven door 
het feit dat het een vaardigheid betreft die een steeds grotere rol gaat spelen in de 
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hand- en polschirurgie, en waarbij juist het hebben van de juiste kennis en de juiste 
basisvaardigheden bij aanvang van een operatie van groot belang zijn om de ingreep 
goed te kunnen uitvoeren, en waarvoor nog weinig onderwijsmateriaal voorhanden is.

oPbouw Van HEt ProEfscHrift

Aan de hand van een enquête onder handchirurgen uit verschillende landen wordt in 
de eerste twee hoofdstukken de stand van zaken van de polsscopie binnen de handchi-
rurgie gegeven. Met in het eerste hoofdstuk ook een korte schets van de geschiedenis 
van de polsscopie om alles in perspectief te plaatsen. 

In de volgende hoofdstukken wordt er meer specifiek gebouwd aan het ontwerpen van 
een volledig polsscopiecurriculum.

In hoofdstuk 4 wordt het ontwikkelingsproces van een E-learning voor de polsscopie 
beschreven. Belangrijkste doelstelling was, dat het een E-learning zou worden die 
gebaseerd is op de wensen van de toekomstige gebruikers en waarvan de inhoud 
gecontroleerd en akkoord bevonden is door een groep experts (“peer-review proces”). 
Deze E-learning is vervolgens ook getest om te kijken of de kennis op deze manier beter 
wordt overgedragen en hoe deze manier van leren beoordeeld wordt door studenten.

Vervolgens beschrijf ik de bouw van de polsscopiesimulator (Hoofdstuk 5). Ook hierbij 
is het streven geweest om de wensen en adviezen van de experts zo goed mogelijk te 
definiëren en op basis daarvan te komen tot een ontwerp.

De hoofdstukken 6 en 7 gaan over manieren om op objectieve wijze de vaardigheden en 
de progressie van de vaardigheden van de AIOS te beoordelen. Ik heb ervoor gekozen 
om te kijken naar de krachten die gebruikt worden tijdens de polsscopie. Eerst zijn de 
krachten gemeten van experts om zo een goede uitgangswaarde te hebben (Hoofdstuk 
6). Vervolgens wordt in hoofdstuk 7 gekeken naar de krachten van de beginners en op 
welke wijze deze verschillen van de experts.

Tenslotte, in het laatste hoofdstuk, wordt een andere manier onderzocht om de AIOS 
te ondersteunen in het aanleren van de vaardigheden, namelijk het volgen van de 
instrumenten tijdens een operatie zodat men directe feedback krijgt over het handelen 
(Hoofdstuk 8). 
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De ultieme doelstelling is een curriculum dat er als volgt uitziet: de AIOS doorloopt de 
E-learning met de verschillende testmomenten. Als een voldoende testresultaat wordt 
behaald dan kan de AIOS gaan oefenen op de simulator. Voordat hij of zij daar aan be-
gint, worden in een proefopstelling, zoals beschreven in hoofdstuk 6 en 7, de krachten 
gemeten. Dit geldt als uitgangswaarde. Na het oefenen op de simulator, worden op-
nieuw de krachten gemeten en wordt er gekeken of er voldoende vooruitgang geboekt 
is. Pas dan mag de AIOS in de kliniek meedoen met een polsscopie. Op deze manier weet 
de supervisor wat het instapniveau van de AIOS is en kan er op een veilige manier mee 
geopereerd worden. 

De grondslag is gelegd voor het “theatricum anatomicum 3.0 voor de polsscopie”.
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abstract

background

Wrist arthroscopy plays a role both in the diagnosis and the treatment of wrist pathol-
ogy. It has evolved in the last three decades.

Questions

The present status of wrist arthroscopy was investigated by answering the following 
questions:
- What is its current position in the treatment wrist pathologies according to the 

literature? 
- What is its current position according to hand surgeons?

methods

Analysis of the number of publications on wrist arthroscopy was performed and com-
pared to the number of publications on other arthroscopy topics to assess the current 
position of wrist arthroscopy. The members of the EWAS (European Wrist Arthroscopy 
Society) and the members of eight National Hand Surgery Societies were questioned on 
wrist arthroscopy in daily practice. 

results

From 1975 till now, 894 papers on wrist arthroscopy were found, compared to 9132 
papers on knee arthroscopy. The publications on wrist arthroscopy increased from an 
average of 8/year (1986) to 26/year (2012). More than half (56.9%) of the responders 
of the EWAS perform fewer than 5 wrist arthroscopies per month and only 7 (10,8%) 
indicate the performance of more than 10 wrist arthroscopies per month. Seventy-four 
percent of the orthopaedic hand surgeons perform wrist arthroscopy (in 48,5% for 
therapeutic indications) against 36.8% of plastic surgery hand surgeons (in 23.1% for 
therapeutic indications). 

conclusion

 Wrist arthroscopy has taken up a place in the armamentarium of the hand surgeon. The 
place of wrist arthroscopy in the daily practise is related to the background of the hand 
surgeon. 
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introduction

Wrist arthroscopy plays an important role in the diagnosis and treatment of many wrist 
pathologies. On the time-line of medical interventions, wrist arthroscopy has only earned 
its place in the last three decades. It has followed the developments of laparoscopic 
techniques, starting out of curiosity to inspect the inside of the human body, given the 
lack of other means to do so, and trying to find explanations for different ailments (1). 
The instruments developed for cystoscopy and laparoscopy were subsequently used 
to inspect joints. With the development of smaller instruments and better visualization 
techniques, this minimally invasive surgery became more accepted as a way to diagnose 
ailments of the joint. 

The move from knee to wrist arthroscopy is not clear from the literature. Certainly Takagi 
started with arthroscopy in the knee because of the important clinical problem he was 
faced with: the tuberculosis of the knee that prevented patients from sitting on their 
knees, causing an important social handicap (2). Probably with the development of 
smaller instruments and better lighting by Watanabe, the indications were expanded to 
shoulder, ankle and later wrist arthroscopy.

We can only guess at the reason why wrist arthroscopy was developed later than ar-
throscopy of other joints. In our view, it is probably due to the complicated features of 
the wrist:
- It is a narrow, small joint.
- It has a convexity in both the radio-ulnar direction and the dorsal-volar direction.
- It has a complex intra-articular anatomy.
- There are many structures at risk when introducing the portals.
De Smet also describes this in his paper: “The particularity of the wrist with respect to ar-
throscopy is its small size, the complexity of the patient(s) and the proximity of tendons 
and nerves to the standard portals” (3).

In his paper, published in 2008, Bain considers wrist arthroscopy as the gold standard 
in the diagnosis and treatment of a variety of conditions. He foresees that the clinical 
applications will continue to expand, with more complex reparative, reconstructive and 
salvage procedures being performed arthroscopically (4). However, although its field 
has been expanding over the last decades, its role in either diagnosis or treatment of 
wrist ailments is subject to discussion. 

This paper summarizes what is known about the position of wrist arthroscopy according 
to the literature, and combines this information with information gathered from surveys 
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among hand surgeons to present the current status of wrist arthroscopy in the daily 
practice of hand surgeons.

In order to get a complete perspective of wrist arthroscopy from its past to its present 
status, answers to the following questions were sought:
- What is the current position of wrist arthroscopy in the surgery of wrist pathologies 

according to the literature? 
- What is the current position of wrist arthroscopy according to hand surgeons?

matErials and mEtHods

To assess the current position of wrist arthroscopy, we started by looking at the number 
of publications in this field. We searched Pubmed using the search terms: ‘wrist’ and 
‘arthroscopy’. The total number of papers per period of five years was noted, and for 
reference these numbers were compared with the number of papers on knee arthros-
copy. Furthermore, we looked for the current indications for and limitations of wrist 
arthroscopy in the field of wrist surgery. Thus a second literature search was performed 
in Pubmed with the search terms: ‘wrist arthroscopy’, ‘indications’, ‘limitations’, ‘complica-
tions’, ‘MRI’ and ‘CT’. Only general articles and reviews were included; reports on specific 
techniques were excluded. 

Lastly, to determine the current position of wrist arthroscopy in the daily practice of 
hand surgeons in different parts of the world, a questionnaire survey was conducted 
among the members of the EWAS (European Wrist Arthroscopy Society) and the 
members of eight different National Hand Surgery Societies (the Netherlands, France, 
Belgium, Germany, Spain, Italy, Japan and Australia). 

The first survey, which was conducted among the members of the EWAS, consisted of 
two sets of questions: the first set related to the surgeons’ background and experience in 
wrist arthroscopy, and the second set aimed at assessing the place of wrist arthroscopy 
in their clinical practice (Table 1). The survey was undertaken as an electronic survey 
(Google Doc) composed of open and multiple-choice questions. Twice a reminder was 
sent to all participants to complete the questionnaire. 

To retrieve more general information, a second questionnaire survey was conducted 
relating to the background of hand surgeons, and their use of wrist arthroscopy in 
daily practice (Table 2). This survey involved members of nine different National Hand 
Surgery Societies. 
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table 1: Questions of the survey send to the EWAS members

What is your background in hand surgery? •	 	Orthopaedic surgery
•	 	Plastic surgery
•	 	Hand surgery
•	 	Other

How many years of experience in hand surgery do you 
have?

Open question
Please give answer in years

How many years of experience in wrist arthroscopy do 
you have?

Open question
Please give answer in years

How many wrist arthroscopies do you perform a 
month?

Open question

How many of those are diagnostic wrist arthroscopies? Open question
Diagnostic arthroscopies = inspection of cartilage and 
ligaments (only introduction of scope and hook)

How many of those are interventions? Open question
Intervention = every intervention, such as biopsy, 
shaving, VAP, TFCC reinsertion ect

What do you consider to be the place of wrist 
arthroscopy in the diagnostics of wrist pathology?

•	 	First choice
•	 		Only necessary if you can’t find the diagnosis with 

radiology
•	 	Never

What do you consider to be the place of wrist 
arthroscopy in the treatment of wrist pathology?

•	 	First choice
•	 	Only for specific indications

How many wrist arthroscopies do you think a hand 
surgeon should have performed to qualify him/her as 
expert in wrist arthroscopy?

Open question

How many wrist arthroscopies do you think a hand 
surgeon should perform each year to keep his/her 
expert level?

Open question

table 2: Questions of the survey to the members of the National Hand Surgery Societies

What is your background for hand surgery? •	 	Orthopaedic surgery
•	 	Plastic surgery
•	 	General surgery
•	 	Trauma surgery
•	 	Other

Do you perform wrist arthroscopies? •	 	Yes
•	 	No

If you perform wrist arthroscopies, how many wrist arthroscopies do you 
perform a month?

•	 	< 5
•	 	5 – 10
•	 	> 10

If you perform wrist arthroscopies, what is the main objective of the wrist 
arthroscopy?

•	 	Diagnostic
•	 	Therapeutic
•	 	50-50 Diag-Ther
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rEsults

What is the current position of wrist arthroscopy in the surgery of wrist pathologies according 
to the literature? 
Before 1975 there are no references in Pubmed that can be identified using the search 
terms ‘wrist’ AND ‘arthroscopy’. In total there are 894 papers to be found in Pubmed on 
wrist arthroscopy, with a steady increase in numbers from 1986 up to now (Figure 1). In 
comparison, in the same period there are 9,132 papers on knee arthroscopy.

The results of the second search looking for the indications for and limitations of wrist 
arthroscopy are presented in Figure 2, showing the total number of papers and the 
number of reviews (in brackets) on the subject. 

The literature clearly shows that there are two major uses of wrist arthroscopy: as a 
diagnostic tool and as a therapeutic tool.

As a diagnostic tool, wrist arthroscopy has it place next to MRI and CT scans. With the im-
provement of radiological techniques, numerous papers have compared the diagnostic 
results of arthroscopy with those of CT and MRI scanning. The results for papers compar-
ing the efficacy of MRI, MR arthrograms and CT scans for the diagnosis of TFCC tears or 
intrinsic ligament tears can be found in Table 3. All authors compared the MRI results 
with the findings during wrist arthroscopy, which they consider to be the gold standard 
(5-12). Mahmood et al. conclude in their paper on the value of wrist arthroscopy versus 
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MRI arthrograms that although the sensitivity and specificity of the MR arthrogram is 
high, wrist arthroscopy offers the advantage of being both diagnostic and therapeutic 
(5). Bille et al. state in their paper that wrist arthroscopy is the accepted reference stan-
dard for evaluating ligamentous and cartilaginous injuries of the wrist, but that it entails 
all the risks of surgery (6).

figure 2: Literature search in Pubmed with search term Wrist arthroscopy combined with Indications, 
Limitations, Complications, CT scan, MRI.
Total number of papers (number of review papers)

table 3: Papers on the sensitivity and specificity of MRI and CT scan for the diagnosis of wrist pathology

authors modality tissue sensitivity specificity

Magee et al8 MRI (3-T) TFCC
SL

86
89

100

Haims et al9 MRI (conv) TFCC peripheral 17

Smith10 MRI (3-T) SL 86 100

Zlatkin11 MRI (3-T) TFCC 89*

Potter12 MRI (3-T) TFCC 100 75

Mahmood et al5 MR arthro TFCC
SL
LT

90
91
100

75
88
100

Billie et al6 CT arthro TFCC central
TFCC peripheral

88
30

95
94

* accuracy instead of sensitivity
Conv = conventional MRI
Arthro = MRI or CT scan with intra-articular contrast
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Besides the diagnostic indications for wrist arthroscopy, there are many procedures 
that can be performed arthroscopically in the wrist. In 2006 Mathoulin and Massarella 
published a paper in which they describe the therapeutic indications for 1,000 wrist 
arthroscopies (Table 4) (13). In this series only 4% of the arthroscopies were purely 
diagnostic.

Leclercq performed a survey in 2007 that showed a shift from diagnostic to therapeutic 
arthroscopies with increase of experience. Among the surgeons who had performed 
more than 600 wrist arthroscopies, 13% were diagnostic and 87% therapeutic, whereas 
among the surgeons who had performed fewer than 100 wrist arthroscopies, the 
rate was 35% diagnostic and 65% therapeutic (www.wristarthroscopy.eu). Thus hand 
surgeons who begin performing wrist arthroscopies, usually later in their hand surgery 
careers, start off with diagnostic arthroscopies. When they feel at ease in the wrist, they 
shift from diagnostic to therapeutic arthroscopies.

What is the current position of wrist arthroscopy according to hand surgeons?
The rate of response to the first survey sent to the members of the EWAS was 35% after 
two reminders (65 out of 185). 

Background of the surgeons:

Approximately half of the responders (30 out of 65) had a background in orthopaedic 
surgery. A smaller group (23 out of 65) were plastic surgeons and only a minority (11 out 
of 65) had a background solely in hand surgery. The majority (51 out of 65) had between 
5 and 15 years of experience in hand surgery, but most of these (49 out of 65) had less 
than 10 years’ experience in wrist arthroscopy, indicating that this is expertise that is 
often acquired later in the surgical experience (Table 5). 

table 4: Indications for wrist arthroscopy 

Arthroscopic assistance for fracture treatment

TFCC tears

Resection of wrist ganglia

Treatment if intrinsic ligament tears

Ectomy (radial styloid, wafer, carpal boss)

Partial prosthesis

Other techniques

Source: Mathoulin and Massarella (13)
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More than half of the responders perform fewer than five wrist arthroscopies per month 
and only seven indicated that they perform more than ten wrist arthroscopies per 
month (Table 5). 

When asked about the indications of the wrist, a minority considers wrist arthroscopy as 
a first choice for diagnostic purposes, and most consider it as either an adjunct to radiol-
ogy or that there is never an indication for an arthroscopy purely for diagnostic reasons. 
Individual remarks about diagnostic and therapeutic indications for wrist arthroscopy 
can be found in table 6. For therapeutic wrist arthroscopy the majority of responders 

table 5: Summary of the EWAS member survey results

Question answer number %

Background in hand surgery Orthopaedic 30 46,9%

Plastic 23 35,9%

Hand 11 17,2%

Years of experience in hand surgery  < 5 years 14 21,5%

6-10 years 19 29,7%

11-15 years 18 28,1%

 > 16 years 14 21,5%

Years of experience in wrist arthroscopy <5 years 32 49,2%

6-10 years 17 26,1%

11-15 years 7 10,8%

> 16 years 9 13,8%

Number of wrist arthroscopies 
performed per month

None 3 4,6%

< 5 37 56,9%

6-10 17 26,1%

11-15 2 3,1%

> 15 5 7,7%

Number of wrist arthroscopies to qualify 
as expert

< 50 14 21,5%

50 19 29,2%

100 19 29,2%

> 100 9 13,8%

? 4 6,1%

Number of wrist arthroscopies per year 
to keep expert level 

< 25 26 40%

25-50 28 43,1%

60-100 8 12,3%

? 3 4,6%
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feel it is useful for specific indications. Most often mentioned are TFCC lesions and ulnar-
sided wrist pain (Table 6). 

We asked the participants how many wrist arthroscopies someone should perform 
before calling himself or herself an expert in wrist arthroscopy. Seventy-eight percent 
of the responders considered that more then 50 arthroscopies should be performed 
before one could be regarded as an expert in this field. The number of arthroscopies 
that should be performed per year to keep up an expert level varied between <25 (26 
responders), and more then 60 (8 responders) (Table 5). 

The results of the national surveys can be found in table 7. If we leave out the results 
of the Dutch hand surgeons where the percentage of hand surgeons performing wrist 
arthroscopy is only 15,4%, a majority (72,6%) of the hand surgeons in these countries 
perform wrist arthroscopies. This percentage is higher among hand surgeons with an 
orthopaedic background (74,7%) compared to those with a plastic surgery background 

table 6: Remarks from EWAS members respondents

remarks on diagnostic wrist arthroscopy remarks on therapeutic wrist arthroscopy

Positive:
•	 		First choice because of combination diagnostic 

and therapy
•	 	First choice in diagnosing TFCC lesions
•	 	It is the only tool that gives a 100% answer, other 

investigations have false positives and false 
negatives

•	 	Radiology is poor at staging disease such as TFCC 
lesions, and misses a significant proportion of 
lesions

•	 		I prefer arthroscopy because I gives a better 
understanding of the pathology and I can palpate 
the structures

Negative:
•	 	First choice is clinical investigation, second is 

imaging, only then comes arthroscopy
•	 	Never purely as a diagnostic tool
•	 	Only necessary when radiology can not find the 

diagnosis
•	 	The more the radiologist is an expert, the less you 

need to use arthroscopy for diagnostic purposes
•	 	New 3T MRI is replacing diagnostic arthroscopies
•	 	Arthroscopy is invasive, therefore carries more 

risks than non-invasive diagnostics
Mixed:
•	 	For ulnar sided wrist pain [arthroscopy is] first 

choice, for the rest only if indicated
•	 	Radiology and arthroscopy are complementary

Positive:
•	 	Less traumatic, better overview
•	 	In experienced hands, most wrist pathology can 

be fully or partially treated arthroscopically
•	 	With improving surgical instruments, arthroscopy 

will soon be the first choice
•	 	Staging of wrist lesions can be well done by 

arthroscopy
•	 	There are pathologies in the wrist that can not be 

solved by an open approach
•	 	The indications for wrist arthroscopy are 

increasing and I use and treat more and more 
pathology with it

•	 	Anything that can be done arthroscopically 
should be done arthroscopically if the 
arthroscopist is competent

Negative:
•	 	It has large limitations as most procedures are 

more demanding than an arthroscope can 
provide and often difficult to learn

•	 	I never use arthroscopy when the classic open 
procedure gives reliable results

•	 	No actual utility in ligament lesions, except TFCC
Mixed:
•	 	Depends on the pathology
•	 	Can not yet be used in every wrist disorder
•	 	In general, I think it is a mistake to consider only 

one method for all possible conditions
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table 7: Summary of survey responses from national Hand Surgery Society members

nation orthopedic surgeon Plastic surgeon other

Wrist arthroscopy WA Wrist arthroscopy WA Wrist arthroscopy WA

Yes No Yes No Yes No

Netherlands

Members: 154
Responses: 117

3 11 15 88 0 0

Diag 0 Diag 11 Diag 0

Ther 2 Ther 0 Ther 0

50/50 1 50/50 4 50/50 0

France

Members: 450
Responses: 85

52 13 8 8 1 3

Diag 9 Diag 7 Diag 1

Ther 43 Ther 1 Ther 0

50/50 0 50/50 0 50/50 0

Belgium

Members:
Responses: 16

13 3 0 0 0 0

Diag 2 Diag 0 Diag 0

Ther 6 Ther 0 Ther 0

50/50 5 50/50 0 50/50 0

Germany

Members: 500
Responses: 74

4 1 30 0 37 2

Diag 0 Diag 4 Diag 4

Ther 3 Ther 11 Ther 16

50/50 1 50/50 15 50/50 17

Italy

Members:
Responses: 71

36 26 0 4 0 4

Diag 8 Diag 0 Diag 0

Ther 15 Ther 0 Ther 0

50/50 13 50/50 0 50/50 0

Australia

Members: 80
Responses: 36

23 0 8 5 0 0

Diag 0 Diag 4 Diag 0

Ther 15 Ther 2 Ther 0

50/50 8 50/50 2 50/50 0

Spain

Members: 363
Responses: 42

32 3 1 0 4 2

Diag 4 Diag 0 Diag 0

Ther 10 Ther 1 Ther 1

50/50 17 50/50 0 50/50 3
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(36,8%). Also orthopaedic hand surgeons perform more therapeutic wrist arthroscopies 
then their colleagues with a plastic surgery background (48,5% against 23,1%).

discussion

On the time-line of endoscopic developments, wrist arthroscopy is one of the more 
recent interventions. Currently, wrist arthroscopy is an established technique and 
there is a growing interest in this subject. The increasing number of papers on wrist 
arthroscopy reflects this. However, the number of papers is still significantly lower than 
those on knee arthroscopy. As stated above, this could be related to the fact that wrist 
arthroscopy is more complicated than knee arthroscopy. However, the total number of 
publications in Pubmed on wrist surgery is also almost 4 times lower than those on knee 
surgery (12,156 vs 46,171), and 2 times lower than those on shoulder surgery (20,798 vs 
12,156). Although humans have two knees, two shoulders and two wrists, the scientific 
output about wrist surgery is lower.

Besides the publication rate, the growing number of members of wrist arthroscopy 
societies like the EWAS is indicative of an increasing interest in this subject. In 2009 there 
were 185 members, whereas now there are more than 500 members. The same goes 
for the Association of Arthroscopy of North America with an increase from 70 (1975) to 
1,553 (1999)(1). 

Furthermore, more wrist arthroscopy courses are being held every year. On the website 
of the EWAS alone there are already 8 announcements of wrist arthroscopy courses. 

table 7 Continued

nation orthopedic surgeon Plastic surgeon other

Wrist arthroscopy WA Wrist arthroscopy WA Wrist arthroscopy WA

Yes No Yes No Yes No

Japan

Members: 3000
Responses: 151

109 35 2 5 1

Diag 24 Diag 1 Diag 0

Ther 38 Ther 0 Ther 0

50/50 47 50/50 1 50/50 1

total 272 92 64 110 43

diag  47 diag 27 diag 5

ther 132 ther 15 ther 17

50/50 92 50/50 22 50/50 21
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Not only is the general interest in wrist arthroscopy increasing, but the place of wrist 
arthroscopy in the toolbox of the hand surgeon is also shifting. In times when radiologic 
tools were not available for imaging of tissues, arthroscopy emerged as a means to visu-
alize and inspect the interior of the body (1). This possibility to inspect the inside of the 
joint has given us a better understanding of the internal wrist anatomy. Ritt describes 
an interesting paradox: “The tunnel vision of wrist arthroscopy has expanded our view 
of the wrist” (14).

Arthroscopy of the wrist in it early years was thus mainly diagnostic. But when it is used 
as a diagnostic tool there are also limitations, as McGinthy stated: “Arthroscopy is an 
operative technique that requires certain motor skills. However, it is not a substitute 
for careful and complete physical examination and imaging studies”. Furthermore, not 
every identifiable pathology on arthroscopy is symptomatic or correlated to clinical 
findings (15).

As with most new modalities, once a technique is put in place, the users will try to 
expand its boundaries and usefulness. Sennwald, in 2001, expressed his concern that 
perhaps some people are now considering arthroscopy as the panacea for many of the 
diagnostic troubles we encountered in the past and as a ‘mer a boire’ of new possibilities 
for minimally invasive interventions (16).

