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“We need a system, and we shall surely have it, which will produce not only surgeons 

but surgeons of the highest type, men who will stimulate the first youths of our  

country to study surgery and to devote their energies and their lives to 

 raising the standard of surgical science.” 

William Halsted, 1852-1922 
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SUMMARY 

English 
inimally invasive surgery (MIS) techniques have become a standard in many 

surgical sub-specialties, due to their many benefits for patients. However, this 

shift in paradigm implies that surgeons must acquire a complete different set of skills 

than those normally attributed to open surgery. Training and assessment of these skills 

has become a major concern in surgical learning programmes, especially considering 

the social demand for better-prepared professionals and for the decrease of medical 

errors. Therefore, much effort is being put in the definition of structured MIS learning 

programmes, where practice with real patients in the operating room (OR) can be 

delayed until the resident can attest for a minimum level of psychomotor competence.  

To this end, skills’ laboratory settings are being introduced in hospitals and training 

centres where residents may practice and be assessed on their psychomotor skills. 

Technological advances in the field of tracking technologies and virtual reality (VR) 

have enabled the creation of new learning systems such as VR simulators or enhanced 

box trainers. These systems offer a wide range of tasks, as well as the capability of 

registering objective data on the trainees’ performance. Validation studies give proof 

of their usefulness; however, levels of evidence reported are in many cases low. More 

importantly, there is still no clear consensus on topics such as the optimal metrics that 

must be used to assess competence, the validity of VR simulation, the portability of 

tracking technologies into real surgeries (for advanced assessment) or the degree to 

which the skills measured and obtained in laboratory environments transfer to the OR. 

The purpose of this PhD is to design and validate a conceptual framework for the 

definition and validation of MIS assessment environments based on a three-pillared 

model defining three main stages: pedagogical (tasks and metrics to employ), 

technological (metric acquisition technologies) and analytical (interpretation of 

competence based on metrics). To this end, a practical implementation of the 

framework is presented, focused on (1) a video-based tracking system and (2) the 

determination of surgical competence based on the laparoscopic instruments’ motion-

related data. 

The pedagogical stage’s results led to the design and implementation of a set of basic 

tasks for MIS psychomotor skills’ assessment, as well as the definition of motion 

analysis parameters (MAPs) to measure performance on said tasks. Validation yielded 

good construct results for parameters such as time, path length, depth, average speed, 

average acceleration, economy of area and economy of volume. Additionally, face 

validation results showed positive acceptance on behalf of the experts, residents and 

novices. 
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For the technological stage the EVA Tracking System is introduced. EVA provides a 

solution for tracking laparoscopic instruments from the analysis of the monoscopic 

video image. Accuracy tests for the system are presented, which yielded an average 

RMSE of 16.33pp for 2D tracking of the instrument on the image and of 13mm for 3D 

spatial tracking. A validation experiment was conducted using one of the tasks and the 

most relevant MAPs. Construct validation showed significant differences for time, path 

length, depth, average speed, average acceleration, economy of area and economy of 

volume; especially between novices and residents/experts. More importantly, 

concurrent validation with the TrEndo® Tracking System presented high correlation 

values (>0.7) for 8 of the 9 MAPs proposed. 

Finally, the analytical stage allowed comparing the performance of three different 

supervised classification strategies in the determination of surgical competence based 

on motion-related information. The three classifiers were based on linear (linear 

discriminant analysis, LDA), non-linear (support vector machines, SVM) and fuzzy 

(adaptive neuro fuzzy inference systems, ANFIS) approaches. Results for SVM show 

slightly better performance than the other two classifiers: on average, accuracy for 

LDA, SVM and ANFIS was of 71.7%, 78.2% and 71% respectively. However, when 

confronted, no statistical significance was found between any of the three. 

Overall, this PhD corroborates the investigated research hypotheses regarding the 

definition of MIS assessment systems, the use of endoscopic video analysis as the main 

source of information and the relevance of motion analysis in the determination of 

surgical competence. New research fields in the training and assessment of MIS 

surgeons can be proposed based on these foundations, in order to contribute to the 

definition of structured and objective learning programmes that guarantee the 

accreditation of well-prepared professionals and the promotion of patient safety in the 

OR. 
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Spanish 
as técnicas de cirugía de mínima invasión (CMI) se están consolidando hoy en día 

como alternativa a la cirugía tradicional, debido a sus numerosos beneficios para 

los pacientes. Este cambio de paradigma implica que los cirujanos deben aprender una 

serie de habilidades distintas de aquellas requeridas en cirugía abierta. El 

entrenamiento y evaluación de estas habilidades se ha convertido en una de las 

mayores preocupaciones en los programas de formación de cirujanos, debido en gran 

parte a la presión de una sociedad que exige cirujanos bien preparados y una 

reducción en el número de errores médicos. Por tanto, se está prestando especial 

atención a la definición de nuevos programas que permitan el entrenamiento y la 

evaluación de las habilidades psicomotoras en entornos seguros antes de que los 

nuevos cirujanos puedan operar sobre pacientes reales. 

Para tal fin, hospitales y centros de formación están gradualmente incorporando 

instalaciones de entrenamiento donde los residentes puedan practicar y aprender sin 

riesgos. Es cada vez más común que estos laboratorios dispongan de simuladores 

virtuales o simuladores físicos capaces de registrar los movimientos del instrumental 

de cada residente. Estos simuladores ofrecen una gran variedad de tareas de 

entrenamiento y evaluación, así como la posibilidad de obtener información objetiva 

de los ejercicios. Los diferentes estudios de validación llevados a cabo dan muestra de 

su utilidad; pese a todo, los niveles de evidencia presentados son en muchas ocasiones 

insuficientes. Lo que es más importante, no existe un consenso claro a la hora de 

definir qué métricas son más útiles para caracterizar la pericia quirúrgica. 

El objetivo de esta tesis doctoral es diseñar y validar un marco de trabajo conceptual 

para la definición y validación de entornos para la evaluación de habilidades en CMI, 

en base a un modelo en tres fases: pedagógica (tareas y métricas a emplear), 

tecnológica (tecnologías de adquisición de métricas) y analítica (interpretación de la 

competencia en base a las métricas). Para tal fin, se describe la implementación 

práctica de un entorno basado en (1) un sistema de seguimiento de instrumental 

fundamentado en el análisis del vídeo laparoscópico; y (2) la determinación de la 

pericia en base a métricas de movimiento del instrumental. 

Para la fase pedagógica se diseñó e implementó un conjunto de tareas para la 

evaluación de habilidades psicomotoras básicas, así como una serie de métricas de 

movimiento. La validación de construcción llevada a cabo sobre ellas mostró buenos 

resultados para tiempo, camino recorrido, profundidad, velocidad media, aceleración 

media, economía de área y economía de volumen. Adicionalmente, los resultados 

obtenidos en la validación de apariencia fueron en general positivos en todos los 

grupos considerados (noveles, residentes, expertos). 

Para la fase tecnológica, se introdujo el EVA Tracking System, una solución para el 

seguimiento del instrumental quirúrgico basado en el análisis del vídeo endoscópico. 

L 
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La precisión del sistema se evaluó a 16,33ppRMS para el seguimiento 2D de la 

herramienta en la imagen; y a 13mmRMS para el seguimiento espacial de la misma. La 

validación de construcción con una de las tareas de evaluación mostró buenos 

resultados para tiempo, camino recorrido, profundidad, velocidad media, aceleración 

media, economía de área y economía de volumen. La validación concurrente con el 

TrEndo® Tracking System por su parte presentó valores altos de correlación para 8 de 

las 9 métricas analizadas. 

Finalmente, para la fase analítica se comparó el comportamiento de tres clasificadores 

supervisados a la hora de determinar automáticamente la pericia quirúrgica en base a 

la información de movimiento del instrumental, basados en aproximaciones lineales 

(análisis lineal discriminante, LDA), no lineales (máquinas de soporte vectorial, SVM) y 

difusas (sistemas adaptativos de inferencia neurodifusa, ANFIS). Los resultados 

muestran que en media SVM presenta un comportamiento ligeramente superior: 

78,2% frente a los 71% y 71,7% obtenidos por ANFIS y LDA respectivamente. Sin 

embargo las diferencias estadísticas medidas entre los tres no fueron demostradas 

significativas. 

En general, esta tesis doctoral corrobora las hipótesis de investigación postuladas 

relativas a la definición de sistemas de evaluación de habilidades para cirugía de 

mínima invasión, a la utilidad del análisis de vídeo como fuente de información y a la 

importancia de la información de movimiento de instrumental a la hora de caracterizar 

la pericia quirúrgica. Basándose en estos cimientos, se han de abrir nuevos campos de 

investigación que contribuyan a la definición de programas de formación 

estructurados y objetivos, que puedan garantizar la acreditación de cirujanos 

sobradamente preparados y promocionen la seguridad del paciente en el quirófano. 



 

 

I Introduction 

 

 

 

“The path to our destination is not always a straight one, Ed.  

We go down the wrong road, we get lost, we turn back.  

Maybe it doesn’t matter which road we embark on.  

Maybe what matters is that we embark.” 

Leonard Quinhagak, Northern Exposure, #507 Rosebud, CBS, 1993. 

 

 

 

 

In which minimally invasive surgery is introduced along with the current state and 

challenges of training and assessment, and the goals and structure of this thesis are 

presented. 
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I.1 Minimally invasive surgery 

inimally invasive surgery (MIS) has become a standard procedural routine in 

many surgical sub-specialties; including thoracic, gynaecologic, nephritic and 

colorectal surgery (Usón et al., 2010; Cuschieri, 2005). MIS interventions are 

performed through small incisions in the patient’s body (Figure 1). In the case of 

laparoscopy, a pneumoperitoneum within the abdominal cavity is generated infusing 

CO2 gas, creating the working space for the surgeon. Long-shafted instruments are 

introduced through those incisions via special cannulas (trocars), and the patient’s 

anatomy is recorded by means of an intra-corporeal endoscope and visualized on an 

external monitor (Pappas et al., 2008). In recent years, MIS practice has started 

deriving towards new paradigms that aim to reduce the number of access ports in the 

abdominal cavity to one (LESS, LaparoEndoscopic Single Site, a.k.a. as Single Port 

Surgery) or even none (NOTES, Natural Orifice Translumenal Endoscopic Surgery) 

(Georgiou et al., 2012; Ponsky and Ponsky, 2009). 

 

Figure 1. Laparoscopic surgery 

The benefits for the patient have been reported for the different techniques where it 

has been employed (Chekan and Pappas, 2003). They are considered to be less painful 

and cosmetically less scarring to the patient, reduce post-operative complications, 

decrease morbidity and mortality, and shorten hospital stays, thus reducing associated 

costs for the clinical centres. Other associated benefits have been reported with 

respect to patients suffering of obesity, or belonging to age-risk groups such as infants 

or elder people (Stassen et al., 2001). 

However, the shift of paradigm from open to laparoscopic surgery has also brought 

forth a series of disadvantages for the surgeon, related to his/her sensorial and kinetic 

perception and ergonomic disposition with respect to the surgical scenario (Stassen et 

al., 2001): 

M 
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• Sensorial modifications: Since visualization is performed via an external 

monitor, the surgeon may benefit from current high definition standards to 

obtain a finer detail on the intra-corporeal cavity. However, traditional 

laparoscopy is registered through a monoscopic endoscope and shown on a 2D 

screen, which effectually diminishes the surgeon’s depth perception. 

Moreover, these images tend to be devoid of shadows that may help him/her 

compose a mental picture of the scene, since camera and light source originate 

from the same point in space. 

Tactile information is also lost in these surgeries. The surgeon’s interaction with 

the patient’s anatomy is exclusively achieved through the instruments. 

Moreover, their long and rigid form also has an impact on the stereognosis1 

capacity of the surgeon. 

• Kinetic modifications: There are several challenges for the laparoscopic 

surgeon related to movement. The first is to deal with the disorientation that 

may result from the endoscope’s point of view with respect to the patient. 

Since visualization is achieved through an external monitor, hand and eye 

movements need to be coordinated. Additionally, due to the fulcrum effect of 

the instruments on the trocar, an inversion on the movements’ direction is 

produced; thus, when the hand moves the instrument in one direction, 

onscreen it will be seen as movement in the opposite one. Moreover, 

movements are restricted to 6 degrees of freedom (DoF) (Figure 2). 

Motility processes are also affected in laparoscopic interventions (Álvarez et 

al., 2000). Muscular contraptions are usually regulated by the sensitive 

feedback received from manipulation. Since this information becomes limited 

in these scenarios, routine gestures such as knot tying or dissection become 

harder and less smooth than in open surgeries. 

 

Figure 2. The six degrees of freedom (DoF) of laparoscopic instruments 

                                                        
1 Stereognosis: ability to perceive and recognize the form of an object using cues from texture, size, spatial 
properties or even temperature. 
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• Ergonomic modifications: The disposition of necessary elements for MIS 

procedures in the OR has a direct impact on the surgeon’s posture during 

surgery. Interventions are generally static, requiring the surgeon to remain 

standing for several hours, which may lead to musculo-skeletical problems 

(van Det et al., 2009). Other factors may increase the health risks for the 

surgeon. Misalignment of the forearm-motor axis and visual axis, patient’s and 

OR team members’ position, endoscope placement and angle, number and 

orientation of monitors, etc. can cause the adoption of uncomfortable neck 

postures, which may also lead to eyestrain and pain in the upper extremities, as 

well as affect performance on complex tasks (Manasnayakorn et al., 2009; 

Omar et al., 2005; Patil et al., 2004). Wrist injuries may also result from strained 

instrument handling due to movements’ inversion (Pérez-Duarte et al., 2012). 

Adoption of laparoscopic surgery has not been without its complications. During the 

early years, the popularity of the technique led to an alarming increase in medical 

errors in common procedures such as cholecystectomy, due in great part to an 

insufficient preparation in the required skills for this type of surgeries (Hiemstra, 2012; 

Tsuda et al., 2009). Consequently, learning programmes started refocusing their goals 

to the adoption of the necessary MIS skills; in order to exploit the maximum 

effectiveness and efficiency of training with the minimum associated risk to the 

patient. 

I.2 Learning in MIS 

Acquisition of all the necessary MIS surgical skills is a serious endeavour. Surgeons 

must follow long traineeship periods in order to become proficient in these 

techniques. Objective evaluation of surgical skills is needed for monitoring residents’ 

learning and for a transition towards a quality-based surgical culture. In this section we 

will give a brief overview to all the associated challenges, covering the theoretical 

background of learning programmes and their practical application to the learning of 

MIS skills. 

I.2.1 Learning theories and models 
In order to understand and give perspective to the challenges associated to MIS skills’ 

learning, some background on pedagogical learning theories will be given. In general, 

Merrian et al. distinguish between four main paradigms (Merriam et al., 1999):  

(1) behaviourist (learning through stimulus-response actions), (2) cognitive (learning 

through mental associations and patterns), (3) humanist (learning through a human 

innate desire to know) and (4) situational/constructivist (learning through the 

experience, association of ideas and social interaction). 
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While it cannot be claimed that one sole paradigm is more influential than others, it 

has been pointed out by Kneebone et al. how each of them may be applicable to MIS 

learning (Kneebone, 2003). In his view, acquisition of practical/psychomotor skills 

would be associated with behaviourist learning (repetitive actions in order to acquire 

reflexes to act on diverse situations); theoretical/cognitive skills are part of cognitive 

learning, where acquired information is transformed mentally into knowledge; and 

judgment skills would be related to humanist and constructivist theories, whereby 

experience and interaction with his/her environment helps shape the resident’s 

expertise. 

Several learning models can be identified with practical application in MIS training. 

One of the most extended taxonomies in clinical practice is Miller’s Pyramid (Tavakol 

et al., 2008; Miller, 1990). The pyramid establishes four training levels: (1) Knows 

(knowledge), (2) Knows How (competence), (3) Shows How (performance) and (4) Does 

(action). The first two levels deal with declarative knowledge, and thus competence 

can be established by means of examinations or essays. The two top levels are related 

to procedural knowledge, where establishment of proficiency levels is not so obvious 

due to the complex mixture of cognitive, motor, judgment and emotional skills 

involved.  

On the other hand, Bloom´s taxonomy defines three categories of learning objectives 

that can be easily traced to MIS skills: knowledge, skills and attitudes. Knowledge 

refers to cognitive aspects, the assimilation and transformation of information; skills to 

psychomotor competences; and attitudes to the growth in feelings or emotional areas 

(Bloom et al., 1956). Finally, Rasmussen’s model has been proposed for MIS learning 

by Wentink et al. (Wentink et al., 2003). This model distinguishes between skill-based, 

rule-based and knowledge-based learning objectives. According to them, skill 

behaviour can be associated with the acquisition of motor skills, which are automated 

and performed without conscious control; rule behaviour relates to the application of 

cognitive and empirical knowledge triggered by specific conditions; and knowledge 

behaviour leads to the application of knowledge to a certain problem after analysis 

and strategic planning.  

I.2.2 Skills required 
Taking into account these learning theories, it has been established that surgical 

competence can be defined into three planes of training (Tsuda et al., 2009). In the 

first, the resident must acquire the necessary knowledge on human anatomy, 

physiology, pathologies and surgical procedures. These are known as cognitive skills, 

and give the surgeon the theoretical background required (what to do). Practical 

application of said knowledge implies the development of the manual, technical 

abilities required in the OR. They are known as psychomotor skills (how to do it). 

Finally, a competent surgeon must be able to apply his good criteria and knowledge 
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when faced with the different events that may occur in the OR. These skills, known as 

judgment skills (when to do it) are often the most difficult to acquire, as they are 

developed nearly exclusively through experience and acquired knowledge. 

 

Figure 3. Mastering of MIS skills 

In the case of MIS, difficulties present themselves especially in the acquisition of 

psychomotor skills. According to (Lamata, 2006) a resident/surgeon training for MIS 

must master the following abilities: 

• Visual-spatial perception: The surgeon must learn to cope with the 2D 

visualization of the surgical scene, which results in a loss of depth perception. 

He/she must mentally reconstruct the anatomical cavity shown from the 

endoscopic image. 

• Haptic perception: The surgeon must learn to manipulate objects through the 

use of laparoscopic instruments, discerning different tissues and textures solely 

by the diminished perceptual information available. 

• Camera navigation: The surgeon must adapt to the new anatomical points of 

view offered by the endoscope, which can induce disorientation. Moreover, the 

surgeon must be able to work in situations where he controls the camera or 

when an assistant holds it for him/her (Chmarra et al., 2007b). 

• Hand-eye coordination: The surgeon must learn to coordinate hands’ and eyes’ 

movements, which not only happen at different motion planes but are also 

conditioned by the inversion of movements of the instruments. 

• Grasping and pulling: The surgeon must learn fine and smooth manipulation of 

instruments and tissues in order to avoid undesired lesions. 

• Bi-manual coordination: The surgeon must be able to coordinate the 

movements of both hands for the transfer/manipulation of objects (e.g.: 

suturing needles) within the abdominal cavity. 

COGNITIVE PSYCHOMOTOR JUDGMENT
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• Cutting and dissection: The surgeon must be able to delicately expose tissues 

with one instrument while performing cutting or dissection with the other. 

• Knotting and suturing: The surgeon must acquire the necessary intracorporeal 

knotting and suturing abilities, which may be hampered considering the limited 

degrees of freedom of the instruments or the slippery thread. 

I.2.3 Historical perspective: Changing the paradigm 
In order to best understand how training and assessment of MIS competence are 

addressed, some perspective is required. An account of the past and the present of 

MIS learning is given in this section, with a focus on its advantages and limitations, in 

order to convey a sense of the needs and objectives that will be driving this PhD. 

I.2.3.1 Traditional learning 

Since the early years of the 20th Century, traditional surgical learning has been 

approached by William Halsted’s paradigm, who proposed an intensive training 

programme based on the today famous axiom: "see one, do one, teach one" (Halsted, 

1904). The teaching process relies primarily on a mentor-apprentice relationship, and 

more importantly, takes place in the OR with real patients. This model, in one form or 

another, has and is still in use in clinical training around the world.  

Within this framework, assessment of performance has usually been approached by 

means of general reports fulfilled by the supervisor, such as the In Training Evaluation 

Reports (ITERs) (Sidhu et al., 2004). These reports have been proved to present 

important limitations that add subjectivity to the assessment of competencies (Fried 

and Feldman, 2008). The first is the halo effect, which can be defined as the influenced 

perception of the performance in one area (e.g.: result of a surgical task) by the 

performance in another (e.g.: relationship between trainee and mentor). The second 

one is associated to the time between reports: since they are periodically written, they 

are dependent of the mentor’s long term memory and deprive the trainee from 

immediate feedback on his/her results.  

I.2.3.2 Structured learning 

During the last quarter of the century, the halstedian paradigm began shifting towards 

new approaches. Two main motivators may be identified for this change: 

1. The acquisition and accreditation of the necessary competences, particularly 

when referred to psychomotor skills, without compromising patient safety 

(Effective learning). While eventually training of the surgeon inevitably must 

take place in the OR with real patients, the ethical dilemma this implies and the 

social pressure for safer surgeries cannot ultimately be ignored. Media and 

public awareness on medical errors have drawn the attention of hospitals and 

insurance companies to the surgical training processes (van Hove et al., 2010; 

Moorthy et al., 2003). It has already been mentioned how this became 
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especially obvious during the 90’s with the massive implantation of 

laparoscopic surgery, when incidences due to ill-prepared surgeons on the 

special skills required for this approach rocketed (Tsuda et al., 2009). 