As the radiologic imaging tools improved (development of the CT, the MRI, the MR 
arthrogram), the position of the diagnostic wrist arthroscopy had to be redefined. MRI 
and CT scans offer the advantage of being non-invasive, but arthroscopy offers the pos-
sibility to treat the found lesion concurrently. 

In this literature study we chose to focus on indications and the position of wrist ar-
throscopy in the diagnosis of wrist pathology. Subjects such as complications and new 
arthroscopic interventions were left out but are equally interesting to study.

The current position of wrist arthroscopy according to hand surgeons was assessed 
using a survey. This survey among hand surgeons from different countries shows that 
between 70 and 96 % of hand surgeons perform wrist arthroscopy. The only exception 
is the Netherlands with only 15% of the members performing wrist arthroscopy. In our 
view there could be two explanations for this deviating result. First of all, the rate of 
response to this survey was low (35%), which is not unusual for an electronic survey. This 
could introduce a bias because perhaps the members who do perform arthroscopies 
felt that this survey addressed them specifically and were more inclined to respond. The 
Netherlands survey is the only one with a high response rate, thus reflecting more ad-
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equately the ratio within the professional society. The second explanation could be that 
the Netherlands Society has a very low number of orthopaedic members, most mem-
bers being plastic surgeons. Hand surgeons who initially had an orthopaedic training 
are accustomed to exploring joints with a scope and the move from knee and shoulder 
arthroscopy to wrist arthroscopy is probably just a small side-step as they have already 
acquired the basic arthroscopic skills such as hand-eye coordination and triangulation 
skills. Plastic surgeons, however, only use open surgical techniques and thus they have 
to acquire new skills to be able to perform wrist arthroscopy. 

If we leave out the results from the Netherlands, on average 72.7% of the hand surgeons 
perform wrist arthroscopy and 81.7% have a background in orthopaedic surgery. 

The responders to the survey consider the learning curve to be a gentle slope, the 
majority indicating that a surgeon should have done more than 50 wrist arthroscopies 
before he or she can call himself or herself an expert. The skill should also be sustained 
by doing a minimum of 20-30 arthroscopies/year. Sixteen responders even consider a 
minimum 50 arthroscopies/year a requirement for keeping an expert level.

The survey was sent to members of eight national societies and is thus a sample of the 
worldwide hand surgery population. In the future it would be interesting to repeat the 
survey to show changes over a period of years, and to include more national societies 
from all over the world.
In conclusion, wrist arthroscopy seems to be only at the beginning of its curve towards 
integration in the daily practice of the hand surgeon. It emerged after the development 
of arthroscopy techniques for larger joints such as the knee and shoulder. 

The vast majority of hand surgeons world-wide use wrist arthroscopy in their daily 
practice and the advent of new societies and wrist arthroscopy courses shows a growing 
interest in wrist arthroscopy among hand surgeons, as does the number of publications 
in this field. 

Its place as a diagnostic and therapeutic tool will not be a static but rather a dynamic 
one, shifting in relation to the further development of imaging tools and the develop-
ment of new arthroscopic interventions.

Most authors of papers on wrist arthroscopy and most respondents to the surveys do 
agree, however, that it is a skill with a long learning curve. It is certainly a tool that has 
taken up a place in the armamentarium of the hand surgeon but whether it will become 
a gold standard like the knee arthroscopy in orthopaedic surgery remains to be seen. 
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In summary, the literature search shows a steady increase of publications on wrist 
arthroscopy. Both the increase in the number of papers and the increase of wrist ar-
throscopy societies and their number of members indicate a growing interest in this 
subject. The place of wrist arthroscopy in the daily practise is related to the background 
of the hand surgeon. 
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abstract

Purpose

Arthroscopy has assumed an important place in wrist surgery. It requires specific opera-
tive skills that are now mainly acquired in the operating room. In other fields of endo-
scopic surgery, e-learning and Virtual Reality (VR) have introduced new perspectives in 
teaching skills. This leads to the following research question: could the current way of 
teaching wrist arthroscopy skills be supported using new educational media, such as 
E-learning and simulator training? 

method

The literature was searched for available methods of teaching endoscopic skills. Articles 
were assessed on the evidence of validity. In addition, a survey was sent to all members 
of the European Wrist Arthroscopy Society (EWAS) to find out whether hand surgeons 
express a need to embrace modern educational tools such as E-learning or simulators 
for training of wrist arthroscopy skills. 

results

This study shows that the current way of teaching wrist arthroscopy skills can be sup-
ported using new educational media, such as E-learning and simulator training. Litera-
ture indicates that E-learning can be a valuable tool for teaching basic knowledge of 
arthroscopy and supports the hypothesis that the use of virtual reality and simulators in 
training enhances operative skills in surgical trainees. This survey indicates that 55 out 
of 65 respondents feel that an E-learning program would be a valuable asset, and 62 out 
of the 65 respondents are positive on the additional value of wrist arthroscopy simulator 
in training. 

conclusion 

Study results support the need and relevance to strengthen current training of wrist 
arthroscopy using E-learning and simulator training. 
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introduction

Since the 1960s, arthroscopy has assumed an important place in the surgery of joints. 
Compared to open surgery, arthroscopy requires specific operative skills [31,32,38]. 
Many surgeons have acquired their operative skills by operating patients under supervi-
sion with gradually more independence (the so called: apprentice system or Halsted 
model)[16,22]. Whereas some open surgery skills may be innate, developing naturally 
because of life-long experience with basic tools and utensils, skills needed to perform 
arthroscopy are not naturally derived. For example, arthroscopy requires surgeons to 
perceive a three-dimensional environment from a two-dimensional camera image 
[33]. Furthermore, specific hand-eye coordination is required and the sense of touch is 
minimal [19]. Finally, every endoscopic procedure poses the challenge of the fulcrum 
effect. The fulcrum effect is the fact that when the surgeon moves his hand to the right, 
the working end of the instrument moves to the left on the monitor and vice versa. The 
surgeon has to compensate for this effect in his brain [14]. 

In wrist arthroscopy, the placement of the entry portals also poses a particular challenge 
to the surgeon, as this is a percutaneous procedure in an area with many structures at 
risk. Profound knowledge of the anatomy of the wrist is important to avoid possible 
complications. 

Medicine has learned from the military and the aviation industry that the basic skills 
should be acquired in a safe and controlled environment before using it in practice 
[23,31,32,52].

Another important aspect is that today’s residents spend less time in the operating 
theatre due to the EWTD mandate (European Working Time Directive). As a conse-
quence, residents have a lower exposure to surgical skills during residency than their 
trainers had. Furthermore, patient safety issues, reflected in modern legislation, forces 
the physician to deliver maximum quality. This makes it unacceptable for any surgeon to 
perform a procedure on a patient as long as he or she has not shown to be proficient be-
fore embarking surgery. Therefore, skills laboratories have become important in training 
and assessing surgical proficiency [16,22,38]. Finally, hospitals are on tight budgets, and 
in need of increasing efficiency and cost effectiveness whilst preserving accountability. 

For all of the above-mentioned reasons, training in surgical skills labs before embarking 
on patients is now common practice in laparoscopy [22,26,37]. With its restricted field 
of vision and limited physical interaction between physician and patient, arthroscopic 
surgery lends itself to simulation solutions more so than most other orthopaedic proce-
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dures [31,32]. Yet, the only training of wrist arthroscopy in skills labs is cadaver courses. 
The disadvantages of cadaver training are the costs, ethical issues in some countries, risk 
of contamination and the limited availability of the cadavers. 

Before developing new educational tools it is important to assess what is already avail-
able, and if there is a perceived need for new tools. 

The research question was: could the current way of teaching wrist arthroscopy skills validly 
be supported using new educational media, such as E-learning and simulator training? 

matErials and mEtHods

An informal review of the PubMed database was conducted by using relevant search 
terms and then narrowing down the subject by adding specific terms. The basic terms 
were Education AND Surgery. In the next steps we added simulation and e-learning 
combined with arthroscopy (Fig 1). Only papers written in English or with an English 
summary were included. All the abstracts of the retrieved articles were reviewed and 
those that were most relevant to our subject were selected. Duplicate abstracts were 
removed. These papers were reviewed and analysed for cross-references not covered in 
the computerized searches. 

Furthermore, we searched the Internet for examples of simulators and e-learning solu-
tions. Selected articles were scrutinized on the following issues: 

figure 1: Literature search in Pubmed 
Numbers indicate the number of papers found in Pubmed with these search terms
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- Which tools have been developed for the education of endoscopic skills in general 
and arthroscopic skills in particular? 

- Why have these tools been developed? 
- What are the strengths and weaknesses of each method?
- Which tools have been validated, and how has validation been described?

Articles on live animal training and cadaver training were excluded as not fitting our 
research question.

An electronic survey using Google Docs was sent to all members of the European Wrist 
Arthroscopy Society (EWAS). This cohort was chosen being a representative group of 
hand surgeons familiar with wrist arthroscopies from around the world. The survey con-
sisted of both multiple-choice questions and open-ended questions on demographics 
and expertise of the hand surgeon, specifically in the field of wrist arthroscopy. Also, 
questions on current wrist arthroscopy training in the respondents’ institutions and 
expressed opinion on the usefulness of e-learning and simulators as educational tools 
in teaching wrist arthroscopy were posed. Two reminders were sent. 

rEsults

Figure 1 summarizes the result of our literature search. Few papers were identified 
related to arthroscopy simulation and/or e-learning. Fifty-three papers were used for 
our study. 

which tools have been developed for training in endoscopic skills?

E-learning:
E-learning is an educational tool to impart basic and advanced knowledge via interactive 
learning. E-learning is presented in a computer-based format or through Internet [44].

As Ruiz states [41]: “E-learning refers to the use of Internet technologies to deliver a 
broad array of solutions that enhance knowledge and performance”. Multiple papers 
describe the use of e-learning in medical education [2,39,41,44]. Only one article related 
to arthroscopy was identified, reflecting on a web-based virtual arthroscopy trainer [25]. 
On the Internet, an e-learning module for wrist arthroscopy can be found on the site of 
Websurg [56]. Furthermore, references on the development of e-learning solutions in 
the field of arthroscopy are present, but to date, no applications on the Internet could 
be found available for use by the public [25,56].
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Simulators:
Surgical simulators can be sub-divided into box-trainers (also called video-trainers), 
virtual reality trainers and augmented reality trainers [19,43]. Box-trainers are devices 
where trainees have to perform tasks using real instruments in a box while watching their 
movements on a video screen. The box can be a simple square box or a physical model 
resembling part of the human body. Virtual reality (VR) trainers are computer-based 
applications that allow for movement in free space whilst performing tasks in a virtual 
operative environment on the computer screen. VR can be combined with a physical 
model as an ‘overlay’ hence often referred to as augmented reality trainers. These types 
of simulators offer the advantage of both systems, namely haptic feedback, use of real 
life surgical material, physical contact with the model while also offering the possibility 
of a realistic internal view and training of different scenarios. For laparoscopic skills, 
several types of simulators are on the market (Table 1). For training arthroscopic skills 
knee and shoulder arthroscopy simulators are of interest (Table 2). The first mention on 
the Internet of a wrist arthroscopy simulator is from Yaacoub in 2008 [57]. No proof of 
concept was found, nor signs of further development were found. More recently a new 
wrist arthroscopy simulator was identified, marketed by CLA [www.gtsimulators.com]. 
No papers on the validation of this device could be retrieved.

table 1: Overview of the available laparoscopic simulators

lap mentor simbionix Vr simulator

sEP Sim Surgery VR simulator

d-box Sim Surgery Box trainer

lapstar Camtronics Box trainer

laptrainer Simulab Box trainer

mistEls Mc Gill Box trainer

i-sim ISurgicals Box trainer

real sim Real Sim Systems Box trainer

simEndo laparoscopy56 Simendo Box trainer
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why are these methods being developed?

E-learning:
In papers on e-learning, the e-learning seems to follow from computer technology 
developments instead of being developed to fill in a void. As Cook describes it: “Shortly 
after the advent of the computer, educators began using this powerful tool to facilitate 
learning” [7]. Of course, arguments were sought and found to support the development 
of e-learning facilities. Arguments frequently cited are flexibility in terms of access to the 
learning material, and the possibility to allow for regular testing or assessment [5,36].

Simulators:
The apprentice training method is challenged in view of the increasing numbers of sur-
gical trainees with less surgical training time due to the working hours regulation [42]. 
Furthermore, significantly higher costs are implied due to prolonged operating time as 
the result of training on the patient [4,12]. This result led Mabrey et al. [32] to conclude 
that any time saved by training on simulators is money saved by the hospital. 

Another reason for developing simulators is that to improve their skills, surgeons have 
to learn from their mistakes, and this learning curve should preferably be outside of op-
erations on patients [53]. This is elegantly supported by the following quote by Samuel 
Beckett:” Ever tried? Ever failed? No matter. Try again. Fail again. Fail better”. Virtual reality 

table 2: Validity for each arthroscopic simulator

simulator Validity

Content Face Construct Concurrent Predictive

arthrosim1 + + +/- - -

saw bones23 - - + - +

Passport52 - + + - -

arthrosb - - - - -

arthro Vr*, a, 34,53 + + +

cla kneeb - - - - -

A Abstracts mentioned on the website but not published in Pubmed journals:
•	“A new assessment methology for virtual reality surgical simulators”
S.Bayona, P.Bayona et al. (2009)
•	“Preliminary report of shoulder arthroscopic VR training system”
H.Noguchi, M.S.Naoyuki et al. (2009)
•	“Assessment study of insight ArthroVR…”
S.Bayona et al. (2008)
•“Validation of a VR arthroscopic….”
L.Funk, A.Awan et al. (2007)
B No information found on validity studies on Internet or Pubmed
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provides a comfortable environment for the trainees to make their mistakes without the 
serious consequences that mark real life surgery [28]. Harden states that the quality of 
education will improve, because of effective skill training and competency assessment 
[21]. The reason is that in simulation, learning is facilitated through the provision of ef-
fective feedback, repetitive practice, a range of difficulties, multiple learning strategies, 
clinical variation, a controlled learning environment and individualized learning [21]. 
Gallagher defines the ACT (Attentional Capacity Threshold) as the amount of informa-
tion we can attend to at a specific time point [15]. When skills have become automatic, 
the surgeon/resident has a surplus of attentional capacity because they use less of their 
attentional resources in monitoring the position of their hands or the movements of 
their tools [15]. This automatisation of the basic skills can only be acquired by repetitive 
training. Simulator training allows for this repetition.

Recognising the importance of simulator-based learning, the American Board of Ortho-
paedic Surgeons (ABOS) in 1997 and later the American Academy of Orthopaedic Sur-
geons (AAOS) in 1998, each designed task forces to evaluate the available technology 
in this field [16]. Besides the need for training facilities outside the operating theatre, a 
need exists for objective assessment of skill performance. Performing standardised tasks 
in a skills laboratory environment allows unbiased and objective measurement of the 
performance [17]. 

what are the strength and weaknesses of each tool? 

E-learning
Larvin explains the key concept behind e-learning [28]. He quotes Einstein who proph-
esized: “Computers are incredibly fast, accurate and stupid. Human beings are incred-
ibly slow, inaccurate and brilliant. Together they are powerful beyond imagination”. 
Compared to conventional learning, e-learning has the advantage that participants 
can choose the place and time of education themselves [24]. In this era, in which most 
operating theatres are equipped with computers, and many residents carry portable 
computer devices its availability is secured. It also offers the possibility of short to ultra-
short educational moments. Another advantage of e-learning is that different scenarios 
can be trained and adding a quiz at the end can assess the skills and progress of skills 
of the trainee.

A disadvantage of e-learning is that it does not provide contact between teacher and 
students and it should never completely replace face-to-face education [35]. The con-
struction of an e-learning module may also influence the results. Levinson et al. [30] 
showed that for example a multiple view presentation for teaching 3D brain anatomy 
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could be disadvantageous for those learners with relatively low spatial ability. Also inter-
active control of the e-learning content can have disadvantages as Mayer described that 
behavioural activity such as clicking between e-learning screens of images is not the 
same as cognitive activity, which may be preferentially stimulated by the more passive, 
program-controlled presentation of materials. As Cook et al. stated: “E-learning is only a 
tool- a powerful tool indeed, but not an end in itself “[7].

Simulators
Simulators come in different shapes and possibilities. Simulator training enables 
residents to practice independently of other clinical factors such as the number of 
procedures performed in the hospital, the number of residents and operations at which 
residents can assist. 

The advantages of the more simple box trainers are that they are relatively cheap com-
pared to more advanced simulator models and that the same instruments can be used 
as in the operating environment. Their disadvantages are that they lack realistic features 
and their tasks do not sufficiently resemble the real-life tasks. Furthermore, box trainers 
do not allow for objective assessment of skills, because in most box trainers there is no 
system to subjectively record the performance of the task [53].

Physical models that mimic a body part or organ add realism to the simulator. Anatomi-
cal landmarks can be recognised and palpation and orientation play a more important 
role than in box trainers. The disadvantages are that such models do not offer realistic 
sensing and they are not easily fit to train for multiple scenarios. However, in the PASS-
PORT model for training of knee arthroscopy bleeding can be simulated [53].

A virtual reality trainer makes it possible to train for unexpected complications [32]. 
Using a combination of visual and haptic interfaces, the purported aim of VR surgical 
simulators is to help train surgical students and residents in complex surgical procedures 
[20]. Virtual reality systems have the advantage over box trainers that performance can 
be monitored and objectively assessed. Disadvantage of VR simulators is that they are in 
general expensive, which means that they probably cannot be made available in every 
teaching hospital.

which methods have been validated?

E-learning:
Bhatti et al. [3] reviewed the validation of e-learning by comparing normal lectures and 
e-learning. The e-learning group demonstrated significantly more knowledge than the 
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lecture group. However, there are also multiple studies showing that the improvement 
in knowledge did not differ significantly between the e-learning group and a group with 
conventional learning (lectures or books) [10,24,30,40]. The study of Bhatti also looked 
at satisfaction rates among the students between the two educational modalities and 
found no significant differences [3]. 

Simulators:
Virtual reality:

Validity of simulators can be sub-divided into face validity, content validity, construct 
validity, concurrent validity and transfer validity (or predictive validity). Multiple stud-
ies demonstrate that training with virtual reality simulators decreases the time and the 
number of errors in the performance of a given surgical task [17,23,46,48,49,54]. Con-
struct validity has been shown as simulators can clearly differentiate between the less 
experienced and the more experienced trainees [20,45,47]. Seymour [48] and Seymour 
et al. [49] investigated the predictive validity of the MIST-VR. Residents who trained on 
MIST VR made fewer errors, were less likely to injure the gallbladder and burn non- tar-
get tissue, and were more likely to make steady progress throughout the procedure. The 
randomized clinical trial of Grantcharov et al. [17] also proves the predictive validity by 
providing objective evidence that training with a simulator improves the operative skills 
needed for the performance of laparoscopic cholecystectomy. Also Howells et al. [23] 
showed that orthopaedic surgical trainees who have undergone a period of laboratory-
based arthroscopic simulator training continue to demonstrate improved technical 
performance in the operating theatre compared to an untrained group. 

An overview of the available arthroscopy simulators and their validity can be found in 
table 2. None of the currently available arthroscopic simulators have been tested for all 
aspects of validity.

wrist artHroscoPy curriculum:

For the second part of the study, we surveyed a panel of expert wrist arthroscopists on 
their views on education of wrist arthroscopy. The response rate after two reminders 
was 64 respondents out of 185 members of the EWAS. The professions were equally 
dispersed between orthopaedic surgery and plastic surgery (Table 3). The majority of 
respondents (53 out of 64) had more than five years of experience in hand surgery, and 
32 out of 64 had more than 10 years of experience in this area. Hand surgeons consider 
wrist arthroscopy to show a gradual learning curve showing considerable actions to be 
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taken before the asymptote of the curve is overcome and plateau is reached. Over 50% 
of respondents (48 out of 64) indicated that a surgeon should perform more than 20 
wrist arthroscopies per year in order to be qualified as an expert in this field (Table 3). 

All hand surgeons developed their own skills from the ‘see one-do one-teach one’ Hal-
stedian method of training. Of them, 34% (22 out of 62) indicate a cadaveric arthroscopy 
course to be compulsory for their residents (Table 3). Forty-nine out of the 64 respon-
dents had immersed in a wrist arthroscopy training course.

table 3: Results of the survey

Background Orthopaedic surgeon 30

Plastic surgeon 24

Hand surgeon 9

Other 1

Experience in hand surgery < 5 years 11

5 – 10 years 21

>10 years 32

Experience in wrist arthroscopy < 5 years 28

5-10 years 20

> 10 years 16

Have you done a course? Yes 49

No 15

How are your residents trained?
(8 have no residents)

See one, do one teach one 30

Compulsory course 22

No training 5

No of wrist arthroscopies / year
(2 no answer)

< 20 13

20-40 31

>40 17

No of wrist arthroscopies to become an expert
(4 no answer)

< 50 14

50 19

100 18

>100 9

Would you consider an e-learning to be an 
asset?

Yes 55

No 9

Would you consider a simulator to be an asset? Yes 60

No 4
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Fifty-five out of the 64 hand surgeons felt that a wrist arthroscopy E-learning would be 
an asset to the wrist arthroscopy curriculum, and 60 out of the 64 indicated that a wrist 
arthroscopy simulator would be an asset.

The reservation towards e-learning were attributed to a presumed lack of 3-D reality, and 
the opinion that portal placement cannot be learned using a computer program. One 
respondent stated that the basics and theory might as well be learned from books or 
from a teacher. However, 55 out of the 64 surgeons were of the opinion that a computer 
program would be very useful for learning the theoretical basis. Furthermore, normal 
and pathological findings can be taught in an e-learning program provided that it is 
interactive and has good visuals of normal anatomy. 

Concerning the value of the use of simulators, respondents indicated that it would be 
advantageous if pathologies could be included. Also, the possibility to perform certain 
therapeutic interventions, such as shaving, synovectomy or TFCC reinsertion is men-
tioned. Opponents of wrist arthroscopy simulator training indicate that it is difficult to 
mimic the manual skills necessary for wrist arthroscopy in a computer-aided device and 
that the limitation of the device would be that it is only useful at the beginning of a 
training. The respondents expressed a warning that the real-life aspects such as stress, 
time management and defective instruments may not be simulated and that residents 
should be aware that there is a difference between training on a simulator and perform-
ing surgery on a live patient.

discussion

This study shows that the current way of teaching wrist arthroscopy skills can be validly 
supported using new educational media, such as e-learning and simulator training. 

Over the past decade, training of arthroscopic surgical skills in skills laboratories has 
gained popularity. There are many training tools available; from the classic literacy ones 
towards more ICT empowered ones such as e-learning and simulators (both box train-
ers, VR simulators and augmented reality solutions). And both e-learning and simulators 
have been studied for various aspects of validity of teaching knowledge and skills in 
surgical specialties.

E-learning is especially useful in teaching the theoretical knowledge. A survey conducted 
by Stevens [50] indicated that 90% of residents and consultants in Plastic Surgery would 
like to have access to e-learning in the curriculum. The answer was independent of the 
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participants’ age [51]. These results have prompted the BAPRAS (British Association of 
Plastic Reconstructive and Aesthetic Surgeons) to continue to develop the e-LPRAS 
(Electronic Learning for Plastic Reconstructive and Aesthetic Surgery). Citak et al. [6] 
developed an Internet based text-book for trauma surgery and determined that 79% 
of the students found this tool very helpful. In their review of e-learning practices for 
undergraduate medical education, Lau et al. [29] concluded that while most reviewed 
articles reported favourable results with e-learning, it is difficult to generalize these find-
ings to other settings. 

However, the question remains: when does e-learning become more than just a book 
behind glass? If we put the content of books or presentations in an electronic format, 
the advantage of availability and standardised content will be present but it will not add 
extra strength from an educational point of view. In this survey participants were asked 
whether they felt e-learning would be an asset but they were not asked about their cri-
teria for a useful e-learning. As Stephanie Marshall states: “Adding wings to caterpillars 
does not create butterflies” [33]. Cook [8] summarized the criteria for instructional design 
as follows: interactivity, practice exercises, repetition and feedback will improve learning 
outcome, whereas interactivity and online discussion improve satisfaction rates. 

Thus in order to lift an e-learning above the level of a ‘book behind glass’ it should have 
the following features: 
- Interactive elements.
- Instructional movies, particularly useful to illustrate 3D elements.
- Assessment of knowledge by adding quiz elements.
- Possibility to try and error different scenario’s and learning strategies.