 

2. The development of objective and structured learning programmes (Efficient 

learning). In order to receive adequate training, learning programmes must be 

fitted in the already overloaded schedules both of residents and teachers. With 

the introduction of working directives limiting weekly hours, this issue has 

become even more complicated to cope with (Tsuda et al., 2009). Additionally, 

there is a crescent pressure for cost and productivity optimization in hospitals, 

in terms of deploying in the shortest time possible prepared professionals 

qualified to perform safe surgeries on patients (Moorthy et al., 2003). 

As a first consequence, learning programmes began promoting training in 

environments such that the involvement of residents in real surgeries is delayed until 

they become proficient in the necessary skills required. OR training with live animals 

was and is one of the methods chosen, although not without raising controversial 

ethical concerns (Taylor, 2003). However, the key aspect was the introduction of 

simulation for skills’ training and assessment. Simulation is defined as a "device or 

exercise that enables the participant to reproduce or represent, under test conditions, 

phenomena that are likely to occur in actual performance" (Krummel, 1998). The first 

approaches to simulation included the use of cadavers, mannequins or box trainers in 

skills laboratories for the performance of simple motor tasks. An important advantage 

to this approach is that acquisition of basic psychomotor skills in the lab may help 

trainees focus more thoroughly on other skills when they move into the OR, such as 

cognitive (anatomy, pathology) or judgment (teamwork, complications, stress-

response) abilities (Hiemstra, 2012). 

A second consequence was the introduction of objective reports for surgical skills’ 

assessment, based on checklists and end-product analysis (Vassiliou et al., 2005; Tang 

et al., 2004; Martin et al., 1997; Harden et al., 1975). The Objective Structured Clinical 

Examination (OSCE), introduced in 1975 by Harden et al., was one of the first efforts in 

this field (Harden et al., 1975). In OSCE, residents are assessed in their cognitive and 

motor performance throughout a series of clinical stations related to different surgical 

and procedural aspects, combining checklists and evaluation questions. OSCE has been 

proved to be an effective method in the OR; however, there have also been concerns 

regarding its efficiency, as it has been considered costly and time consuming in some 

cases (Sidhu et al., 2004). 

In 1997, the Objective Structured Assessment of Technical Skills (OSATS) was 

proposed as a scoring system focused on psychomotor skills (Martin et al., 1997). 

Validity has been fully established for skills’ assessment scenarios ranging from simple 
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tasks to advanced complex procedures (Hiemstra et al., 2011b; Moorthy et al., 2003). 

Implementation of the OSATS in the OR, however, may present ambiguities in the 

scoring systems (Chmarra et al., 2010a). In a study performed by Hiemstra et al., it is 

stated that, being based on the opinions of an individual, it bears a certain degree of 

subjectivity (Hiemstra et al., 2011b). Another drawback is the high amount of 

resources required, from the number of experts deployed at each station to evaluate 

the trainees, to the marginal costs of each exam per candidate (Sidhu et al., 2004). 

Laparoscopic video offline-evaluation has been proposed to reduce some of these 

costs with good reliability results (Dosis et al., 2005). However, the presence of a 

reviewer is still required, and trainees do not obtain immediate feedback on their 

performance. Vassiliou et al. (Vassiliou et al., 2005) proposed a counterpart of OSATS 

for MIS - the Global Operative Assessment of Laparoscopic Skills (GOALS). GOALS are 

not procedure-specific reports, and as such, can be used for any MIS intervention. 

A determining factor helping to shape new learning programmes in recent years has 

been the introduction of new technologies in the field of MIS (van Hove et al., 2010; 

Moorthy et al., 2003). Advances on tracking systems and computing software have 

lead to a new generation of training and assessment systems, such as human motion 

tracking (HMT) enhanced box-trainers or virtual reality (VR) simulators, capable of 

accurately recording qualitative and quantitative data on performance. With the new 

possibilities these systems present, their introduction could be considered as the third 

motivator in the search for new structured training and assessment programmes 

(Technology-supported learning). A more detailed account on these systems, their 

advantages and limitations will be given in section III.3. 

I.2.3.3 Examples of modern learning programmes 

Structured learning of MIS skills is handled in different fashions (Lamata, 2006). More 

often than not, learning opportunities are given by surgical centres in their own 

installations and under their own criteria for assessment and accreditation, depending 

on said centre’s politics and budget (Hiemstra, 2012). These centres offer residents the 

opportunity to learn with real patients or animals in the OR, and in skills laboratories 

by means of box trainers and VR simulators, when available. 

One of the most extended approaches through which learning is imparted is via 

intensive courses (2-3 days) that residents and surgeons take both for initial learning 

and Continuous Professional Development (CPD) respectively (Aggarwal et al., 2004). 

Due to their nature, these courses are highly structured, aiming to convey in the short 

time available the largest amount of knowledge possible. Depending on the country, 

these courses may be compulsory or not (Dumon et al., 2004). 

The courses at the Jesús Usón Minimally Invasive Surgery Centre (JUMISC, Cáceres, 

Spain) are an excellent example of this trend (Usón et al., 2010). These are structured 

in a four level pyramid, in which gradually the trainee moves from basic to advanced 
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training: (1) basic and advanced skills’ training with box trainers and VR simulators, (2) 

anatomical protocols and advanced skills’ training with animal models, (3) advanced 

procedural skills’ training combined with the use of ICT (information and 

communications technology) applications and (4) practice in the OR (Figure 4). 

 

Figure 4. JUMISC MIS training pyramid 

Another similar example are the cobra-alpha courses for residents in The Netherlands 

(Hiemstra et al., 2008). These courses are mandatory since 1997 for postgraduate 

students in the first two years of residency, and focus both on cognitive and 

psychomotor basic skills’ training. As in the case of JUMISC courses, inanimate box 

trainers and VR simulators are employed. Advanced courses are optionally available 

for higher years, focused on procedural knowledge. In recent years, the introduction of 

OSATS for structured assessment in the OR has also been proposed (Hiemstra et al., 

2011b). 

An alternative approach is focused on autonomous, autodidactic training. The 

Fundamentals of Laparoscopic Surgery (FLS), developed by the Society of American 

Gastrointestinal and Endoscopic Surgeons (SAGES) are the clearest example of this 

philosophy (Peters et al., 2004). The FLS provide the necessary means for cognitive and 

psychomotor learning, in the form of multimedia didactic material (CD-ROMS) and a 

portable box trainer and camera.  

The use of e-learning technologies has also been proposed as a training means for 

MIS, especially where cognitive skills are concerned (Sánchez-González et al., 2012). 

Examples of such environments are WeBSurg, WebOP or Surgytec (Mutter et al., 

2011). These environments act as huge surgical communities based around expanding 

didactic video repositories. However, their use is in many cases limited due to (1) the 

lack of proper documentation schemes for didactic contents; (2) the lack of tools for 

the creation and edition of standardized, reusable didactic contents; (3) the lack of a 
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pedagogical model in which to sustain the environments’ learning paths; (4) the 

limited user interaction with contents; (5) the lack of knowledge management 

providing the user adaptive learning based on their experience; (6) the absence of 

evaluation units; and (7) the limited promotion of social interaction between users.  

One of the first e-learning initiatives to try and address these challenges is the TELMA 

e-learning environment, which amongst other features includes a specific authoring 

tool for easy, video-based didactic content creation (Sánchez-González et al., 2012). 

The environment is currently on its validation phases, although preliminary results up 

to now have given proof of its potential as a training asset (Figure 5). 

 

Figure 5. (a) TELMA environment; (b) Authoring tool  

I.2.4 Accreditation of surgeons: Challenges in psychomotor skills’ 

assessment 
One of the greatest challenges when defining learning programmes lies in the 

definition of assessment and accreditation landmarks to establish the different levels 

of surgical competence. In this sense, the question that can be raised is: "What does it 

mean to be a competent surgeon?” 

Defining surgical competence has become one of the keystones in the development of 

learning programmes (Hiemstra, 2012; Satava et al., 2003). There is no globally 

accepted standard to measure competence, and as a result, it is left to each 

programme or country to decide the means, needs and objectives required for 

accreditation (Hiemstra et al., 2011b). Table 1 covers the accreditation standards for 

some of the most important European nations, as well as some of the most prominent 

English-speaking countries. One of the most advanced examples is again the FLS, which 

under the endorsement of SAGES and the American College of Surgeons (ACS) are now 

being required for MIS practice accreditation in the USA as well as in Canada, Australia 
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and New Zealand (Soper and Fried, 2008). The FLS exam can be taken in centres all 

around the country, and focuses both on cognitive (multiple choice questions) and 

psychomotor aspects (FLS box trainer tasks) (Peters et al., 2004). 

 



 

 

Country  Institution Examination Requirements Ref. 

  

Australia/ 
New Zealand 

Royal Australasian College of Surgeons 
Fundamentals of Laparoscopic Surgery (FLS) 
Official examinations 

Course attendance (Soper and Fried, 2008) 

 

Austria Austrian medical law Official examination Number of procedures (Dumon et al., 2004) 

 

Canada  
Canadian Association of General 
Surgeons 

Fundamentals of Laparoscopic Surgery (FLS) N/A (Soper and Fried, 2008) 

 

France  N/A 
Diplôme d’Etudes Spécialisées 
Diplôme d’Etudes Spécialisées Complémentaire  
Diplôme d’Etudes Approfondies 

N/A (Dumon et al., 2004) 

 

Germany  N/A Fachartzprüfung N/A (Dumon et al., 2004) 

 

Italy  Italian government Official examination N/A (Angelini et al., 2001) 

 

Netherlands  N/A - 
Number of procedures, 
Cobra-alpha courses 

(Hiemstra et al., 2008) 

 

Norway  N/A - 
Number of procedures,  
Course attendance 

(Soreide et al., 2008) 

 

Spain  Spanish Ministry for Health - 
Number of procedures  
Course attendance 

(Bobadilla et al., 2008) 

 

Sweden  Swedish Surgical Society Swedish Surgical Society Exam - (Dumon et al., 2004) 

  
UK/Ireland  

Surgical Royal Colleges/ 
General Medical Council 

MRCS (BST) 
FRCS (HST) 

Number of procedures (Moorthy et al., 2003) 

 

USA  

American College of Surgeons, 
Society of American Gastrointestinal 
and Endoscopic Surgeons, 
American Board of Surgery 

Fundamentals of Laparoscopic Surgery (FLS) 
American Board of Surgery in Training Exam (ABSITE) 

- (Soper and Fried, 2008) 

Table 1. National MIS accreditation policies in Europe and prominent English-speaking countries 
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In Europe, accreditation of surgeons is further fragmented and, despite there being 

guidelines from the European Board of Surgery (EBS), no common EU training 

programme exists as of today; thus, their development is left to national agencies 

(Dumon et al., 2004). For example, in Norway, Italy and The Netherlands, the most 

relevant criteria is the number of surgeries performed (both in laparoscopic and open 

surgery), although in the case of the latter, the cobra-alpha courses must also be 

completed (Hiemstra et al., 2008; Soreide et al., 2008; Angelini et al., 2001). In Spain 

too, accreditation for MIS is obtained after having performed during residency a 

minimum of 30 surgeries and attended at least two mandatory courses (Bobadilla et 

al., 2008). Other countries, such as Germany, Austria, France or Sweden opt for official 

certification by means of exams after residency internships. In the UK and Ireland, 

surgeons accomplish certification by the Royal College of Surgeons’ Membership 

(MRCS) and Fellowship (FRCS) examinations for Basic Surgical Training (BST) and Higher 

Surgical Training (HST) respectively. These focus in general surgery and cover mainly 

knowledge and clinical aspects (Moorthy et al., 2003). 

The problem of accreditation is intensified when technology is incorporated to the 

process. Advances such as VR simulators and tracking devices come in multiple forms 

and variety, each with their own set of tasks, parameters, objectives and learning 

taxonomies (Lamata et al., 2006). In relation to this, three difficulty areas that need to 

be addressed in the definition of technology-driven assessment systems may be 

identified (Feldman et al., 2004b; Satava, 2001): 

1. The definition of universally accepted measurements of performance (or 

metrics). 

2. The great variety of simulators and tracking technologies existent to choose 

from. 

3. The different experience levels of users and the lack of reliable competence 

thresholds to define them. 

According to them, there are several conditions that an assessment system must meet: 

• Be comparable: trainees should be able to compare their results with those of 

their colleagues (whether with similar or different experience) or their own (on 

different time frames). 

• Be based on more than one outcome: It has been proved that one 

measurement of performance cannot accurately predict real skill. According to 

Satava et al. (Satava et al., 2003), the use of different metrics from diverse 

nature can raise the chances of reflecting significant differences between 

surgeons with different skill level. 

• Be conceived as a dual process, in which the learner not only obtains a score 

against which to measure his skills (summative feedback); but also can receive 

immediate, constructive feedback on his performance during or after 
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completing a task (formative feedback) (Chmarra et al., 2010a). In this manner, 

according to Knowles’ principles in adult learning, learners are motivated to 

improve and progress in their training process (Knowles, 1970). 

• Be feasible, in terms of cost and practical application (Tavakol et al., 2008). 

• Give proof of reliability and validity. 

The last point in the list above may in fact cover the two principal factors that must be 

met by assessment systems (Fried and Feldman, 2008). Reliability refers to a system’s 

measurement of consistency on a test, and can be evaluated in three different planes: 

• Intra-rater reliability (internal consistency): Measurement of coherence 

between the scores obtained on the different items of a test. It is assumed 

that, for example, a skilled surgeon will generally obtain high marks in the 

different domains in which he is assessed. 

• Inter-rater reliability: Measurement of coherence between the scores handed 

out by different evaluators for a given test. In the case of electronic devices, 

where measurements are obtained objectively without human bias, this 

parameter tends to be high.  

• Test-retest reliability: Measurement of coherence between the scores 

obtained by an individual in successive iterations of a test, assuming he has 

reached a steady state in said test (e.g.: familiarization with a VR simulator). It 

is assumed that variance between sessions in this case is due primarily due to 

the measurement instrument, although in practice other factors related to the 

tester may influence (e.g.: fatigue, motivation). 

Validity refers to the extent to which the test is true and measures, at different levels, 

what it intends to measure (Gallagher et al., 2003). There are several validity criteria, 

which can be broadly classified into subjective (face, content) and objective (construct, 

concurrent, predictive). 

• Face validity: Subjective measurement by which experts reviewing the contents 

of a test determine whether their relevance to its aims are appropriate. It is 

usually performed only during the initial phases of test construction. 

• Content validity: Subjective measurement by which experts review if the 

contents conforming the test cover correctly the skills it intends to measure. It 

must answer the question "Does the test evaluate the appropriate content and 

breadth of content?" (Fried and Feldman, 2008). 

• Construct validity: Extent to which the results of a test reflect accurately the 

reality it intends to measure. In MIS assessment systems, this is usually 

measured as the degree with which the test detects differences between 

subject groups (e.g.: experts vs. novices) (Woodrum et al., 2006). 
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• Discriminative validity: Extent to which the scores of a test correlate with 

those obtained with another system to measure technical skill. If validation is 

performed close in time or simultaneously over the same data, it is known as 

concurrent validity. Additionally, if the system against which it is being 

validated can be considered a gold standard it is known as criterion validity. 

• Predictive validity: Extent to which the scores in an assessment test predict 

performance in the OR. 

I.3 Problem statement and justification of the research 

The present PhD work falls under the research line on “Surgical simulation, planning 

and image guided surgery” of the Bioengineering and Telemedicine Centre (GBT) at 

the Escuela Técnica Superior de Ingenieros de Telecomunicación (ETSIT), Universidad 

Politécnica de Madrid (UPM, Madrid, Spain). The main purpose of this line is to 

develop new biomedical technologies to (1) enhance MIS learning processes by means 

of new tools for objective training and assessment of skills; and (2) develop new 

surgical navigation systems to guide surgeons during MIS interventions. 

Work on this research line is performed in close collaboration with the Jesús Usón 

Minimally Invasive Surgery Centre (JUMISC). Founded in 1995, the mission of the 

centre has been to promote the training and innovation in minimally invasive surgical 

techniques. Its installations offer state-of-the-art ORs and medical systems for research 

and learning, and its MIS training courses, attended by a host of expert surgical staff, 

have wide renown amongst the Spanish surgical community. 

A main research interest at GBT-UPM lies in the extraction of relevant information 

from the surgical scenario by means of endoscopic video analysis of the images 

obtained in the surgical setting. This information should allow determining the objects’ 

(surgical instruments, organs, etc.) relative position in the scene, their movements, 

depth, etc. In this context, three main research areas can be identified: (1) algorithms 

for instruments’ positioning and tracking, (2) algorithms for the segmentation and 

tracking of anatomical structures and (3) algorithms for the 3D reconstruction of the 

surgical scene. Applications for endoscopic video analysis include: 

• Training and assessment of MIS cognitive skills, by means of e-learning 

environments focused on the creation of didactic video-based contents. 

• Training and assessment of MIS psychomotor skills, based on motion analysis 

of the different elements in the surgical setting. 

• Image and video guided surgical applications (IVGS), where the instruments’ 

and organs’ position can be updated in real time during interventions based on 

the information provided by the endoscope and without the need for sensor-

based equipment. 
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The research under this PhD focuses on the definition of new systems and solutions 

for the training and assessment of MIS psychomotor skills. There is a clear need for 

the definition of structured MIS learning programmes, able to provide objective 

information regarding a resident’s/surgeon’s competence level for assessment and 

accreditation purposes. In this context, traditional learning schemes must give way to 

new, structured and preferably standardised programmes (1) that can be easily 

adapted to both learners’ and mentors’ packed schedules, (2) that provide objective 

information on the degree of skills’ competence of new surgeons and (3) that allow 

only those residents who have mastered the necessary abilities to move on to real OR 

cases where human patients are involved. 

In this sense, laboratory-based training and assessment has gained major relevance in 

the last decades, which has been technologically reinforced by the advances in VR 

simulation and tracking systems (Moorthy et al., 2003). Despite their introduction, 

there is still much controversy surrounding them on topics such as the optimal metrics 

that must be used to assess competence, the validity of VR simulation, the portability 

of tracking technologies into real surgeries (for advanced assessment) or the degree to 

which the skills measured and obtained in these environments transfer to the OR. 

Within this context, we propose a three-sided model for capturing the needs and 

requirements of new MIS assessment systems (Figure 6), inspired by the three 

challenge areas described in section I.2.4 (Feldman et al., 2004b; Satava, 2001): 

1. The pedagogical side, dealing with the didactic objectives of the system,  

i.e.: skills measured, tasks employed, metrics registered. 

2. The technological side, dealing with the technological objectives of the system, 

i.e.: how to register the trainee’s performance. 

3. The analytical side, dealing with the assessment objectives of the system,  

i.e.: how to interpret the registered information for optimal evaluation of 

surgical competence. 

 

Figure 6. MIS model for implementing skills’ assessment systems  
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Inspired on this model, a conceptual framework is proposed for the definition, 

implementation and validation of methods and systems for MIS psychomotor skills’ 

assessment (Figure 7).  

 

Figure 7. Conceptual framework for the design and definition of MIS skills’ assessment systems 

As with the model, three different stages can be clearly identified: 

1. The pedagogical stage, where the basis of the problem is established by means 

of an analysis of the needs and requirements for an assessment solution. Tasks 

and metrics to be used are selected, and a validation experiment (preferably 

using a gold standard acquisition system) is conducted in order to ascertain 

their didactic value. 

2. The technological stage, where the technological assets to be included for 

metric registration are implemented and validated taking into account the 

lessons learnt in the pedagogical stage. 

3. The analytical stage, where the evaluation module is designed paying special 

attention to the definition and validation of the assessment methodology to 

employ. 

At the end of each stage, validation is carried out using a consolidated assessment 

system. These experiments not only yield information about the validation of the 

current stage, but also help provide feedback on the previous ones (e.g.: regarding 

metrics, tasks, etc.). 

Within this context, research will focus on the validation of the framework, based on a 

practical implementation of an assessment system inspired on its precepts. This 

implementation will evolve around the analysis of the image provided by the 
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endoscopic video in order to record the movements of the laparoscopic instruments 

and calculate a number of motion analysis parameters (MAPs)2. In other words, it will 

focus on the definition of a passive, unobtrusive instrument-tracking solution for the 

assessment of MIS psychomotor skills. 

Thus, some of the questions that will drive this research will focus on "what are the 

needs for a reliable environment for objective skills’ assessment?", "which tasks and 

metrics can be defined to best obtain knowledge on surgical competence based on 

video-based tracking?", "how can video-based tracking improve learning programmes 

with respect to other sensor-based technologies?" or "how can motion data registered 

by the video-based tracking system better be used to provide relevant information on 

surgical competence?". 

I.4 Thesis outline 

The thesis is structured according to each of the stages proposed in the conceptual 

framework, and thus every main chapter will cover the methodological aspects and 

results obtained for the practical implementation proposed. Thus, the ensuing outline 

will be followed: 

• Chapter I has established the foundations of this PhD, focusing on the relevant 

aspects of MIS training and assessment. Challenge areas have been identified, 

and justification for the research established. The conceptual framework that 

will be validated in this PhD has been presented. 

• Chapter II will present the hypotheses that drive this research, as well as the 

specific objectives to meet in this PhD work. 