Although closely related, education and training are not the same. Education usually 
refers to the communication or acquisition of knowledge or information, while training 
refers to the acquisition of skills (cognitive or psychomotor). Whereas e-learning can be 
used for education (teaching theoretical knowledge), training will mostly be done on 
simulator models [15].

Training on simulators is not new. The first surgical simulators were leaf and clay models 
used in ancient India in 600 BC for training of forehead flaps [42]. The current surgical 
simulators have their roots in flight simulators, which have been used for more than 50 
years [42]. Although the use of simulator training in aviation is already well established, 
in surgical training it is still under development. The first developments of simulators 
were in the field of laparoscopy. In the last 10 years, simulators for arthroscopic skills 
have been developed (Table 2). Many specific arthroscopic skills like triangulation skills 
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(working with two hands while watching the movements on a screen) and hand-eye 
coordination can be integrated in a simulation model. Unlike other orthopaedic proce-
dures, such as tendon repair or basic fracture fixation, there is little, if any, crossover in 
technique from other procedures [31]. This implies that the arthroscopic skills should be 
acquired in a specifically designed set-up. Mabrey [31] stated that with its restricted field 
of view and limited physical interaction between physician and patient, arthroscopic 
surgery lends itself to VR simulation more so than most other orthopaedic procedures. 
Although this may be true for knee and shoulder arthroscopy, however for wrist arthros-
copy a certain degree of interaction with a physical model is necessary to appreciate 
the manoeuvres of portal placement and manipulation of the wrist while examining the 
wrist from the radial to the ulnar side.

Where physical models lack the realistic representation of the surgical environment, VR 
training environments lack the physical contact with the model. Ultimately, combining 
physical models with virtual reality images inside (so called augmented reality) will com-
bine the best of both thus allowing for interaction with the model as well as practicing 
different clinical scenarios.

The importance of skills lab training is illustrated by the fact that in our institute surgical 
residents are not allowed to perform laparoscopic procedures if they have not fulfilled 
the requirements for the SIMENDO certificate, a psychomotor endoscopic skills trainer. 
To improve their skills, surgeons have to learn from their mistakes, and this learning 
curve should preferably be outside of operations on patients [53]. This literature study 
has shown that although the financial cost of simulator training may be substantial, the 
savings in operative time, the potential for improved safety and, accordingly, reduced 
morbidity can justify the expense [11]. Finally, as simulator training has shown to improve 
surgical operating performance, integration of VR into the orthopaedic curriculum will 
save time in the operating theatre, reduce operative errors, and improve the resident’s 
overall educational experience [32]. 

Simulators are used not only for training, but also in assessing trainee performance. 
Assessing technical skills is vital to ensure that residents are adequately trained before 
they operate unsupervised [52]. 

Finally there is a medico-legal aspect: CRICO, the US malpractice insurance company 
began offering insurance premium incentives for anaesthetists who participated in 
simulation based crisis resource management. Upon analysis of the results they found a 
significant decrease in the number of malpractice claims [27].
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In this study validation of the currently available simulators was searched. Only a few 
studies known to date address the full spectrum of validation issues of these devices. As 
Gaba [13] states, we have to realise that: “No industry in which human lives depend on 
skilled performance has waited for unequivocal proof of the benefit of simulation before 
embracing it”.

This survey amongst hand surgeons in Europe has shown that there is a perceived 
need for e-learning and/or simulation modalities. Despite the few reservations, the re-
sponses to the proposed introduction of an e-learning module and a wrist arthroscopy 
simulator are positive and encouraging in a quest for better training in the area of wrist 
arthroscopy. Authors stress the need for a uniform and clear definition of both context 
and criteria in the development of new learning modalities. 

As Grechenig et al. [18] state in their paper: “It may be said that nowadays nobody should 
do arthroscopic operations without having a complete command of handling and tech-
niques, including new arthroscopic techniques, learned by dry runs”. A future role would 
be for trainees to start the initial steep part of the learning curve of a procedure in a 
simulated environment, demonstrate a certain level of simulator competence, and then 
progress to the operating theatre [23].

Limitations of this study include the fact that the respondents were not asked to specify 
why and which modalities they would appreciate. Also the response rate is only 35%. 

Just as airline pilots are not allowed to fly if they have not spent a minimum number 
of hours in a flight simulator, hand surgeons should not be allowed to enter a wrist ar-
throscopically without having acquired the appropriate skills in a skills laboratory. Like 
Curry stated: ”See one, practice one on a simulator, do one: The mantra of the modern 
surgeon” [9].

Improving the teaching curriculum for wrist arthroscopy is expected to improve the 
proficiency level of wrist arthroscopy in clinical practice and allows further development 
of this technique. 

conclusion

Both the results of the survey and of the literature search indicate that there is a need 
to develop new teaching modalities for arthroscopic skills. And that these teaching 
modalities have already proven their worth in other field of surgical education.
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abstract

objectives 

The objective of this study was to develop and validate a computer based module (CBL) 
for wrist arthroscopy to which a group of experts could consent. The need for such a 
module was assessed with members of the European Wrist Arthroscopy Society (EWAS). 

methods 

The CBL was developed through several rounds of consulting experts on the content. 
The CBL’s learning enhancement was tested in a randomized controlled trial with 28 
medical students who were assigned to the CBL group or lecture group. 

results 

The design process led to a useful tool, which is supported by a panel of experts. 
Although the CBL did not enhance learning, the participants did find the CBL module 
more pleasant to use.

conclusion 

Developing learning tools such as this CBL module can improve the teaching of wrist 
arthroscopy skills. 
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introduction

Mastering a new skill usually starts with acquiring the basic theoretical knowledge about 
the skill of interest. In medicine, this generally means studying the relevant anatomy 
and physiology. For training in endoscopic skills, such as wrist arthroscopy, knowledge 
needs to be acquired about the indications, complications, therapeutic possibilities, en-
try points, positioning of the patient and use of arthroscopic instruments. Traditionally, 
such knowledge is acquired in lecture courses, through oral briefing by the supervisor 
in the operating room (OR) and from books. Textbooks offer ample information, illus-
trated with images. However, they lack the possibility of showing videos or animated 
pictures. Furthermore, the residents of today’s search strategy for information are not 
likely to start inside a library building – they typically start on the Internet (1,2). Getting 
information from computers, being able to interact with the proposed information and 
the addition of videos or animations suits the present generation of residents very well. 
When looking for information on the Internet, residents use search patterns familiar to 
them, leading them to popular content-rich Websites such as YouTube and high-ranking 
sites in Google. Novices are unable to differentiate between more and less valid con-
tents since they inevitably lack experience regarding the information they are looking 
for. It is important to guide these residents in their search strategy, starting by offering 
them information that is easy to find, valid and relevant. To link up with this modern 
way of education, a variety of sources have become available for acquiring the basic 
knowledge on the performance of arthroscopy. These include Web-based sources, such 
as electronic books or articles, and Web portals acting as multimedia training platforms, 
such as Websurg (http://www.websurg.com).

Websurg offers the advantage of placing peer-reviewed lectures and step-by-step in-
structions from renowned colleagues. The disadvantage is that it is a one-way portal for 
the transfer of information, meaning that the information is transferred to the user in a 
passive way; there is no interaction with the content. 

Medical professional societies have realized the potential advantages of Web-based 
learning and are developing or have developed Web-based educational programs (3). 
In fact, some of these societies use Web-based learning to prepare residents for exams 
or internships. These Websites are usually only available to members and contain 
interactive E-learning modules, sometimes with the possibility of self-examination or 
self-assessment (e.g. BAPRAS, LFH, RCSENG, RCSI). In a review by Kleinpell et al. in 2011, 
a list six pages long identifies various Web-based resources for critical care education, 
indicating the enormous amount of information available (4). After searching Medline 
from 1980 to 2013 using the search terms e-learning, computer-based learning and 
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arthroscopy, we found no evidence of computer-based learning modules for wrist 
arthroscopy.

Many different terms are used to describe the use of computer technology for teach-
ing purposes. In this paper, the term computer-based learning (CBL) will be used. CBL 
is considered to be instruction that is dependent on the use of a personal computer 
without guidance or tuition from a teacher or facilitator (5).

A CBL module for teaching wrist arthroscopy would be useful as wrist arthroscopy is a 
complicated skill to teach. The complexity lies in the facts that access to the wrist needs 
to be achieved partly blindly through the creation of portals, the tissue is indirectly 
visualized on a 2D monitor as opposed to a 3D direct view during open surgery, and 
tissue manipulation takes place solely indirectly via instruments. Furthermore, the 
creation of portals is performed in an area with many neurovascular structures at risk, 
which requires extensive knowledge of the anatomy of the wrist to avoid complications. 

The purpose of this study was to develop a valid CBL module for wrist arthroscopy which 
had to meet two criteria: its content had to be tested and approved by an international 
panel of experts in the field of wrist arthroscopy (thus securing the level of content) and 
the module had to be validated by comparing the results with those of a traditional 
teaching method. 

Our hypothesis was that a CBL module could be built for wrist arthroscopy to which 
a large group of wrist arthroscopy experts would consent. Such a CBL module would 
improve the learning results compared with those of traditional teaching.

mEtHods

Phase 1: survey

A survey was required to determine the need to develop the proposed CBL module for 
wrist arthroscopy. As an expert group, members of the EWAS (European Wrist Arthros-
copy Society) were surveyed. The questions and answers are given in Table 1. They were 
invited to elaborate on their expressed opinions. 

Phase 2: building the first version of the cbl module

A list was drawn up to serve as a template for the topics to be addressed in the CBL 
module. The content of the module was built with the use of digital images from differ-
ent authors (C. Mathoulin, A. Atzei, M. Garcia-Elias). A panel of novices reviewed these 
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images and made comments and suggestions (residents from the Department of Plastic 
Surgery at our hospital). Their remarks were used to improve the content and subse-
quently the images were used to construct an interactive CBL module. The interactivity 
consists of supplementary information that can be viewed by clicking on parts of the 
image. Furthermore, two animations with voice-over were added to clarify the position-
ing of the patient in the OR and the entry procedure into the wrist. 

Phase 3: testing and improving the cbl module

A variation of the Delphi method was used to achieve consensus among a group of 
wrist arthroscopy experts. The Delphi method is based on the assumption that group 
judgments are more valid than individual judgments. Experts are asked to give their 
opinion on different subjects. The process is repeated several times until a consensus 
emerges (Wipedia.org/wiki/Delphi method). 

The CBL module was presented to a panel of experts (faculty at the wrist arthroscopy 
course of the EWAS). The panel was asked to fill in a questionnaire on the content and 
structure of the CBL module and these comments were used to improve the CBL 
module. A second panel of experts re-evaluated the amended CBL module and their 
comments were employed to perform a second round of improvement. This procedure 
was repeated a third time after altering the CBL module based on the comments from 
the second round.

Finally, the CBL module was presented to the panel of novices for a last round of com-
ments and suggestions on the content and structure of the module. These evaluations 
were also used to make further adjustments. The participants were also asked to in-
dicate how they would rate the CBL module. The content of the final CBL module is 
summarized in Table 2.

table 1 Comments from the survey given by members of the EWAS
Question: Do you think a computer program to learn the basics of wrist arthroscopy would be an asset?

no, it would not be an asset yes, it would be an asset

· Getting inside the joint is the essential · Introduction to the general principles

·  Indications and portal placement can not be 
taught in 2D

·  Useful for the first steps: understanding the 
working area

· Future lies in 3D simulators · Supports anatomical knowledge

· · Theory before practice

·  Could give good visual impression of normal and 
pathological anatomy

· It is a difficult joint to explore

· Yes, but only as an adjunct to a course
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table 2 Summary of the computer-based E-learning module for wrist arthroscopy

chapter subjects Example of a slide

Indications - Diagnostic
- Therapeutic

Patient positioning - Patient positioning on the table
- Animation of the positioning in the OR

Traction - How do you prepare the patient?
- Why is traction necessary?
- How can traction be applied?

Instruments - Which instruments do we use?
- How do you prepare the instrument table?

Portals - Which portals can we use?
- What are the most frequently used portals?
-  Which anatomical structures should we take care 

of?

Entry procedure - Creation of the portals (Animation)
- Use of the instruments
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The effectiveness of the wrist arthroscopy CBL module was tested in a randomized 
controlled trial. Twenty-eight medical students were enrolled. All students received an 
invitation via e-mail and a VARK questionnaire that they were asked to complete and 
return. VARK is a questionnaire that provides users with a profile of their learning prefer-
ences (6) (www.vark-learn.com). These relate to their preferred strategy for information 
uptake, which can be through visual, audible, written or action cues. The students were 
randomized into two groups using manual covariate adaptive randomization, trying to 
achieve a balance between the groups with respect to age, gender and VARK score (7). 
Group A contained students who were assigned to use the CBL module and Group B 
contained students who were assigned to listen to a pre-recorded lecture. The demo-
graphic features of the 28 participants and their VARK scores are given in Table 3. 

All participants performed the experiment in a 30-station computer laboratory within 
our hospital. Every student received a headphone. The participants were asked to take 
a pre-test containing 12 multiple-choice (MC) questions on wrist arthroscopy. Group 
A went through the CBL module and Group B watched the pre-recorded lecture on 
wrist arthroscopy, made by the same authors who constructed the CBL module and 
containing the same information. Compared with the pre-recorded lecture, the CBL 

Radio-carpal 
anatomy

- Identification of the intra-articular anatomy of the 
wrist

table 3 Demographic features of the students in the validation study

VarK score* Gender† age

V a r K m f mean

CBL module 0 4 4 6 3 11 24,4

Lecture 1 4 3 6 4 10 24,2

* Distribution of the students’ learning preferences in the two groups
† Distribution of the students’ gender in the two groups 
V = visual; A= aural; R= read/write; K= kinaesthetic
M = male; F = female
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module contained animations and interactive elements, and offered the possibility 
to go through the presented material at the participants’ own pace. They were also 
able to go backwards and forwards through the presented material. Directly after the 
learning instruction, both groups completed a knowledge post-test containing 12 MC 
questions. All participants were invited back after one week to repeat the test, but with 
slight changes to the 12 MC questions. By asking the participants to take an immedi-
ate post-test and another test one week later, we were able to analyse the short-term 
and the medium-term effects of both teaching modalities. Every correct answer to the 
knowledge test was counted as 1 point; consequently, a maximum of 12 points per 
test could be obtained by each of the participants. The post-test also contained three 
questions about the satisfaction rate with the proposed method of learning (on a 0–10 
nominal rating scale). The results of the tests were processed using the Mann-Witney U 
test for the test results and for the pleasantness score, and the Chi-Square test for the 
comprehensibility score.

rEsults

The response rate to the electronic survey that was sent using Google Docs to 185 
members of the EWAS was 35% (65 out of 185). Two reminders were sent. Fifty-five of 
the 65 respondents (85%) indicated that they felt a computer program could be an as-
set for teaching wrist arthroscopy skills. The participants’ remarks and suggestions are 
summarized in Table 1.

The CBL module was designed as described in the Methods section. 

The feedback received from the panel of novices is summarized in Figure 1. The results 
show a high satisfaction rate and 100% of the participants indicated that they would 
advise their fellow residents to use this CBL module if it was available in their hospital. 

The validation study showed that the results of the post-test immediately after the 
intervention (CBL or lecture) were significantly better than the results of the pre-test 
(Mann-Whitney U test, p=0,021). The second post-test did not show a significant differ-
ence (Mann-Witney U test, p=0,194).

Group A performed significantly better (Mann-Whitney U test, p= 0,044) on the post-
test directly after the intervention compared with Group B. After one week results were 
equal (Mann-Whitney U test, p=0,194). 
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The participants of Group A indicated a significantly higher level of pleasantness when 
studying the material compared with Group B (Mann-Whitney U test, p=0,015). Fur-
thermore, the CBL group scored significantly higher on the score for comprehensibility 
(Chi-Square test, p=0,045). Both scores are shown in Figure 2. The students in the lecture 
group rated the duration of the lecture as too long, whereas in the E-learning group the 
time was rated as adequate.

 

 

figure 1 Scores (mean) on the survey among the novices in the last round of comments. A 1–5 scale was 
used in which 1 meant a negative association and 5 meant a positive association
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figure 2 Satisfaction scores (median, min and max) in the validation study among students. For 
pleasantness a 1–10 scale was used in which 1 was negative and 10 was positive. For comprehensibility a 
1–10 scale was used in which 1 was negative and 5 was positive
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discussion

By using a modification of the Delphi method, consensus could be established between 
experts concerning the content of a CBL module for wrist arthroscopy. The future users, 
i.e. the residents, were positive about their satisfaction rating of the CBL module. This 
CBL module did improve the learning outcomes in the immediate post-intervention 
test. However, this knowledge level was not maintained after one week. As in many 
other studies, the superiority of one modality over the other is not supported (8,9,10).

The results of the survey among the EWAS members showed a high percentage of 
respondents who felt that a CBL module would be an asset. However, we realize that 
the low response rate (35%) could have introduced a bias. Possibly the surgeons who 
are interested in education or in introducing new technologies would have been more 
inclined to respond to the questionnaire. 

To achieve our goal of developing a module that would be supported by a group of ex-
perts, a variation of the Delphi method was used. The advantage of this way of develop-
ing a CBL module is that users can rely on the contents and the module has already been 
endorsed by a group of experts who can promote its use among their fellow workers. 

The basis for a valid CBL module is a successful merging of content and design. The 
content of the CBL module was secured as described above. The importance of design 
was shown by Levinson’s group. They showed that a higher degree of learner control 
may in fact reduce the effectiveness of learning and that the presentation of multiple 
views to the learner may impede learning, particularly for those with relatively poor 
spatial ability (11). For our CBL module we chose for a flexible system with chapters that 
allows users to go backwards and forwards in the content, as this was suggested by the 
residents during the evaluation, but with one strategy in order to avoid misconceptions 
by the learner. Furthermore, animations with voice-over illustrating skills such as the 
positioning of the patient and the introduction of the trocar were provided. Ridgeway 
et al. showed the addition of aural files enhances an application’s face validity, and user 
results upon modular examination increased significantly (12). 

We evaluated the concept of the CBL module by testing it within our user group, who 
were residents in training for either plastic or orthopaedic surgery. This evaluation 
yielded mostly minor changes to both the content and design of the module. The high 
satisfaction rate that was found appears to be in concordance with that of other studies 
(13,14,15). Lee found that all of the students endorsed CBL and participants preferred 
CBL, in most cases without providing any data to support this preference (5). 
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This study shows that the CBL module does improve the learning outcomes in the im-
mediate post-intervention test, but it appears that these differences in outcome were 
not sustained longer than one week. Apparently, the fact that students are in a more 
actively engaged learning mode stimulates information uptake. However, as with much 
new knowledge, it does not remain if the tested population does not employ this knowl-
edge through further practice to stimulate memorisation and concept building. We did 
not find any literature analysing the long-term effect of CBL learning. The advantage of a 
CBL module is that it can be instantly available, allowing the residents to go through the 
information just before using it in clinical practice. This will improve the memorization 
of the proposed information.

We concede that many confounding factors can influence the results of such a compara-
tive study, but most of the critical points were addressed in the study design. Firstly, we 
chose medical students at the same level of their studies to ensure that they had the 
same level of knowledge of wrist arthroscopy (level 0). Because the groups were small, 
the participants were matched on those criteria that could influence the results of the 
test (age, gender, learning type). Participants completed both a pre-test and a post-test. 
The pre-test was used to validate the test itself. If the score on the pre-test was higher 
than the expected score based on gambling odds, it would mean that the answers to the 
questions were too obvious. However, not one of the questions was answered correctly 
by all participants.

In this study the control group received the same information as the CBL group but pre-
sented in a more passive way, through a pre-recorded lecture. The use of a pre-recorded 
lecture avoids the bias introduced by the interaction between the presenter and the 
audience. 

In the post-test for the medical students, we did include three questions about the 
satisfaction rate with both the content and presentation of the CBL and the lecture, and 
with the adequacy of the time available for completion. The satisfaction rate was higher 
in the CBL group. Interestingly, the students in the lecture group rated the duration of 
the lecture as too long, whereas in the E-learning group the time was rated as adequate. 
Both the E-learning group and the lecture group received the same amount of time for 
the intervention, and the same amount of information was presented to both groups. 
Perhaps students feel that time moves slowly when they are passively involved com-
pared with active involvement. 

Several authors have tried to confirm the superiority of E-learning over more conventional 
ways of teaching. In a meta-analysis Sandars found that E-learning had a greater impact 
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on learning than no intervention, but a wide variation was present when E-learning was 
compared with more traditional approaches (16), as there are a lot of different forms 
of E-learning as well. Hugenholtz et al. found no significant difference between two 
groups of occupational physicians comparing E-learning with lecture-based learning 
(17), similar to what we found in the second post-test. In a review performed by Letterie, 
210 papers were identified on the subject of computer-based learning but only 23 of 
those reported on comparative studies. In the 12 studies comparing traditional learning 
with computer-based learning, five showed an improved test performance after CBL 
and seven studies showed no difference (18). 

In the relevant papers, E-learning seems to follow from computer technology develop-
ments instead of being developed to fill a void. As Cook and McDonald describe it: 
“Shortly after the advent of the computer, educators began using this powerful tool to 
facilitate learning” (19). Arguments in favour of E-learning were found to support the de-
velopment of E-learning facilities (20). As Cook and McDonald state: “E-learning is only 
a tool – a powerful tool indeed, but not an end in itself” (19). As such it will not replace 
face-to-face education. In order to elevate E-learning above the level of “information 
behind glass”, interactive and multimedia elements should be used. Furthermore, the 
information should be easily accessible worldwide and should be easy to update (21). 

conclusion

Starting from the assessment of the necessity for such a tool, via the gathering of infor-
mation for the content, a CBL module for wrist arthroscopy was designed. This design 
process led to a useful tool, which is supported by a panel of experts. 
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abstract

Purpose

Wrist arthroscopy is taking up an important place in hand surgery. The purpose of this 
study was to build a wrist arthroscopy simulator to train the key navigation and probing 
skills required for a diagnostic wrist arthroscopy.

methods

Our starting point was to keep the simulated environment as close as possible to the 
real-life situation by using normal equipment and replacing the joint by a physical ana-
tomical model that can be mounted on a force platform to track performance.

The specific requirements for the simulator were determined by questioning a panel 
of experts. These were translated in technical demands regarding the intra-articular 
structures and the skin. Especially the skin substitute was tested to provide the same 
elastic and resistance properties as human skin. A prototype was built and tested for 
face validity by asking the opinion of 14 experts. 

results

All 14 participants found the simulator a good tool to teach wrist arthroscopy. The as-
pects that were paid most attention to in the design demonstrated face validity: realism 
of the lubricated top layer (mean 7.7 / SD 1.6), realistic size of the joint structures (mean 
7.7 / SD 1.6) and realistic arthroscopic image (mean 7.9 / SD 1.2). The flexibility of the 
prototype (mean 6.0 / SD 2.3) and the color of the structures (mean 5.4 / SD 1.9) were 
rated lower. The structures that the experts missed most were the TFCC and the volar 
ligaments.

conclusions

The concept to use a physical model for wrist arthroscopy training is well perceived, and 
indicates the potential for continued development 

clinical relevance

Training of skills is a prerequisite for good clinical care and should start outside the 
operating room for patient safety reasons. By introducing a validated wrist arthroscopy 
simulator, we have added a necessary and relevant training tool. 
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introduction

Clinical medicine is becoming more focused on patient safety and quality than on bed-
side teaching and education (1). To ensure adequate education, new methods have been 
introduced to shift the training of certain psychomotor skills away from the operating 
room into the skills lab environment (2). 

Over the last decades, a number of simulators have been developed for the training of 
basic laparoscopic skills (3-5). By training the elementary endoscopic skills in a simulated 
setting, such as eye-hand coordination, unnecessary errors during the learning phase of 
the live operation can be reduced (6-8). Furthermore, the progress of training in the 
operating room can be accelerated after such basic psychomotor skills training (6). For 
general surgery and gynecology, this has led to simulator training becoming part of 
residents’ curricula (9), although this is not yet the case for the training of arthroscopic 
skills. However, several authors have stressed the fact that teaching of arthroscopic skills 
lends itself well to training on a simulator (10-12). Arthroscopy is performed in a 3-di-
mensional environment, yet surgeons have to rely on a 2-dimensional camera image for 
visual feedback. Compared to laparoscopy, arthroscopy poses the additional challenge 
of maneuvering in a small space. 