• Chapter III will present the state of the art for the different facets related to 

the model that inspires this PhD’s conceptual framework. Special focus will be 

placed upon the relationship between tasks, abilities and metrics; on the 

advantages and limitations of employing HMT or VR systems for training and 

assessment; or on the identification of the different methods to exploit the 

information registered by said systems to provide objective feedback on a 

trainee’s performance. The study will provide the foundation stones for the 

implementation, and can essentially be seen as part of the first phases of the 

pedagogical stage (analysis of requirements). 

• Chapter IV will present the pedagogical stage of the proposed implementation. 

The process concerning the capture of requirements of the system, the design 

and construction of the tasks to employ, the definition of MAPs to consider and 

their validation (face, construct) are presented. 

                                                        
2 From this point forwards this PhD will use the concept "MAPs", defined by Chmarra et al. in (Chmarra et al., 
2010b), to refer to motion-related metrics used in the implementation proposed. 
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• Chapter V will present the technological stage of the proposed 

implementation. A complete description of a new video-based tracking method 

will be given along with the tests performed to measure its accuracy. Results on 

construct and concurrent validation are presented. 

• Chapter VI will present the analytical stage of the proposed implementation. A 

comparison between three different approaches to supervised classification is 

presented for the automatic determination of surgical competence based solely 

on the input provided by the MAPs. 

• Chapter VII will present the conclusions extracted from this research. Each 

hypothesis postulated in Chapter II will be discussed, and the main 

contributions of this PhD will be presented. Finally, guidelines and directions 

for future works based on the results obtained will be given. 

 





 

 

II Research hypotheses and objectives 

 

 

 

“There’s nothing in this universe that can’t be explained. Eventually.” 

Dr Gregory House, House M.D., #219 House vs. God, FOX, 2006 

 

 

 

 

 

 

 

In which the hypotheses and objectives of the present PhD are detailed. 
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II.1 Research Hypotheses 

II.1.1 General hypothesis 
1. The definition of a method for the objective assessment of MIS basic 

psychomotor skills can be modelled by means of a three-stage framework. To 

this end, it is possible to validate a practical implementation based on said framework, 

according to (1) the definition of assessment tasks to employ and motion analysis 

parameters (MAPs) to register; (2) the definition of methods and technologies for the 

acquisition of said MAPs; and (3) the definition of a methodology to analyse and give 

meaning to the MAPs. 

II.1.2 Pedagogical aspects: On the definition of motion metrics 
H2. Simple psychomotor skills’ assessment tasks for simulation settings are able to 

convey a MIS surgeon’s level of psychomotor competency based on his/her 

performance. 

H3. Efficiency metrics, related to the movements of the laparoscopic instruments 

within a surgical setting, may be used as the main source of information to obtain 

evidence on a surgeon’s competence based on his/her performance for a given task. 

II.1.3 Technological aspects: On the registration of metrics 
H4. Tracking of the instruments in the surgical scenario may be done solely employing 

information from the endoscopic image feed and the camera’s parameters. This offers 

the possibility for robust, transparent and portable motion analysis for skills’ 

assessment. 

H5. 2D tracking of the instruments (i.e.: tracking of the instruments performed on the 

screen) provides relevant information regarding MIS surgical competence. However, 

this information will be less significant than that provided by 3D tracking, where depth 

information is considered. 

II.1.4 Analytical aspects: On the interpretation of metrics 
H6. Surgical competence can be automatically inferred from instrument motion-

related information by means of supervised classification algorithms. 

H7. The combination of metrics in a supervised classifier provides more significant 

information than said metrics analysed individually. 

  

H 
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II.2 Objectives 

General Objective 

The main objective of this PhD thesis is the design and validation of a conceptual 

framework for the definition of new methods for the assessment of MIS psychomotor 

skills. A practical implementation of the framework is carried out in three stages, 

concerning pedagogical, technological and analytical aspects. At the core of this 

research work, the most relevant contribution lies in the use of endoscopic video 

analysis for laparoscopic instruments’ tracking as the main source of information for 

the assessment of psychomotor skills. 

Specific Objectives 

• The analysis of the needs and requirements of MIS skills’ assessment, especially 

in all aspects related to the use of motion analysis for the evaluation of 

psychomotor abilities of surgeons.  

• The design and development of a laboratory surgical assessment setting, where 

surgeons can be assessed on their psychomotor skills in a stress-free and 

patient-safe environment. More specifically, the objective contemplates the 

definition of (1) assessment tasks to be performed by surgeons and (2) MAPs to 

be registered in order to characterise surgical competence. 

• The definition, design and validation of a video-based tracking method, for 

capturing and calculating MAPs from the laparoscopic instruments’ 

movements. The method will be based on the exploitation of video analysis 

algorithms so as to be unobtrusive, transparent, portable and economic. 

• The implementation and validation of diverse supervised classifiers based on 

statistical analysis and/or machine learning configurations for the automatic 

determination of surgical competence using the information provided by the 

MAPs.  

 



 

 

III State of the art 

 

 

 

“It is said that if you know your enemies and know yourself,  

you will not be imperilled in a hundred battles” 

Sun Tzu, c.544-c.496 BC 

 

 

 

 

 

In which the state of the art for the different facets comprising MIS psychomotor skills’ 

assessment are presented. 
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III.1 Methodological approach 

s part of the analysis of needs and requirements established by the conceptual 

framework posed in this PhD, the first step to carry out is to understand the 

problem being addressed. To this end, the present chapter will present a systematic 

review of the state of the art in the field of MIS psychomotor skills’ assessment, 

according to the three challenges of the model proposed in Chapter I (Figure 6). Search 

of the literature was performed using PubMed and Google Scholar public databases. 

Key words employed were: "laparoscopy", "minimally invasive surgery", "surgical 

assessment", "psychomotor skills", "objective evaluation", "validation", "virtual 

reality" and "motion analysis". Obtained articles’ bibliographies were also checked for 

new references. Additionally, validation brochures for commercial VR simulators were 

scanned. For all considered sections, articles not related with laparoscopic surgery 

were filtered. No a priori restrictions regarding publishing date or language were 

applied. 

For section III.2, recovered results were scrutinized and filtered by construct validation 

studies employing objective metrics. A total of 45 studies were selected and cross-

referenced according to tasks and valid metrics, both in box trainers and VR 

simulators. Our purpose was to correlate the most recurrent metrics and surgical tasks 

employed in these settings, identifying which parameters influence on the different 

psychomotor abilities. In this way, we aimed to discern general patterns where a given 

metric/set of metrics yields significant differences between training groups, with 

respect to different tasks and abilities. Thus, only reports showing positive results are 

included in this review. 

In section III.3, a technological overview of tracking systems for skills’ assessment is 

given, from an application point of view. Depending on the setting on which the 

systems are used, we propose to categorize them as those featuring (1) VR simulated 

environments and (2) real environments. The first one refers to tracking technologies 

applied on software-generated environments ("mimicked" training) – VR simulators. 

The latter one is applied to tracking technologies for real settings, mainly box trainers, 

but also on mannequins, cadavers, animals and during real OR interventions. 

Throughout the text, these will be referred to as human motion tracking (HMT) 

systems. For a more detailed description on the technical aspects of surgical tracking 

devices, the reader is referred to (Chmarra et al., 2007a). 

In section III.4, a review is given of the studies in the field of automatic classification of 

surgical skills, highlighting advantages but also the need for further clinical evidence 

regarding their effectiveness. Articles were screened for those reporting the use of 

high-level statistical analysis and machine learning techniques for MIS surgical 

assessment of competence, based on quality, motion and force data. 

A 
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III.2 Tasks and metrics for skills’ assessment 

Over the last few years, much research has been devoted to the definition and 

validation of new metrics for performance assessment (what to register) (Chmarra et 

al., 2010b; Lamata, 2006; Cavallo et al., 2005; Cotin et al., 2002; Richards et al., 2000), 

as well as to the determination of the ideal tasks and skills to train (where to register 

them) (Satava et al., 2003). 

III.2.1 Definition of tasks 
Task definition is usually setting-dependent and, as such, can vary whether if built for a 

box trainer or for a virtual simulator. In the first phases of training, when most learning 

programmes tackle the acquisition and assessment of basic psychomotor skills, these 

tasks are usually simple abstractions of reality, accessible in controlled laboratory 

environments, and offering reproducible and repeatable chores with the sole purpose 

of training/assessing a simple skill (Debes et al., 2010; Jones, 2007; Scott et al., 2000; 

Derossis et al., 1998; Rosser et al., 1997). This approach, known as "deliberate 

practice", has been proved in many disciplines to be valid for the acquisition of skills, 

inducing physiological adaptations and a general improvement in performance. 

Depending on the setting and the didactic objectives, tasks may vary on the building 

materials employed and/or the training resources available in them. The most 

common approach is that of simple constructs made of basic materials such as wood, 

nails, rubber bands, etc. Examples of these are the tasks for basic training employed at 

the Leiden University Medical Centre (LUMC, Leiden, The Netherlands) for 

gynaecology residents (Hiemstra et al., 2008), shown in Figure 8. 

Box trainer tasks 
 

 

 Pipe cleaner Rubber band 

Beads Cutting circle Intra-corporeal knot tying 

Figure 8. An example of box trainer tasks for learning MIS skills. The tasks are used as part of the training 

and assessment courses at the LUMC 
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On the other hand, tasks may be augmented including sensing and registering circuitry 

integrated within them, able to capture objective feedback on the performance of an 

exercise. Such are the examples of the LapPlate® or EDEST® systems developed and 

employed at Jesús Usón Minimally Invasive Surgery Centre (JUMISC) for training of 

new surgeons (Enciso Sanz et al., 2012; Pagador et al., 2011b). Finally, if the tasks are 

software-based, developed for VR reality environments, they will be able to provide 

additional information on the instruments’ trajectories and offer exact reproducibility 

of their exercises between trainees (Lamata, 2006). 

It is difficult to generalize between the large variability of tasks available for basic 

psychomotor skills’ assessment, given that (1) training centres tend to design their own 

exercises for teaching new residents; and (2) embedded systems such as VR simulators 

tend to offer proprietary sets of exercises designed to cover the range of essential 

skills. Nevertheless, for the purpose of clarity, an attempt at broadly categorizing 

surgical tasks into classes is shown on Table 2, based on the laparoscopic skills’ 

taxonomy presented in (Lamata, 2006). 

Task Classes Description 

Touch/Coordination  Touching fixed or mobile targets with the tip of the instrument  

Navigation  Navigating the camera within the scenario  

Navigation + Touch/Grasp  Navigating the camera while manipulating objects/targets  

Peg Grasping  
Grasping and placing a target in a predefined point of the 

scenario  

Peg Transfer  Grasping tasks involving instrument transfer of the object  

Bi-manual Coordination  Bi-manual coordinated manipulation of miscellaneous objects 

within the scenario  

Cutting/Dissection  Fine tuning of cutting and dissecting skills  

Clipping  Placing a clip on a target  

Cauterization  Cauterizing target points on a task  

Suture  Suturing and knotting skills  

Table 2. Taxonomy of laparoscopic basic tasks 

III.2.2 Definition of metrics 
A brief description of the most important metrics considered in the literature is shown 

in Table 3. According to Fried et al., metrics can be classified into two main categories: 

(1) efficiency metrics and (2) quality metrics (Fried and Feldman, 2008). Efficiency 

metrics are related with measurable physical parameters. Their definition is usually 

precise and supported by a strong theoretical background. These metrics require the 

use of tracking devices in order to be acquired. In consequence they are objective, 



Conceptual framework for the design, implementation and validation of psychomotor skills’ assessment 
systems in minimally invasive surgery 

 - 36 -

reproducible and little prone to misinterpretation. A distinction can be made between 

(a) motion-derived and (b) force-derived metrics.  

Quality metrics relate to a task’s definition and execution. It has been demonstrated 

that neither one performance measure nor efficiency metrics alone adequately 

measure competence, since competence is multi-factorial in nature; with knowledge, 

judgment, behaviour, and technical abilities each playing a major role (Fried and 

Feldman, 2008; Dankelman et al., 2005; Cuschieri et al., 2001). Therefore, various 

performance measures that are essential for surgical competence need to be taken 

into account.  

Efficiency Metrics  Description 

Time  Total time to perform a task (s)  

Path length  Total path followed by the laparoscopic instrument (m)  

Economy of movements Shortest distance possible to accomplish task/total distance (%)  

Economy of diathermy  For diathermy: optimal burn time/excess burn time (%)  

Speed  Rate of change of the instrument’s position (m/s)  

Motion smoothness  Abrupt changes in acceleration resulting in jerky movements of the instruments (m/s3)  

Instrument orientation  
Amount of instrument rotation, measures the ability of correctly placing the 
instrument (rad)  

Depth  Total path length travelled in the instrument ‘s axis direction (m) 

Angular path  Sum of all angular paths about the instrument’s pivot point (o)  

Angular area  
Area between the farthest positions occupied by the instrument in the camera plain 
(rad2)  

Volume  Angular area x Depth (rad2·m)  

Force/torque  Instrument – tissue force (N) and torsion (N·m) interactions  

Quality Metrics  Description 

Outcome  Final score of the task performed (end-product analysis). Task-dependent  

Task completion Indication of whether a trainee has completed a task or not 

Errors  Errors performed during the task. Task dependent  

Idle states  Time periods when instrument movements/interactions are minimal  

Task repetitions  Number of trials required on a task/subtask before achieving satisfactory completion  

Collisions/tissue 
damage  

Detection of incorrect collisions and damage performed to background elements (e.g.: 
VR tissues)  

Table 3. MIS metrics featured in the literature 
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III.2.3 Cross-validation study 
Results from the cross-validation study are presented in Table 4 (efficiency metrics) 

and Table 5 (quality metrics). For all considered tasks, the most prominent motion 

efficiency metrics are time and path length (van Empel et al., 2012; Sánchez-Peralta et 

al., 2010; Aggarwal et al., 2009; Buzink et al., 2009; Zhang et al., 2008; Eriksen and 

Grantcharov, 2005). They are especially important in tasks that involve touching or 

grasping/manipulating objects on the scenario, both with one or two instruments; and 

that require bi-manual coordination. A stipulated reasoning behind this is that an 

expert surgeon performs a task more swiftly and with shorter movements, denoting a 

more clear perception of the surgical space and the required strategic approach (Bann 

et al., 2003). However, depending on the nature and difficulty of the task, these 

metrics might not always show significant differences (Thijssen and Schijven, 2010). 

Some authors have shown that speed of movements can also be a differentiating 

aspect (Aggarwal et al., 2009; Yamaguchi et al., 2007; Sokollik et al., 2004), but this 

metric has nevertheless not been fully exploited yet, as shown by the few studies 

where it is featured. 

Economy of movements, which is usually related to the deviation from the optimal 

path, is also a commonly validated metric, but one that has been challenged due to the 

difficulty of determining an optimal path, which in any case will depend on the task’s 

goal. It is a common interpretation to consider that the straight line between two 

points is the ideal path. In laparoscopic surgery, however, it has been proved that this 

is not always the case (Chmarra et al., 2008b). Motion smoothness is also reported as 

a determining factor for manipulation tasks, such as those involving object grasping, 

transfer, cutting or suturing (Hiemstra et al., 2011a; Chmarra et al., 2010b; Pellen et 

al., 2009a; van Sickle et al., 2005). Depth is an interesting metric, hardly featured in the 

studies presented, but which has shown significant differences in grasping and bi-

manual tasks (van Empel et al., 2012; Chmarra et al., 2010b). Its relevance in box 

trainer settings has been challenged in some studies, where the camera was (1) fixed 

(Allen et al., 2011) or (2) held by an assistant (Hiemstra, 2012), but further proof is 

required to confirm this claim. 

Other motion metrics relate to the trainee’s dominion of the task space, in terms of 

dimensions and orientation. These include: instrument orientation, angular area and 

volume. However, it is difficult to establish their validity since they are not often 

considered. Nevertheless, the studies that have featured them have shown some 

significant differences for tasks such as grasping and suturing (van Empel et al., 2012; 

Chmarra et al., 2010b; Maithel et al., 2006; Rosen et al., 2006; Bann et al., 2003).
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Coordination  

Cutting/Dissection  Clipping  Cauterization  Suture 
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Sherman et al., 
2005) 

(Iwata et al., 2011; van 
Dongen et al., 2011; 
Chmarra et al., 2010b; 
Sánchez-Peralta et al., 
2010; Pellen et al., 
2009b; Schreuder et al., 
2009; Zhang et al., 
2008; van Dongen et al., 
2007; Aggarwal et al., 
2006; Woodrum et al., 
2006; Duffy et al., 2005; 
Eriksen and 
Grantcharov, 2005; 
Langelotz et al., 2005) 

(Iwata et al., 
2011; van 
Dongen et al., 
2011; Aggarwal 
et al., 2009; 
Zhang et al., 
2008; Aggarwal 
et al., 2006; 
Larsen et al., 
2006; 
Woodrum et 
al., 2006; 
Eriksen and 
Grantcharov, 
2005; Langelotz 
et al., 2005) 
 

(Aggarwal et al., 
2009; Zhang et 
al., 2008; McNatt 
and Smith, 2001) 

(Pagador et al., 
2012; van Empel 
et al., 2012; 
Hiemstra et al., 
2011a; Iwata et 
al., 2011; van 
Dongen et al., 
2011; Lin et al., 
2009; Pellen et 
al., 2009a; 
Brydges et al., 
2006; Maithel et 
al., 2006; Rosen 
et al., 2006; 
Duffy et al., 
2005; van Sickle 
et al., 2005; 
Moorthy et al., 
2004; 
Stylopoulos et 
al., 2004; Bann et 
al., 2003; Datta 
et al., 2001) 

Path  
length  

(van Dongen et al., 
2011; van Dongen et 
al., 2007; Yamaguchi 
et al., 2007; Aggarwal 
et al., 2006; 
Woodrum et al., 
2006; Eriksen and 
Grantcharov, 2005) 

(Buzink et al., 
2009; Schreuder 
et al., 2009; van 
Dongen et al., 
2007; Aggarwal 
et al., 2006; 
Eriksen and 
Grantcharov, 
2005) 

(Schreuder et al., 
2009; van Dongen 
et al., 2007; 
Verdaasdonk et al., 
2007; Eriksen and 
Grantcharov, 2005) 

(Iwata et al., 2011; 
Schreuder et al., 
2011; Chmarra et 
al., 2010b; Pellen 
et al., 2009a; van 
Dongen et al., 
2007; 
Verdaasdonk et 
al., 2007; 
Aggarwal et al., 
2006; Eriksen and 
Grantcharov, 
2005; Stylopoulos 
et al., 2004) 

(Iwata et al., 
2011; van 
Dongen et al., 
2011; Aggarwal 
et al., 2009; 
Verdaasdonk et 
al., 2007; 
Aggarwal et al., 
2006) 

(Chmarra et al., 
2010b; Buzink et al., 
2009; van Dongen 
et al., 2007; Larsen 
et al., 2006; 
Woodrum et al., 
2006; Duffy et al., 
2005; Eriksen and 
Grantcharov, 2005) 

(Iwata et al., 2011; van 
Dongen et al., 2011; 
Chmarra et al., 2010b; 
Pellen et al., 2009a; 
Pellen et al., 2009b; van 
Dongen et al., 2007; 
Aggarwal et al., 2006; 
Larsen et al., 2006; 
Duffy et al., 2005; 
Eriksen and 
Grantcharov, 2005; 
Langelotz et al., 2005) 

(van Dongen et 
al., 2011; 
Aggarwal et al., 
2006; Larsen et 
al., 2006; Duffy 
et al., 2005; 
Eriksen and 
Grantcharov, 
2005) 

(Chmarra et al., 
2010b) 
 

(Pagador et al., 
2012; van Empel 
et al., 2012; 
Hiemstra et al., 
2011a; Lin et al., 
2009; Broe et al., 
2006; Brydges et 
al., 2006; Maithel 
et al., 2006; 
Rosen et al., 
2006; Duffy et 
al., 2005; van 
Sickle et al., 
2005; Moorthy et 
al., 2004; 
Stylopoulos et 
al., 2004) 



 

 

Table 4. Correlation of basic tasks and valid efficiency metrics

Economy of 
movements  

(Sánchez-Peralta et 
al., 2010; Egi et al., 
2008; Yamaguchi et 
al., 2007; Eriksen and 
Grantcharov, 2005; 
Sokollik et al., 2004) 

(Sánchez-Peralta 
et al., 2010; 
Broe et al., 
2006; Eriksen 
and 
Grantcharov, 
2005) 

(Sánchez-Peralta et 
al., 2010; Eriksen 
and Grantcharov, 
2005) 
 

(Woodrum et al., 
2006; Eriksen and 
Grantcharov, 
2005; Gallagher et 
al., 2004) 
 

(Aggarwal et al., 
2009; Gallagher 
et al., 2004; 
McNatt and 
Smith, 2001) 

(Larsen et al., 2006; 
Woodrum et al., 
2006; Eriksen and 
Grantcharov, 2005) 
 

(Eriksen and 
Grantcharov, 2005) 

(Eriksen and 
Grantcharov, 
2005) 

(Maithel et al., 
2006; Gallagher 
et al., 2004) 
 

(Brydges et al., 
2006; Bann et al., 
2003; Datta et 
al., 2001) 

Economy of  
diathermy  

        (Gallagher et al., 
2004) 

 

Speed  (Yamaguchi et al., 
2007; Sokollik et al., 
2004) 

   (Aggarwal et al., 
2009) 

  (Aggarwal et al., 
2009) 

  

Motion  
smoothness  

 (Pellen et al., 
2009a) 

 (Chmarra et al., 
2010b; Pellen et 
al., 2009a)  