Arthroscopic simulators have been developed and are being validated for knee and 
shoulder arthroscopy (12-14). Recently in a review, Slade Shantz et al. compared the 
internal validity of arthroscopic simulators and their effectiveness in arthroscopic educa-
tion. They concluded that the currently available simulators appear to demonstrate the 
ability to discriminate between participants at both ends of the skills spectrum (novices 
and experts), but not yet between novices and intermediates, which is paramount in 
surgical education (15). Furthermore, standardized methods of simulator validation are 
required to demonstrate the utility of arthroscopic simulators in arthroscopic education 
(15).

Compared to knee and shoulder arthroscopy, the wrist poses the additional challenge 
of a very narrow joint space with an inclination in the dorsal to volar direction and a 
curvature in the radial to ulnar direction (Fig. 1). Furthermore, many structures, such as 
tendons and nerves, cross the dorsal surface of the wrist making the placement of the 
entry portals a challenge. Correct portal placement is crucial for the safe and efficient 
execution of a wrist arthroscopy. Orthopedic residents indicate it as one of the skills 
residents should possess before continuing their training in the operating room (16-17). 
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Currently, only three wrist arthroscopy simulators can be found on the Internet. The first 
is a virtual reality simulator presented by Yaacoub et al. in 2008 (18). No proof of concept 
or validation was found, nor signs of further development. The other two are physical 
anatomical bench models, marketed by CLAweb-ref1 and Sawbonesweb-ref2 . No papers on the 
validation of these training models could be found either (18). Wrist arthroscopy is not 
yet as widespread as knee and shoulder arthroscopy, but it is becoming more important 
in the hand surgery practice (19). As the number of specialists performing wrist arthros-
copy is increasing (19), there will also be an increasing need for proper training modali-
ties. Consequently, there is room for a validated wrist arthroscopy simulator dedicated 
to the training of hand surgery residents.

The purpose of this paper is to present the design and preliminary validation of a new 
concept of a wrist arthroscopy simulator. The design requirements were defined on a 
theoretical basis and expert opinion. The production of this simulator should also be af-
fordable to allow its introduction into every teaching hospital. For this reason, we applied 
the theoretical design requirements for a simulator focused on training psychomotor 
skills as described by Motola et al. (20). In summary, the simulator should: (a) represent 
reality by providing natural, visual and haptic sensory feedback (face validity); (b) train 
what it is important to train (internal validity); (c) be able to discriminate between differ-
ent expert groups (construct validity); and (d) be capable of performance feedback. Our 
hypothesis was that a validated wrist arthroscopy simulator would be perceived by the 
future users as a useful tool to teach wrist arthroscopy skills. 

a b

figure 1: Radiocarpal joint space with a curvature in the radial to ulnar direction (a) and an inclination in 
the dorsal to volar direction (b) 
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mEtHods

defining the requirements for a wrist arthroscopy simulator

The requirements for an adequate resemblance to reality of the wrist arthroscopy 
simulator were determined by questioning a panel of expert surgeons. For this purpose, 
an electronic questionnaire (compiled using Google Docs) was sent to the members of 
the EWAS (European Wrist Arthroscopy Society). This questionnaire was composed of 
questions about the position of wrist arthroscopy in their daily practice and the way 
wrist arthroscopy is currently taught (21). The expert panel was also asked to answer 
one yes/no question and two open questions concerning a wrist arthroscopy simulator. 
The questions were: 
- Do you think a wrist arthroscopy simulator would be an asset in teaching wrist 

arthroscopy?
- Which things do you think can be taught on a wrist arthroscopy simulator?
- Which things do you think cannot be taught on a wrist arthroscopy simulator?

The response rate to the questionnaire was 35% (64 / 185). The summary of the answers 
to these questions is that 60 out of 64 participants (94%) confirmed a need for a wrist 
arthroscopy simulator. The aspects that were considered most important to train were: 
normal anatomy, diagnostic arthroscopy, basic interventions, portal placement and 
triangulation skills (Table 1). 

These responses from the survey were reviewed with a small group of experts and 
weighted for their importance. The defined skills were similar to the top five specific 
skills identified by Safir et al. among orthopedic surgeons, and by Hui et al. among or-
thopedic residents (16,17).

For this simulator, we decided to focus on three specific tasks for wrist arthroscopy:
- Placement of portals and introduction of the scope and the hook into the radiocarpal 

space (portal placement).
- Visualizing the hook centrally in the arthroscopic image (triangulation skill).
- Diagnostic sweep through the wrist from the radial to the ulnar side following the 

radio-ulnar curvature (diagnostic arthroscopy).

Training of therapeutic interventions can be incorporated into future versions of this 
proposed wrist simulator. 

In addition, the experts were asked which anatomical structures (skin components, 
bones, ligaments and other structures) should be present in a simulator. The most 
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frequently mentioned anatomical structures were the superficial nerves, the styloid 
processes of the radius and ulna, Lister’s tubercle, the triangular fibrocartilage complex 
(TFCC) and the volar capsular and intercarpal ligaments (Table 2).

table 1: Summary of the results of the survey among EWAS members. (The number between brackets is 
the number of times this aspect was mentioned. N=65)

can be taught cannot be taught

Normal anatomy (15) Feedback / Tissue handling (7)

Basic interventions like shaving (14) Pathology (6) 

Diagnostic arthroscopy (14) Difficulties in visualization (6)

Orientation (3D) (12) Haptic feedback / Feeling of the skin (5) 

Portal placement (11) Interventions like synovectomies (4)

Triangulation skills (10) Real-life factors like time and stress (4)

How to use the scope (8) TFCC reattachment (3)

How to use the instruments (8) Clinical judgment / Indications (3)

Moving in a small joint space (6) Fragility of the cartilage (3)

Everything can be taught (5) Pearls and pitfalls (2)

Introduction of instruments (4) Instability assessment (2)

Hand-eye coordination (3) Fracture manipulation (2)

Technical skills (3) Fluid extravasation (2)

Recognizing pathology (3) Dexterity (2)

TFCC examination (3) Patient set-up (2)

Gentleness (2) Anomalies / Anatomical variations (1)

Ligament assessment (2) Evaluation of findings (1)

Theory (2) There is nothing that cannot be taught (1)

table 2: Required structures for a wrist arthroscopy simulator according to the participants of the survey 
(N=65)

superficial % bones % ligaments %

Branches of radial nerve 86 Carpal bones 9 Volar capsular ligaments 83

Branches of ulnar nerve 86 Radius / Ulna 92 Intercarpal ligaments 91

Extensor tendons 18 Appropriate RC angle 80 TFCC 94

Superficial veins 41 Lister’s tubercle 80 Synovial tissue 49

FCR 1 Cartilage 63

% = Percentage of the respondents that mentioned this structure as being important.
Other structures mentioned were: NIP (24%), DRU, dorsal capsule, midcarpal joint and TC joint (all only 
mentioned once)
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Based on the theoretical criteria mentioned in the introduction, and these responses 
from the wrist arthroscopy experts on both the teaching goals and the anatomical 
structures to be incorporated, the following design criteria were defined: 

- Realistic feel of the skin.
- Possibility to teach portal placement.
- Realistic representation of the carpal bones.
- Sufficient space between the bones to navigate.
- Semi-flexibility of the volar plate.
- Representation of the volar ligaments.

Although five experts indicated in the survey that the feeling of the skin cannot be 
simulated (Table 1), we took up the challenge to design a skin that would feel natural, 
as this is crucial to train portal placement. For the design of realistic skin tissue, more 
detailed requirements were set. Namely, the skin substitute should not tear once portals 
are created and the skin should feel realistic. This realistic feel is characterized by the skin 
softness, the ability to palpate the bony structures through the skin for orientation, and 
the adequate resistance of the skin when it is penetrated with the mosquito or trocar. 
Furthermore, we decided to make a skin substitute that would be replaceable to allow 
for multiple trainings of portal placement on one simulator.

figure 2: Wrist arthroscopy simulator model mounted in front of the forces platform (23)
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Regarding performance tracking, similar to other anatomical bench models, the task 
time can be measured with a separate stopwatch. For this design of the wrist simulator, 
we also wanted to be able to mount the prototype simulator in front of a force platform 
that would allow performance tracking by measuring the time and forces, and would 
provide visual feedback on the amount of force that is applied during the exercise (Fig. 2)
(22). Previous studies have shown that these forces are indicative of the level of experi-
ence when training navigation and probing in the wrist joint (23). As the use of this force 
platform has already been studied, this part is not further analyzed in this paper.

building of a prototype wrist arthroscopy simulator that met the defined 
criteria

Once the criteria (both physical and functional) had been set, the choices for the design 
of the simulator could be made. Using a previously presented philosophy on the design 
of simulators that closely resemble reality (2), we made the fundamental choice to 
design a physical anatomical wrist model. The advantage of this approach is that ac-
tual instruments can be used during training and, if properly designed, this anatomical 
bench model offers realistic visual and haptic feedback that is crucial for the training 
of wrist arthroscopy. On the basis of these requirements, the design of the prototype 
wrist arthroscopy simulator was executed with a focus on two parts: offering a realistic 
intra-articular joint space and offering a realistic skin substitute.

Intra-articular joint space
The realistic representation of the carpal bones in their distracted position was achieved 
by making a CT scan of a living human wrist in distraction using a 5 kg weight. The im-
ages were segmented and printed with a 3D printer (STT1200es 3-D printer, Dimension 
Inc. Material: Acrylonitrile butadiene styrene). 

To ensure that the carpal bones remained in their relative position while still allowing 
some movement, they were embedded in a volar plate made of silicone and anchored 
using bolts (Fig. 3). The choice of a plate located at the volar side was made because 
routinely used portals are on the dorsal side of the wrist. The volar and dorsal ligaments 
have a complicated anatomy that makes it difficult to reproduce them realistically with 
the correct amount of tension. The volar plate offers the same functionality as it holds 
the carpal bones in an anatomically aligned position while also offering some flexibility. 
With regard to construction, it is a good alternative and allows for representative train-
ing. 
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a a

figure 3: Attachment of the carpal bones to the volar plate
(a) Volar view: Printing reinforcement is partially removed. Wax has been added on the dorsal side to keep 
the carpal bones in the distracted position while small bolts are attached to the palmar side of the bones.
(b) Dorsal view: The carpal bones with the bolts have now been fixed to the silicone palmar plate en the 
dorsal wax has been removed.

figure 4: Representation of the intercarpal ligaments
The yellow arrows indicate the silicon injected around the cords, between the carpal bones to mimic the 
intercarpal ligaments. 
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Cords were threaded through the radius, the ulna and the scaphoid, lunate and trique-
trum. Air-dying silicone was then injected around the cords to mimic the inter-carpal 
ligaments (Fig. 4). 

Construction of the skin coverage
To mimic the natural behavior of the skin when performing arthroscopy and especially 
when creating portals, the substitute skin was built up out of two layers – a durable 
reinforced base layer covered by a thin flexible layer. This allows skin shifting upon 
palpation and prevents tearing once a portal is created. For adequate portal placement, 
the palpation of the anatomical landmarks is important. Therefore the compressibility 
or hardness of the substitute skin was matched with that of actual skin. The hardness of 
a material can be expressed on a Shore hardness scale. Kissin et al. (24). determined the 
Shore hardness of the skin of the hand to be 16 ± 5 (durometer scale 0). The substitute 
skin was made of silicone with a Shore A hardness of 10 (Smooth-On 940, Dragon Skin, 
Form x, Amsterdam, The Netherlands). The 2.5 mm-thick base layer was reinforced with 
gauze to prevent tearing once the portals are made. The top layer was 1 mm thick and 
had no reinforcement. In between the silicone layers a film of lubricating oil was applied 
to allow gliding of the top layer over the base layer. 

To fix the skin to the bony structure and to cope with the triangular shape of the ana-
tomical carpal bones model, the skin was laced at the back in order to fit tightly over the 
bony structures (Fig. 5). 

Technical validation of the wrist arthroscopy simulator

As the skin is such an important feature of this new wrist arthroscopy simulator, consid-
erable effort was put into the evaluation of its behavior from a technical point of view 
before it was actually tested with subjects. Especially the tear strength and force genera-
tion in the portals were tested to assess the skin quality. The evaluation was performed 
using data on human skin behavior as presented in the literature.

The skin substitute should be able to withstand the forces exerted during manipulation 
of the instruments without tearing. Saulis et al. determined the tear strength of human 
skin by measuring the force required to pull a 3.0 Vicryl suture through cadaver skin 
samples. The average force required to tear the skin was 36 N (SD 9 N) (25). A literature 
search revealed no reports of the forces exerted on the skin during wrist arthroscopy. We 
therefore used the average force measured by Saulis et al. plus three times its standard 
deviation as an indication for the upper limit of the tear strength of human skin tissue 
(minimum tear strength = 62 N). To assess the resistance against tear propagation in 
the mimicked reinforced deep-layer skin, a rod (diameter = 3 mm) was fixed to a tensile 
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figure 5: Fixation of the skin substitute to the model.
Lacing hooks are fixed to the gauze at the edges of the skin substitute. By treading a cord along the 
hooks, the skin substitute can be fixed tightly around the carpal bones in the silicon base plate. 
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figure 6: Forces on the cadaver wrist and on the wrist arthroscopy simulator
Box plot of the absolute forces exerted in the last five repetitions by one surgeon. Box plots 1 (W1) and 2 
(W2) are the forces exerted on two cadaver wrists and box plot 3 (Simulator) represents the forces exerted 
on the simulator.
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testing machine positioned in a prefabricated hole in the mimicked skin. In 30 seconds 
the skin material was displaced 15 cm with respect to the fixed rod at a constant speed. 
The average break force of the reinforced deep-layer skin was 69 N (SD 5 N). We thus con-
sidered this mimicked skin to be fulfilling the requirement regarding the tear strength. 

The performance of a diagnostic arthroscopy was mentioned as one of the things a 
simulator should be able to train. In order to assess whether the movements executed 
in the wrist arthroscopy simulator are comparable to the movements made during a 
cadaver wrist arthroscopy, an expert performed a diagnostic sweep through a cadaver 
wrist mounted in front of the aforementioned force measurement platform. The same 
expert performed the same diagnostic sweep in the wrist arthroscopy simulator 
mounted in front of the same force platform. This preliminary evaluation showed that 
the forces exerted are within comparable ranges as depicted in the box plots (Fig. 6). 
These results indicated that a diagnostic sweep through the simulator has a comparable 
feeling to a diagnostic sweep through a cadaver wrist.

does the simulator prototype fulfill the requirements of the future users?

To answer our main research question and to assess the face validity of the prototype, 
it was tested at the international hand surgery conference (FESSH Antwerp 2012). 
Experts (defined as performing >5 wrist arthroscopies per month) were asked to test 
the prototype. Each participant filled in a questionnaire specifically designed to analyze 
arthroscopy simulators. This questionnaire is an adapted version of the general arthros-
copy questionnaire presented by Tuijthof et al. and is scored predominantly on yes/
no answers and a 10-point visual analog scale (26). Besides the questions with a visual 
analog scale, four open questions were asked. The experts were asked about (1) the 
usefulness of the simulator for training wrist arthroscopy, (2) how good it would be in 
preparing residents for a real wrist arthroscopy, (3) their opinion on the outer appear-
ance of the simulator, and (4) crucial anatomical structures that were missing from the 
prototype.

rEsults

Fourteen participants were included in the evaluation. Of these participants, five per-
formed between five and ten arthroscopies per month and the other nine performed 
more than ten wrist arthroscopies per month. The items with the highest scores were 
the realism of the skin feel, the size of the joint structures, the joint spaces and the 
arthroscopic image (Table 3). A high score was given for the suitability of the simulator 
as a training modality. Relatively low scores were given to the flexibility of the physical 
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table 3: Results of the survey among wrist arthroscopy experts during the FESSH in Antwerp (2012)

Experts

item mean sd

Realism of outer appearance 7.0 1.4

Realism of flexibility 6.0 2.3

Realism of palpation anatomical landmarks 6.1 1.8

Realism of lubricated top layer 7.7 1.6

Realism of trocar insertion force 7.2 1.8

Realism of arthroscope manipulation forces 7.1 1.6

Realism of intra-articular anatomy 6.7 1.8

Realism of texture of structures 6.1 1.5

Realism of color of structures 5.4 1.9

Realism of size of structures 7.7 1.6

Realism of size of joint spaces 8.0 1.2

Realism of arthroscopic image 7.9 1.2

Suitability as a training modality in a skills lab 8.3 1.4

Value of portal placement 7.1 2.9

Face validity rating on a scale of 0 to 10

figure 7: Radiocarpal arthroscopic view of the simulator
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model (mean 6.0 / SD 2.3) and the color of the anatomical structures (mean 5.4 / SD 1.9). 
By contrast, the realism of the arthroscopic image was rated with a high mean of 7.9 (SD 
1.2)(Fig.7). All 14 participants found the simulator to be a useful addition to the training 
curriculum, and considered this first prototype of the wrist simulator to be a good tool to 
prepare residents for a real wrist arthroscopy. All but one participant was of the opinion 
that the outer appearance of any simulator is important.

The structure that the experts missed most was the TFCC. In the simulator, the ulna head 
was clearly visible because of the absence of the TFCC. This caused some orientation 
problems because surgeons confused it with the distal end of the radius. Apart from 
the TFCC, the addition of volar ligaments would be an improvement to this simulator, 
according to the experts. Two experts noted that the skin should be attached to the 
dorsal side of the bones in the next version of the simulator, because the scope could 
now move between the radius and the dorsal skin. As this is not the case in a patient, 
this is hampering the general orientation in the wrist. The realism of the trocar insertion 
force was rated with a mean of 7.2 (SD 1.8), and the arthroscope manipulation force was 
rated with a mean of 7.1 (SD 1.6) indicating that the diagnostic sweep through the wrist 
does come close to the actual feel in the clinical situation according to the experts. 

discussion

When developing a new educational product it is important to focus on the desires and 
expectations of its future users. In this study, the requirements for the simulator were 
defined based on the opinion of a group of experts, and subsequently translated into 
technical design criteria to choose the proper materials for the prototype. For the skin 
cover, we tested the compressibility and tear strength and it mimicked the quality of 
human skin when compared to the values found in the literature (25,26).

The prototype developed was tested by seeking expert opinions during the 2012 FESSH 
conference and the results were favorable. In the face validity test, the judgment of the 
experts was generally good, with average scores above 7.0. Especially the realism of the 
intra-articular image, the trocar insertion and arthroscopic manipulation forces received 
above-average scores, which is promising as these were the focus points of our design. 

Stepwise testing and improving a prototype ensures the development of a prototype 
that complies with the predefined requirements. Engaging the prospective users in the 
development process ensures the development of a product with a broad user support.
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Testing of the prototype by experts is a logical step to verify fulfillment of the criteria 
that were initially set. The attachment of the skin to the dorsal side of the radius and the 
flexibility of the construct were mentioned as aspects that needed further work. These 
two points will be relatively easy to improve by adding an adhesive layer to the inside of 
the skin substitute in order to attach it to the dorsal side of the radius. Choosing another 
silicone material for the volar plate could change the flexibility of the construct. 

In the original requirements that were set the experts mentioned the representation of 
dorsal structures such as extensor tendons and the superficial branches of the radial and 
ulnar nerves as being important (Table 2). However, in the evaluation of the prototype 
the lack of these structures was not mentioned as a downside of the model; it depends 
greatly on the learning goals of the simulator. It therefore seems correct that these 
structures were omitted. A remarkable result is that only 9% of the experts mentioned it 
as being important to represent the carpal bones in a model. We can only assume that 
this percentage is so low because most experts would find it obvious to include these 
structures in a model. 

The development of this simulator prototype is part of an entire wrist arthroscopy cur-
riculum development. The first step in the curriculum would be an introduction to the 
theory behind wrist arthroscopy (indications, instruments, patient positioning, basic 
anatomy and stepwise description of the diagnostic arthroscopy steps). In the second 
phase of the curriculum the residents could use the simulator to get acquainted with the 
basic skills needed for wrist arthroscopy, namely localization of the portals, introduc-
tion of the scope and other instruments, and the hand-and-eye coordination needed 
to make a diagnostic sweep through the wrist. For the third step we are looking at the 
possibilities of using virtual reality modalities to help in teaching the 3D anatomy of 
the wrist and to introduce pathology scenarios. For the moment the third step of the 
curriculum would still be cadaver courses before starting wrist arthroscopy on a patient.

Having a simulator available in the hospital would also allow residents to confirm their 
proficiency in arthroscopic skills between trainings or in between operations. The 
advantage of a simulator such as the one presented is that it could also be useful for 
objective assessment of skills. 

limitations

First of all the response rate to the electronic survey was low (35%). This is not unusual 
for such a survey but it does introduce a bias. It is conceivable that the EWAS members 
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who are in favor of a simulator would be more inclined to respond to the questionnaire. 
In the development of a new product choices have to be made, and not all listed require-
ments could be incorporated in this model. As this was a first prototype, we decided 
to focus on a few requirements that would give the presented simulator its unique 
characteristics and potentially increase its value as a training tool in the already existing 
range of arthroscopic training simulators.

conclusion

In conclusion, the current wrist arthroscopy prototype was designed based on the as-
sessment of a need and according to predefined design criteria. Not all of the criteria 
have been incorporated in the current model, but the face validity test shows that the 
prototype was well received among wrist arthroscopy experts. It allowed us to identify 
the aspects of the prototype that need further work. The results of the face validity test 
also show that there is room for physical models such as this one in training arthroscopic 
skills. Finally, this design was kept simple on purpose in order to develop a prototype 
that would remain affordable in production in order to make it within the reach of every 
training hospital. 
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abstract

Purpose

Training in a skills laboratory offers opportunities for monitoring training progress by 
using objective metrics. Forces exerted on the tissues can be a measure of safe tissue 
manipulation. To provide feedback on the exertion of navigation forces, expert thresh-
old levels need to be determined. The purpose of this study was to define the amount 
and the direction of navigation force used during routine arthroscopic inspection of the 
wrist.

methods

We developed a device in which a cadaver wrist was mounted in a vertical position, 
combined with a 3D force platform that allowed measurement of the forces exerted on 
the wrist.

Six experts in wrist arthroscopy were invited to perform two tasks: 
- Introduction of the camera and visualization of the hook. 
- Navigation through the wrist with visualisation of five pre-defined anatomic struc-

tures. 

The amount (Fabs) and direction of force were recorded (vertical plane (α) and horizontal 
plane (β).

results 

The results show distinct force patterns for each of the anatomic landmarks. Median 
Fabs of the navigation task is 3.8 N (1.8 – 7.3), α is 3.60 (-54 to 44) and β is 260 (0 to 72). 
The angle α remains fairly constant during the navigation through the wrist, indicating 
a smooth movement by the experts. 

conclusion

This study delivered unique expert data on navigation forces during wrist arthroscopy, 
sufficient to indicate threshold levels for maximum allowable navigation force. This force 
is 7.3 N (90th percentile). 

These data contribute to the determination of objective threshold levels to provide 
feedback on performance for skills training. 
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introduction

Good clinical care start with good education of the physicians. In surgical education one 
of the most difficult tasks is to teach the optimal application of instrument handling 
necessary to conduct an operation (10). This is especially problematic in the field of 
minimally invasive surgery (MIS), where the teacher is one step removed from actual 
tissue contact (10).

To provide efficient surgical education, feedback on performance is crucial. In the clini-
cal setting, tools such as the Objective Structured Assessment of Technical Skill (OSATS) 
are used for assessment of skills. In skills labs, it is possible to measure the skills and pro-
gression of skills of the trainees objectively. This requires the definition of metrics that 
represent the learning curve of the trainee. Such work has been done in laparoscopy 
where metrics were defined that represent the performance of delicate tasks such as 
tissue handling and suturing (7,11). The defined metrics were the needle driving force, 
the amount of movement of dummy skin and the maximum tractive force on tissues. 
Tracking of the instrument pathways and forces measurements during knee arthroscopy 
have been used as a tool for objective assessment of the improvement of skills (2,3,6,12), 
as well as time to task completion. However, it should be noted that some metrics relate 
to task efficiency performance, whereas others focus on safe task performance. 

The prerequisite for a safe wrist arthroscopy is gentle introduction of the scope and 
secondary instruments, as well as smooth and gentle manoeuvring of the instruments 
during the arthroscopic manipulation through the wrist. Especially the cartilage needs 
to be respected during arthroscopy, as it is a tissue with poor healing potential (13). 

The forces used by experts during a wrist arthroscopy could be a valuable indicator 
of a safely performed procedure, as they are presumably at the end of their learning 
curve. To the best of the authors’ knowledge, these forces have not yet been determined. 
Knowing them would be useful to offer an adequate training environment. Our research 
questions were: 
- Can we determine the forces exerted on the wrist by a panel of experts during a 

diagnostic wrist arthroscopy? 
- Do the measured forces demonstrate only a small variation, indicating their reliabil-

ity as an objective measure of skills?
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mEtHods

Experimental set-up

One left-hand cadaver wrist was mounted in a custom-made distraction device (Fig. 1D) 
that loaded the wrist via a set of ‘traction fingers’ and a spring to 5 kg. The cadaver wrist 
with the distraction device was mounted in front of a special force platform (ForceTRAP) 
(Fig. 1E)(8). A vertically oriented base platform (Fig. 1F) was used to fix both the force 
platform and the mounted cadaver wrist in a vertical position to mimic the clinical set-
ting closely.

The ForceTRAP force platform was developed for accurate 3D force measurements of 
surgical actions in box or cadaver training settings, which allows monitoring of safe 
tissue manipulation (7,8). This version of the ForceTRAP contains three parallelogram 
mechanisms each built from two stiff elements and two spring blades that decouple the 

figure 1 Experimental set up. A: Three digital cameras that record the execution of the tasks. Together 
with the arthroscopic view, these video streams were recorded in split screen (up right) for reference. B: 
Left-handed cadaveric wrist. C: Tripod. D: Custom-made distraction device that loaded the wrist with 50 
N via a pre-tensioned spring. E: Force platform. F: Base plate to which all items were mounted. G: Data-
acquisition electronics and video grabber that recorded all video streams and force data in a Notebook 
PC. Finally, the two angles α and β that defined the direction of the forces are indicate relative to a 
coordinate system that is aligned with the cadaver wrist in vertical direction.
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applied forces from the moments (8). This is needed to measure pure forces independent 
of the location of the applied force. 

A single magnetic Hall sensor (SS49E, Honeywell, Morristown, NJ, USA) and a magnet, 
which is transformed to a force upon calibration, measures the deformation of each of 
the three parallelogram mechanisms. The ForceTRAP measures forces from 0 to 20 N in 
three dimensions, with an accuracy of 0.1 N and a sample frequency of 100 Hz. In the 
process of assembling the wrist and ForceTRAP and attaching them to the base plate, 
initialization was performed such that the weight of the cadaver wrist and the distrac-
tion device were compensated for. This set-up allowed the recording of the combined 
forces exerted on the cadaver wrist by the arthroscope and an instrument that performs 
direct (e.g. probing) or indirect (e.g. force on the portal) tissue manipulation.

In addition to the recording of the forces, two CCD cameras (Bullet CCD Camera model 
DV-2301CW360, Shenzen D-Vitec Industrial Co. Ltd., Shenzhen Guangdong, China) and 
one digital video camera with audio capability (GRD77, JVC, Kanawaga-ku Yokohama, 
Japan) were used to record the arthroscopic tasks from both sides and above the hand 
(Fig. 1A). The arthroscopic view was simultaneously recorded in a split screen using a 
colour quad processor (QC-904R, Przedsiębiorstwo Wielobranzowe, Poznań, Poland) and 
an analogue-to-digital converter (Canopus® ADVC 110, GrassValley Thomson, San José, 
USA) (Fig. 1G). 

To perform the arthroscopic tasks, an instrument set and a 30o angled - Ø2.4 mm ar-
throscope from Karl Storz (Germany) were used. Before the start of the experiment MO 
created the 3-4 portal and the 6R portal.

Participants

Six experts were recruited during the wrist arthroscopy course organized in the IRCAD 
training centre (Strasbourg, France). The experts filled in a questionnaire regarding 
their surgical background and their level of expertise in wrist arthroscopy and general 
arthroscopy (Table 1). 

study design

Two tasks were defined that were found to be most relevant as they reflect the important 
steps in learning wrist arthroscopy. Insertion of the arthroscope and probe is difficult be-
cause this task is performed predominantly using haptic feedback (proprioception) and 
the wrist bones have a complex curvature in two planes. In addition, safe and adequate 
navigation through the wrist is important to inspect the joint and confirm diagnosis. 
Again this is a difficult task due to the confined complex shapes in the wrists. Each of the 
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participants was asked to perform these two tasks, which were more specifically defined 
as follows:

Task 1 Insertion
This task consisted of two separate steps. Insert the arthroscope through the 3-4 portal 
and visualize the central part of the radio-carpal joint (RC). Subsequently, insert the 
arthroscopic hook through the 6R portal and visualize the tip of the hook in the centre of 
the arthroscopic image (PC). The portals were used as described in various papers (1,5).

Task 2 Navigation and probe
This task consisted of five separate steps. With the instruments in the above-described 
portals, navigation through the wrist from the radial to the ulnar side and probing of five 
predefined anatomic landmarks: radial styloid process (RSP), scaphoid (SC), scapholu-
nate ligament (SL), lunate (LU) and triquetrum (TR). Every structure had to be touched by 
the hook and visualized in the centre of the arthroscopic image (Fig. 2). For this purpose 
a white circle with a diameter of 18 cm was glued to the screen. 

Each participant performed the insertion task once. The time needed to insert the arthro-
scope and the time needed to visualize the hook in the centre of the arthroscopic image 
were documented separately. Subsequently, each participant repeated the navigation 

table 1: Demographic data and experience of the six participants

Expert 1 2 3 4 5 6 

Age (years) 43 47 47 55 47 43

Education Ortho Ortho Ortho Ortho Plastic Ortho

Expert hand surgery 
(years)

14 15 20 27 15 13

Expertise WA (years) 8 13 15 26 15 12

Nr WA (month) 5-10 5-10 5-10 >10 5-10 5-10

General arthroscopy Yes No No No No Yes

Nr knee/shoulder 
(years)

5-10 >10

NR = number, WA = wrist arthroscopy, Ortho = Orthopaedic surgeon, Plastic = Plastic surgeon

figure 2 Arthroscopic images of the pre-defined structures to be identified
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task five times. One of researchers standing next to the participant verified visually 
whether each of the structures had been visualized according to the protocol. Once the 
structure had been visualized correctly, the participant was allowed to proceed to the 
next anatomic landmark. There was no urging to perform the tasks as fast as possible. 
The participants were asked to perform the tasks as if they would be operating on a real 
patient. Again the time to visualize each of the five structures was recorded separately. 
The complete time for each task was defined as the summation of the individual times. 
All tasks were performed on a single cadaver wrist using the same instruments. Only the 
forces that were exerted within the indicated timeframes were used for further analysis.

In our institution Ethical Review Board approval is not necessary for experimental work 
with human cadaver specimens. 

data processing 

The data were processed using Matlab (version R2011b, The Mathworks Inc., Natick MA, 
USA) and IBM SPSS Statistics (version 19, SPSS Inc., Chicago, IL, USA). The task times for 
all seven steps were determined and used to select the force trajectories for further 
processing. Using the force signals in the x-, y- and z-directions the total absolute force 
(Fabs) per sample was calculated; these forces were filtered with a second-order Butter-
worth filter with a normalized cut-off frequency of 0.1 to suppress high-frequency noise. 
In addition to the magnitude of the force, its direction was expressed by two angles. 
The first angle (α) is defined in the vertical plane, which is aligned with the cadaver wrist 
mounted in the set-up (Fig. 1). A positive angle implies upward rotation and a nega-
tive angle implies downward rotation. The second angle (β) is defined in the horizontal 
plane, where a positive angle implies rotation to the ulnar side and a negative angle 
implies rotation to the radial side. 

Statistical analysis
The presence of normal distributions for Fabs, α and β was determined with the Kol-
mogorov-Smirnov test for the seven individual steps and both complete Tasks 1 and 2. 
As the data were not normally distributed, Fabs, α and β were expressed in terms of the 
median (min-max). The presence of a significant difference for Fabs, α and β for each of 
the seven steps was determined using the Kruskal-Wallis test. When we detected signifi-
cant differences, pair-wise comparisons between the steps were performed separately 
using Mann-Whitney U-tests. The significance level was corrected for multiple testing 
and set at 0.01. In order to indicate threshold levels that could be used during training 
for the navigation task, we propose to use the 10th and 90th percentile of Fabs as a 
safe-manipulation load range. The same strategy was used to indicate preferred levels 
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figure 3 A) Histogram of all absolute force data points (Fabs) of 6 experts who performed 5 repetitions of 
Task 2, the navigation task. 
B) Histogram of all angles in vertical plane of the same dataset (α), where positive angle implies upward 
rotation and a negative angle implies downward rotation. 
C) Histogram of all angles in the horizontal plane of the same dataset (β), where positive angle implies 
rotation to the left and a negative angle implies rotation to the right. 
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for the direction of the entire force when performing such a task, and for each of the 
seven steps individually.

rEsults

The histograms of Fabs, α and β for Task 2 are presented in Fig. 3. Due to the relatively 
high sampling frequency, over 20,000 force data points were measured, which explains 
the high frequencies in certain bins. The median values are marked, as well as 10th and 
90th percentiles. Fabs indicates outliers up to 67N, which were exerted when probing 
the lunate (LU). The rotation in the vertical plane is performed primarily in one quarter 
of a circle from the horizontal plane up to 90°. The rotation in the horizontal plane takes 
place in approximately half a circle from 90°to the ulnar side to 90° to the radial side. 
The values for each of the seven steps are presented in Table 2. The median Fabs shows 
a constant value of approximately 3.5 N for PSR, SC, SL and LU, with a higher value for 
TR. Insertion of the arthroscope (IT) requires almost no force, and also visualization of 
the probe (PC) requires less force than probing the landmarks. Similar to the results of 
the entire Task 2, there is a fairly large difference between the range of min-max values 

table 2 : Summary of median [min-max] of Fabs, α and β, and the 10th-90th percentiles for each of the 
seven steps

IT PC PSR SC SL LU TR

fabs [n]

Median 0.4 2.2 3.8 3.3 3.6 3.7 4.8

Range 0.2-9.3 0.1-11.4 0.3-17.9 0.2-21.9 0.2-19.4 0.3-67.4 0.2-59.4

10th-90th 
percentile

0.2-1.9 0.9-3.8 1.8-7.1 1.7-5.8 1.7-5.7 1.9-8.1 2.6-9.5

α [deg.]

Median 47 38 25 25 28 28 24

Range -21-196 -57 - 260 * -77-260 -86-194 * -47-243

10th-90th 
percentile

20-86 9-70 -2-73 0-65 4-70 3-106 0-67

β [deg.]

Median 0 16 -17 -2 4 12 32

Range * * * * * * *

10th-90th 
percentile

-84-38 -37-47 -74-16 -41-30 -37-70 -125-47 -11-54

Insert arthroscope (IT), visualize probe in centre (PC), processus styloideus of the radius (PSR), scaphoid 
(SC), scapholunate ligament (SL), lunate (LU) and triquetrum (TR). 
* Implies that for these steps the angular range was between -180° to 180°, thus 360°
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of Fabs and the range of the 10th - 90th percentile. The median angle α remains fairly 
constant for Task 1 and constant for Task 2 (approximately 27°). Also the 10th - 90th 
percentile range is constant for all steps, except for arthroscope insertion (IT) and prob-
ing of the lunate (LU), which are extended in upwards. As expected the median β angles 
of the five anatomic landmarks shift from the radial side, where the PSR is located to 
the ulnar side, where the TR is located (Fig. 4). The 10th - 90th percentile range remains 
constant (approximately 70°), except for the lunate (LU), which shows a percentile range 
that is approximately twice that of the other ranges. This shift in angular orientation of 
the force in the horizontal plane implies that threshold levels in this plane per landmark 
would reflect the force patterns more precisely than the use of the overall range for Task 
2. The threshold levels as defined by the 10th - 90th percentile range for Fabs, α and β are 
graphically presented in Fig.4 for the five anatomic landmarks with the aim of relating 
the direction of the total force to the vertical orientation of the cadaver wrist and the 
anatomic landmarks. 

figure 4 Graphical representation of the median values of the magnitude and direction of Fabs for each 
of the five anatomic landmarks (PSR, SC, SL, LU en TR). The grey boxes indicate the combined boundaries 
of the 10th and 90th percentiles for Fabs, α andβ. The positive direction of both angles is indicated in the 
coordinate system and for reference the schematic orientation of the left-handed cadaver wrist is printed 
as well.
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Statistical analysis:
The Kruskal-Wallis tests indicated significant differences for Fabs, α and β between the 
seven steps (p < 0.01). The Mann-Whitney U-tests highlighted that all conditions were 
significantly different from each other for Fabs, α and β (p < 0.01). 

discussion

The forces exerted by experts performing key tasks of wrist arthroscopy can be deter-
mined with the proposed experimental set-up. The results show distinct force patterns 
for each of the seven steps (Fig.4). As the number of data points that were recorded 
was substantial, the 95% confidence intervals of the median values were small. This also 
explains the significant differences found between the values for Fabs, α and β for each 
of the seven steps, although their actual values do not differ all that much. This small 
variation in data supports our decision to select the 10th - 90th percentile range to set 
threshold levels for safe tissue manipulation, and implies that data points outside this 
range are true outliers. These outliers are sometimes caused by a slippage of the probe 
or an attempt to push away fibrous tissue that is blocking the view of the arthroscope. 
Such actions were performed within short periods of a couple of seconds. 

The median Fabs of approximately 3.5N is indicative of a gentle and smooth movement 
through the wrist. The visualization of the triquetrum (TR) requires a slightly higher 
amount of force probably due to the position of TR on the ulnar side of the wrist and 
slightly around the corner from the lunate. 

The median Fabs for the insertion of the arthroscope is 0.4N. This represents the force 
used to insert the scope into the pre-existing portal. It is probably so low because the 
experts have, as result of their experience, an extensive mental picture of the anatomi-
cal configuration of the wrist. The dorso-volar and radio-ulnar inclination is respected 
while introducing the scope. This aspect is more complicated for novices as they have to 
search for the proper angle using solely their sense of touch, which creates a higher risk 
of cartilage damage during this phase of the procedure. 

The angle α remains fairly constant during the navigation through the wrist, which 
indicates a smooth movement without many changes in an upward or downward 
direction. The median direction of force application is in line with the curvature of the 
carpal bones in the sagittal plane and the 30 degree view angle of the arthroscope (Fig. 
5). Apparently, experts are used to this configuration and have little trouble following 
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the radiocarpal joint space. As the novices will not have a perfect mental picture of the 
carpal bones, we would expect them to use a larger range of angle α direction. 

The angle β in the radio-ulnar direction shifts from a negative to a positive value, which 
is in accordance with its definition. The angular range that is used per anatomic land-
mark is approximately 70°. This range is required to visualize the anatomic landmark in 
the centre of the arthroscopic view and to place the hook neatly touching that particular 
landmark. Noticeably, the lunate shows a range that is twice that of other landmark 
ranges. An explanation for this finding could be that at that location in this particular 
cadaver specimen, a rather substantial volume of synovial tissue was blocking the view. 
Moving around in the joint space while being hindered by synovial tissue is a challenge 
for these experienced wrist arthroscopists, but would be an even bigger challenge for 
novices. 

We chose to measure the navigation forces used by faculty members of the wrist ar-
throscopy course of the EWAS. These faculty members all have more than 8 (range 8-26 
years) years of experience in wrist arthroscopy and have performed more than five wrist 
arthroscopies per month. We can thus assume that these experts are at the end of the 
learning curve for wrist arthroscopy. The forces they use can be considered to be safe 
forces for wrist arthroscopy. 

The limitations of the study include the fact that we used only one wrist to measure 
all the forces. Also the group of experts was quite small. However, the number of data 
points per surgeon was high. The median values of Fabs, α and β demonstrate a narrow 
95% confidence interval. 

figure 5 Schematic representation of the scope in the radiocarpal joint illustrating the direction of Fabs 
and the angle α
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As stated in the introduction, the objective assessment of residents’ skills remains a chal-
lenge (12). To date, there is no single widely used method for the automatic assessment 
of these basic, minimally invasive surgical skills. Commonly, assessment relies heavily 
on the expert surgeons and, therefore, is not always objective (4). Other authors have 
looked at the use of forces during surgical procedures. Richards et al. studied the forces 
and torques applied at the hand-tool interval (F/T) and distinguished between experts 
and novices dissecting on the MIS simulator. They concluded that using the F/T informa-
tion in real time during the course of learning as feedback information to the novices 
may improve the learning process, reduce soft tissue injury and increase efficiency dur-
ing endoscopic surgery (10). Horeman et al. assessed the forces used during a needle-
driving task and concluded that a set-up that measures forces can provide students and 
instructors with objective information about interaction forces and torques for more 
effective training and assessment (9). Besides measurement of the forces used, motion 
analysis through tracking of instruments can be a valuable tool in skills assessment (4). 

This study aimed at defining the use of force measurements for an arthroscopic proce-
dure. Such a set of data can be useful in different ways during the training of novices. 
It can be used as one of the metrics to give feedback to residents during their training. 
The amount of force can be visually represented on the screen during performance to 
provide direct feedback (7). 

Furthermore, the progress of the resident can be monitored by recording the forces 
used during every exercise. A learning curve can thus be made clear for the trainee and 
the supervisor. 

Lastly these forces can also be used to show an improvement in skills after training on a 
simulator. Pre- and post-training forces can be compared to validate the learning curve 
from training on a simulator. Although this study uses a wrist arthroscopy model, the 
same principles could apply to other arthroscopic procedures.

Acknowledgment: The authors would like to thank the experts who participated in this 
study. Furthermore, we would like to thank Storz for supplying the instruments and tower for 
the measurements, and the personnel of the IRCAD laboratories for their kind cooperation 
during the study.
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abstract

 Purpose 

To provide an efficient learning process, feedback on performance is crucial. A pre-
requisite for a safe wrist arthroscopy is the gentle introduction and smooth handling 
of instruments. Thus, force related parameters could be valuable to assess arthroscopic 
skills. The research questions were: 
- What are the forces used by novices during a wrist arthroscopy? 
- What aspects of these navigation forces (e.g. in terms of magnitude or direction) are 

significantly different between novices and experts in wrist arthroscopy?
- What aspects of these navigation forces (e.g. in terms of magnitude or direction) 

show a distinct learning curve?

methods 

A cadaver wrist was mounted in a custom-made distraction device mounted in front of a 
force platform (ForceTrap). Eleven novices were invited to perform two tasks on a wrist:
- Insertion of the scope through the 3-4 portal and the hook through the 6R portal, 

and visualization of the hook in the center of the image.
- Navigation through the wrist from radial to ulnar with probing and visualization of 5 

pre-defined landmarks.

Both tasks were repeated 10 times. Using the force signals in the x-, y- and z-directions, 
the absolute force (Fabs) per sample was calculated, as well as the force direction angle 
(α) defined in the vertical plane, and the force direction angle (β) defined in the hori-
zontal plane. The values of Fabs, α and β were described by median and the 10th and 
90th percentile, and were compared to those of experts using a MannWithney U test (p 
< 0.05). 

results 

The median Fabs was 2.1 N [0.7 – 6], α was 18° [-22° - 139°], and β was -1° [-171° - 53°]. 
Fabs was significantly lower compared to the expert data, and the mean force directions 
differed significantly from the expert data as well. There was no change in Fabs, α and β 
after multiple trials.

conclusion

Our results indicate that force parameters can discriminate between different skills 
levels, and that novices probably do not receive sufficient cues to improve their skills. 
This indicates that learning to navigate through a wrist and to use the tactile feedback 
for safe tissue manipulation could benefit from monitoring the force and the amount 
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of manipulation of the scope and instruments exerted during training. Although the 
experts used more force to navigate through the wrist, this allowed them an economy 
of movement and thus more precise instrument manipulation. 

introduction

In order to provide an efficient learning process, feedback on performance is crucial. 
In the clinical setting, tools like the Objective Structured Assessment of Technical Skills 
(OSATS) are used for assessment of skills (1-3). This type of assessment, by its nature, is 
subjective and time-consuming (4). Moreover they do not assess important elements 
that are related to safe tissue manipulation, which is mandatory in the beginning of a 
training process (4). In skills labs objective measurement of various aspects of surgical 
and endoscopic skills is possible, as well as monitoring trainees’ progression (5). A pre-
condition is the identification of metrics that represent the learning curve of the trainees. 
The literature presents quite a variety of metrics of which time to task completion has 
been shown to be a strong predictor of task efficiency (3). Tracking of motion has also 
been investigated (6). Cut-off values for the scores of motion analysis devices have yet 
to be defined, making them only suitable for formative assessment (5). Oropesa et al. 
concluded that most training systems for laparoscopy assess performance using task 
time and motion-derived parameters like path length, speed, economy of movements 
and motion smoothness (3). These efficiency parameters are objective and reproducible 
and related to measurable physical metrics.

However, an effective performance of the task does not necessarily mean a safely 
performed task. A prerequisite for a safe wrist arthroscopy is the gentle introduction 
of the scope and secondary instruments, as well as a smooth and adequate manipula-
tion of the instruments during the arthroscopic sweep through the wrist. Especially the 
cartilage needs to be respected during arthroscopy as it is a tissue with poor healing 
potential. Thus, force related parameters could be valuable to assess the technical skills 
of trainees in wrist arthroscopy.

The literature presents a few studies on measurements of forces during arthroscopy. 
Tashiro et al. measured both motion and force data (7). The forces and torques were 
measured using a six degrees of freedom sensor attached to a dummy knee. The authors 
conclude that motion and force data were equally able to distinguish between levels of 
experience in a joint inspection and probing task. In a more complicated task (menis-
cectomy), all force parameters were similar for each group, suggesting that beginners 
take care to execute safe tissue manipulation. Chami et al. measured forces and torques 
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during knee arthroscopies in the operating room by fitting a six degrees of freedom 
force torque sensor to the arthroscopic hook (4,8). Their results on ‘efficiency of move-
ment’ and ‘consistency of performance’ indicate that it is possible to assess experience 
objectively using force measurements (4). 

Our purpose was to further investigate the usefulness of force parameters in monitoring 
safe tissue manipulation. To this end, we previously studied the forces used by experts 
during wrist arthroscopy in a cadaver with a custom-made force platform (Table 1, 
Figure 1). These data were used as reference for safe manipulation for this study where 
we investigated the following questions:

- What are the forces used by novices during a wrist arthroscopy? 
- What aspects of these navigation forces (e.g. in terms of magnitude or direction) are 

significantly different between novices and experts in wrist arthroscopy? 
- What aspects of these navigation forces (e.g. in terms of magnitude or direction) 

show a distinct learning curve?

mEtHods

Experimental set-up 

Three left-handed cadavers were used in this experiment. In a session of measurements 
one left-handed cadaver wrist was mounted in a custom-made distraction device (Fig. 1) 

tabel 1: Demographic data of the experts

Experts Age (Years) Training Expert Hand 
Surgery 
(Years)

Expert WA 
(Years)

Nr WA per 
month

Nr KA/SA 
per month

1 43 Ortho 14 8 5-10 5-10

2 47 Ortho 15 13 5-10 None

3 47 Ortho 20 15 5-10 None

4 55 Ortho 27 26 >10 None

5 47 Plastic 15 15 5-10 None

6 43 Ortho 13 12 5-10 >10

Expert WA = years of experience in wrist arthroscopy
WA = Wrist arthroscopy
KA = Knee arthroscopy, SA = Shoulder arthroscopy
Plast = Plastic Surgery
Ortho = Orthopaedic Surgery
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that loaded the wrist via a set of ‘traction fingers’ and a spring to 5 kg. The cadaver wrist 
with the distraction device was mounted in front of a special force platform (ForceTRAP) 
(Fig. 1). A vertically oriented base platform was used to affix both the force platform and 
the mounted cadaver wrist in a vertical position to mimic the clinical setting closely. The 
ForceTRAP was developed to measure forces during surgical actions in training settings 
[9,10]. The ForceTRAP contains three parallelogram mechanisms each built from two stiff 
elements and two spring blades that decouple the applied forces from the moments [9]. 
This allows measurement solely of the applied forces, without measuring the moments. 
The ForceTRAP measures forces from 0 to 20 N in three dimensions, with an accuracy of 
0.1 N and a sample frequency of 100 Hz. This set-up records the combined forces exerted 
on the cadaver wrist by the arthroscope and the hook. Thus the forces are a summation 
of direct (e.g. probing) and indirect (e.g. force on the portal) tissue manipulation.