(Chmarra et al., 
2010b) 

(Chmarra et al., 
2010b) 

(Chmarra et al., 2010b; 
Pellen et al., 2009a; 
Pellen et al., 2009b) 

  (Pagador et al., 
2012; van Empel 
et al., 2012; 
Hiemstra et al., 
2011a; Lin et al., 
2009; Pellen et 
al., 2009a; van 
Sickle et al., 
2005) 

Instrument  
orientation  

   (Bann et al., 2003)      (Maithel et al., 
2006; Rosen et 
al., 2006) 

Depth     (Chmarra et al., 
2010b; 
Stylopoulos et al., 
2004) 

 (Chmarra et al., 
2010b) 

(Chmarra et al., 2010b)   (van Empel et al., 
2012; Hiemstra 
et al., 2011a; 
Maithel et al., 
2006; Rosen et 
al., 2006) 

Angular path  (van Dongen et al., 
2007) 

(Schreuder et 
al., 2009; van 
Dongen et al., 
2007) 

(Schreuder et al., 
2009; van Dongen 
et al., 2007) 

(van Dongen et al., 
2007; Woodrum 
et al., 2006) 

(van Dongen et 
al., 2011) 

(van Dongen et al., 
2007; Larsen et al., 
2006; Woodrum et 
al., 2006) 

(van Dongen et al., 
2011; van Dongen et al., 
2007; Langelotz et al., 
2005) 

(van Dongen et 
al., 2011; 
Larsen et al., 
2006) 

  

Angular area     (Chmarra et al., 
2010b) 

     (van Empel et al., 
2012) 

Volume     (Chmarra et al., 
2010b) 

     (van Empel et al., 
2012) 

Force/torque           (Horeman et al., 
2010; Rosen et 
al., 2006; Rosen 
et al., 2002b) 



 

 

Table 5. Correlation of basic tasks and valid quality metrics 

 

 Touch/ 
Coordination  

Navigation  Navigation + 
Touch/Grasp  

Peg Grasping  Peg Transfer Bi-manual 
Coordination  

Cutting/Dissection  Clipping  Cauterization  Suture 

Outcome  (Zhang et al., 
2008; Sherman et 
al., 2005) 

(Aggarwal et al., 
2009; Zhang et 
al., 2008) 

(Sánchez-Peralta 
et al., 2010) 

(Iwata et al., 
2011; Duffy et al., 
2005; Stylopoulos 
et al., 2004) 

(Zhang et al., 
2008; McDougall 
et al., 2006) 

(Schreuder et al., 
2011; Sánchez-
Peralta et al., 
2010; Larsen et 
al., 2006; Duffy et 
al., 2005; Francis 
et al., 2002) 

(Iwata et al., 2011; 
Kolkman et al., 2008; 
Zhang et al., 2008; Broe 
et al., 2006; Larsen et 
al., 2006; McDougall et 
al., 2006; Duffy et al., 
2005) 

(Schreuder et al., 
2011; Zhang et 
al., 2008; Larsen 
et al., 2006; 
McDougall et al., 
2006; Duffy et al., 
2005) 

(Zhang et al., 
2008; Maithel et 
al., 2006; 
McDougall et al., 
2006) 

(Chmarra et al., 
2010b; Broe et al., 
2006; Maithel et 
al., 2006; Duffy et 
al., 2005; 
Moorthy et al., 
2004; Bann et al., 
2003) 

Task 
completion 

      (Iwata et al., 2011)   (Iwata et al., 
2011; Lin et al., 
2009) 

Errors  (van Dongen et 
al., 2011; van 
Dongen et al., 
2007) 

(van Dongen et 
al., 2011; Buzink 
et al., 2009; van 
Dongen et al., 
2007) 

(Schreuder et al., 
2009; van Dongen 
et al., 2007; 
Verdaasdonk et 
al., 2007; 
Sherman et al., 
2005) 

(Sánchez-Peralta 
et al., 2010; 
Kolkman et al., 
2008; van Dongen 
et al., 2007; 
Woodrum et al., 
2006; Eriksen and 
Grantcharov, 
2005) 

(van Dongen et 
al., 2011; 
Kolkman et al., 
2008; 
Verdaasdonk et 
al., 2007; McNatt 
and Smith, 2001) 
 

(Sánchez-Peralta 
et al., 2010; 
Buzink et al., 
2009; Kolkman et 
al., 2008; van 
Dongen et al., 
2007; Woodrum 
et al., 2006; 
Sherman et al., 
2005) 

(Iwata et al., 2011; van 
Dongen et al., 2011; 
Pellen et al., 2009a; 
Schreuder et al., 2009; 
van Dongen et al., 2007; 
Eriksen and 
Grantcharov, 2005; 
Sherman et al., 2005) 

(van Dongen et 
al., 2011; 
Aggarwal et al., 
2006; Woodrum 
et al., 2006; Duffy 
et al., 2005; 
Eriksen and 
Grantcharov, 
2005; Sherman et 
al., 2005) 

(Maithel et al., 
2006; McNatt and 
Smith, 2001) 

(Schreuder et al., 
2011; Kolkman et 
al., 2008; Duffy et 
al., 2005) 

Idle states           (Rosen et al., 
2006; Rosen et 
al., 2002b) 

Task 
repetitions  

   (Panait et al., 
2008) 

  (Panait et al., 2008) (Panait et al., 
2008) 

  

Collisions/ 
tissue 
damage  

(van Dongen et 
al., 2011; 
Schreuder et al., 
2009; van Dongen 
et al., 2007) 

(van Dongen et 
al., 2007) 

(Sánchez-Peralta 
et al., 2010; van 
Dongen et al., 
2007) 

(van Dongen et 
al., 2011; van 
Dongen et al., 
2007) 

(van Dongen et 
al., 2011) 

(van Dongen et 
al., 2007; Larsen 
et al., 2006; Duffy 
et al., 2005) 

(van Dongen et al., 
2007; Langelotz et al., 
2005) 

  (Schreuder et al., 
2011; van Dongen 
et al., 2007) 
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Force-related metrics have been mostly validated for suturing tasks (Horeman et al., 

2010; Rosen et al., 2006; Rosen et al., 2002b). In a previous study, Rosen et al. 

demonstrated that experienced surgeons apply higher force/torque magnitudes for 

tissue dissection than novices, and vice versa for tissue manipulation during full 

procedures (Rosen et al., 2001). More recently, Horeman et al. have approached 

instrument/tissue forces’ detection by means of a pressure platform placed under box 

trainer tasks (Horeman et al., 2010). 

Most prominent amongst quality metrics are errors performed and task outcome 

(Table 5). These are extensively validated throughout all tasks, and denote a further 

understanding of a trainee’s true skill level (Kolkman et al., 2008; Zhang et al., 2008; 

van Dongen et al., 2007; McDougall et al., 2006; Woodrum et al., 2006; Duffy et al., 

2005). VR simulators allow quantifying tissue damage by collisions’ detection, which 

can be seen as an indicator of the spatial perception of the environment (Lamata, 

2006). Where present, this has generated positive validation results as a differentiating 

metric (van Dongen et al., 2011; Sánchez-Peralta et al., 2010; van Dongen et al., 2007; 

Duffy et al., 2005). Finally, another quality metric – detection of idle states – has not 

yet gained much attention. Nevertheless, studies show significant differences between 

a novice surgeon and a more experienced surgeon on suture tasks and more complex 

procedural chores (Rosen et al., 2006; Rosen et al., 2002b). The principle behind this 

metric is that a novice surgeon takes more time to plan the next move than a more 

experienced surgeon. 

III.3 Tracking technologies for skills’ assessment 

Once the surgical setting and the metrics to register have been defined, the next 

challenge is to decide how to register said metrics. The application of tracking 

technologies to MIS skills’ assessment allows the registration of efficiency metrics. 

These technologies usually employ optical, electromagnetic, mechanic or ultrasonic 

tracking of the instruments’/hands’ movements, and can indistinctly be used on a 

varied assortment of training and assessment settings, whether virtual or real 

(Chmarra et al., 2007a). 

Both VR simulators and HMT-enhanced box trainers present an interesting opportunity 

in the development of structured, objective training and assessment programmes. The 

challenge nowadays is to find out how these solutions can fit within this scheme, and if 

traditional clinical validation processes can assimilate these systems. 

III.3.1 Tracking systems in virtual reality simulators 
Virtual simulation has become a major trend in the field of surgical training, and many 

attempts have been made to develop and validate diverse commercial and research 

models, as shown in a recent meta-analysis performed by Gurusamy et al. (Gurusamy 
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et al., 2009). VR simulators offer several advantages that are valuable for the training 

and assessment of psychomotor skills. They allow for training on controlled 

environments, are generally available for the trainee, offer task reproducibility and do 

not require the constant presence of a supervisor (which in turn may help to optimize 

the mentors’ schedules) (Dunkin et al., 2007). 

Surgical simulators can be classified according to the interventional procedures they 

are aimed for. Thus, we may find examples of arthroscopic simulators for knee and 

shoulders, as the InsightArthroVR (GMV Healthcare, Spain); cystoscopy and 

colonoscopy oriented, such as UroMentor and GIMentor respectively (Simbionix, 

Israel); intravascular simulators as CathSim (Immersion Medical, USA) and VIST-VR 

(Mentice AB, Sweden); and even focused on ophthalmological procedures, as the EYESi 

simulator (VRMagic, Germany).  

In the field of laparoscopic surgery, we can find several well-positioned simulators on 

the market (Figure 9, Table 6). To further characterise each of them we can establish 

(1) whether tasks offered are basic, advanced (psychomotor skills’ training) or 

procedural (psychomotor and cognitive training in fully simulated procedures); (2) 

whether they offer realistic anatomic scenarios for procedures’ simulation; and (3) 

whether they offer force feedback to the trainee. 

 

Figure 9. VR Simulators. Top row, left to right: MIST-VR, CAE Healthcare, LapSIM, LapMentor 

Bottom row, left to right: ProMIS, SIMENDO, SEP 

VR simulators can be differenced by the way they make use of their didactic resources 

(Vapenstad and Buzink, 2012; Lamata et al., 2006b). On the one hand, simulators such 

as MIST-VR’s “Core Skill” module (Mentice AB3 , Göteborg, Sweden), SEP Basic 

(SimSurgery4, Oslo, Norway), SIMENDO (Simendo5, Rotterdam, The Netherlands) or 

SINERGIA (Lamata et al., 2007) focus on the teaching of psychomotor skills rather than 

on developing complex anatomical scenarios. 

                                                        
3 http://www.mentice.com. Last access: 29 September 2012 
4 http://www.simsurgery.com. Last access: 29 September 2012 
5 http://www.simendo.eu. Last access: 29 September 2012 



 

 

Table 6. VR simulators: models, characteristics and positive validation studies. Concurrence reflects the method used for comparison. BT: box trainer; OR: operating room 

SIMULATOR  Module  Tasks  
Anatomic 
Scenario  

Haptic 
Feedback  

Construct Validity  Concurrent Validity  Predictive Validity  

MIST-VR  
“Core Skills” Basic  No No  (Maithel et al., 2006; Gallagher et al., 2004; McNatt and Smith, 2001) 

OR:  
(Gallagher et al., 2004)  

(Stefanidis et al., 2006; 
Ahlberg et al., 2005; 
Madan et al., 2005; 
Grantcharov et al., 2001) 

“Nephrectomy” Procedural  Yes  Yes  - - - 

LapMentor  

“Basic”/”Essential”/”Suture” 
Basic,  
Advanced  

No 

Yes  

(Zhang et al., 2008; Yamaguchi et al., 2007; McDougall et al., 2006) ProMIS:  
(Brinkman et al., 2012) 
OR:  
(Cohen et al., 2009)  

(Greco et al., 2008; 
Okrainec A et al., 2008) 

“Lap Chole”/”Ventral Hernia”/“Gastric 
Bypass”/”Gynaecology”/”Sigmoidectomy”  

Procedural  Yes (Aggarwal et al., 2009) 

LapSim 

“Basic Skills”  
Basic,  
Advanced  

Both  

Supported  

(van Dongen et al., 2011; Panait et al., 2008; van Dongen et al., 2007; 
Aggarwal et al., 2006; Larsen et al., 2006; Woodrum et al., 2006; Duffy et al., 
2005; Eriksen and Grantcharov, 2005; Langelotz et al., 2005; Sherman et al., 
2005) BT: 

 (Newmark et al., 2007; 
Youngblood et al., 2005) 

(Hassan et al., 2008) 

“Cholecystectomy”/”Gyn”/”Appendectomy” Procedural  Yes (Schreuder et al., 2009; Aggarwal et al., 2006) 

“Suturing & Anastomosis” Advanced  No (Larsen et al., 2006) 

CAE ProMIS  
“Basic Skills”  Simple  

Hybrid 
simulator  

Realistic 
Interaction  

(Buzink et al., 2009; Pellen et al., 2009a; Pellen et al., 2009b; Broe et al., 2006; 
van Sickle et al., 2005) 

LapSim:  
(Botden et al., 2007) 
OR:  
(Ritter et al., 2007) 

(McCluney et al., 2006) 

“Procedures”  Procedural (Neary et al., 2008) 

SIMENDO  - 
Basic,  
Advanced  

No No  (Schreuder et al., 2011; Verdaasdonk et al., 2007) 

BT:  
(Verdaasdonk et al., 2006)  
TrEndo:  
(Hiemstra et al., 2011c; 
Chmarra et al., 2008a) 

-  

SINERGIA  -  Basic  Both  Supported  (Sánchez-Peralta et al., 2010) -  -  

CAE 
Laparoscopy 
VR Simulator 

"Essential Skills" Basic  Both 

Yes (Iwata et al., 2011; Buzink et al., 2009) - - “Procedural Skills” Advanced  Yes 

"Surgical Skills" Procedural Yes 

SEP 
“Basic”/”Cholecystectomy”/”Ectopic 
pregnancy”/”Nephrectomy”/”Ovarian 
cystectomy”/Single port”/”Robot” 

Basic, 
Advanced, 
Procedural 

Both No (Buzink et al., 2009; Lin et al., 2009)   
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On the other, VR simulators such as LapMentor (Simbionix6, Lod, Israel), LapSim 

(Surgical Science Ltd.7, Göteborg, Sweden) or CAE Laparoscopic VR (CAE Healthcare8, 

Montreal, Canada) adopt too the trend of simple task training, but make a wider use of 

available computer resources (e.g. realistic scenarios (Lamata, 2006a), force feedback 

(Panait et al., 2009; Chmarra et al., 2008a)) to simulate full procedures and enhance 

user interaction. A third approach that might have a great potential is to enhance a 

simulator with a “virtual instructor” to guide the trainee through the procedure and 

deliver constructive feedback. Simulators make use of computer and assessment 

resources that build this “virtual instructor” capability. Example of this is MIST-VR 

“Suture 3.0”, which offers an interesting guided interaction to teach trainees stitching 

and knotting skills. 

 

Figure 10. The three conceptions of a VR surgical simulator driven by the use of  

different didactic resources (Lamata et al., 2006a) 

The use of VR simulators for psychomotor skills’ assessment greatly benefits from two 

factors:  

• They allow the acquisition of both efficiency (motion, force) and quality 

metrics. This is achieved thanks to the combination of tracking technologies 

and computer-generated environments, which make possible not only tracking 

the instruments, but also having control over all the elements in the scenario. 

Thus, objective quantification of error-counts, repetitions or end-product 

analysis, for example, is viable.  

• They provide immediate feedback to the trainee based on these metrics, as 

well as keeping an updated version of his/her learning curve, which enhances 

the learning process (Lamata et al., 2006b). 

Despite the advantages of VR simulators, a number of limitations have influenced their 

clinical implementation (Lamata, 2006). For example, there are resource-derived 

constraints, such as simulators costs, or trainees’ loaded schedules leaving them little 

                                                        
6 http://www.simbionix.com. Last access: 29 September 2012 
7 http://www.surgical-science.com. Last access: 29 September 2012 
8 http://www.caehealthcare.com. Last access: 29 September 2012 
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time for practice. There are also cases in which these advanced and sophisticated 

systems are available in the hospital but residents do not find the time or motivation 

to use them for training. Technological constraints regarding VR realism and 

interaction might not be critical for their didactic value, but are often the key elements 

to gaining the acceptance of physicians and may even condition at some level the 

quality of the training and assessment. Two studies, both featuring the HMT system 

TrEndo (see section III.3.2) and the SIMENDO VR simulator, showed that enhanced 

HMT further improved skills with respect to the simulator (Hiemstra et al., 2011c; 

Chmarra et al., 2008a). However, these differences seemed to decrease when the VR 

simulator incorporated realistic haptic feedback and adequately modelled the dynamic 

behaviour of the elements in the task scenario (Hiemstra et al., 2011c). Finally, there 

are mentality-driven constraints, such as thinking of a surgical simulator as a 

videogame that has no didactic value. Prior experience with videogames can also be a 

handicap when facing virtual simulators (Lynch et al., 2010). It can even happen that 

these systems will create a false sense of security, built on the development of 

incorrect habits while getting used to a virtual environment. 

Academic research efforts continue exploring the boundaries of the capabilities of VR 

technologies. As an example, the SINERGIA laparoscopic simulator investigated the 

area of perceptual skills (Lamata et al., 2008; Lamata et al., 2007). The simulator is 

conceived as a means for training and assessment of psychomotor skills in the first 

stages of surgical training, comprising several didactic units (Figure 11). 

VR Tasks  
 

 

 Coordination Navigation 

Navigation and touch Accurate grasping Coordinated pulling 

Grasp and transfer Continuous cutting Knotting 

Figure 11. Featured tasks in SINERGIA simulator 
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The simulator features advanced assessment feedback, by means of an objective 

evaluation module that allows monitoring trainees’ learning curves (Sánchez-González 

et al., 2010). The module is shown on Figure 12. In order to manage all evaluation 

data, different graphics’ modalities are implemented for easy following and 

understanding of the surgical skills’ evolution of the trainee. Comparisons between 

different individuals or groups of trainees and data exchange for statistical analysis are 

possible in the user interface. Objective metrics’ definition allows trainees to learn 

from their mistakes by means of indications when errors are performed (formative 

feedback) or by visualization of the global practice score (summative feedback). 

 

Figure 12. SINERGIA assessment module 

In general, VR simulators are nowadays considered as useful tools for skills’ training, 

especially in the early stages, during which the resident must acquire and train 

psychomotor abilities (Gurusamy et al., 2009). It is safe to assume that these systems 

are a valid supplementary method for surgical training, as effective as that provided by 

box trainers. There is however more reluctance when considering laparoscopic VR 

simulators as accreditation tools (Thijssen and Schijven, 2010; Feldman et al., 2004b). 

Their cost and lack of realism, amongst other limitations, still hold sway amongst many 

clinicians (Hiemstra et al., 2011c).  

Despite this, validation studies prove that some of the simulators, e.g.: MIST-VR or 

LapSim, are fully capable of addressing formative assessment (van Hove et al., 2010). 

Moreover, they are qualified to perform unsupervised assessment of trainees in a 

whole range of efficiency and quality parameters. Nevertheless, these studies are in 

many cases scarce, and others report negative (Van Sickle et al., 2007; Langelotz et al., 

2005; Ro et al., 2005) or inconclusive (Verdaasdonk et al., 2006) results. Moreover, 

results tend to vary between different studies. This is often the case considering the 

high variability between them, concerning participants, definition of surgical levels and 
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in general the experiments’ contour conditions (previous training in the system, 

number of repetitions allowed, etc.). Further validation studies under more 

homogeneous conditions are thus required to fully prove the potential of VR 

simulators; especially those regarding predictive skill transfer into the OR (Thijssen and 

Schijven, 2010). 

III.3.2 Human motion tracking in real settings 
HMT technologies provide the means to capture and register efficiency metrics of the 

surgeon’s performance in real environments. In contrast to VR simulators, they offer a 

cheaper tracking alternative that can be used in almost every training setting, from box 

trainers to the OR. Qualitative measures are however more complicated in these 

systems. Typically, this assessment requires the presence of a trained supervisor or 

offline video reviewing (Dosis et al., 2005), and the definition of clear structured 

checklists is necessary (Pellen et al., 2009b; Moorthy et al., 2004). Nevertheless, 

measurement of qualitative parameters has been approached in a number of studies 

by using additional sensors in the training scenario (Pagador et al., 2011b; Solis et al., 

2008; Hanna et al., 1997). More recent approaches have explored the possibilities of 

augmented reality (AR) to provide this additional qualitative information to the 

training processes (Horeman et al., 2012; Hayakawa and Yamauchi, 2011). 

 

Figure 13. HMT systems. Top row, left to right: ADEPT, Zebris, HUESAD.  

Bottom row, left to right: ICSAD, CELTS, TrEndo, BlueDRAGON 

Table 7 shows the most widespread HMT capture systems for surgical assessment 

identified in the literature. Their classification can be done according to the nature of 

the acquired information. In majority, they are used to record both the position (x, y, z 

coordinates) and orientation (yaw, pitch and roll) of the surgical instruments. In this 

review the following systems are considered (Figure 13): ADEPT (Hanna et al., 1998), 

ICSAD (Datta et al., 2001), which measures hand movements rather than instrument 

position, CELTS (Stylopoulos et al., 2004), Zebris (Sokollik et al., 2004), TrEndo 
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(Chmarra et al., 2006), ARH (Pagador et al., 2011a), HUESAD (Egi et al., 2008) and 

BlueDRAGON, which also measures force parameters (Rosen et al., 2002a).  

HMT SYSTEM  
Technological  

 Base  
Range of 

Application  
Metrics  

 Registered  
Portability  

Construct  
 Validity  

Concurrent  
 Validity  

ICSAD  Electromagnetic  BT, OR˟  
Hand 

movements  
Yes  

(Brydges et al., 
2006; Moorthy et 
al., 2004; Bann et 
al., 2003; Datta et 
al., 2001) 

OSATS:  
(Datta et al., 
2006; Datta et al., 
2002) 

ARH  Electromagnetic  BT  Motion  Yes  
(Pagador et al., 
2012) 

-  

BlueDRAGON  Mechanical  BT, OR˟˟  Motion/Force  No  
(Rosen et al., 
2006; Rosen et 
al., 2002b) 

-  

CELTS  Mechanical  BT, VR  Motion  Yes  
(Maithel et al., 
2006; Stylopoulos 
et al., 2004) 

-  

ADEPT  Mechanical  BT  Motion  No  
(Francis et al., 
2002) 

OR:  
(Macmillan and 
Cuschieri, 1999)  

Zebris  Ultrasound  BT  Motion  Yes  
(Sokollik et al., 
2004) 

-  

HUESAD  Optical  BT  Motion  -  (Egi et al., 2008) -  

TrEndo  Optical  BT, VR  Motion  Yes  

(van Empel et al., 
2012; Hiemstra 
et al., 2011a; 
Chmarra et al., 
2010b) 

SIMENDO: 
(Hiemstra et al., 
2011c; Chmarra 
et al., 2008a) 

Table 7. HMT devices: Principal models, characteristics and positive validation studies.  

Concurrence reflects the method used for comparison. BT: box trainer; OR: operating room.  

OR*: real patients; OR**: animals 

Most frequently, HMT systems are used on box trainers, where the performance of 

surgeons in basic and advanced tasks is recorded (Chmarra et al., 2010b; Egi et al., 

2008; Moorthy et al., 2004; Sokollik et al., 2004; Stylopoulos et al., 2004). This trend 

can easily be explained, since there is a need to certify a surgeon’s psychomotor skills 

before allowing him/her to operate on a patient. Migration to the OR does however 

present some difficulties. Active sensing, which relies on sensors mounted on the 

surgical instrument, presents the disadvantage of introducing new elements on the 

surgical theatre, thus altering it; as well as modifying the instruments’ ergonomics 

(Peters, 2006). Also, not all HMT devices are suited for OR migration: the bulkiness and 

configuration of some of them make them fit only for a closed-up number of  

box-trainer scenarios (Chmarra et al., 2006). Exceptions to this are BlueDRAGON, 

which has been used on live animals (Rosen et al., 2002b), and ICSAD, validated while 

performing surgeries on real patients with the help of video assistance (Hayter et al., 

2009; Aggarwal et al., 2007). Finally, as Table 7 shows, validation studies are still 

insufficient and diverse in their nature, and additional proof of their effectiveness for 

assessment and accreditation purposes is necessary. 

III.3.3 Endoscopic video analysis for HMT 
An alternative approach for passive and unobtrusive tracking of the instruments is the 

analysis of the endoscopic videos, which allows registering movements employing 

computer vision techniques (Sánchez-González et al., 2011). The non-invasive 
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characteristics of an assessment system based on these technologies makes it fit to 

any potential training scenario inside and outside the OR. This way, information about 

position and trajectories can be acquired. The concept is not entirely new, and has 

already been exploited in the CAE ProMIS simulator (CAE Healthcare9, Montreal, 

Canada). In ProMIS, tracking of 3D movements from the MIS instruments is performed 

by means of two cameras providing stereoscopic vision (van Sickle et al., 2005).  

The challenge, however, is to do the same thing using 2D information obtained using 

one camera only (the endoscope). This idea has already been pursued on other 

application fields such as robotic surgery and navigation (Doignon et al., 2008; Voros et 

al., 2006). 2D tracking has been proposed for assessment of basic laparoscopic tasks 

for hand-eye coordination, camera navigation and bi-manual coordination on box 

trainers (Sánchez-Margallo et al., 2011). On the other hand, 3D pose extraction has 

been proved feasible, based solely on the instrument’s geometrical features and the 

endoscope’s field of view (Cano et al., 2008a). 

Endoscopic video analysis for surgical skills’ assessment presents itself as an interesting 

alternative to sensor-based tracking devices: it provides the means to calculate a wide 

range of motion efficiency metrics in a non-intrusive way: surgical instruments are not 

modified and thus the ergonomic experience of the trainee is not altered. Additionally, 

it offers a cheap and portable assessment tool that can be either exploited on 

laboratory settings such as box trainers or on real procedures in the OR. 

III.4 Support-decision systems for skills’ assessment 

One of the key points in a training programme is providing trainees with immediate, 

comprehensive feedback on their performance (Lamata et al., 2006). VR simulators 

and HMT systems are able to provide real-time scores in the form of evidence-based 

reports (time, path length, errors, overall score, etc.) (Sidhu et al., 2004). However, this 

information is devoid of meaning without proper interpretation, which if provided by a 

tutor figure, may loose its character of immediate and objective. 

Constructive feedback can be provided in many ways, such as in the form of simple 

summative reports based on weighted scores (Cotin et al., 2002). It may also be 

handed by informative messages where, next to measurements like time or 

movements, formative assessment is given with what could be the advice of a surgical 

expert, with messages like “too much tissue bitten” (Riojas et al., 2011; Fried and 

Feldman, 2008; Porte et al., 2007). Similarly, visual cues may be given on the screen 

using VR/AR techniques (Horeman et al., 2012). Or it can be provided by a progress 

monitoring software allowing trainees to view their achievements and comparing their 

                                                        
9 http://www.caehealthcare.com. Last access: 29 September 2012 
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learning curve with those of other residents (Sánchez-González et al., 2010; Hayter et 

al., 2009; Aggarwal et al., 2007). 

Establishing surgical competence is another crucial aspect for surgical assessment 

(Chmarra et al., 2010a). Statistical analysis and machine learning techniques are being 

employed to infer knowledge and correlate metrics’ information to surgical expertise, 

so automatic classification of trainees according to their competence can be attained. 

These methods usually require two phases: (1) training and (2) classification (Jain et al., 

2000). During the training phase, representative data from each surgical category (e.g. 

novices, intermediates, experts) is used to establish the different output classes, 

representative of the competence level. In the classification phase, the data recovered 

for a new surgeon is compared to those classes, and an assignation to one of them is 

performed based on a likelihood probability. 

Several techniques have shown promising results for surgical assessment; their 

conclusions are summed on Table 8. Sequential analysis (stochastic) of surgical tasks 

by Markov modelling has been the most common approach (Reiley and Hager, 2009; 

Leong et al., 2007; Megali et al., 2006b; Megali et al., 2006a; Rosen et al., 2006; 

Murphy, 2004; Murphy et al., 2003; Rosen et al., 2002b)10. Simple Markov models 

(MM) interpret sequences of actions as series of steps, defined by a closed number of 

states and the probabilities from going from one state to another. States are usually 

taken as sets of predefined surgical manoeuvres or surgemes (Reiley and Hager, 2009). 

In this way, different models for each competence level considered can be built. For 

example, Rosen et al. employed MMs to decompose tasks into states based on 

force/torque patterns for modelling surgical steps. In this way, they were able to build 

the learning curve for a suture task, based on the individual models and the specific 

academic level of each participant (Rosen et al., 2006). In another experiment, they 

were able to classify with an 87.5% accuracy competence of surgeons from their 

performance on a real cholecystectomy, based on the likelihood of their actions to 

those described by previously trained expert and novice MMs (Rosen et al., 2001). 

Definition of surgemes is often done manually, and as an alternative, hidden Markov 

models (HMM) have been widely used (Reiley and Hager, 2009; Leong et al., 2007; 

Megali et al., 2006b; Megali et al., 2006a; Murphy, 2004; Murphy et al., 2003; Rosen et 

al., 2002b). HMM are doubly stochastic processes, and have been described to be 

analogous to human behaviour, comprising a hidden mental state and a physical 

manifestation of said state (Megali et al., 2006b). Thus, rather than requiring a 

previous definition of actions, HMMs model their states as probabilistic functions 

based on physical observations, such as motion or force signatures (Rabiner, 1989). 

                                                        
10 The concept of modelling surgical interventions/tasks is known as Surgical Process Modelling (SPM), and is 
currently being researched in other related areas such as analysis of the surgical workflow, detection of phases in a 
surgery, control systems for robotic surgery or prediction/estimation of the remaining of an intervention (Bouarfa 
and Dankelman, 2012, Forestier et al., 2012, Estebanez et al., 2009). 
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Therefore, they are powerful tools for classification without inferring previous surgical 

knowledge, whether at (1) task level (Leong et al., 2007; Megali et al., 2006b; Megali et 

al., 2006a; Rosen et al., 2002b) or (2) surgeme level (Murphy, 2004; Murphy et al., 

2003). Results ranging in success rates between 90-100% show their potential 

usefulness for competence assessment. Despite this, determining the number of states 

to use and the model’s topology can be a daunting task, subjected in many cases to 

trial and error (Megali et al., 2006b; Rabiner, 1989). Moreover, studies comparing the 

use of MM vs. HMM do not seem to report significant differences between them 

(Reiley and Hager, 2009), although HMMs flexibility may help to better accommodate 

the needs of different assessment systems. Finally, Lin et al.  (Lin et al., 2006) propose 

an alternative classifier to detect different surgemes according to surgical experience 

based on Bayes classification, reporting results above 90% in accuracy. 

Non-sequential analysis (deterministic) has also been approached, generally basing 

competence level on a combination of output metrics rather than in temporal 

information. Chmarra et al. employed methodologies based on linear discriminant 

analysis (LDA). LDA correlates information from different metrics to detect 

redundancies, and additionally can perform classification based on the resulting 

simplified data (Chmarra et al., 2010b). Results yielded a success rate of 74% on a first 

report. Allen et al. trained a non-linear support vector machine (SVM) able to classify 

surgical competence with an accuracy of 91.6 %. Finally, different approaches to fuzzy 

logic have been proposed in (Riojas et al., 2011; Hajshirmohammadi and Payandeh, 

2007; Huang et al., 2005). Despite the potential of these techniques in modelling 

human and nature behaviour, reported results did not meet the expectations required 

for determining surgical competence. 

There is no clear recipe that can be followed for choosing a classifier to automatically 

determine surgical competence; nor there exists such thing as a perfect classifier. Both 

sequential and non-sequential approaches have their strengths and weaknesses, and 

depending on the study analysed, the same technique may yield very different results. 

This in turn implies that the real difficulties once more are derived from the definition 

and modelling of surgical competence (experience thresholds, metrics) and from the 

conditions surrounding the experiment (classifier architecture, number of participants, 

validation methodology, etc.). In general, studies presented here are limited to certain 

tasks and metrics, as well as in the number of participants. Therefore, further proof of 

validation must be given. Additionally, exploration of other techniques (e.g.: neural 

networks) should be furthermore pursued. 



 

 

Table 8. Literature overview on automatic skills’ assessment. #: Unknown number

 
Methodology Scenario Tasks Metrics Sample Population Acc. (%) Ref. 

HMM 

Train expert model LapSim “Basic Skills” Touch/Coordination Acceleration (STFT) 4 Novices. 2 Experts 100 
(Megali et al., 2006a; 
Megali et al., 2006b) 

Train mixed model Box Trainer +OSATS Touch/Coordination Trajectory 9 Novices, 2 Experts 93 (Leong et al., 2007) 

1 model/step & skill level Animal + BlueDRAGON Cholecystectomy Force signatures, Idle states 2 x R1,R3,R5, 2 Experts N/A (Rosen et al., 2002b) 

1 model/motion signature & 
skill level 

Da Vinci® Suture 
Instrument position, speed, 
force 

1 Novice , 1 Resident, 1 Expert 58.05 
(Murphy, 2004; Murphy 
et al., 2003) 

1 model/motion signature & 
skill level 

Da Vinci® Suture Motion signatures 
# Experts, # Intermediates, # Novices (9 surgeons 
total) 

100 
(Reiley and Hager, 
2009) 

1 model/skill level Da Vinci® Suture Motion signatures 
# Experts, # Intermediates, # Novices (9 surgeons 
total) 

94.7 
(Reiley and Hager, 
2009) 

MM 

1 model/skill level  
(false HMM) 

Da Vinci® Suture Motion signatures 
# Experts, # Intermediates, # Novices (9 surgeons 
total) 

100 
(Reiley and Hager, 
2009) 

1 model/subject Animal + BlueDRAGON Suture Force signatures, Idle states 5xR1,R2,R3,R4,R5,5 Experts - (Rosen et al., 2006) 

1 model/step & skill level Animal + BlueDRAGON Cholecystectomy/Nissen Force signatures, Idle states 5 Novices ,5 Experts 87.5 (Rosen et al., 2001) 

Bayes 1 classifier/motion signature Da Vinci® Suture Motion signatures 2 Experts, 1 Intermediate >90% (Lin et al., 2006) 

Fuzzy 

1 classifier/skill level & task MIST-VR “Core Skills” Peg grasping, Peg transfer, 
Time, Errors, Score 
Economy of movements, 

4 Novices , 4 Intermediates, 4 Experts 18.75 (Huang et al., 2005) 

2 classifiers/task MIST-VR “Core Skills” Suture 
Time, Errors, Collisions/ 
Tissue damage 

10 Novices, 8 Intermediates , 8 Experts 38.25 
(Hajshirmohammadi 
and Payandeh, 2007) 

1 classifier/task  
Computer Assisted Surgical 
Training System (CAST) 

Coordination 
Continuity of movement, 
Economy of movements, (2 
variations), Speed, Time, 

17 Non-medical students, 11 Medical students , (no 
lap experience) ,5 Medical students  (lap experience),  
4 Residents, 1 Expert 

N/A (Riojas et al., 2011) 

LDA 1 classifier/task Box Trainer + TrEndo 
Peg grasping, Peg transfer, 
Bi-manual coordination, 
Cutting/Dissection 

Time, Path length, Depth, 
Motion smoothness, Angular 
area, Volume 

11 Novices, 10 Intermediates, 10 Experts 74 (Chmarra et al., 2010b) 

SVM 1 classifier/task Ascension sensors 
Peg transfer, Peg grasping, 
Bi-manual coordination 

Time, Path length, Volume, 

Control effort (Force) 4 Experts, 26 Novices 
91.6 (Allen et al., 2010) 



 

 

IV Relevance of motion analysis in the 

assessment of MIS psychomotor skills 

Featuring the first phase in the conceptual framework:  

the pedagogical stage 

 

 

“Information is the resolution of uncertainty” 

Claude Elwood Shannon, 1916-2001 

 

 

 

In which the requirements for a practical implementation of a MIS skills’ assessment 

method are established. A set of tasks and MAPs are defined and implemented, and a 

validation study conducted in order to determine their didactic value. 
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IV.1 Problem statement 

t is more common everyday for hospitals to have available skills laboratories for 

training and assessment of MIS abilities. The main reason for this has already been 

hinted at in Chapter I: delaying the moment the resident faces a real patient until 

he/she is familiar with the necessary psychomotor surgical skills. In this way, patient 

safety is enhanced, while learning time for residents is optimized within their 

constrained schedules. More importantly, the acquisition of basic skills in early phases 

of training allows them to concentrate in later stages on other essential aspects such 

as anatomy, pathology and procedural knowledge in the OR (Korndorffer et al., 2005). 

Skills laboratories provide residents with different inanimate models for practice of 

psychomotor skills, usually in the form of low fidelity box trainers (possibly augmented 

by HMT technologies) or VR simulators (Moorthy et al., 2003). However, in many cases 

these training grounds are built according to the hospital’s management criteria, which 

may focus on aspects related to budget, technological novelty, etc., but not on the 

learning needs (Hiemstra, 2012). As pointed out by MacRae et al. (MacRae et al., 

2008), in many cases learning curricula are established once the skills laboratories are 

built, when in fact it should be the other way round. 

Thus, an important aspect in the definition of structured MIS learning programmes is 

the accommodation of psychomotor training and assessment into an educational path 

where residents can improve their learning curve in stress-free environments. Within 

these programmes, training and assessment tasks are offered ranging from simple 

coordination exercises to advanced bench models for suture training, or in the case of 

VR, full procedural cases (Hammoud et al., 2008). According to the learning objectives 

pursued, these may be simple abstractions of reality (built from simple materials such 

as wood, nails, etc.) where focus is put on the skill to train rather than on realism 

(Enciso Sanz et al., 2012; Pagador et al., 2011b; Hiemstra et al., 2008), or as simple 

software scenarios (Lamata et al., 2007). Alternatively, we may find basic/advanced 

surgical tasks modelled in realistic, complex VR scenarios simulating the interior of the 

human body, tissue deformations and collisions (Aggarwal et al., 2009). 

Equally important to defining the tasks that will compose the MIS learning curriculum 

is deciding which metrics offer relevant information on performance for a given task 

and its associated skills assessed (Satava et al., 2003). According to van Hove et al. (van 

Hove et al., 2010) reported levels of evidence on the validity of the most common 

metrics are insufficient, consisting of non-consecutive studies and/or lacking the 

application of adequate reference standards (Phillips et al., 2001). Moreover, metrics 

are defined and interpreted in a general way, but more specificity with respect to the 

surgical skills to evaluate is needed (Cotin et al., 2002). It has been pointed out in 

Chapter III how certain metrics will not prove to be effective in determined scenarios, 

I 
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and how it is not clear which movement-related metrics measure specific surgical 

abilities. In consequence, evaluation of surgical performance in the training systems is 

being done based on different combinations of motion-related parameters that do not 

necessarily take into account their precise usefulness (Thijssen and Schijven, 2010). 

Within this context, in this chapter we will analyse the needs and requirements of an 

environment for the assessment of surgical skills, focused on the tasks to use, the 

abilities to assess and the MAPs employed to that end. This corresponds with the 

pedagogical stage of the practical implementation for the conceptual framework 

proposed in this PhD (Figure 14). 

 

Figure 14. Practical implementation of the conceptual framework: the pedagogical stage 

According to the framework, the chapter is structured into three different parts: 

1. Analysis of requirements: whereby an analysis of the requirements for a MIS 

surgical assessment environment is performed, based on an extensive research 

on the state of the art (described in Chapter III) and on a following explorative 

survey conducted amongst experts. Its main objective is to ascertain views 

regarding tasks, abilities and important metrics required for assessment 

purposes. 

2. Definition and construction of tasks: whereby a series of tasks for assessment 

of MIS psychomotor skills are proposed inspired on the experience obtained in 

the state of the art analysis and the explorative survey, taking into account the 

learning needs of laparoscopic surgeons.  

3. Selection of MAPs and validation: whereby a series of MAPs are selected, and 

validated along with the designed tasks, both at face and construct level. 
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IV.2 Analysis of requirements 

IV.2.1 Materials and methods 
After an extensive study of the literature where the needs in MIS assessment and 

accreditation programmes were analysed (Chapters 1 and 3), a preliminary 

identification of the most relevant skills and the personal impressions of surgical 

experts regarding assessment settings and metrics were sought by means of an 

explorative survey. 15 expert surgeons with teaching experience at Jesús Usón 

Minimally Invasive Surgery Centre (JUMISC) answered the questionnaire. The first 

section of the questionnaire comprised demographic and laparoscopic experience 

questions. The second section included general queries related to surgical assessment 

and the relevance of the basic psychomotor skills (see section I.2.2), presented in 

Likert-based and multiple-choice questions. In the last section of the questionnaire, 

participants were asked to give their views on the most prominent evaluation metrics 

found in the literature (Fried and Feldman, 2008; Cavallo et al., 2005; Satava et al., 

2003; Cotin et al., 2002; Rosen et al., 2001), rating them by means of Likert-based 

questions11. 

IV.2.2 Results 
Table 9 shows the results obtained in the explorative survey. Out of 15 experts, 14 

completed all questions of the survey, whereas one of them left out all questions 

regarding relevance of metrics. In general, MIS experts understand that focus on the 

assessment of skills should be placed on residents, but consider life-long learning 

programmes (LLP) for CPD as important. Hand-eye coordination was considered the 

most relevant skill by 87% of the experts. Other important identified skills were visual- 

spatial perception (80% experts considered it relevant), bi-manual coordination and 

cutting/dissection (73% experts considered them relevant). Haptic perception was 

rated as the least relevant skill (only 33% experts considered it relevant). 

On the whole, all metrics proposed obtained a high mean score. Individually highest 

rated metrics were depth, economy of movements and end-result analysis (56% 

experts considered them relevant), motion smoothness and force interactions (49% 

experts considered them relevant). Metrics such as total and partial times, camera 

depth movements, speed, path length, and path deviation also obtained good results. 

Idle state/time was the lowest rated skill. Participants also suggested that, from a 

clinical point of view, it is important to assess skills based on both efficiency and 

quality metrics (such as end-result analysis, errors performed), since assessment based 

solely on motion metrics does not adequately verify competence. 