In addition to the recording of the forces, two CCD cameras (Bullet CCD Camera model 
DV-2301CW360, Shenzen D-Vitec Industrial Co. Ltd., Shenzhen Guangdong, China) and 
one digital video camera (GRD77, JVC, Kanawaga-ku Yokohama, Japan) were used to 
record the arthroscopic tasks from both sides and above the hand (Fig. 1). The images 
from the 3 cameras and the arthroscopic view were recorded simultaneously and repre-
sented in a split screen image using a colour quad processor (QC-904R, Przedsiębiorstwo 

figure 1: A = Cadaver wrist; B= Camera; C= tripod; D= Vertical traction device; E= Force Platform; F= Force 
Platform Holder; G= Laptop registering the data; Input = From the 3 camera’s and the scopic image
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Wielobranzowe, Poznań, Poland) and an analogue-to-digital converter (Canopus® ADVC 
110, GrassValley Thomson, San José, USA) (Fig. 1). 

To perform the arthroscopic tasks, an instrument set and a 30o angled - Ø2.4 mm arthro-
scope from Karl Storz (Germany) were used. Before the start of the experiment the senior 
author (MO) established the 3-4 portal and the 6R portal in each of the cadaver wrists.

Participants

Eleven participants were recruited (Table 2). The participants were residents in training 
for plastic surgery or orthopaedic surgery. None of the participants had any experience 
in performing wrist arthroscopy. The residents in training for orthopaedic surgery had 
some experience in assisting during knee arthroscopies, but they had experience of less 
than 5 procedures in which they performed the procedure by themselves. We consid-
ered this experience negligible, as independent performance of 50 knee arthroscopies 
is considered needed to become competent [11]. 

tabel 2: Demographic data of the novices

novices Age (Years) Training Hand surgery 
experience (y)

Nr WA Nr KA/ SA
(total)

1 31 Plastic 3 None None

2 29 Ortho 1 None <5

3 28 Ortho 1 None < 5

4 27 Plast 0 None None

5 27 Ortho 1 None < 5

6 37 Plastic 3 None None

7 33 Plastic 1 None None

8 33 Plastic 2 None None

9 33 Plastic 1 None None

10 32 Surgery 0 None None

11 31 Plastic 2 None None

WA = Wrist arthroscopy
KA = Knee arthroscopy, SA = Shoulder arthroscopy
Plast = Plastic Surgery
Ortho = Orthopaedic Surgery
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study design

Two tasks were defined that reflect important steps in learning wrist arthroscopy and 
require safe tissue manipulation. First, the creation of portals is an important step during 
arthroscopy. As we used cadavers, only one set of portals could be created per cadaver 
that would not reveal sufficient data to draw any conclusions. Therefore, we focused on 
insertion of the arthroscope and hook, which could be repeated multiple times. Similar 
to portal localisation, the insertion of the arthroscope is also primarily guided by haptic 
feedback. Second, safe navigation and orientation in the wrist is difficult due to the 
confined complex shapes in the wrist and the 30° oriented arthroscope. To be able to 
compare all data, the tasks were more specifically defined as follows:

Task 1 Insertion
This task consisted of two separate steps. The participants were required to insert the 
arthroscope through the 3-4 portal and visualize the central part of the radiocarpal joint. 
Subsequently, they were required to insert the arthroscopic hook through the 6R portal 
and visualize the tip of the hook in the centre of the arthroscopic image.

Task 2 Navigation and probe
This task consisted of five separate steps. With the instruments in the above-mentioned 
portals, navigation had to be performed through the wrist from the radial to the ulnar 

PSR while probing five predefined anatomic landmarks consecutively: radial styloid 
process (PSR), scaphoid (SC), scapholunate ligament (SL), lunate (LU) and triquetrum 
(TR)(12). Each structure had to be touched by the hook and visualized in the centre of 
the arthroscopic image (Fig. 2). For this purpose, a circle with a diameter of 18 cm was 
glued to the screen. 

Each participant performed the insertion task. The time needed to insert the arthro-
scope and the time needed to visualize the hook in the centre of the arthroscopic image 
were documented separately. Subsequently, each participant performed the navigation 

figure 2: Scopic images with the hook on the  anatomical structures.
PRS: radial styloid process, S = scaphoid, SL = scapholunate ligament, L = lunate, T=triquetrum
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task. The first author stood next to the participants, verifying visually whether each of 
the structures had been visualized according to the protocol. Once the structure had 
been visualized correctly, the participant was allowed to proceed to the next anatomic 
landmark. There was no urging to perform the tasks as fast as possible. The participants 
were asked to perform the tasks as if they would be operating on a real patient. The total 
task time was defined as the summation of all time periods to identify and probe each 
of the five landmarks of Task 2. Both tasks were repeated 10 times. The participants were 
randomly allocated to the different wrists, so as to use each wrist a maximum of 4 times. 
Only the forces that were exerted within the indicated timeframes were used for further 
analysis.

data processing and statistical analysis 

The data were processed using Matlab (version R2011b, The Mathworks Inc., Natick MA, 
USA) and IBM SPSS Statistics (version 19, SPSS Inc., Chicago, IL, USA). The task times for 
all seven steps were determined and used to select the force trajectories for further pro-
cessing. Using the force signals in the x-, y- and z-directions the absolute force (Fabs) per 
sample was calculated from the square root of Fx, Fy and Fz force components. The angle 
(α) is defined in the vertical plane, which is aligned with the cadaver wrist mounted in 
the set-up (Fig. 1). A positive angle implies upward distal rotation and a negative angle 
implies downward proximal rotation. The angle (β) is defined in the horizontal plane, 
where a positive angle implies rotation to the ulnar side and a negative angle implies 
rotation to the radial side. The experts performed the same two tasks on a different 
specimen and their data were processed identically as described for the novices. 

The presence of normal distributions for the parameters (Fabs, α and β) was assessed 
with the Kolmogorov-Smirnov test for the seven individual landmarks and both tasks 
combined. As the data were not normally distributed, they were expressed as median. 
Normally, the median is complement with the minimum and maximum values, but as we 
processed the raw data without filtering we propose to use the 10th and 90th percentile 
of the datasets for visualisation. The raw datasets of the novices for Fabs, α and β were 
compared to those of the experts as previously measured using a MannWithney U test (p 
< 0.05) to highlight any significant differences. For illustration purposes, the descriptive 
values of Fabs, α and β of both tasks combined as executed by the novices are graphi-
cally presented per trial together with the proposed safe threshold values for Fabs, α and 
β that were previously determined from expert data. These thresholds are proposed to 
consist of the 10th and 90th percentile as indicated in Table 3. As these experts all had 
more than 8 years of experience in wrist arthroscopy (Table 1), we assumed that they 
are at the end of the learning curve for wrist arthroscopy. Therefore, we considered the 
forces they use to be safe for wrist arthroscopy. Inherent to the navigation task angle 
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β shifts from radial (negative) to ulnar (positive) when navigating through the wrist. 
Therefore, angle β is presented per landmark for all novices. The presence of a learning 
curve for the median of Fabs, the minimum of Fabs, the maximum of Fabs, the median of 
α and β were determined per landmark and total task using a Friedman test. The Fried-
man test is similar to the parametric repeated measures ANOVA, and it is used to detect 
differences in treatments across multiple test attempts. Only the results of the 1st, 5th and 
10th trial were used, therefore the significance level was set at 0.05. 

rEsults

The overall magnitude and force directions (Fabs, α and β) for both tasks are summarized 
in Table 3. Noticeable are the substantial larger ranges of the 10th and 90th percentiles 
of the novices compared to the experts. All three parameters (Fabs, α and β) show sig-
nificant differences between novices and experts with the force magnitude applied by 
novices being lower, the angle in the vertical plane being lower and the angle in the 
horizontal plan being shifted to the radial side (Table 3). The lower angle α indicates 
that the novices keep their scope in a more horizontal plane, failing to follow the natural 
inclination of the radius. 

Figure 4, shows the graphical presentation of the magnitude of forces per trial as applied 
by the novices. More specifically, the median values (bars) and the 10th and 90th percen-
tiles (error bars) of Fabs for all novices and landmarks together are plotted per trial. The 
horizontal lines indicate the 10th and 90th percentile of Fabs of the experts (Table 3). The 
median Fabs of the novices remains the same and is located at the 10th percentile thresh-
old of the experts. The range of Fabs formed by the 10th and 90th percentiles remains 
similar by repeated trials executed by the novices. Figure 5, has an identical structure, 

table 3: Median values of absolute force Fabs [10th and 90th percentile] for all repetitions of the novices vs. 
the experts. 

Novices (n= 11) Experts (n= 6) Mann Withney 
U

Median [10th – 90th perc.] Median [10th – 90th perc.]

Fabs [N] 2.1 [0.7 – 6] 3.8 [1.8 – 7.3] p < 0.05

α [deg.] 18 [-22 - 139] 26 [0 - 72] p < 0.05

β [deg.] -1 [-171 - 53] 4 [-54 - 44] p < 0.05

Similar values are given for the angles α and β, which indicate the direction of Fabs in vertical and 
horizontal plane, respectively. 10th percentile for α is defined as rotation to the dorsal side and the 90th 
percentile is defined as rotation to the volar for a left wrist. 10th percentile for β is defined as rotation to 
the radial side for a left wrist and the 90th percentile is defined as rotation to the ulnar side for a left wrist. 
All three parameters are significantly different between novices and experts.
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but shows the results of angle α, the direction of the force in the vertical plane as defined 
in Figure 1. The range of angle α as indicated by the error bars is consequently larger 
than the threshold lines. Figure 6, shows angle β per landmark per trial for all novices. 
The direction of force in the horizontal plane is quite similar to those of the experts for 
probing the radial styloid process. Also the shift from radial to ulnar can be identified 
from the radial styloid towards the lunate when viewing the median values. Again a 
noticeable difference is shown between the ranges of angle β and the threshold ranges 
as measured with the experts. The experts also use quite a large range of force direction 
in the horizontal plane to insert the scope.

As already suggested by Figures 4-6, but confirmed by the Friedman tests, no significant 
differences were found between the 1st, 5th and 10th trial of the novices for all parameters 
(median, minimum and maximum of Fabs and median of α and β). Consequently, there 
was no improvement of skills for any of the tested parameters. 

discussion

Objective, reliable and reproducible evaluation of skills is important in training of 
arthroscopic procedures, not only to monitor skills progression but also safe tissue 
handling (13,14,15). The findings of this study indicate that force information during 

	  
	  
	  

	  
	  

figure 4: The median values of Fabs of all novices for both Tasks 1 and 2 per trial. The error bars indicate 
the 10th and 90th percentiles of Fabs. The two horizontal dotted lines indicate the 10th and 90th 
percentile of Fabs of the experts.
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figure 5: The median values of the angle α of all novices for both Task 1 and 2 per trial. The error bars 
indicate the 10th and 90th percentiles of α. The two horizontal dotted lines indicate the 10th and 90th 
percentile of α of the experts.

Figure	  6:	  The	  median	  values	  of	  angle	  B	  of	  all	  novices	  for	  6	  landmarks	  per	  trial.	  
	  

	  
	  
The	  error	  bars	  indicate	  the	  10th	  and	  90th	  percentile	  of	  β.	  The	  two	  horizontal	  dotted	  
lines	  indicate	  the	  10th	  and	  the	  90th	  percentile	  of	  β	  of	  the	  experts.	  	  
	  

figure 6: The median values of angle β of al novices for 6 landmarks per trial. The error bars indicate the 
10th and 90th percentile of β. The two horizontal dotted lines indicate the 10th and 90th percentile of β of 
the experts.
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training in wrist arthroscopy can be recorded and that there is a significant difference 
between novices and experts. 

Furthermore, the ranges of the force directions in both planes remain consistently large 
compared to the smaller ranges of the experts. A smaller range of force directions indi-
cates a smoother movement. 

Since the forces exerted on the wrist cannot be seen or felt by the supervisor, it is dif-
ficult to give adequate directions. As we demonstrated in accordance with other studies 
that objective force measurement is possible in a skills training setting, the next step can 
be taken to provide and implement proper feedback as determined from the measure-
ments. For example Horeman et al. studied force feedback by providing a coloured ar-
row visualized in the arthroscopic view with augmented reality. The colour of the arrow 
indicates proper (green) or improper (red) tissue contact and the direction of the arrow 
indicates the direction of the force. (16). Other cues are also feasible such as audible 
signals. 

This study has limitations. All of the testing was done on cadaver specimens, which may 
not approximate the clinical situation. Furthermore, the establishment of the portals 
was not assessed, which is a major difficulty for most novice arthroscopists. The numbers 
were too small to perform a statistical analysis to determine if the force parameter and 
angle α and β differences between the novices and the experts was statistically signifi-
cant. Measurements were performed on only three cadaver wrists and 11 participants. 
After repetitions the portals will widen and tissue inside the wrist can deteriorate. We 
took measures to minimize this by using several wrists and creation of the portals by 
ourselves to make sure they were at the proper location. This was a trade-off, since using 
more than one cadaver introduces a bias in terms of complexity. Different wrists could 
have been more tight or present scar tissue. To minimize the differences, M.O. performed 
the navigation task after the creation of the portals and removed fibrous tissue to allow 
normal navigation. 

The tasks were repeated 10 times. Compared to the numbers of repetitions needed to 
become proficient in wrist arthroscopy, these repetitions are few. However, this study 
is not about acquiring proficiency, but investigates the possible contribution of force 
parameters to reflect skill improvement in two specifically defined tasks. Based upon 
other studies, where for example task time has been known to decrease quite rapidly 
after up to ten times of task repetition (17,18,19), we expected to see changes in the 
magnitude of the studied parameters. 
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Lastly, as we used the cadaver wrist more then one time, no dissection of the wrist was 
performed to assess the amount of damage to the cartilage.

As Howells et al. eloquently described: Arthroscopy has some notable differences in 
techniques compared to other operative procedures. One hand is often used for camera 
manipulation, the instruments are shorter, the operating field is a more confined space 
and there is greater degree of tactile feedback from the cartilaginous surfaces (14). Our 
results indicate that learning to navigate through a wrist and to use the tactile feedback 
for safe tissue manipulation could benefit from monitoring the force and the amount 
of manipulation of the scope and instruments exerted during training. Although the 
experts used more force to navigate through the wrist, this allowed economic motion 
and possibly prevented cartilage injury by more precise instrument manipulation. This 
is in concordance with the findings of Tashiro et al. who showed that compared to expe-
rienced surgeons trainees had more unnecessary movements. Probably the magnitude 
of the force might not be as important. This could be due to the fact that the articular 
injury does not occur by “pushing” the cartilage with the probe but rather by improper 
positioning of the instruments. This could be further investigated in future research. 

Acknowledgment: We would like to thank Juul Alewijnse for her assistance during the mea-
surements and during the preparation of this manuscript.
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abstract

Purpose

In video surgery, and more specifically in arthroscopy, one of the major problems is 
positioning the camera and instruments within the anatomic environment. The concept 
of computer-guided video surgery has already been used in ear, nose, and throat (ENT), 
gynecology, and even in hip arthroscopy. These systems, however, rely on optical or 
mechanical sensors, which turn out to be restricting and cumbersome. The aim of our 
study was to develop and evaluate the accuracy of a navigation system based on elec-
tromagnetic sensors in video surgery.

methods

 We used an electromagnetic localization device (Aurora, Northern Digital Inc., Ontario, 
Canada) to track the movements in space of both the camera and the instruments. We 
have developed a dedicated application in the Python language, using the VTK library 
for the graphic display and the Open CV library for camera calibration.

results

A prototype has been designed and evaluated for wrist arthroscopy. It allows display of 
the theoretical position of instruments onto the arthroscopic view with useful accuracy.

discussion

The augmented reality view represents valuable assistance when surgeons want to posi-
tion the arthroscope or locate their instruments. It makes the maneuver more intuitive, 
increases comfort, saves time, and enhances concentration.
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introduction

One of the main problems in endoscopic surgery is positioning and displacing both the 
optic device and the surgical instruments within the operative field. Triangulation is only 
mastered after years of training. In order to smooth the learning curve, solutions have 
been developed in some disciplines thanks to computer-assisted surgery, such as in 
laparoscopy (1), arthroscopy of the temporomandibular joint (2) or hip arthroscopy (3).

These computer-assisted endoscopic surgery systems require merging two kinds of 
data, anatomic and instrumental, so that surgeons can better find their bearings in a 
limited surgical field (4). Anatomical data corresponds to a three-dimensional recon-
struction of the surgical field of the patient from CT or MRI acquisitions. Instrumental 
data corresponds to a three-dimensional representation of surgical instruments from 
acquisitions thanks to sensors.

In wrist arthroscopy, mastering the positioning and displacement of optical device and 
surgical instruments in the joints requires a long learning curve (5, 6). To our knowledge, 
no computer-assisted system for arthroscopic surgery of the wrist facilitating the 
localization of optical device and instruments has yet been developed to smooth the 
learning curve.

The aim of this study was to develop and evaluate the feasibility of a computer-assisted 
system for arthroscopic surgery of the wrist through augmented reality and using elec-
tromagnetic sensors.

matErial and mEtHods

The material was composed of a fresh cadaver, an arthroscopy column and an aug-
mented reality navigation system for wrist arthroscopy that has been developed for this 
study.

The left forearm of the cadaver has been sectioned at the level of the proximal quarter. 
It has been installed in 80 N vertical traction on a traction tower (Fig. 1). 

The augmented reality navigation system for wrist arthroscopy was composed of three 
devices: an arthroscopic image collection device, an electromagnetic localization de-
vice, and a data processing device. 
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The arthroscopic image collection device was composed of an arthroscope (Fig. 1) fitted 
with a 2,4 mm optic with 30° oblique vision and a high resolution camera (H3-Z® HD 
camera head, Stortz™, Tuttlingen, Germany), and a video column for arthroscopy (Image 
1® Hub, Storz™, Tuttlingen, Germany).

The objective of the electromagnetic localization system (Aurora®, Northern Digital 
Inc™, Ontario, Canada) was to track the movements in space of the arthroscope and a 
little ferromagnetic palpator for arthroscopy designed to reduce electromagnetic inter-
ferences. This device had on the one hand an electromagnetic field transmitter (Planar 
Field Generator) and on the other hand solenoid-shaped electromagnetic sensors with 
6 degrees of freedom (DOF) connected to Sensor Interface Units. The electromagnetic 
field transmitter and sensor interface units were linked to a System Control Unit. Two 
electromagnetic sensors had been attached to the palpator and an electromagnetic 
sensor had been attached to the arthroscope (Fig. 1). A system control unit gave sensor 
position and orientation in real-time, with accuracy within the mm and degree range (7). 
This data was transmitted to the data processing device via a serial port. 

The data processing device was composed of a laptop and an application designed to 
generate augmented reality images. This application has been implemented in Python 
language (8), and used the open source library Visualisation Toolkit (VTK) (9) for the 
graphic display, and the open source library OpenCV (10) for the processing of video 

figure 1 a-d: Setup of the navigation system for wrist arthroscopy. (a) Wrist in traction. (b) 
Electromagnetic field transmitter. (c) Arthroscope with an electromagnetic sensor. (d) Probe with two 
electromagnetic sensors.
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images. The application captured the spatial position of electromagnetic sensors in real-
time from the data flow originating from the electromagnetic localization device. 

The method consisted in calibrating the palpator, the arthroscope, the endoscopic 
camera and the wrist.

Palpator calibration (Fig. 2) has been done following the pivot method (11). A dedicated 
function took the successive positions of the palpator’s electromagnetic sensors into 
account during a circumduction movement around the palpator tip. From all sensor 
positions, this function computed an estimation of the theoretical position of the 
palpator tip. At the end of calibration, the function turned around the transformation 
matrix expressing the relative position of the palpator tip with respect to the position of 
electromagnetic sensors. 

Arthroscope calibration has been done through palpation of three reference points with 
the palpator tip. A dedicated function took the position of the arthroscope tip, of the 
camera-optic junction and of the cold light connection into account. At the end of cali-
bration, the function turned around the transformation matrix expressing the relative 
position of arthroscope tip with respect to the position of the electromagnetic sensor.

figure 2: Probe calibration following the pivot method. With a circumduction movement of the probe 
around the tip, the navigation system determined the relative position of the probe with respect to the 
position of the electromagnetic sensor.
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figure 3: Endoscopic camera calibration according to the method described by Tsai. A checkered pattern 
with known dimensions was localized in space through palpation with the probe, then recorded for a few 
seconds with the arthroscope, while the electromagnetic localization device collected the positions of the 
arthroscope-associated sensor. The navigation system then determined intrinsic and extrinsic parameters 
of the optic-camera set.

figure 4: After probe and arthroscope calibration, the navigation system displayed a virtual reality model 
of the probe and the arthroscope.
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Calibration of the endoscopic camera (Fig. 4) has been done following the method 
described by Tsai (12), camera rotation around the axis of the optic having been blocked 
so as to simplify the registration problem of optics with oblique vision. The aim was to 
determine on the one hand intrinsic parameters of the optic-camera set corresponding 
to the internal geometry of the camera and to the characteristics of the camera, and 
on the other hand extrinsic parameters corresponding to position and orientation of 
the optic-camera set within the adopted spatial reference frame. This has been realized 
thanks to specific functions of the OpenCV library. In practice, a checkered pattern with 
known dimensions was localized in space through palpation with the palpator, and 
then filmed for a few seconds by the arthroscope while the electromagnetic localization 
device was collecting the positions of the sensor associated to the arthroscope. A col-
lection of couples (arthroscopic image of the checkered pattern, actual sensor position) 
was sent in input to a function which, after segmentation of the checkered pattern, 
turned around intrinsic and extrinsic parameters of the optic-camera set.

Calibration ended with the localization of three reference points on the back of the 
cadaver hand which was fixed to the traction tower: heads of the second and fifth meta-
carpal bones and Lister’s tubercule.

figure 5a-c: Navigation system for wrist arthroscopy: (a) Real view of the surgical field. (b) Virtual reality: 
scene representing the surgical field, where the arthroscope, probe, and wrist have been modelled. (c) 
Augmented reality: superimposition of the arthroscope shape onto the arthroscopic image, modeled in 
virtual reality
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rEsults

From initial calibration data (registration matrix of the palpator and the arthroscope, 
intrinsic and extrinsic parameters of the optic-camera set, and wrist position) and data 
collected in real-time by the electromagnetic localization device (sensor position associ-
ated to the palpator and the arthroscope), the data processing device modeled virtual 
reality which featured a model of the palpator, the arthroscope and the wrist (Fig. 3 to 5). 

The data processing device simulated arthroscopic images by positioning and orientat-
ing the point of view within the virtual reality according to arthroscope position and 
intrinsic and extrinsic parameters of the optic-camera set.

Through the superimposition of these virtual arthroscopic images onto real arthroscopic 
images, the data processing device generated augmented reality images (Fig. 5).

discussion

The purpose of surgical navigation systems (computer-guided systems) is to display 
information through which surgeons can better find their bearings within the space 
of the operating field and within the anatomical space of the patient. This information 
comes from data that can be acquired before or during the intervention according to 
various sources: 3D reconstruction of tomographic data, fluoroscopic images, palpation 
of anatomical landmarks or kinematic data. In order to facilitate the surgeon’s reading 
during an intervention, this information is presented visually in most cases according to 
two main modes: augmented virtuality and augmented reality.

Augmented virtuality consists in representing a virtual environment on the basis of real 
data. Typically, we are talking about computer-assisted systems for hip or knee arthro-
plasty, where the positioning of the prosthesis is figured on an anatomical model.

Augmented reality consists in representing virtual data on a real image. Since Thomas 
Caudell invented this concept in the early 1990s (13), augmented reality has been ap-
plied to many domains (14). In medicine, it naturally found applications in techniques 
using an optical device and/or a camera: coelioscopy (4), arthroscopy (15), endoscopy 
(16, 17) and microsurgery (18). In all the fields it has been used, the purpose of aug-
mented reality was to simplify and accelerate access to complex data by associating 
them to elements of the field of vision of surgeons. 
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Either they use augmented virtuality or augmented reality, most surgical navigation 
systems rely on optical or mechanical sensors which turn out to be restricting and 
cumbersome.