 

                                                        
11 See Annex I for a full version of the explorative survey. 
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1. According to your own experience, to which 
experience level must an assessment setting be 
oriented? 
Scale  
1 unnecessary – 5 very important 

 

2. What is, according to your experience, the 
importance of acquiring the following skills? 
Scale  
1 non important – 5 very important 

 

3. Grade the relative importance of these 
training and assessment scenarios 
Scale 
 1 non important – 5 very important 

 

4. At what detail level should trainees be 
assessed? 
High: Based on an exercise final score 
Low: Based on performance for each 
subtask/phase/manoeuvre 

 

5. Which figure describes best the path 
covered to move the instrument from A to B? 

 

0 

1 

2 

3 

4 

5 

Students    

Residents    (First    years)    

Residents    (Last    years)    

Experts     (LLP)    
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High    level    (global    
results)    

Low    level    
(manoeuvres)    

Both    
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5 
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8 

(a)    Straight    line    (b)    Curved    line    (c)    Retrac on/
seeking    
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6. Grade according to their importance the 
following efficiency metrics. 
Scale  
1 non important – 5 very important 

 

7. Is there, according to your opinion, a direct 
relationship between the time taken to 
complete a surgical task and surgical 
competence? 

 

8. Do you believe an expert will approach a 
target faster than a novice? 
 

 

9. Do you believe an expert will reduce its 
target approach speed to reduce jerkiness 
when near the target? 

 

10. Grade according to their importance the 
following quality metrics. 
Scale  
1 non important – 5 very important 
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Table 9. Explorative survey. Results are presented as kiviat charts (Q1-3, 6, 10) and bar plots (Q4, 5, 7-9). 

Scores are given for the most relevant questions on the definition of MIS assessment systems 

An additional question aimed to determine the way surgeons perform movements was 

posed, offering the alternatives presented by Chmarra et al. (Chmarra et al., 2008b). In 

this sense, no consensus was reached: 47% of the experts considered that the 

movement follows a circular path provoked by the rotation of the surgical instrument 

on the incision point, 33% that it follows a straight line from one point to the other, 

and 20% that there is a retracting–seeking movement involved. 

IV.3 Definition and construction of tasks 

IV.3.1 Materials and methods 
Inspired on the results provided by the explorative survey, as well as based on the 

literature and the counselling experience of clinical experts both at the JUMISC and at 

the Leiden University Medical Centre (LUMC, Leiden, The Netherlands), a design 

process of a series of new tasks for MIS psychomotor assessment was performed. 

The process was conducted in three different steps: 

• On the first step, several tasks for box trainer were designed and presented to 

expert surgeons, who then discarded those that did not match the pedagogical 

profile sought by them. 

• On the second step, prototype models were built of the selected tasks, in order 

to carry out a second selection and identify construction flaws that could affect 

performance on real assessment sessions. 

• On the last step, a final selection of tasks was rebuilt according to their new 

specifications and prepared for validation. 

IV.3.2 Results 
Nine different designs for MIS psychomotor skills’ assessment tasks were proposed, 

according to the main abilities involved. An additional parameter considered, Task 

Difficulty Consideration (TDC), helped further categorize them into growing order of 

difficulty. Each task was assigned to a class according to the taxonomy presented in 

section III.2.1 (Table 2). The nine designs are briefly presented in Figure 15. 

The set of tasks was designed to cover as much as possible the whole range of MIS 

psychomotor skills, especially those with higher scores in the explorative survey (bi-

manual coordination, hand-eye coordination, grasping and pulling, knotting and 

suturing, etc.). Some of them were not directly addressed, but were indirectly 

considered (e.g.: cutting and dissection skills in Path Following). Only one skill was not 

truly addressed: camera navigation (all the tasks were made for a fixed camera 

configuration).
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Path Following 
(Hand-eye coordination, haptic 
perception, knotting and suturing) 

 
CLASS = Touch/Coordination 
TDC=1 

Speedy Coordination 
(Hand-eye coordination, visual-
spatial perception) 

 
CLASS = Touch/Coordination 
TDC=1 

Grasp and Place 
(Hand-eye coordination, visual-
spatial perception, grasping) 

 
CLASS = Peg grasping 
TDC=1 

Place the instrument over the drawn 
shape and follow its perimeter until a 
lap is completed. 

Press, in the shortest time 
possible, the sequence of switches 
so the bulbs light in order. 

Grab beans from the dish tray and 
carry each of them to one of the 
recipients. 

3D Path Following 
(Hand-eye coordination, visual-spatial 
perception, haptic perception) 

 

 
CLASS = Touch/Coordination 
TDC=2 

Coordinated Pulling 
(Bi-manual coordination, hand-
eye coordination, grasping and 
pulling) 

 
CLASS = Bi-manual coordination 
TDC=2 

Grasp and Transfer 
(Bi-manual coordination, grasping 
and pulling, visual-spatial 
perception, knotting and suturing) 

 
CLASS = Peg transfer 
TDC=3 

Place the instrument over the metallic 
wire and follow its perimeter. 

Insert both ends of the looped 
rope through its corresponding 
posts simultaneously. 

Transfer, using both hands, a small 
cylindrical object through the 
circuit´s rings. 

Thread Transfer and Suturing 
(Knotting and suturing, visual-spatial 
perception, bi-manual coordination) 
 
 

 
CLASS = Suture 
TDC=3 

Grasp, Transfer and Place 
(Grasping and pulling, hand-eye 
coordination, haptic perception) 
 
 

 
CLASS = Bi-manual coordination 
TDC=3 

Coordinated Transfer & 
Grasping 
(Grasping and pulling, hand-eye 
coordination, haptic perception) 

 
CLASS = Bi-manual coordination 
TDC=3 

Transfer the thread through the 
postholes and once the circuit is 
finished tie both ends. 

Grab the small rings and place 
them in the corresponding pegs. 
Transfer from hand to hand to 
allign with peg. 

Close the circuit placing the two 
missing cables, then flip the SPST 
switch and finally press the push-to-
make switch so the bulb lights. 

Figure 15. First step: original tasks’ design. In boldface: main skills assessed for each task 
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After a preliminary validation of the designs with expert surgeons, several prototypes 

were constructed for those tasks considered a priori most relevant: Path Following, 3D 

Path Following, Grasp and Place, Coordinated Pulling, Grasp and Transfer, Thread 

Transfer and Suturing and Speedy Coordination. These models were not to be used on 

real assessment trials, but rather as simple prototypes, employed to identify design 

flaws that could distract from their true goal and make them unviable. 

 

Figure 16. Second step: prototype models. Left to right: Speedy Coordination, Path Following, 3D Path 

Following/Thread Transfer and Suturing, Grasp and Place/Grasp and Transfer, Coordinated Pulling 

Several design decisions were then taken, such as combining different tasks in one 

setting (see Figure 16) as in the case of Grasp and Place/ Grasp and Transfer or 3D Path 

Following/Thread Transfer and Suturing, or mixing different button sizes in Speedy 

Coordination. Finally, based on these new models and on the validation setting where 

trials would be carried out, the final design and construction decisions were taken: 

• Task size was decreased to half, in order to ensure correct visualization and 

manipulation inside the box trainer. 

• The final number of tasks was reduced to three, so as to guarantee that the 

time spent on the simulator did not lead to fatigue or concentration errors. 

• The selection of tasks was done so as to cover an ample range of the MIS skills 

assessed. Additionally, one task for each TDC was selected. 

• Grasp and Transfer setting was adapted according to the design specifications 

of Thread Transfer and Suturing. 

• In order to test haptic perception and simulate tissue deformations, rope was 

substituted by rubber bands in Coordinated Pulling. 

With these considerations in mind, the three tasks built were Grasp and Place (GP), 

Coordinated Pulling (CP) and Grasp and Transfer (GT) (see Figure 17). 
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Grasp and Place (GP) 

Peg grasping task, where a set of spherical objects (chickpeas) are 

to be placed on corresponding sequential holes. Features 

different blocks providing different heights, orientations and 

occlusion zones that add value to the assessment of spatial skills. 

This task is performed with the dominant hand only, using a 

laparoscopic grasper. 

Assessed skills: Hand-eye coordination, visual-spatial perception, 

grasping and pulling.  

 

Coordinated Pulling (CP) 

Task that requires placing three elastic bands through their 

corresponding posts using solely two laparoscopic graspers. Pairs 

of posts vary regarding height and orientation with respect to 

camera (0, 135, 25 degrees respectively) within the setting. Force 

interactions are indirectly tested by the degree of strength with 

which subjects manipulate the elastic bands. 

Bi-manual task (two laparoscopic graspers). 

Assessed skills: Hand-eye coordination, bi-manual coordination, 

grasping and pulling, haptic perception (indirectly).  

 

Grasp and Transfer (GT) 

Peg transfer task, where a small wooden cylinder is moved 

through a series of rings, distributed at different heights and 

angles. Transfer varies from left-to-right hand to right-to-left 

hand depending on the ring. 

Bi-manual task (two laparoscopic graspers). 

Assessed skills: Bi-manual coordination, visual-spatial perception, 

grasping and pulling, knotting and suturing (partially), cutting 

and dissection (indirectly). 

Figure 17. Third step: construction of the selected tasks 

IV.4 Selection of MAPs and validation 

IV.4.1 Materials and methods 
One of the requirements established by the framework calls for the employment of a 

consolidated tracking technology for validation in every stage. In the particular case of 

this PhD’s practical implementation, the TrEndo® Tracking System was chosen 

(Chmarra et al., 2006). 

The TrEndo® Tracking System was developed by the Minimally Invasive Surgery and 

Interventional Techniques group (MISIT) at the Delft University of Technology 

(TUDELFT, Delft, The Netherlands), a group concerned with research focused on the 

development of tissue-instrument-human interaction systems with the goal to 

improve training, diagnostic and therapeutic performance during minimally invasive 

interventions. 
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TrEndo employs optical tracking 

technology similar to that of an optical 

computer mouse to measure 

movements of laparoscopic instruments 

in real time. Movements are measured 

along four DoF: (1) translation along its 

axis, (2) rotation around its axis, (3) left-

right movements and (4) backward-

forward movements. The system is 

capable of recording up to six MAPs at a 

sampling frequency of 100Hz. Accuracy 

of the system is higher than 95%, and 

the minimum spatial resolution is 

measured at 0.06mm.  

 

Figure 18. The TrEndo® Tracking System 

TrEndo has been validated in several studies for the evaluation of MIS psychomotor 

skills (van Empel et al., 2012; Hiemstra et al., 2011a) and in the determination of the 

external factors influencing instrument movements during the performance of MIS 

assessment tasks (Hiemstra et al., 2011c; Chmarra et al., 2008a; Chmarra et al., 2008b; 

Chmarra et al., 2007b). 

Data for the validation of the framework was acquired in the skills laboratories at the 

LUMC, where the TrEndo is used for the training and assessment of MIS psychomotor 

abilities. Validation described throughout this PhD is conceived in the form of a cross-

sectional study, in which the same data is used for the three stages of the 

implementation (pedagogical, technological, analytical). In this way, findings and 

conclusions extracted for each stage can be easily extrapolated and correlated to those 

obtained in the rest.  

IV.4.1.1 Selection of MAPs 

Let ���� � �����, 	���, 
�������  be the laparoscopic instrument position for time � 
during the performance of a task. A number of related MAPs were defined according 

to three categories (Table 10): 

1. Temporal MAPs (TMAPs): MAPs that provide information about time periods 

during the tasks. 

2. Kinetic MAPs (KMAPs): MAPs that provide information directly related to the 

movement of the instruments. 

3. Spatial MAPs (SMAPs): MAPs that provide information about the use of the 

surgical space done by the participants. 
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MAPs  Definition  Formulae 

TMAPs 

Time (T)  
Total time to perform a 
task (s)  � 

Idle time (IT)  

Percentage of time where 
the instrument is 
considered to be still 
(speed less than 5mm/s) 
(%) 

�� � |�|� : � � ����0, … , ��, ����(���� �� + ��	(���� �� + ��
(���� �� ≤ 5" 

KMAPs  

Path length 

(PL)  

Total path covered by the 
instrument in the setting 
(m) 

#$ = % �|�(��|���
�� �� 

Depth (D)  

Total path length travelled 
in the instrument ‘s axis 
direction (m) & = % ���	(���� �� + ��
(���� ���

�� �� 

Average 

speed (S)  

Rate of change of the 
instrument’s position in 
the setting (mm/s). 
Results are measured for 
the total magnitude  
[u(t) = r(t)]  
and in each Cartesian 
direction of the box trainer  
[u(t) = {x(t), y(t),z(t)}]  

'(()� = 1� % �|+(��|���
�� �� 

Average  
Acceleration 

(A)  

Rate of change of the 
instrument’s velocity 
within the setting (mm/s

2
) 

, = 1� % ��|�(��|���
�

�� �� 

Motion 

Smoothness 

(MS)  

Abrupt changes in 
acceleration resulting in 
jerky movements of the 
instrument (m/s

3
) 

-' = � �.2 · 12� % �3|�(��|��3�
�=0  

SMAPs  

Angular 

Area (AA)  

Area between the farthest 
positions occupied by the 
tip of the instrument while 
performing a task (rad

2
) 

,, =  567�� (∝ (��� − 6:;� (∝ (���< · 567�� (=(��� − 6:;� (=(���< 

 ∝ (�� = �7;>? @	(��
(��A            =(�� = �7;>? ��(��
(��� 

Angular 

Volume (AV)  

Volume of the 3D ellipsoid 
centred on the mean and 
plotted around the 
standard deviation of the 
motions of the instrument. 
(mm

3
)  

Ellipsoid: 
(B>CDEF(B��GH�I(B�G + (J>CDEF(J��GH�I(J�G + (K>CDEF(K��GH�I(K�G = 1 

 

Volume: ,L =  MN · O · ��(�� · P��(	� · P��(
� 

Maximum 

covered 

surface (SU) 

Maximum area covered by 
the instrument in the task 
surface plane, measured at 
the tip of the instrument 
(cm

2
) 

'Q =  567�� (�(��� − 6:;� (�(���< · 567�� (
(��� − 6:;� (
(���< 

Maximum 

Volume 

(MV) 

Maximum cubic volume 
covered by the 
laparoscopic instrument 
within the box trainer 
measured at the tip of the 
instrument (cm

3
) 

-L = RS · 567�� (	(��� − 6:;� (	(���< 

Economy of 

area (EOA)  

Relationship between 
maximum surface area 
(task plane) occupied by 
the instrument and total 
path length (-) 

TU, = √RS12  

Economy of 

volume 

(EOV)  

Relationship between 
maximum volume 
occupied by the 
instrument in the setting 
and total path length (-) 

TUL = √WXY 12  

Table 10. Selection of MAPs, definition and formulation 
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Most MAPs have already been featured in the literature, and thus were selected in 

order to corroborate past results and investigate deeper in their relationship with the 

different MIS abilities. These include mainly time, path length, depth, and motion 

smoothness (Cavallo et al., 2005; Cotin et al., 2002). Other MAPs less frequent such as 

average speed and average acceleration were also included. Since validation studies 

featuring speed of motion as a metric are scarce (Aggarwal et al., 2009; Yamaguchi et 

al., 2007; Cavallo et al., 2005; Sokollik et al., 2004), it was sought to investigate in detail 

its usefulness as a MAP. An exhaustive analysis of its influence in all of space’s 

directions was performed, similar to the decomposition performed by Megali et al., 

who analysed the influence of acceleration in polar coordinates (Megali et al., 2006a). 

Idle time, which obtained a mild reception in the explorative survey, was included in 

order to verify the experts’ opinion on its regard. Given the importance bestowed in 

the survey to visual-spatial perception, four new SMAPs relating the use of the surgical 

space were proposed: maximum covered surface, maximum volume, economy of 

area and economy of volume. Additionally, TrEndo provided two extra SMAPs: angular 

area and angular volume. 

Other MAPs, such as economy of movements and path deviation, were excluded 

because among other reasons, there is no clear definition that would indicate what the 

optimal movements of the laparoscopic instruments are, as reflected by the lack of 

consensus in question 5 of the explorative survey (Table 9). Finally, since the sought 

implementation calls for the use of motion analysis information in order to establish its 

relevance in the assessment of MIS psychomotor skills, force interaction and quality 

metrics were discarded. 

IV.4.1.2 Construct validation and reliability 

A total of 42 participants took part in the experiments. Three of the participants were 

left-handed. As there is no gold standard for determining laparoscopic expertise, 

participants were assigned to categories according to their academic degree and the 

number of laparoscopic procedures performed. Thus, they were classified as: 

• 16 students/novices (N) with no prior laparoscopic experience. 

• 22 residents (R), having performed between 0-100 laparoscopic interventions. 

• 4 expert surgeons (E), having performed more than 100 laparoscopic 

interventions. 

For construct validation, all participants carried out the three tasks in the same order. 

Significant differences in performance were sought between the different groups. 

Since the purpose of the experiment was to validate the tasks for evaluation purposes, 

no prior trials were allowed. A brief explanation of the tasks’ objectives was given to 

participants to let them infer, based on their own experience and skills, the best 

strategy to perform them.  
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Cronbach’s alpha test (α) for standardized items was performed to analyse MAPs’ 

reliability, as a means to measure the internal consistency between them for the 

different tasks. A high value of reliability (α>0.7) implies that the MAP is task-

independent, and therefore useful regardless of the task’s goals (Fried and Feldman, 

2008; Aggarwal et al., 2007). A lower value of α on the other hand would indicate a 

higher degree of dependency of a MAP to a given task. 

The experimental setting is shown in Figure 19. For all participants, the position of the 

tasks within the box trainer, the laparoscopic graspers employed and the incision 

points for the camera and instruments were identical. Moreover, the starting and 

ending positions of the tips of the instruments and the order of targets’ placement at 

predefined positions (indicated by the numbers located next to them) were fixed for 

each task and were the same for all the participants. The endoscope provided a 0º 

view on a monitor, and was fixed at the same angle for all tasks and participants. No 

time restrictions were imposed, nor completion forced-upon. 

 

Figure 19. Experimental trials. Left: assessment setting view. 

 Right: box trainer schematic disposition and TrEndo coordinate system 

The TrEndo® Tracking System was employed for registering movements of 

laparoscopic instruments (Chmarra et al., 2006). All MAPs were calculated from 

measurements using Matlab® Release 2009b (Mathworks, Natick, MA, USA), except T, 

PL, D, MS, AA and AV, which were pre-calculated by the TrEndo 1.0 software.  

IV.4.1.3 Face validation 

For face validation, each participant was asked to fill out a questionnaire at the end of 

the trials. The questionnaire included a demographic survey, questions for task 

evaluation, and additional space for free comments. Likert scales were used to rate 

each parameter12. Participants were asked to rate the tasks performed according to: 

1. How they perceived the usefulness of the tasks for the assessment of MIS 

psychomotor skills; 

2. The design and construction of the tasks; 

3. The difficulty on the execution of the tasks; 

4. Their overall impressions on the tasks.  

                                                        
12 See Annex II for a full version of the face validation survey. 
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IV.4.1.4 Statistical analysis 

Statistical significance between subject groups was tested using Mann-Whitney test. 

Significant differences were considered at p<0.05 both for face and construct 

validation. SPSS v. 17 (SPSS Inc., Chicago, IL, USA.) was used for all statistical analysis. 

In order to further understand the relationship between the academic status, the 

abilities acquired and the surgical experience, construct validation was measured at 

three sensitivity levels: 

• Experience level (2 categories): Participants were divided according to the 

number of surgeries performed into experienced (Ex, > 10 laparoscopic 

surgeries) and non-experienced (NEx, < 10 laparoscopic surgeries). 

• Academic level (3 categories): Default partition, in which participants were 

divided according their academic status into novices (N, medical students), 

residents (R, residents) and experts (E, surgeons). 

• Experience + Academic (4 categories): Participants were divided according both 

to their experience and academic status into novices (N, medical students with 

no laparoscopic experience), residents with low experience (RL, residents with 

0-10 laparoscopic surgeries), residents with high experience (RH, residents 

with 10-100 laparoscopic surgeries) and experts (E, surgeons with more than 

100 laparoscopic surgeries).  

For analytical purposes, two-handed tasks’ metrics were analysed separately, 

considering the dominant (D) and non-dominant hand (ND). 

 

Figure 20. Construct validation: sensitivity levels 

A novel aspect in this study dealt with the correlation of MAPs and psychomotor skills. 

Following the directives of Chapter III, an analysis cross-referencing valid MAPs for 

each task and psychomotor skill was performed, in order to relate the metrics explored 

with the abilities assessed by the tasks. For this analysis, a MAP was considered valid if 

it presented significant differences between Ex and NEx, between at least one group 

from the "Academic" category and/or at least 2 groups from the "Experience + 

Academic" category. 
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IV.4.2 Results 

IV.4.2.1 Construct validation and reliability 

Validation results for all the three tasks are presented in Table 1113. The order of task 

performance was established in what was deemed to be increasing difficulty, 

according to their TDC: Grasp and Place, Coordinated Pulling and Grasp and Transfer. 

In general, nearly all participants were able to complete the three tasks. Only two 

participants were unable to finish one of the three tasks (one resident with low level of 

expertise (RL) failed to complete Coordinated Pulling, and one novice (N) did not 

complete Grasp and Transfer). Since our analysis focused on motion aspects rather 

than on qualitative results, we decided not to exclude the performance data of those 

two participants. Additionally, one RL and one RH did not perform the Grasp and 

Transfer task. 

Construct validation of the Grasp and Place task presented significant differences for 

time, path length, depth, average speed, average acceleration, economy of area, 

economy of volume and idle time. In general, the task showed the fewest differences 

between groups: the greatest differences in performance were found between novices 

and every other group. No significant differences were found between residents and 

experts. 

Coordinated pulling showed construct validation for time, path length, depth, average 

speed (S, Sy, Sz), average acceleration, economy of area and economy of volume. 