Optoelectronic localization devices are the most frequently used in computer-assisted 
surgery (3). They present however a greatly limiting feature that makes them inappropri-
ate for computer-navigated arthroscopy: sensors cannot be localized once they have left 
the field of vision of the stereo camera (4). And it just so happens that the operative field 
in wrist arthroscopy is necessarily cluttered with visual obstacles such as the patient’s 
limb, the traction column, the surgeon’s hands, instruments, etc.

Mechatronic localization systems are less frequently used. They help getting around the 
issues linked to sensor occultation. For hip arthroscopy, a mechatronic localization de-
vice has been developed and evaluated (3, 19). Despite their miniaturization trend (19), 
these devices are criticized for their bulkiness and rigidity. But in wrist arthroscopy, the 
surgical technique demands more freedom of movement and extension of instruments 
and of the optic device than for hip arthroscopy. 

Electromagnetic localization devices do not have the drawbacks of both previously de-
scribed localization devices. Unlike optoelectronic sensors, electromagnetic sensors can 
be localized even when they are concealed. Unlike mechatronic sensors, electromag-
netic sensors are in the millimeter domain and linked to the localization device through 
flexible electrical cables. Both these advantages make electromagnetic localization 
devices more adapted for navigation in endoscopic surgery. 

Navigation systems based on electromagnetic localization devices are already used in 
routine in ENT (20), thanks to various commercialized navigation stations (InstaTrak 3500 
Plus®, General Electric Healthcare SurgeryTM, Lawrence, Massachusetts, USA; StealthSta-
tion® S7TM System, Medtronic NavigationTM, Louisville, Kentucky, USA). The accuracy of 
these navigation systems can be compared to the accuracy of navigation systems based 
on optoelectronic localization devices (21).

Electromagnetic localization devices however have a few drawbacks.

Unlike optoelectronic localization devices using passive sensors, electromagnetic local-
ization devices necessarily feature a connection cable between electromagnetic sensors 
and the control unit. The arthroscope and motorized instruments (shaver, milling tool) 
are also linked to the arthroscopy column through various cables (source of energy, cold 
light, water, aspiration). The palpator has also to feature an electromagnetic sensor with 
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a connection cable. In fact, associating or integrating the cable of the electromagnetic 
sensor to the entire cable set does not affect maneuverability of the arthroscope and 
the palpator. 

Issues arising from the transmitter of the electromagnetic field have to be added to this 
first constraint. It is usually a box with a volume of about 1dm3, it is non-sterilizable and 
emits an efficient electromagnetic field within a cubic space with 50 cm sides. Inciden-
tally, this volume perfectly integrates the operating field in wrist arthroscopy, which is 
limited to the dorsal side of the wrist. We therefore have to consider the introduction of 
the electromagnetic field of the transmitter into a sterile box fixed on or being part of 
the traction tower.

The main shortcoming of electromagnetic localization devices remains the lack of 
accuracy linked to distortion of the electromagnetic field due to the presence of fer-
romagnetic objects (traction tower, arthroscope, instruments). The accuracy of these 
devices has been commented in several studies (22-24). Yaniv et al. (7) explored in clini-
cal conditions the accuracy of the Aurora® electromagnetic localization device, which 
we have used for our study, and they have found a mean squared error (MSE) of 1,01mm 
and 1,54° respectively for sensor position and orientation. These authors recommend as 
much as possible the exclusion or removal of ferromagnetic objects which may interfere 
with the electromagnetic field.

The problem of decreasing acuity of measures because of electromagnetic field distor-
tion already crucially arose in the domain of intraoperative MRI. Non-ferromagnetic 
instruments have been developed to overcome that problem. They are made of plastic 
materials, ceramic, aluminum or titanium. Both last metals have a magnetic susceptibil-
ity respectively of 2x10-5 and 2x10-4, i.e. more than one million times less than magnetic 
susceptibility of iron. Since they are resistant and easy to sterilize, these materials have 
to be privileged for the design of arthroscopes, instruments and traction towers adapted 
to navigation systems based on electromagnetic localization devices. 

Furthermore, in his PhD dissertation (Fischer GS. Electromagnetic tracker characteriza-
tion and optimal tool design. MSE master’s thesis 2005. Johns Hopkins University, Bal-
timore), Fischer determined the optimum number, position and orientation of sensors 
fixed on the arthroscope and on the instruments in order to minimize the inaccuracy 
in the localization of these objects. For the arthroscope, he recommends to use two 
sensors, one placed in parallel to the arthroscope axis and the other one placed per-
pendicularly. He even imagines arthroscope integrated sensors (Fig. 6a). However, to 
minimize measurement inaccuracy of arthroscope axis rotation, the distance between 
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both sensors has to be small. He then imagines sensors integrated into a sleeve, which 
would be interdependent at the distal tip of the arthroscope (Fig. 6b).

In order to simplify the registration problem of oblique vision optics, we chose to block 
camera rotation around the axis of the optic device and to apply the method described 
by Tsai (12). However, Wu and Jaramaz (25) have described a registration method al-
lowing to take the camera rotation around the axis of the optic device into account. 
The next development step for a navigation system dedicated to wrist arthroscopy will 
therefore have to take it into account. 

The augmented reality view represents a valuable assistance when surgeons want 
to position the arthroscope or locate their instruments. It makes the maneuver more 
intuitive, increases comfort, saves time and enhances concentration. Preliminary results 
of our study allowed for the validation of the development feasibility of a navigation 
system using augmented reality for wrist arthroscopy. The research work has now to be 
continued to identify pedagogical and clinical applications.

figure 6a,b: Diagram representing the optimum layout of arthroscope sensors according to Fischer, 
reproduced with the author’s agreement. (a) Arthroscope with two integrated sensors. The most distal 
sensor has to be the closest to the arthroscope tip to minimize the localization inaccuracy. (b) Sleeve 
with two integrated sensors that can be placed at the distal part of the arthroscope or instruments. The 
distance between the sensors has to be reduced to minimize the measurement errors of the arthroscope 
rotation axis.
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As the practice of surgery evolves, the modalities by which future surgeons are trained 
must also develop (1). The traditional mentorship model is supplemented with skills 
training outside of the clinical setting. To quote Dr Bell: “I consider the performance of 
surgical operations to be the most complex psychomotor activity that human beings are 
called upon to perform”(2). 

The challenge of acquiring and maintaining operative skills is daunting (3) and is the 
focus of this thesis. How could the course director present knowledge in a way that 
would fit the way of learning of the current residents? And how can we use modern 
technology to our advantage to teach the necessary skills to our residents? These ques-
tions are the topic of this thesis. The research is aimed mainly at improving education in 
wrist arthroscopy, a skill for which not many tools have been developed so far. It is a first 
step towards a wrist arthroscopy curriculum.

Traditionally, clinical experience equated with expertise in medicine (3). Medical experts 
were defined initially based on their years of experience or academic rank (3). However 
the last 3 decades of research have failed to demonstrate a link between length of prac-
tice and reproducibly superior performance (4). Ericsson’s expert performance model 
defines expert performance as the highest level of skills acquisition and the final result 
of a gradual improvement in performance through deliberate practice in a given do-
main (3). This model, which is comprised of 3 stages, strives to identify the mechanisms 
mediating expert-performance and might aid in designing curricula that ultimately 
produce experts. 

Three stages of the expert performance model are:
- Identification of representative tasks.
- Analysis to identify the mechanisms underlying experts performance.
- Effect of specific practice activity to elucidate factors that might influence acquisi-

tion of expert performance mechanisms. 

On the basis of these stages a surgical curriculum can be designed. A curriculum is 
defined as a recommendation and is based on a general programme in which learning 
targets are defined. In surgery the technical proficiency is considered as the most impor-
tant quality by society (1). It should thus be an important component of the curriculum. 
There are different theories that describe the surgical skills acquisition: 

- Kopta’s theory.
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- Schmidt’s schema theory.
- Traditional apprenticeship model.
- Cognitive apprenticeship model.

These models will be shortly described here. Kopta describes 3 stages of acquisition 
of skills: a cognitive stage (knowledge), an associative stage (technical skills) and an 
autonomous stage (adequate assessment). His emphasis is on the importance of ob-
servation followed by practice. Schmidt’s theory involves the acquisition of new motor 
skills on the basis of previous experiences. Before initiation of a movement the student 
plans the movement. Specific muscle commands are necessary to perform the move-
ment. The student then receives feedback following the movement. The final phase is 
the acquisition of knowledge of the outcome. This knowledge is stored after the task has 
been performed. Thus, according to this theory, both practice and feedback are neces-
sary for the development of a new motor skill. Thirdly the traditional apprenticeship is 
composed of three constructs: observation, coaching and practice. This model demon-
strates the importance of the gradual attainment of skills until he or she can perform the 
entire procedure unaided. The fourth theory is the cognitive apprenticeship. Traditional 
apprenticeship teaches skills in the context of their use, whereas cognitive apprentice-
ship decontextualizes the knowledge so that a student can apply his or her new skills 
in different settings. The first phase involves the mentor explaining the process so that 
the information is externalized (modelling). Then the trainee begins performing the task 
with the mentor coaching. The mentor provides scaffolding for the gradual acquisition 
of independent performance. The mentor’s role is then gradually withdrawn. At the end, 
the student’s knowledge increases to a point at which they can synthesize the informa-
tion and articulate it.

How do these models apply to our wrist arthroscopy curriculum? First of all Koptas’ 
stage of skills acquisition are respected. In the first phase, the E-learning, the theoretical 
knowledge is acquired. This is the cognitive phase. The next step is the training on the 
simulator, during which the technical skills are acquired (associative stage). Lastly, the 
acquired skills can be assessed using the force measurements (autonomous stage). Sec-
ondly, the use of force measurements allows for immediate feedback during training on 
the simulator of on a cadaver that helps the students to understand the consequences 
of their movements. This complies with Schmidts theory. The traditional apprenticeship 
model will still follow after the E-learning and skills lab phase in order to use the newly 
acquired skills in the clinical environment. The cognitive apprenticeship model is prob-
ably not as appropriate for wrist arthroscopy, as this is a specific skill that is usually used 
within the same context every time. However, simulator training does train a part task 
of the entire procedure. The student will have to learn how to integrate this part task 
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into the actual procedure in the operating room. This will be done through a model of 
gradually increasing responsibility as described in both apprenticeship models.

The cornerstone of expertise development within the expert performance model is that 
expertise requires extensive, goal-oriented, and deliberate practice. Deliberate practise 
is more then mere repetition. To qualify as deliberate practise, training must meet four 
main criteria:
- The participants must strive to improve a specific aspect of performance for a repre-

sentative task of expert performance.
- Participants need valid, thorough, and immediate feedback on their performance.
- The opportunity to perform the task repeatedly within a controlled environment.
- Training session should be limited to 1 hour, allowing sufficient concentration to 

sustain active efforts to improve performance.

Practice on the simulator would comply too the above mentioned criteria for deliberate 
practise. It contains representative tasks, the students can receive feedback through the 
force measurement or with the aid of instrument tracking, it offers the possibility to 
repeat the task as often as necessary and finally it is easy to plan multiple, short sessions 
instead of fewer, longer operations.

Because wrist arthroscopy is a small area of expertise, the different parts of a curriculum 
for teaching it can be developed in one continuous line, building on previous work that 
has been done in other fields of expertise. We can thus take advantage of the so-called 
“rule of the stimulating backlog” (4) (a derivative of the rule of the restrictive headstart 
described by Jan Romein in 1937 (5)).

In books on hand surgery wrist arthroscopy usually constitutes only a small part of 
the book. Recently books have been published with specific emphasis on endoscopic 
treatments of wrist pathology, such as the arthroscopic treatment of ulnar-sided wrist 
pain (6). However, possibilities for training wrist arthroscopy skills remain very limited. 
At the start of this research there were only two courses per year in Europe to acquire 
the basic wrist arthroscopy skills (Strasbourg and Rotterdam). In the Netherlands many 
hand surgeons come from a plastic surgery background (Chapter 1). Plastic surgeons 
do not acquire arthroscopic skills during their training. Thus it would be an advantage 
to have an educational programme aimed specifically at acquiring both the theoretical 
and the practical skills necessary for wrist arthroscopy.

Why is wrist arthroscopy so different from shoulder or knee arthroscopy? And why could 
we not use the devices developed previously for shoulders and knees to teach these 
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arthroscopic skills? To start with, the wrist is a very small joint with less space to move 
around in compared with the bigger joints. Furthermore, wrist arthroscopy is compli-
cated by the fact that the joint surface has a curvature in both the radio-ulnar and the 
dorso-volar directions. Following the right direction and curvature is of importance to 
perform a safe arthroscopy, minimising the risk of cartilage damage. 

Finally, the dorsal side of the wrist is an area with many structures at risk, such as super-
ficial nerve branches and extensor tendons. Thorough knowledge of the anatomy of 
this area and the way to manoeuvre between these structures is also important to avoid 
complications.

Wrist arthroscopies are performed less frequently than knee arthroscopies. It will there-
fore take much longer to gather such experience. Training the basic skills both before 
the first procedure as well as in between procedures will be valuable in order to keep 
part of the learning curve outside of the patient.

Naturally, the steps followed in this thesis and described here are not applicable only 
to wrist arthroscopy. Wrist arthroscopy was used as an example, but the development 
process can also be used for other specialities and skills.

The process used involved the following steps:
- Draw up an inventory of the available educational models and resources.
- Establish the need for additional educational tools or changes to the current ones.
- Lay down the criteria for and content of the tools. 

Involving the future users from the start of the development process ensures important 
support for the future use of the tools in the residents’ curriculum.

Validation of the E-learning was performed during courses of the EWAS in Strasbourg. 
This gave me the opportunity to involve many experts from different countries. The new 
version of the E-learning was recently tested during the European Hand Surgery Confer-
ence in Paris. However, in the E-learning that is described in this thesis tests had not 
been incorporated yet. Evaluation of the E-learning with an education expert clarified 
that the addition of tests would be a great improvement.

The development process of the simulator has also taught us that step-by-step evalua-
tion of the prototype and pre-defining the design criteria was a satisfactory way of ac-
complishing a product that fitted the requirements of the future users. The development 
of such a tool does take a lot of time and thus a careful assessment of the available time 
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and financial resources is important to make sure that the process can be completed. 
The current prototype is certainly not yet an end-product but it has allowed us to define 
the design criteria for the final product. 

This thesis is merely a first step towards the final wrist arthroscopy curriculum. We have 
indeed laid the foundation for a modern educational tool that would fit the needs of the 
current residents, but many elements need further work.

The E-learning will be further improved by adding more interactive elements and 
instruction videos. Firstly, from a long-term perspective we are thinking about develop-
ing a 3-D anatomical model of the wrist joint that could be viewed with virtual reality 
(VR) glasses. By moving virtually through the wrist joint the resident will get a better 
understanding of the intra-articular anatomy of the wrist.

The current simulator prototype is aimed at assisting residents to acquire the basic 
psychomotor skills necessary for wrist arthroscopy (introduction of the instruments, 
hand-eye coordination, triangulation skills). This model has a simple anatomical view on 
the inside. Therefore, secondly, further development of the prototype will incorporate 
structures like the TFCC and the ligaments. This should allow training of basic interven-
tions such as shaving or re-insertion of a TFCC lesion. By augmenting the physical model 
with virtual reality images training in different scenarios could be given, for example, a 
TFCC lesion, synovitis or a dorsal wrist ganglion. The combination of a physical model 
with virtual reality is called “augmented reality”. 

A third area that can be further explored is the role of serious gaming in the education 
of surgical skills. By using techniques from the gaming industry, applications can be 
designed to train basic skills. 

In order to implement simulator training and serious gaming in the education of 
residents, it is important that the different tools be validated. As described in Chapter 
3, numerous papers have shown that training on a simulator does shorten the operat-
ing time and reduce the number of complications. This applies to specific parts of the 
procedure as well. A simulator can also often differentiate between an experienced and 
a less-experienced surgeon. However, none of the currently available simulators meets 
all the validation criteria. 

It is only when a simulator or E-learning meets all the criteria that consequences can be 
fully evaluated. These consequences are important for the sustainable implementation 
of a curriculum. As an example, the surgical residents in the AMC are only allowed to 
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perform a laparoscopic procedure if they have proved themselves to be psychomotori-
cally skilled for laparoscopy (a skill that is assessed on a laparoscopy simulator).

Within the field of hand surgery the accreditation of a hand surgeon is a subject of dis-
cussion. It is expected that residents should possess certain skills before being admitted 
to plastic surgery training. The simulator training could perhaps be used to assess the 
basic skills of a resident applying for training. Of course, it is essential in those cases that 
the simulator is adequately validated if such an important decision is to be made based 
on the results of a resident on the simulator.

It is my expectation that in the near future E-learning and simulator training will assume 
an important role in surgical training, just as they do in the aviation industry. To quote 
Curry: “See one, practise one on a simulator, do one: the mantra of the modern surgeon” 
(7).

It is the responsibility of the course directors to make available enough validated tools 
to ensure that part of the surgical skills training will take place outside of the operating 
room in the near future.
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Aangezien de praktijk van de chirurgie veranderd is, moeten ook de trainingsmodaliteit 
voor de toekomstige chirurgen verder ontwikkeld worden (1). Het traditionele meester-
gezel principe wordt versterkt met skills training buiten de kliniek. Om te spreken met 
Dr Bell “Ik vind het uitvoeren van een chirurgische operatie een van de meest complexe 
psychomotore activiteiten die een mens kan uitvoeren”. De uitdaging om operatieve 
vaardigheden aan te leren en te behouden is uitdagend (3) en is het onderwerp van dit 
proefschrift. De opleiding van de huidige generatie assistenten in opleiding tot medisch 
specialist (AIOS) is aan veranderingen onderhevig. Hoe kan de chirurgische opleider de 
kennis op dusdanige wijze aanbieden dat het aansluit bij de manier van leren van de 
AIOS? En op welke wijze kunnen we moderne technische mogelijkheden inzetten om 
de AIOS de benodigde vaardigheden bij te brengen? Deze vragen zijn onderwerp van 
studie in dit proefschrift. Het onderzoek richt zich in het bijzonder op de polsscopie, een 
verrichting waarvoor nog niet veel onderwijs ontwikkeld is. Hiermee wordt een eerste 
aanzet gegeven voor een polsscopie curriculum.

Oorspronkelijk werd klinische ervaring gelijkgesteld aan expertise in de geneeskunde 
(3). Medische experts werden benoemd op basis van hun ervaringsjaren of academi-
sche titel (3). Onderzoek in de laatste drie decennia heeft echter geen verband kunnen 
aantonen tussen de ervaringsjaren en een reproduceerbare superieure prestatie (4). 
Ericsson’s expert performance model definieert expert performance als het hoogste ni-
veau van vaardighedenacquisitie en het eindresultaat van een geleidelijke verbetering 
in de prestaties door gerichte oefening op een bepaald gebied (3). Dat model, wat is 
opgebouwd uit drie stadia, streeft ernaar om de mechanismen die ten grondslag liggen 
aan expert performance te identificeren en zou kunnen helpen bij het ontwikkelen van 
curricula die uiteindelijk experts afleveren. 

De drie stadia van het “expert performance model” zijn:
- Identificatie van de representatieve taken.
- Analyse van de onderliggende mechanismen die ten grondslag liggen aan de expert 

performance.
- Effect van specifieke praktische activiteiten om factoren aan te tonen die de acquisi-

tie van expert performance mechanismen bevorderen.

Op basis van deze drie stadia kan een chirurgisch curriculum worden ontworpen. Een 
curriculum is een voorschrift en is gebaseerd op een algemeen programma waarin de 
leerdoelen worden geformuleerd. In de chirurgie worden de technische vaardigheden 
als belangrijkste kwaliteit beschouwd door de gemeenschap (1). Het zou dus een be-
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langrijk onderdeel moeten zijn van het curriculum. Er zijn verschillende theorieën die 
het aanleren van chirurgische vaardigheden beschrijven:
- Kopta’s theorie.
- Schmidt’s schema theorie.
- Traditioneel meester-gezel model.
- Cognitieve meester-gezel model.

Deze modellen zullen hier kort beschreven worden. Kopta beschrijft drie stadia van aan-
leren van vaardigheden: een cognitieve fase (kennis), een associatieve fase (technische 
vaardigheden) en een autonome fase (adequate assessment van de vaardigheid). Hij 
legt de nadruk op het belang van observatie gevolgd door zelf doen. Schmidt’s theorie 
beschrijft het verkrijgen van nieuwe motorische vaardigheden op basis van eerdere 
ervaringen. Voor het begin van een beweging plant de student de beweging. Specifieke 
spieraanspanningen zijn noodzakelijk voor de beweging. De student ontvangt feedback 
na het uitvoeren van de beweging. In de laatste fase wordt de verkregen feedback 
gecombineerd met de uitkomst van de beweging. Deze combinatie wordt opgeslagen 
nadat de taak is volbracht. Volgens deze theorie zijn dus zowel theorie als praktijk van 
belang voor het aanleren van vaardigheden. De derde theorie, die van het traditionele 
meester-gezel model bestaat uit 3 delen: observatie, coaching en uitvoering. Dit model 
toont het belang aan van het geleidelijk verkrijgen van vaardigheden totdat hij of zij de 
procedure volledig zelfstandig kan uitvoeren. De vierde theorie is die van het cognitieve 
meester-gezel model. In het traditionele meester-gezel model wordt de vaardigheid 
aangeleerd in de context waarin het gebruikt gaat worden, terwijl in het cognitieve 
meester-gezel model de kennis uit de context haalt zodat de student de opgedane 
vaardigheid in verschillende settings kan toepassen. De eerste fase is de uitleg van de 
meester over het proces zodat de informatie geëxternaliseerd is (modelling). Daarna 
gaat de student de taak uitvoeren terwijl hij of zij begeleid wordt door de mentor. De 
mentor zorgt voor een raamwerk voor het geleidelijk verkrijgen van meer zelfstandig-
heid in de vaardigheid. De rol van de mentor neemt dan langzaam af. Aan het einde is de 
kennis van de student voldoende om zelf de informatie te verwerken en te gebruiken. 

Hoe hebben we deze modellen toegepast bij de ontwikkeling van ons curriculum? 
Allereerst zijn de stappen van het verkrijgen van vaardigheden volgens Kopta geres-
pecteerd. In de eerste fase, de E-learning, wordt de theoretische kennis verkregen. 
Dit is de cognitieve fase. Vervolgens worden de technische vaardigheden aangeleerd 
tijdens trainingen op de simulator (associatieve fase). Tenslotte kunnen de verworven 
vaardigheden beoordeeld worden door gebruik te maken van de krachtenmetingen 
(autonome fase). 
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Ten tweede kunnen de krachtenmetingen gebruikt worden om directe feedback te 
geven aan de studenten tijdens training op de simulator of op een cadaver. Dit helpt 
de student om de consequenties van de eigen bewegingen beter te begrijpen. Dit past 
binnen Schmidts theorie. The traditionele meester-gezelschap zal altijd blijven bestaan 
na de E-learning en de simulator training om de nieuw aangeleerde vaardigheden in de 
praktijk toe te passen. Het cognitieve meester-gezel model speelt hierbij wellicht in min-
der mate een rol, omdat het hier een hele specifieke vaardigheid betreft die meestal in 
dezelfde context wordt toegepast. Desalniettemin traint de simulator natuurlijk slechts 
een deeltaak van de gehele procedure. De student moet daarna nog leren om deze deel-
taak op goede wijze te integreren in de werkelijke procedure op de operatiekamer. Dit 
zal gebeuren middels het model van gelijkmatig groeiende eigen verantwoordelijkheid 
zoals beschreven in beide meester-gezel modellen.

De hoeksteen van het ontwikkelen van expertise binnen het expert performance model 
is geleidelijke, doelgerichte en bewuste training. Doelgerichte training is meer dan 
alleen herhalingen. Om te worden benoemd als doelgerichte training moet er aan de 
volgende vier criteria worden voldaan:

- De deelnemers moeten er naar streven om een specifiek aspect van de handeling 
voor een representatieve taak van de expert performance te verbeteren.

- De deelnemers moeten valide, duidelijke en directe feedback krijgen op hun hande-
len.

- Ze moeten de gelegenheid krijgen om de taak een aantal keren te herhalen in een 
gecontroleerde omgeving.

- De training sessies moeten beperkt zijn tot 1 uur, zodat er voldoende concentratie 
aanwezig is om de handeling te verbeteren.