Differences were more prominent for the non-dominant hand in the cases of motion 

smoothness and average speed. On the whole, the performance of novices was 

significantly worse than that of residents with high experience and experts. 

Construct validation of Grasp and Transfer task showed that almost all MAPs reflected 

significant differences between groups (time, average speed and average acceleration 

showing a higher sensitivity). This was especially observed for the non-dominant hand 

(motion smoothness, average speed, maximum surface, average acceleration, 

economy of area, economy of volume, idle time). Overall, differences between groups 

were more prominent for this task than any other: not only between novices and 

residents/experts, but also residents (high/low experience) and experts. For this task 

we observed that the learning curve tended to be short; the participants spent on 

average 30% of the time on learning how to transfer the peg through the first ring, 

while peg transition through the three remaining rings took 70% of the remaining time. 

                                                        
13 Detailed box plots for each task, MAP and sensitivity level are given in Annex III (Figure 44-Figure 55). 



 

 

Metrics Significance (2 groups) Significance (3 groups) Significance (4 groups) Reliability (α) 

 
1.GP 2.CP 3.GT 1.GP 2.CP 3.GT 1.GP 2.CP 3.GT 

 
Time x x x N-R, N-E N-R, N-E N-R, N-E, R-E N-RL, N-RH, N-E N-RH, N-E, RL-RH N-E, RL-E, RH-E 0.68 

Dominant hand 1.GP 2.CP 3.GT 1.GP 2.CP 3.GT 1.GP 2.CP 3.GT 
 

Idle time x   N-R   N-RH   0.25 

Path length x x 
 

N-R, N-E N-R, N-E N-E, R-E N-RH, N-E N-RH, N-E N-E, RH-E 0.64 

Depth x x 
 

N-E N-R N-E, R-E N-E N-RH N-E, RH-E 0.54 

Motion smoothness 
         

0.73 

Av. speed x x x N-R, N-E N-R  N-RH, N-E N-RH  0.63 

Av. speed: x-axis x   N-R, N-E   N-RH, N-E   0.43 

Av. speed: y-axis x x x N-R, N-E N-R  N-RH, N-E N-RH, RL-RH  0.71 

Av. speed: z-axis x x x N-R  N-E N-RH  N-RH, N-E 0.59 

Av. acceleration x x x N-R   N-RH N-RH  0.66 

Angular area    N-R  N-E, R-E N-RL, N-RH  N-E, RL-E, RH-E 0.27 

Angular volume      N-E   N-E 0.07 

Max. surface 
   

N-R 
  

N-RL 
  

0.42 

Max. volume 
         

0.45 

Economy of area x x 
 

N-E N-R, N-E N-E, R-E N-RH, N-E, RL-E N-RH, N-E N-E, RH-E 0.48 

Economy of volume x x 
 

N-R, N-E N-R, N-E N-E N-RH, N-E, RL-E N-RH, N-E N-E 0.53 

Non-dominant hand - 2.CP 3.GT - 2.CP 3.GT - 2.CP 3.GT 
 

Idle time      N-R, N-E   N-RL, N-E 0.42 

Path length 
 

x 
  

N-R N-E, R-E 
 

N-RH N-E, RH-E 0.65 

Depth 
 

x 
   

N-E, R-E 
 

N-RH N-E, RH-E 0.52 

Motion smoothness 
 

x x 
  

N-R 
  

N-RH, RL-RH 0.8 

Av. speed  x x  N-R, N-E N-R, N-E, R-E  N-RH, N-E N-RL, N-RH, N-E, RL-E 0.77 

Av. speed: x-axis   x  N-E N-R, N-E  N-E N-RL, N-RH, N-E 0.42 

Av. speed: y-axis  x x  N-R, N-E N-R, N-E  N-RH, N-E N-RL, N-RH, N-E 0.8 

Av. speed: z-axis  x x  N-R, N-E N-E, R-E  N-RH, N-E N-E, RL-E, RH-E 0.75 

Av. acceleration  x x  N-R, N-E N-R, N-E  N-RH, N-E N-RL, N-RH, N-E, RL-E 0.78 

Angular area          0.38 

Angular volume          0 

Max. surface 
  

x 
  

N-R 
  

N-RL 0.17 

Max. volume 
         

0.32 

Economy of area 
 

x 
  

N-R, N-E N-E, R-E 
 

N-RH, N-E N-E, RH-E 0.43 

Economy of volume 
 

x 
  

N-R N-E 
 

N-RH N-E 0.43 

Table 11. Construct validation and reliability results: Significant MAPs between Ex and NEx (2 groups) are marked as x. Significant MAPs between N-R-E (3 groups) and N-RL-

RH-E (4 groups) are given by pairs of groups. Reliability values with α > 0.7 are given in boldface. GP: Grasp and Place; CP: Coordinated Pulling; GT: Grasp and Transfer 
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The cross-reference study (Table 12) reveals that for all skills studied, time, path 

length, depth, average acceleration, economy of area and economy of volume were 

valid parameters regardless of the task’s goal. Total average speed is shown to be a 

significant metric for hand-eye coordination and bi-manual coordination tasks. Motion 

smoothness features as significant for the non-dominant hand in both bi-manual tasks. 

Finally, a correlation between idle time and visual-spatial perception/bi-manual 

coordination tasks can be identified. 

Table 12. Cross-reference study between valid MAPs and skills assessed. The score reflects the nº of times 

the MAP is found valid for that skill in particular, according to the relationship between tasks and 

skills featured in Figure 17 (2nd row). The number shown in brackets reflects the maximum score that 

MAPs can obtain for it. Scores >1 are considered to be of interest. MAPs in boldface are shown to be 

valid for all the assessed tasks and abilities. ¥:
 Indirect abilities sought. *: Scores obtained solely for 

the non-dominant hand. **: Scores obtained solely for the dominant hand 

Analysis of Cronbach’s alpha showed that angular area, angular volume, maximum 

covered surface, maximum volume and idle time presented the lowest reliability 

(Table 11), thus being considered more task-dependent than the rest. Only motion 

smoothness, average speed for the dominant hand (Sy) and the non-dominant hand  

(S, Sy, Sz), and average acceleration showed reliability fulfilment. Other metrics such as 

time, path length, depth, average speed and average acceleration for both hands 

presented moderate values of reliability, without reaching the pre-established 

threshold of 0.7. 

 

Hand-
eye 

coord.  

Visual-
spatial 

perception  

Bi-manual 
coord.  

Grasping/
pulling  

Haptic 
perception

¥
  

Cutting/ 
dissection

¥
 

Knotting/ 
suturing

¥
 

TASKS 
GP, CP 

(2) 
GP, GT  

(2) 
CP, GT  

(2) 
GP, CP, GT 

(3) 
CP  
(1) 

GT  
(1) 

GT  
(1) 

Time  2  2  2  3  1  1  1  

Idle time  1  2  2  2  - 1  1  

Path length  2  2  2  3  1  1  1  

Depth  2  2  2  3  1  1  1  

Motion 
smoothness*  

1  1  2  2  1  1  1  

Av. speed  2  1  1  2  1  - - 

Av. acceleration 2 2 2 3 1 1 1 

Angular area**  1  2  1  2   1  1  

Angular Volume  - - - - - - - 

Max. surface  - - - - - - - 

Max. volume  - - - - - - - 

Economy of area 2 2 2 3 1 1 1 

Economy of 
volume 

2 2 2 3 1 1 1 
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IV.4.2.2 Face validation 

In general, the participants’ subjective evaluation of the tasks showed positive results 

(Figure 21). The three tasks obtained a median grading of 4 in perceived usefulness, 

design and overall grading. Grasp and Place was in general better graded by novices 

and residents than experts, but was considered on the whole useful. The highest 

scores per groups for perceived usefulness were given to the Coordinated Pulling task, 

which was also considered to have the best design for an assessment task. The Grasp 

and Transfer task obtained the lowest results for design, especially amongst residents 

with high experience and experts. On overall grading, however, it obtained the highest 

scores. The difficulty of the tasks showed an increasing curve, especially amongst 

novices and residents: Grasp and Place was considered to be the easiest one, and 

Grasp and Transfer to be the most difficult one. 

Figure 21. Face validation. Results are presented in the form of kiviat charts. Significant differences 

between categories (measured at “Experience + Academic” level) are specified in brackets  

Grasp and Place (GP) Coordinated Pulling (CP) 

 
Grasp and Transfer (GT) 
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IV.5 Discussion 

In this chapter our goal has been to establish the requirements of assessment tasks, 

MAPs, and their relationship to the different psychomotor abilities. Results show the 

importance of motion parameters in the assessment of psychomotor surgical skills for 

MIS. The relevance of the most commonly used assessment parameters, e.g.: time, 

path length and depth, has been corroborated. Other less often used MAPs, e.g.: 

speed of motion, acceleration, economy of area/volume have been analysed, and 

proved to be effective when discerning between several levels of surgical competence.  

When performing validation studies, one cannot fully establish the value of a certain 

metric for the assessment of surgical skills without considering all surrounding 

conditions. These include factors such as task definition, clinical setting, relative 

difficulty, previous practice on the tasks, or number of participants in validation 

studies, among others. In order to better understand them, we developed the 

pedagogical stage of the PhD’s conceptual framework into a three-phase process 

consisting of (1) an analysis of requirements based on an exhaustive literature review 

and an explorative survey amongst experts, (2) a task design and implementation 

process and (3) a MAP selection and validation experiment. 

The explorative survey following the state of the art analysis allowed us to learn first-

hand the impressions of teaching experts regarding important aspects of surgical 

assessment. The study was conceived as a broad overview on the main skills sought 

and metrics that can be registered. This useful information served as the basic 

guideline for the tasks’ design process and the selection of MAPs for experimental 

validation. There were several drawbacks that affected the final weight the survey had, 

as the limited sample population or a slight predisposition towards positive answers 

(as shown by the general high grades). Moreover, the questionnaire was built upon 

previously defined hypotheses, which resulted on a number of closed Likert questions. 

While this scheme is more appealing to participants, it may also lead them to 

responses they would otherwise not give (Williams, 2003). 

The task design process ended with three tasks built, after several other ideas were 

analysed and discarded. The tasks were designed to be of increasing difficulty 

according to the TDC parameter. The a posteriori validation of the tasks indicated that 

we succeeded in this: in general, we concluded that the three tasks were able to 

discriminate between Ex and NEx; however, more significant differences between 

groups were found for the tasks that were intended to be more difficult. Participants 

also ratified this: according to their subjective opinion, the difficulty curve increased 

with each task. 

Common criticism of participants to task design was directed to the materials 

employed, in particular to the use of chickpeas in the Grasp and Place task and 
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wooden cylinders for the Grasp and Transfer task, as they proved to be slippery and 

difficult to grasp. For skills’ training these aspects can be considered a drawback, since 

it is desirable the use of pegs made of material that is adequate for that end (e.g. the 

one that imitates the characteristics of the tissue). For assessment purposes, our study 

shows that experienced surgeons and residents required less time than novices to 

master the tasks, which reflects a higher ability on their part to adapt and overcome 

more challenging conditions.  

Additionally, several participants criticized the fact that the camera was situated at a 

fixed position, which had a limiting effect on their vision of depth. There were two 

reasons for camera fixation: (1) to provide the exact same conditions to all the 

participants, and (2) to make fixed-camera recordings of the tasks that would allow us, 

during the technological stage of the proposed framework, to validate the use of 

video-based tracking (see Chapter V).  

Validation of tasks and MAPs allowed us to determine (1) the construct validity of the 

tasks and MAPs for assessment purposes; (2) the degree of dependence of each MAP 

to the different skills; and (3) the correlation between tasks and skills assessed. 

Overall, we found that kinetic MAPs (KMAPs) path length and depth were good 

discriminators for all abilities considered (Table 11). This confirms the general trend 

observed in validation studies from diverse sources (van Dongen et al., 2007; 

Woodrum et al., 2006; Eriksen and Grantcharov, 2005; van Sickle et al., 2005). As 

expected, these MAPs showed moderately high consistency levels. Average 

acceleration was proved to be a valid and reliable MAP for the three proposed tasks, 

despite the fact that it has been rarely featured in the literature (Megali et al., 2006a). 

Motion smoothness also showed significant differences between groups for the non-

dominant hand, although from the validation results it can be seen that its influence 

was more significant on grasping tasks involving bi-manual coordination (Table 11). 

Analysis of average speed showed promising results of its usefulness as an assessment 

metric. Significant differences were found for all three tasks, and internal consistency 

was overall high, reflecting a considerable degree of task independence. Moreover, 

there seemed to be a relationship between speed and hand-eye coordination/grasping 

and pulling skills. It was observed that significance of the speed was lower on the x-axis 

(constant depth plane) compared to the y- and z- axis (variable depth planes). 

Although further research is required to find the explanation to this, it is possible that 

expert surgeons’ perception of depth (and thus depth-related navigation of 

instruments) is better than those of less experienced participants. Moreover, a similar 

analysis may be performed to confirm this trend with other MAPs such as path length 

or average acceleration. 

Regarding space-orientation MAPs (SMAPs), the use of economy of area/volume has 

been proven a reliable source of information throughout the three tasks. They were 
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introduced in order to quantify the efficiency in use of the working space, both of the 

task plane (EOA) and the real surgical setting (EOV). Results for both MAPs 

demonstrated their construct validation for the tasks proposed. They point at the 

relevance of acknowledging the surgeon´s spatial dominion of the workspace, which in 

the OR may be compromised due to camera movements and orientation. Further 

studies are needed to investigate whether the new MAPs proposed here are valid for 

different tasks. The rest of SMAPs however showed uneven results and low internal 

consistency. Their validity as independent metrics, therefore, has not been proved. In 

general, their significance seems to be directly related with the difficulty of the task 

rather than to the abilities assessed. Further studies would be required to confirm or 

to reject this hypothesis.  

Temporal MAPs (TMAPs) showed varying results. As in the case of KMAPs, time was 

found valid across the three tasks and with high values of reliability. Idle time showed 

significant differences for Grasp and Place/Grasp and Transfer tasks. Since both tasks 

involved a tactical approach to the transportation of a peg, it seems possible that said 

MAP assessed the amount of time taken for planning the next steps (strategy). In any 

case, it has been proved useful for measuring skills such as visual-spatial perception, 

bi-manual coordination or grasping and pulling. This contrasts with the opinions given 

by experts in the explorative survey, who were not so convinced about its usefulness. 

New studies are needed to investigate its true value. 

Finally, results reflect significant differences when distinguishing dominant and non-

dominant hands’ movements during the process of skills’ assessment, as has already 

been shown in other studies (Yamaguchi et al., 2007; Sokollik et al., 2004). On a 

general basis, in bi-manual tasks performance of the non-dominant hand discriminates 

between the four "Experience-Academic" groups better than the performance of the 

dominant hand. Moreover, non-dominant hand MAPs showed the highest consistency 

values. Due to the low number of left-handed participants, we did not further explore 

the differences between performance of the right-handed and left-handed 

participants, as done by Grantcharov et al. (Grantcharov et al., 2003). 

Establishing valid MAPs for assessing MIS psychomotor skills should be a 

multidisciplinary effort that involves both clinicians (from the application field), experts 

in human factors (usability and understanding of human capabilities) and engineers 

(methods and tools to be applied) (Freudenthal et al., 2011). In this study, a 

multidisciplinary team worked on better understanding the influence motion-related 

parameters have on the assessment of laparoscopic skills and the determination of 

surgical expertise.  

The practical implementation here described can serve as a guideline for a structured 

way of seeking and analysing metrics for assessment purposes as well as developing 

new assessment tasks. Further insight on whether results obtained for the MAPs are 
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universal or specific for the tasks and skills proposed may be derived from larger 

validation studies on training courses, as well as from the use of other existing tasks. 

Moreover, the pedagogical possibilities of the tasks in virtual environments could be 

analysed to determine the influence of factors such as force feedback or realism, 

amongst others (de la Campa, 2010). Since evaluation of psychomotor skills should not 

be based only on efficiency parameters (both motion and forces), new studies should 

also take into account the influence that qualitative metrics (e.g. errors, end-product 

analysis) have over the global processes of skills’ assessment. 

IV.6 Chapter conclusions 

In this chapter we have addressed the first phase of the conceptual framework 

proposed in this PhD, the pedagogical stage (Figure 14). Its main contributions to it 

can be summarized thusly: 

• The relevance of MAPs in the analysis of MIS psychomotor skills, and their 

relationship to the different abilities being assessed. 

• The design, implementation and validation of three new box trainer tasks for 

the assessment of MIS psychomotor skills. 

• The definition and validation of new MAPs for MIS assessment, such as 

economy of area or economy of volume. 

• The in-depth validation of traditional MAPs (e.g.: path length, motion 

smoothness) with regard to the ability being assessed. Additionally, the 

importance of speed with respect to the direction of movement was 

determined. 

Once the tasks and metrics of the practical implementation proposed have been 

established, the framework states that the means for the acquisition of the MAPs be 

defined. Thus, in the next chapter validation of the EVA Tracking System will be 

presented, based on the foundations laid in this chapter, and as part of the 

technological stage. The Grasp and Place task will be employed for construct and 

concurrent validation, and those MAPs showing promising results in this chapter will 

be featured. Moreover, new MAPs evolving around the 2D movements of the 

instruments on the screen will be proposed to ascertain the importance of depth 

information. Since the data set employed is the same, findings will confidently provide 

feedback into the validity of the results reported in this chapter. 

 



 

 

V EVA: Endoscopic Video Analysis 

Tracking System for the assessment of 

MIS psychomotor skills 

Featuring the second phase of the conceptual framework:  

the technological stage 

 

 

“What we observe is not nature itself,  

but nature exposed to our method of questioning” 

Werner Heisenberg, 1901-1976 

 

 

In which the EVA Tracking System, a novel method for tracking laparoscopic 

instruments based on endoscopic video analysis, is presented and validated for the 

assessment of MIS psychomotor skills. 
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V.1 Problem statement 

art of the MIS training and assessment processes in laboratory settings rely on 

the acquisition and analysis of efficiency metrics, which are based on the kinetics 

and dynamics of the trainees’ actions when performing a task (Oropesa et al., 2011; 

Fried and Feldman, 2008). To this end, as we have seen in Chapter III, active tracking-

based systems are used to accurately measure hand/instrument movements and 

interactions, based on optical (Chmarra et al., 2006), mechanical (Rosen et al., 2002a), 

ultrasonic (Sokollik et al., 2004) or electromagnetic (Datta et al., 2001) sensing. 

However, their use may modify the ergonomics and constrain movements of the 

surgical instruments, and thus alter the users’ experience and performance. Moreover, 

transfer of these technologies for training and assessment of skills in the OR is 

compromised as they are often bulky (impeding their portability and OR setting), are 

not easily sterilized, may require a clear line of sight (optical devices) or might be 

affected by ferromagnetic materials (electromagnetic devices), and hence present 

errors in position tracking (Peters, 2006). 

An alternative to active tracking is the analysis of the endoscopic images to determine 

the spatial position of the surgical instruments (Sánchez-González, 2011). The non-

invasive and unobtrusive nature of a tracking system based on computer vision 

techniques makes it suitable for training and assessment purposes (both in laboratory 

settings and in the OR), and for image guided surgical navigation (Sánchez-González et 

al., 2011; Sánchez-Margallo et al., 2011). In MIS learning, the concept has already been 

exploited in the CAE ProMIS simulator (CAE Healthcare, Montreal, Canada), where the 

instruments’ position is triangulated by means of two cameras (Pellen et al., 2009a). 

The main challenge in this research field, however, is tracking instruments’ movements 

based on the monoscopic image of the endoscope, where depth information is not 

directly available. In general, there are two main technological challenges that need to 

be addressed in order to achieve robust video-based tracking in MIS. To this end, 

certain characteristics with respect to the shape and colour of the laparoscopic 

instrument must be first modelled (Sánchez-González, 2011): 

 

• The instrument consists of a long cylindrical shaft; Due to 

its shape, its two borders will be identifiable as straight 

lines on the screen. Standard colour of the shaft is black, 

but presence of brightness and/or stains may change its 

uniformity. 

• The instrument ends on a metallic tip, which will change 

shape and position according to its function and its state 

respectively.  

Figure 22. Standard characteristics of laparoscopic instruments 

P 
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With this information, the first challenge comprises the automatic identification and 

segmentation of the instrument in the image in order to avail 2D detection on the 

video. In the literature, segmentation has been obtained based on colour (Allen et al., 

2011; Speidel et al., 2006; Krupa et al., 2003), marker (Bouarfa et al., 2012; Hayakawa 

and Yamauchi, 2011; Doignon et al., 2007; Tonet et al., 2006), edge (Climent and 

Hexsel, 2012; Voros et al., 2006; Climent and Mares, 2004) and/or geometrical 

features (McKenna et al., 2005). Clustering systems may be trained to identify the 

presence of the instrument on the screen (Sánchez-Margallo et al., 2011; Speidel et al., 

2006; McKenna et al., 2005). Finally, particle filters have been proposed for fast robust 

tracking of the instruments (Climent and Hexsel, 2012; Speidel et al., 2006; McKenna 

et al., 2005). 

The second challenge requires calculating the 3D coordinates from the 2D information, 

for example based on an estimation of the insertion point (Wolf et al., 2011), or 

employing the geometrical features of the segmented marker (Doignon et al., 2008; 

Tonet et al., 2006) or of the instrument (Cano et al., 2008a; Cano et al., 2006). 