De oefeningen op de simulator voldoen aan de bovenbeschreven criteria voor doelge-
richte training. Het bevat representatieve taken, de student kan direct feedback krijgen 
in de vorm van krachten informatie of tracking van instrumenten op het scherm, het 
biedt te mogelijkheid om de taak zo vaak te herhalen als gewenst, en het is gemakkelijk 
om multiple korte trainingssessies in te plannen in plaats van de minder frequente vaak 
langer durende ingrepen.

Omdat polsscopie slechts een klein aandachtsgebied is kunnen de verschillende onder-
delen van een curriculum in 1 lijn aan elkaar gekoppeld neergezet worden, voortbou-
wend op wat reeds gedaan is voor andere aandachtsgebieden. Hierdoor kunnen we 
gebruik maken van de wet van de stimulerende achterstand (3) (afgeleid van de in 1937 
door Jan Romein beschreven wet van de remmende voorsprong (4)). 
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In handchirurgische boeken wordt over het algemeen weinig aandacht besteed aan de 
polsscopie. Recent zijn er wel boeken verschenen over specifieke scopisch handelingen 
in de pols, zoals de rol van de polsscopie bij ulnaire pijn (5). Er zijn echter slechts weinig 
mogelijkheden om de vaardigheden te trainen. Bij aanvang van dit promotietraject 
waren er slechts 2 cursussen per jaar in Europa om de basisvaardigheden aan te leren. 

In Nederland hebben veel handchirurgen een plastisch chirurgische basisopleiding 
(Hoofdstuk 2). In deze opleiding worden geen arthroscopische vaardigheden geleerd. 
Voor het aanleren van de polsscopische vaardigheden is het dan ook een voordeel om 
direct gebruik te kunnen maken van een onderwijsprogramma dat zich daar op richt. 

Om de basis theoretische kennis voor een polsscopie te onderwijzen, is E-learning een 
geschikt middel. Door het toevoegen van tests in de E-learning en aan het einde van de 
E-learning kan objectief worden vastgesteld of de aangeboden informatie ook begre-
pen is. Vervolgens kunnen de basisvaardigheden aangeleerd worden op de simulator. 
Door gebruik te maken van krachtenmetingen tijdens de oefensessie op de simulator of 
tijdens oefeningen op kadaverpolsen, kan de vaardigheid worden getoetst. Uiteindelijk 
zou hierbij een systeem, waar door middel van visuele feedback tijdens de oefening de 
training ondersteund kan worden, een aanwinst in het onderwijscurriculum zijn. 

Waarin verschilt de polsscopie van bijvoorbeeld een schouder- of knie scopie waarvoor 
al wel diverse simulatoren bestaan? Om te beginnen is de pols een relatief klein gewricht 
met veel minder bewegingsruimte dan bijvoorbeeld de knie. Verder wordt de scopie be-
moeilijkt door het feit dat het gewrichtsoppervlak zowel in radio-ulnaire richting als in 
dorso-volaire richting een inclinatie kent. Het volgen van de juiste richtingen is derhalve 
van groot belang om een scopie veilig én goed uit te kunnen voeren.

Tenslotte is het dorsum van de pols een gebied met vele subcutane structuren zoals op-
pervlakkige zenuwtakken en strekpezen. Kennis van de anatomie van deze structuren 
en kennis van de veilige manier waarop we tussen deze structuren door navigeren, is 
van groot belang om complicaties te voorkomen. 

Daarnaast is het zo dat polsscopieeën minder vaak worden uitgevoerd dan kniesco-
pieën. Het is daardoor te verwachten dat het opbouwen van ervaring in de polsscopie 
meer tijd in beslag neemt. Het trainen van de basisvaardigheden vooraf, maar ook zo 
nodig tussen de ingrepen door, is dus van belang om een deel van de leercurve buiten 
de patiënt te doorlopen.
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Uiteraard is de beschrijving van deze stappen niet slechts bruikbaar voor de polsscopie. 
In dit proefschrift werd de polsscopie gebruikt als een voorbeeld, maar het ontwik-
kelingsproces kan - en is in het verleden ook - gebruikt voor andere specialismen en 
vaardigheden, o.a. voor de laparoscopie (1).

Het proces dat in dit proefschrift belicht wordt, is als volgt opgebouwd: 
- Het inventariseren van huidige onderwijsmodellen en –resources.
- Het bepalen van de behoefte naar aanvullingen en/of wijzingen ten opzichte van de 

huidige onderwijsmodellen en –resources.
- Het vaststellen van de eisen en inhoud. 

Door het betrekken van belanghebbenden vanaf de start van het onderzoek wordt 
daarnaast een belangrijk draagvlak gecreëerd om het daadwerkelijk inbedden van het 
uiteindelijke product in het onderwijscurriculum te vergemakkelijken.

Het testen van de E-learning is gedaan tijdens cursussen van de EWAS. Hierdoor konden 
diverse experts op een zelfde moment bereikt worden, maar het is ook een beperkte 
selectie van experts. De volgende test werd dan ook uitgevoerd tijdens een Europees 
handcongres om een meer gemengde groep experts te bereiken. Verder waren er in 
de huidige E-learning nog geen tussentijdse tests ingebouwd. Na besprekingen met 
een onderwijskundige werd duidelijk dat het toevoegen van duidelijke leerdoelen en 
tussentijdse test momenten de E-learning nog zouden versterken. 

Wat betreft de ontwikkeling van de simulator is ook gebleken dat het stap voor stap 
toetsen van de bereikte doelen een goede manier is om tot een eindproduct te komen 
dat aansluit bij de wensen van de gebruikers. Het ontwikkelen van een product kost 
echter veel tijd en er moet in een dergelijk proces dus goed van te voren nagedacht 
worden of er voldoende beschikbare middelen zijn om het product door te ontwikkelen. 
Het beschreven prototype is zeker nog niet klaar maar de eisen voor het eindproduct 
zijn, dankzij de gevolgde methode, wel duidelijk inzichtelijk geworden.

Dit proefschrift betoogt dan ook geen eindstation te zijn voor het onderwijs in de 
polsscopie. De basis is gelegd voor een modern onderwijsinstrument dat aansluit op de 
behoefte van AIOS en de noodzaak tot optimale verrichting op de operatiekamer, maar 
er zijn nog vele elementen die verdere uitwerking behoeven.

Hierbij kan gedacht worden aan het inbouwen van meer interactiviteit en instructie 
video’s in de E-learning module. In verder perspectief wordt gedacht aan het ontwik-
kelen van een 3-D anatomie model van de pols met behulp van een VR bril, waarmee de 
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AIOS zich virtueel door de pols kan bewegen om een beter begrip te krijgen van de 3-D 
anatomie van de pols.

De simulator is in het huidige prototype nog gericht op het aanleren van de basis 
psychomotore vaardigheden (inbrengen van de instrumenten, oog-hand coördinatie, 
en het maken van een diagnostisch rondje door de pols). Het model heeft een simpele 
anatomische weergave van binnen. Een tweede toekomstige ontwikkeling richt zich op 
het ontwikkelen van basisingrepen met behulp van instrumentarium zoals de knabbel-
tang of een shaver. Ook zijn er behandelingen zoals een reïnsertie van het Triangulaire 
Fibrocartilagineuse Complex (TFCC), en het diagnosticeren van een ligamentair letsel 
tussen twee carpale botjes, die zeer specifiek voor de pols zijn en die in de toekomst in 
het systeem kunnen worden ingebouwd. Door de simulator te combineren met een Vir-
tual Reality omgeving kunnen er verschillende scenario’s in de pols worden nagebootst. 
Gedacht kan worden aan TFCC letsels, synovitis of een ganglion. Deze combinatie van 
een fysiek model met VR wordt ook Augmented Reality genoemd. 

Een derde gebied waarin toekomstige verkenning gezocht wordt is de integratie van 
serious gaming in het onderwijsmodel. Door gebruik te maken van technieken uit de 
computerspelletjeswereld kunnen ook applicaties ontworpen worden waarin het trai-
nen van basisvaardigheden verwerkt zit.

Om in de nabije toekomst simulator training en serious gaming meer in te kunnen 
zetten om vaardigheden aan te leren en om progressie objectief te beoordelen, is het 
noodzakelijk dat er nog meer onderzoek gedaan wordt naar validatie van de diverse 
middelen. Zoals beschreven in Hoofdstuk 3, hebben diverse onderzoeken aangetoond 
dat training op een simulator zorgt voor verkorting van operatieduur en vermindering 
van de complicaties. Dit is echter onderzocht voor specifieke onderdelen van een 
ingreep. Ook kan met een simulator onderscheid worden gemaakt tussen ervaren en 
minder ervaren chirurgen. Er is echter nog geen enkele simulator die voldoet aan alle 
criteria van validatie. Pas als E-learning en simulator training goed gevalideerd zijn, kun-
nen er consequenties aan verbonden zijn. En deze consequenties zijn van belang voor 
een duurzame implementatie van een dergelijk traject. Bijvoorbeeld in het AMC mogen 
chirurgische AIOS pas zelfstandig laparoscopische operaties verrichten als ze bewezen 
psychomotorisch vaardig zijn in de endoscopie (getoetst op een simulator). 

Ook binnen de handchirurgie wordt momenteel veel gesproken over accreditatie. Naar 
verwachting zullen dan ook hier eisen gesteld gaan worden aan de capaciteiten van 
AIOS in opleiding tot plastisch chirurg. Naar aanleiding van deze discussie kan ook 
gedacht worden over de toepassing van scoringsuitkomsten bij de selectie en aanname 
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van assistenten. Het is belangrijk dat men gerechtvaardigd kan vertrouwen op de resul-
taten van een simulator, wil men zich op dit pad begeven. 

Naar verwachting zal in de nabije toekomst E-learning en simulatortraining in de chi-
rurgische opleiding net zo’n duidelijke plaats zal innemen als in de luchtvaart industrie. 
Zoals Curry schreef: “See one, practise one on a simulator, do one: the mantra of the modern 
surgeon” (6)

Het is de verantwoordelijkheid van opleiders om te zorgen voor voldoende en goed 
onderbouwde methoden om de opleiding deels te laten plaats vinden buiten de ope-
ratiekamer. 
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In chapter 2 I showed that the role of wrist arthroscopies is growing within hand surgery 
practice. In the education of surgical, and especially arthroscopic, skills modern tools 
such as E-learning and simulator training can play an important part (Chapter 3). 

Arthroscopy, and certainly wrist arthroscopies, does have a backlog compared with 
disciplines like laparoscopy (Chapter 3).

An E-learning, based on the requirements and advice of both experts and beginners 
can play an important role in teaching the theoretical background to wrist arthroscopy 
(Chapter 4). 

The validation study showed that the results of the post-test after one week did not 
improve compared with the results of students in the pre-recorded lecture group but 
the students rated the E-learning as very pleasant and easy to use (Chapter 4).

In order to teach the basic technical skills of wrist arthroscopy, the hand surgeons 
(members of the EWAS) indicated that there is a need for a simulator model (Chapter 5). 
The prototype that was developed is based on criteria that were defined by a group of 
experts (Chapter 5). We investigated whether the forces used during wrist arthroscopy 
could be an objective measure for skills improvement. We found that the forces and the 
direction of force used by experts were within a narrow range (Chapter 6). 

Comparing these forces with the forces used by novices during wrist arthroscopy we 
found that the absolute force of the novices was not significantly higher than the force 
used by experts. However, the novices make more movements in different directions. 
There is also little improvement in the direction of force after 10 repetitions, which 
indicates that it is a difficult skill to acquire (Chapter 7). It could be helpful to provide 
direct feedback to the students during training about the amount and the direction of 
force applied (Chapter 7). 

Another possibility to provide direct feedback could be instrument tracking. In Chapter 
8 we describe a feasibility study during which we looked to see if it was possible in an 
experimental set-up to track the instruments used during wrist arthroscopy and make 
those movements visible on the screen (Chapter 8). Further research is necessary to find 
out whether this system could be useful in daily practice.
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In hoofdstuk 2 heb ik laten zien dat de rol van de pols arthroscopieen groeiend is binnen 
de handchirurgie. Bij het aanleren van chirurgische, en in het bijzonder van scopische 
vaardigheden, is een duidelijke rol weg gelegd voor het gebruik van middelen zoals 
E-learning en simulatoren (Hoofdstuk 3). 

Arthroscopie, en zeker de pols arthroscopie, lopen hierbij achter op vakken als de lapa-
roscopie (Hoofdstuk 3).

Een E-learning, ontwikkeld op basis van de wensen en adviezen van zowel experts als 
beginners kan een rol spelen bij het aanleren van de theoretische achtergrond van de 
polsscopie (Hoofdstuk 4).

De validatietest wijst uit dat de leerresultaten niet beter zijn dan na het beluisteren van 
een vooraf opgenomen hoorcollege maar de methode werd wel geprefereerd boven 
het hoorcollege (Hoofdstuk 4).

Voor het aanleren van de polsscopische vaardigheden bestaat er onder handchirurgen 
een behoefte aan een simulator model. Het prototype dat wij hebben ontwikkeld, is 
gebaseerd op vooraf gestelde criteria die zijn opgesteld door een groep experts (Hoofd-
stuk 5).

Een objectieve maat voor de vaardigheden zou de kracht en de richting van de kracht 
die tijdens een polsscopie gebruikt worden kunnen zijn. De kracht en richting van de 
kracht van experts ligt binnen een herkenbare spreiding (Hoofdstuk 6).

Als we de krachten van de beginners vergelijken met het patroon van de experts dan 
valt vooral het verschil in richting wijzigingen op. De absolute kracht van de beginners 
ligt niet significant hoger dan die van de experts maar de beginners maken meer bewe-
gingen in verschillende richtingen. Dit verbetert ook niet duidelijk na 10 herhalingen 
wat aangeeft dat het een lastig aan te leren vaardigheid is. Hierbij zou het behulpzaam 
kunnen zijn om directe feedback aan de AIOS te geven over de hoeveelheid en de rich-
ting van de kracht tijdens de oefening (Hoofdstuk 7).

Een van de manieren om de bewegingen van de AIOS inzichtelijk te maken, is om de 
instrumenten te volgen en de bewegingen in beeld te brengen op het scherm. Hiervoor 
is er gekeken of dit uitvoerbaar is met behulp van een magnetisch veld. Met behulp 
van een opstelling kunnen in een proefopstelling de instrument bewegingen worden 
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gevolgd en in beeld worden gebracht (Hoofdstuk 8). Verder onderzoek zal moeten 
uitwijzen of dit systeem ook in de dagelijkse praktijk bruikbaar is.
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Voor wetenschap is een goede thuisbasis van groot belang. Zonder een luisterend oor 
als het tegen zit, proosten als iets gelukt is en een aanmoediging als het einde te ver weg 
lijkt komt geen enkel proefschrift af volgens mij. Vandaar deze eerste dankwoorden aan 
mijn directe omgeving. 

Lieve Christian, zoals beloofd is het eerste woord van dank voor jou. Zo lang als wij 
samen zijn ben ik al aan het promoveren. Je hebt de start en het einde van drie trajecten 
meegemaakt en was er altijd om mij te steunen. Inmiddels twee laptops verder zijn wij 
dan aan het einde van dit traject gekomen. Dank voor jouw liefde, steun en vertrouwen 
en ik kijk uit naar al onze nieuwe plannen samen.

Lieve Nathalie en Cedric, voor jullie was het soms moeilijk te begrijpen waarom ik nog 
steeds met dat “boekje” bezig was. Het is nu klaar en het is tijd voor feest. Bedankt dat 
jullie mij de rust gaven om eraan te werken ook al was het niet altijd leuk als de laptop 
weer aan stond op dinsdag of in het weekend. Ik hou van jullie en ben heel erg trots op 
jullie.

Lieve papa en mama, dank voor jullie steun en vertrouwen. Het hebben van zo’n veilige 
en stevige basis is belangrijk om stappen te zetten in het leven en die basis hebben jullie 
mij en mijn broertjes gegeven. Dank ook voor het meedenken over de introductie en 
de discussie en voor de morele steun op de momenten dat ik het hele traject echt niet 
meer zag zitten. En pap, dank voor de heerlijke week in Conte waar we de basis hebben 
gelegd voor het schrijven van dit proefschrift. 

Lieve Peter, Bram en Arnold, de stevige basis is ook onze vier-eenheid. Ook al zien wij 
elkaar niet zo vaak als we zouden willen. De wetenschap dat we er altijd voor elkaar zijn 
is voor mij heel belangrijk. Dank daarvoor.

Lieve Arnold, jij ook nog bijzonder bedankt voor al jouw hulp bij het ontwikkelen van 
de E-learning.

Lieve Arianne, Adele en Karen, onze vriendschap heeft gezorgd voor de nodige rustmo-
menten. Even samen uit eten, bijkletsen en van mij afpraten. Ook dat is een belangrijk 
onderdeel van een promotietraject. Dank voor jullie luisterend oor en de afleiding. Dit 
proefschrift is klaar maar onze vriendschap is blijvend.



174 Chapter 10

Lieve Ton en Geeske, In de afrondende schrijf fase heb ik bij jullie mogen werken. Ik 
voelde altijd een rust als ik in mijn kamertje boven zat om aan het werk te gaan. Jullie 
liefde voor ons en de kinderen is zo voelbaar en voor mij heel erg waardevol. Betere 
buren kunnen wij ons niet wensen.

Lieve Daan, Marja, Marije en Nicole, Gelijkgestemde dames, allen in de academische 
wereld, zoekend naar onze weg. Dank voor onze bootmiddagjes. Ik hoop dat we de 
traditie door gaan zetten.

De wetenschappelijk inhoud van een proefschrift is een product van de promovendus 
samen met een team. Zonder dit team had ik zeker dit proefschrift nooit kunnen afron-
den.

Lieve Gabrielle, Jij bent mijn steun en toeverlaat geweest in dit traject. Het is een tech-
nisch onderwerp en daarmee heb ik mijzelf heel wat op de hals gehaald. Jij bent een 
zeer kritische begeleider en daar heb ik in het begin zeker aan moeten wennen maar 
ik zag ook telkens weer hoe het stuk sterker werd met iedere correctie ronde van jou. 
Ik heb veel van je geleerd en ik heb ook veel bewondering voor jouw begeleiding van 
promovendi en hoe je intussen ook nog even een hele nieuwe studie richting met veel 
enthousiasme uit de grond stampt. 
Dank je wel voor je steun. En nu de druk eraf is hoop ik dat we nog lang kunnen samen 
werken met alle leuke projecten die we ondertussen al weer bedacht hebben.

Beste Marlies, bedankt voor jouw input op onderwijsvlak. Je hebt veel energie en veel 
ideeën en jouw ontwikkelingen binnen het onderwijs van de laparoscopische chirurgie 
zijn voor mij een voorbeeld geweest v oor dit proefschrift. 

Beste Chantal, jij hebt mij acht jaar geleden de kans gegeven om in het AMC aan het 
werk te gaan. Bedankt voor het vertrouwen dat je in mij had. Ik ben dankzij jou op een 
hele fijne werkplek met een leuke groep terecht gekomen. Ik weet dat ik nog regelmatig 
dingen anders doe dan jij zou willen. Zo ook gedurende dit promotietraject. Dank voor 
de ruimte die je mij hebt gegeven om toch mijn eigen weg te gaan. 

Cher Philippe, merci beaucoup pour ces années durant lesquelles nous travaillons 
ensemble. C’était un vraie plaisir d’échanger des idées scientifiques avec toi. egalement 
tres heureuse d’avoir fait la connaissance avec Lobna, Myriam et Yasmine. J’espère que 
nous entamerons encore plusieurs projets ensemble.
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Cher Christophe, l’idée pour cette thèse a pris racine durant le congres à Tournai. Ton 
enthousiasme pour l’arthroscopie du poignet est contagieux et je te remercie pour cela. 
Sans tes contacts dans le monde de l’arthroscopie je n’aurai jamais pu mener ce projet 
au bout. Merci beaucoup.

Je tiens à remercier vivement tous les membres de l’EWAS qui ont participé à ce projet. 
Merci pour vos suggestions, votre aide avec les tests et vos images que je pouvais utiliser 
dans mon E-learning. Au risque d’oublier quelqu’un, je voudrais tout de même remercier 
en particulier Luc VanOverstraeten, Emmanuel Camus, Christophe Rizzo, Michel Leva-
doux, Max Haerle, Andrea Atzei, Paco Del Pinal, Marc Garcia-Elias et Jane Messina

Beste Geert, Remmet, Leendert, Tim, alle mensen die mij als arts hebben ondersteund in 
dit toch wel erg technische promotie traject. Dank voor jullie geduldige uitleg, ideeën 
en suggesties.

Een promotie traject doe je niet alleen zoals al blijkt uit dit dankwoord. Naast alle 
ondersteuning zijn ook de onderzoeken en artikelen tot stand gekomen met de hulp 
van velen. Dank aan de AIOS en studenten die bereid waren om de E-learning en de 
simulator te testen. En ook aan de studenten die delen van de onderzoeken hebben 
uitgevoerd en opgeschreven. Mijn dank aan Niki, Lisanne, Sophie, Wout, Juul, Max en 
Roland. Het was een plezier om met jullie te werken en ik wens jullie veel succes op jullie 
eigen paden in de toekomst.

Dit proefschrift was er uiteraard niet komen als ik niet de opleiding plastische chirurgie 
had kunnen doorlopen. De combinatie van wetenschap en klinisch werk is de reden 
waarom ik blij ben dat ik in een academisch ziekenhuis werk. 

De vooropleiding hebben ik gevolgd in het Rijnstate ziekenhuis in Arnhem. Aangeno-
men door Frits Eggink, en later door Jean Klinkenbijl opgeleid samen met alle andere 
fantastische chirurgen en orthopeden. Dank voor het overbrengen van jullie enthousi-
asme voor het vak. Ik heb nog even sterk getwijfeld of ik toch chirurg zou worden, maar 
ben erg gelukkig met mijn keuze voor de plastische chirurgie. 

Beste Jean-Philippe, dank voor het vertrouwen dat je in mij had door mij aan te nemen 
voor de opleiding plastische chirurgie. Je was een gedreven opleider en hebt mij ook 
het enthousiasme voor onderzoek bijgebracht. Ik was tenslotte de eerste directeur van 
het “Tissue Engineering Instituut Groningen”. Naast klinische zorg en wetenschap heb je 
ook je liefde voor kunst en toneel overgebracht. Ik heb nog warme herinneringen aan 
de voordracht over het syndroom van Cinderella Von Tast.



Dank ook aan mijn andere opleiders in Groningen. Peter Robinson voor alle kennis op 
het gebied van de reconstructies, Frank voor je enthousiasme voor de wetenschap, en 
natuurlijk Dagna (moge je rusten in vrede) voor het overbrengen van de zorg en de 
chirurgische kennis over decubitus. 

Het doen van promotie onderzoek naast klinisch werk vergt een inspanning en buig-
zaamheid van de promovenda maar zeker ook van de overige stafleden en assistenten. 
Oren, Mick, Anne-Katrien, Jesse, Esther, en alle opleidingsassistenten van de afgelopen 
jaren, dank voor jullie steun en hopelijk toch begrip op de momenten dat ik er niet was 
om weer aan het promotie onderzoek te werken. Ik zal nu weer meer zichtbaar zijn in 
de kliniek.

Lieve Vera, dank voor al ondersteuning tijdens dit project. Iedere keer als ik op het se-
cretariaat kwam en het echt niet meer zag zitten kon jij mij er op je eigen Amsterdamse 
wijze weer bovenop krijgen. 

Ook Mario, bedankt voor je steun en je koffie.

Lieve Simon, ik wil jou apart noemen omdat je mijn maatje en mentor bent in de hand 
en pols chirurgie. Ik heb de kneepjes van het vak van jou geleerd. Hoewel je soms enorm 
kunt mopperen (en ik inmiddels ook) ben ik onze samenwerking heel erg gaan waarde-
ren en ik hoop dat we samen nog veel mooie dingen kunnen gaan opzetten in het AMC. 
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Vergeet je niet te leven
Dacht ik laatst

De tijd hield stil
Een adempauze even

En als je nu eens zonder haast
Buiten de tijd om wil

Slagbomen neergelaten
Dolgedraaide wijzerplaten

Onder je door of langs je heen
Ze laat voor wat ze zijn en dan

Meer lucht en ogen van

Het goede aardse zien
Een beetje ruimte worden en misschien

Iets meer gericht alleen

Kees Hermis