Instrument-driven reconstruction can be approached in three different ways: (1) based 

on the vanishing point of the instrument’s borders (Cano et al., 2006); (2) based on the 

instrument’s apparent diameter (Cano et al., 2006); and (3) based on the transversal 

section of the instrument (Cano et al., 2008a). 

In general, incorporating instrument tracking to the assessment of MIS psychomotor 

skills requires the definition of motion-related assessment metrics to allow 

discernment of the trainees’ expertise based on their performance (Satava et al., 

2003). As such, information provided by the video will be associated with MAPs 

extracted from the instruments’ movements (see Chapter IV). Applications of 

endoscopic video tracking in training and assessment have mainly been identified for 

box trainers (Allen et al., 2011; Sánchez-González et al., 2011; Sánchez-Margallo et al., 

2011). Allen et al. made use of the vanishing point approach (Cano et al., 2006) and 

adapted it in the Fundamentals of Laparoscopic Surgery (FLS) simulator (Allen et al., 

2011). Sánchez-Margallo et al. employed cascade classifiers to identify and track the 

tip of different laparoscopic instruments in the 2D image (Sánchez-Margallo et al., 

2011). In each case, validation of the tracking systems for MIS skills’ assessment is 

pending.  

In this chapter the definition and validation of a new video-based tracking system for 

the assessment of MIS psychomotor skills, the EVA (Endoscopic Video Analysis) 

Tracking System, will be addressed. This will be done as part of the practical 

implementation of the conceptual framework being proposed in this PhD, 

corresponding to the technological stage. 
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Figure 23. Practical implementation of the conceptual framework: the technological stage 

Following the phases portrayed by the framework, the chapter will be divided into two 

different parts: 

1. EVA system description and technical verification: whereby the system will be 

described and accuracy tests both for 2D and 3D tracking will be presented. 

2. EVA validation for MIS skills’ assessment: whereby construct and concurrent 

validation of the system will be presented, following the directives of the 

pedagogical stage’s results concerning MAPs (Chapter IV). The same dataset 

will be employed, and additional feedback on the use of MAPs will be given to 

provide further insights on the results presented in said chapter, regarding the 

relevance of depth information and the use of image space by surgeons.  

V.2 EVA system description and verification 

V.2.1 Materials and methods 
The EVA tracking system employs the monoscopic image provided by the endoscope, 

and the location of the insertion points of the camera and instruments, in order to 

calculate the 3D position and orientation of the surgical tools in a box trainer. The 

edges and tip of the instrument are automatically extracted from each 2D image in the 

video and used to obtain its spatial localization based on its geometrical properties. 

Detection is done offline (i.e. using recorded videos of the performances). 
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V.2.1.1 System description 

Let Z be the tip of the surgical instrument, [ the insertion point of the instrument, \]^_[ the instruments’ diameter and ` and a the endoscope’s optical centre and focal 

length, respectively. The implemented solution includes the following steps: 

V.2.1.1.1 2D detection 

The main hypothesis behind instrument segmentation relies on the fact that straight 

lines can approximate the contours of the instruments, and thus be detected in Hough 

space (Gonzalez and Woods, 2002). The implemented algorithm includes the following 

steps: 

1. Distortion correction: Camera systems tend to suffer from a phenomenon 

known as radial or barrel distortion, by which images have a tendency to be 

deformed non-linearly and radially from the optical centre (Heikkila and 

Silven, 1997; Brown, 1971)14. Since the tracking system relies on the detection 

of the instrument’s straight edges, a correction algorithm based on Brown’s 

distortion model (Brown, 1971) is applied to ensure recognition (Bouguet, 

2010). This same algorithm provides the camera parameters b and c (Figure 

24). An example of a corrected image can be found in Figure 25a. 

 

Figure 24. Endoscope distortion model and camera parameters example for a real endoscope (Bouguet, 

2010). Blue arrows reflect the increase in deformations with respect to the optical centre. Gradient 

lines (black) reflect the radial nature of the distortion  

                                                        
14 A second type of distortion exists, due to imperfections during the lens’ fabrication process. It is known as 
tangential distortion. Its effect is similar to that of placing a prism before the lens. However, its values tend to be 
insignificant compared to those provided by radial distortion, and its impact on instrument tracking has been 
proven to be negligible (Oropesa et al., 2010b). 
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2. Image processing: The instrument’s edges are detected on the image by 

means of contrast enhancement (Figure 25b), colour-based segmentation 

(Figure 25c) and Sobel filtering (Figure 25d). Hough transform is then used to 

isolate and characterize its borders (Cano et al., 2008b; Gonzalez and Woods, 

2002). Up to two laparoscopic instruments may be ideally detected this way, 

considering their insertion angle into the box trainer (Allen et al., 2011). This 

step is of great importance in the tracking process, as it copes with the 

detection of the whole instrument on the image and is thus setting- 

dependent. For this reason, a calibration of processing parameters must be 

performed according to the setting’s contour conditions: image quality, 

illumination, background colours, etc. 

3. Determination of a tracking point in the image space (Zd): We define P� as 

the 2D point in the image at the shaft-metal interface of the instrument’s 

middle line (Figure 25e). A directional-gradient employing the instrument’s 

orientation is used for detection of P� along this line, as described by Allen et 

al. (Allen et al., 2011). In order to guarantee a more robust detection, a small 

white marker may be placed on said interface. 

4. Determination of tracking windows: In order to ease the computational load 

and increase robustness, tracking in successive frames is performed in an 

adaptive window in image space, the margins of which are determined as a 

neighbourhood dependent of: (1) the speed and direction of the instrument; 

and (2) the apparent width of the instrument in the image at the shaft-metal 

interface in the previous frame (\]fg):  

 �P� − a · Wjkl + m · ΔP�, P� + a · Wjkl − m · ΔP�� 

 

Where a, b are constant arbitrary weights and ΔP� the variation of P� in the 

two previous frames. If P� cannot be determined within this window, tracking 

is performed once more in the whole image (Oropesa et al., 2012c). 

In Hough space, a second adaptive window dependent of the instrument edge 

parameters {(ρr, θr�, i = 1, 2; i: = instrument edges}  can be employed for 

increased robustness (Garcia-Regueras et al., 2010): 

 �min(�?, ��� − Δ�, max(�?, ��� + Δ�� �min(�?, ��� − Δ�, max(�?, ��� + Δ�� 

 

Where Δθ, Δρ mark the limits for the adaptive window, and can be recursively 

increased for every frame the instrument is not correctly detected. 
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Figure 25. 2D detection. (a) Original image, distortion corrected. (b) Contrast-enhanced image. (c) 

Segmentation mask. (d) Sobel-filtered edge image. (e) Final detection of instruments and P2.  

Lines over the instruments’ edges represent their detection in Hough space.  

P2 is detected in the area of the instruments’ white marker 

V.2.1.1.2 3D triangulation 

As mentioned earlier, in previous works up to three algorithms for acquiring the 3D 

position of the instrument tip were implemented (Cano et al., 2008a; Cano et al., 

2006). Preliminary accuracy tests determined that only two of them were robust 

enough for IGS and surgical training applications: apparent diameter and transversal 

section. A brief description will only be given for each of them; the reader is referred 

to (Cano et al., 2006) and (Cano et al., 2008a) for a complete description of each 

algorithm respectively. 

Apparent diameter 

Once P� has been obtained, the goal now is to track the point of the instrument tip (P). 

To this end, an auxiliary point (PN) is defined as the 3D correspondence in space of P�. 

By means of the apparent diameter method, PN is obtained using b, c, W���� and W��� using triangle similarity (Figure 26, left). Finally, knowing PN and T, P (instrument 

tip in real space measured with respect to b) can be easily obtained by point 

translation along the instrument axis (Figure 26, right). 
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Figure 26. Apparent diameter. Left: Determination of P3 by triangle similarity. Right: Determination of P by 

point translation and knowledge of the trocar point T 

Transversal section 

The method analyses the cylindrical geometry of the instrument and its projection in 

image space to determine its depth and orientation. Again, let PN be defined as the 3D 

correspondence in space of P�. Figure 27 shows the graphical reasoning behind the 

method as well as its most relevant equations. On the one hand, instrument borders 

are defined by the intersection of three planes as seen on Figure 27 (right): image 

plane Γ and two tangent planes to the instrument containing b (Ω?, Ω�), which form 

an angle of 2��. On the other hand, the plane perpendicular to the instrument axis 

containing b determines a transversal section of the cylinder centred in N �Figure 27, 

left). According to this approach, it is possible to determine the distance between the 

camera and the instrument’s axis, |CN|, from its radius (r��� ). Vector |CPN�����|  is 

determined as shown in the equation described in Figure 27 (right). Moreover, since 

U������� is known, point P can be easily obtained as described in Figure 26 (right) without 

previous knowledge of T. 

 

Figure 27. Transversal section. Left: Transversal section of the laparoscopic instrument at point N  

Right: Projective model of the laparoscopic instrument 
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Post-processing filtering 

Regardless of the method chosen, it is likely that the signal obtained will be noisy due 

to tracking and robustness errors. Thus, a post-processing phase is added in order to 

clean the tracking signal, consisting of the following steps: 

1. Deletion of all points falling out of range of the box trainers’ dimensions. 

2. Deletion of all points falling outside the set of points defined by: 

 

p1�, �1� � �� � 2��  ∪  1� � �� 9 2�������  
 

Where μ and σ are the mean and standard deviation of the trajectory signal. 

3. Application of a k-medians filtering (Jain et al., 2000). In this way, point P at a 

determined instant (P�) is re-evaluated as the median of a cluster formed with 

its immediate 30 successors ([P�, P��N�]). This results in an increased robust 

detection in detriment of a negligible displacement of the trajectory in real 

space. 

V.2.1.2 Accuracy tests 

Two accuracy tests have been carried out besides the initial validations reported in 

(Cano et al., 2009; Cano et al., 2006), for the 2D detection and the 3D triangulation 

phases respectively. A complete report for each study can be found on (Oropesa et al., 

2012c) and (Oropesa et al., 2012d). 

Test 1: 2D detection 

A set of five test video sequences, of 250 frames each and recorded at 25fps, was 

chosen to evaluate the accuracy and computational cost of the 2D detection algorithm. 

The sequences show different instrument movements recorded at the Jesús Usón 

Minimally Invasive Surgery Centre (JUMISC) in a box trainer setting with three 

background scenarios (Figure 28) and a fixed endoscope (H3 Image1 HD; Karl Storz 

GmbH, Tuttlingen, Germany). Sequence #1 was acquired following a circular pattern 

over a white background (Circle); similarly, sequence #2 was obtained following a 

straight line (Line). Finally, sequences #3-#5 were obtained in a suture task setting, 

with horizontal (ST_hor), vertical (ST_vert) and diagonal (ST_diag) movements being 

recorded respectively.  

 

Figure 28. 2D validation scenarios. Left: Circle; Middle: Line; Right: Suture task 
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For each sequence and method, obtained trajectories were measured against a 

manually determined ground truth. Parameters used for the testing process are 

described in Table 13. 

Parameter Definition 

Root mean 
square error  

Relative error between expected points (ground truth) and 
detected positions. Measured in the x- and y- directions 

RMSE 

True positive  Correct detection of the instrument tip: within a neighbourhood 
of radius 2·[sqrt (RMSE(x)2+RMSE(y)2)] from the ground truth. TP 

False positive  Points detected outside the neighbourhood area defined for TP  FP 

False negative  Omission of detection of instrument tip in the image FN 

True Positive 
Rate 

Proportion of correctly identified points with respect to  
total possible positives 

 

Predictive 
Positive Value 

Proportion of positive results that are true positives  

Table 13. 2D accuracy test: measured parameters 

Test 2: 3D triangulation 

Technical verification of the 3D triangulation algorithms was performed at the 

Biomechanics Institute of Valencia (IBV, Valencia, Spain). A set of six test video 

sequences, recorded with a fixed endoscope (H3-Z Image1; Karl Storz GmbH, 

Tuttlingen, Germany) on a box trainer setting, was employed to evaluate their 

accuracy. Sequences were recorded at 25fps, with (a) standardised movements on a 

grid (Seq. #1-#3) and (b) free instrument movements (Seq. #4-#6). Their characteristics 

can be found on Table 14. 

 

Figure 29. 3D validation scenarios. Left: grid (Seq. #1-#3). Right: free movements (Seq. #4-#6) 

Seq. Motion characteristics Nº frames Observations 

1 Vertical 517 3 passes of 7 cm, round trip 

2 Horizontal 456 3 passes of 7 cm, round trip 

3 Diagonal 495 3 passes of 5 cm, round trip 

4 Two heights 852 Δh = 3cm 

5 Random (constant z) 558 Free movements 

6 Random (variable z) 785 Free movements 

Table 14. 3D accuracy test: sequence set description 

For this experiment, instrument borders and P� were manually segmented. Validation 

was performed against the photogrammetry-based Kinescan/IBV© system, which can 

TPR =
TP

TP+FN

PPV =
TP

TP+FP
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reconstruct in real time the 3D position of the instruments. Kinescan/IBV© employs 

three external infrared cameras for the 3D reconstruction of the laparoscopic 

instrument, based on reflecting marker15. To perform the comparison, the EVA and 

Kinescan/IBV© coordinate systems were aligned by means of a least-square fitting 

algorithm (Arun et al., 1987). The following parameters were obtained: 

• Root mean square error (RMSE, mm): relative error between expected 

positions (Kinescan/IBV©) and calculated positions (EVA). 

• Correlation coefficient (0<ρ<1): degree of dependence between both 

trajectories, i.e.: their likeness. A theoretic value of 1 would be achieved if 

both signals were identical. 

Additionally, in order to determine whether there were significant differences in 

robustness results between the two methods (apparent diameter and transversal 

section), Mann-Whitney test was performed comparing obtained scores (p<0.05). 

V.2.2 Results 

V.2.2.1 Test 1: 2D detection 

Results for the segmentation method present for the given sequences an average 

RMSE of 12.9 and 10pp in the x- and y- directions (see Table 15). Average TPR and PPV 

were measured at 0.993 and 0.99 respectively. Visual results are shown in Figure 30. 

Sequence 
RMSE (pp) 

TPR PPV 
x y Total 

Circle 18.398 6.525 19.52 0.968 0.996 

Line 12.513 11.944 17.3 1 1.000 

ST_hor 14.695 13.406 19.9 1 0.984 

ST_vert 11.421 11.065 15.9 1 0.996 

ST_diag 7.459 7.194 10.36 0.996 0.976 

AVERAGE 12.897 10.027 16.33 0.993 0.990 

Table 15. 2D accuracy test: results 

Performance issues vary according to the nature of the image features. The method is 

sensible to factors such as blurring of borders caused by quick motions or changes of 

illumination, which may lead to incorrect border identification. Moreover, Hough 

detection can be sensible to the presence of other lines in the image, which in this case 

were easily isolated but may not be so in a real surgical environment. Gradient point 

detection can also suffer from slight offsets caused by the detection of the instrument 

tip rather than the shaft-metal interface, our true goal.  

                                                        
15  Available at: http://automocion.ibv.org/index.php/es/aplicacion/show_product/6/11. Last access:  
03 October 2012. 



 

 

 

Figure 30. 2D accuracy test: From left to right: Circle, Line, ST_hor, ST_ver, ST_diag. Ground truth from manual segmentation is shown in red;  

tracked points in blue. Black triangular marks highlight the position of false positives 

 

Figure 31. 3D accuracy test (examples): (a) Seq #1. (b) Seq #5. Green: apparent diameter. Blue: transversal section. Red: Kinescan/IBV©
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V.2.2.2 Test 2: 3D triangulation 

Results for both 3D reconstruction methods can be seen on Table 16 (apparent 

diameter) and Table 17 (transversal section). Additionally, Figure 31 shows two 

examples comparing the trajectories measured by EVA (both methods) and 

Kinescan/IBV©.  

Table 16. 3D accuracy test: results for apparent diameter 

Table 17. 3D accuracy test: results for transversal section 

Mann-Whitney analysis reveals the absence of significant differences between 

methods, something that can be easily corroborated by simple visual inspection of 

results. On average, RMSE is approximately 1.3cm for both methods. In the depth 

direction (z), where the main interest of these algorithms falls, errors take values of 

0.69 and 0.74cm for apparent diameter and transversal section respectively. 

On the other hand, correlation coefficient ρ reveals the likeness between trajectories 

obtained by Kinescan/IBV© and the triangulation algorithms, with average values > 0.8 

in the XY plane as well as in the z direction for both methods. For this direction, a small 

presence of noise can be observed, probably caused by small variations due to errors 

in the manual segmentation process (Figure 31).  

  

Sequence 
RMSE (mm) ρ 

x y z Total x y z 

1 1.77 6.96 5.75 9.2 0.7 0.7 0.78 

2 4.32 2.2 2.85 5.63 0.99 0.73 0.83 

3 4.01 3.69 4.95 7.36 0.92 0.98 0.87 

4 7.9 11.16 7.18 15.44 0.76 0.87 0.79 

5 8.97 13.13 8.87 18.2 0.92 0.87 0.76 

6 9.9 13 11.79 20.15 0.93 0.83 0.88 

AVERAGE 6.15 8.36 6.89 12.67 0.87 0.83 0.81 

Sequence 
RMSE (mm) ρ 

x y z Total x y z 

1 2.1 7.39 6.69 10.19 0.63 0.94 0.75 

2 3.67 2.06 3.19 5.28 0.99 0.77 0.81 

3 5.36 3.66 5.26 8.36 0.86 0.99 0.85 

4 8.16 11.46 8.74 16.56 0.75 0.89 0.79 

5 7.8 11.23 7.98 15.84 0.94 0.91 0.8 

6 10 12.8 12.64 20.58 0.92 0.84 0.85 

AVERAGE 6.18 8.1 7.42 12.8 0.84 0.89 0.8 



Chapter V 
EVA: Endoscopic Video Analysis Tracking System for the assessment of MIS psychomotor skills 

- 91 - 

V.3 EVA validation for MIS skills’ assessment 

V.3.1 Materials and methods 
Construct and concurrent validation of the EVA Tracking System for the assessment of 

MIS surgical skills was performed using the data obtained for the Grasp and Place (GP) 

task described in Chapter IV, from which recordings of the participants’ performance 

were taken simultaneously16. For this study, the 42 participants were divided into the 

“Academic” categories, due to the fact that the most significant differences for this 

task had been observed between (1) novices and residents and (2) novices and experts 

(see Chapter IV). Thus, the participants were divided into 16 novices (N), 22 residents 

(R), and 4 experts (E). For concurrent validation, the data recorded by the TrEndo® 

Tracking System was employed. 

Setting conditions are described in section IV.4.1.2, for the particular case of task GP 

(use of one laparoscopic grasper). The endoscope (ACMI CIRCON Microdigital II MV-

9695) provided a 0º view on a monitor, and was fixed at the same angle for all 

participants. Video recordings of performance were stored for posterior offline 

processing with the EVA Tracking System. Image processing parameters were 

empirically determined to enable detection on the box trainer employed. The 

determination of the parameters was done based on the validation setting’s 

characteristics and illumination conditions. For 3D triangulation, the apparent 

diameter algorithm was employed. 

A selection of the most relevant MAPs described in the pedagogical stage of the 

framework (Chapter IV) was used for this study. Four of them were discarded, due to 

the low results previously obtained: angular area (AA), angular volume (AV), maximum 

covered surface (SU) and maximum volume (MV). MAPs were computed using 

Matlab® Release 2009b (Mathworks, Natick, MA, USA). For a complete definition of 

each MAP see Table 10. 

Two versions of the MAPs were obtained: from the 2D image space (���� =
��r���, 	r (������ �, and from the 3D real space (�(�� = ��(��, 	(��, 
(������ ). The 

purpose of this distinction was to determine whether validation might be achieved 

solely from studying the 2D movements on the monitor. Moreover, a new MAP, search 

time (ST) was defined in 2D space, related to the time spent by the participants in the 

chickpea “pick-up zone” of the scenario (bottom-left hand corner of the image). Table 

18 covers the definition of the new 2D MAPs explored. 

  

                                                        
16 As has been mentioned before, this data set will be essentially used throughout all chapters of this PhD for the 
validation of the proposed framework. Changes may appear here and there according to specific requirements of 
each chapter, as in this particular instance. In these cases, they will be properly indicated. 
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MAPs  Definition  Formulae  

TMAPs Search time (ST) 

Percentage of time 
spent in the “search 
zone” (chickpeas 
pick-up zone) 

'� =   � ¡ �,¢£¤()�, ¥¤()�¦ �
)   

 , = {(£¤, ¥¤� ∈ ℝd|£¤ <  © · ª«£) ¢£¤()�¦ >  d · ª«£) ¢¥¤()�¦} 

KMAPs  

Path length (PL)  
Total path covered 
by the instrument in 
the image (pp) 

#$ = % �|�(��|���
�� �� 

Average speed (S)  
Rate of change of the 
instrument’s position 
in the image (pp/s). 

' = 1
�%

�|�(��|���
�� �� 

SMAPs  
Economy of area 

(EOA)  

Relationship 
between maximum 
image area occupied 
by the instrument 
and total path length 
(-) 

TU, =
¬567�� ��r���� 9 6:;� ��r����< · 567�� �	r���� 9 6:;� �	r����<

12  

Table 18. Selection of 2D MAPs, definition and validation 

The complete list of MAPs employed is the following: 

TMAPs KMAPs SMAPs 

Time (T) 
Idle time (IT) 
Search time (ST) 

Path Length (PL) 
Depth (D) 
Motion smoothness (MS) 
Average speed (S) 
Average acceleration (A) 

Economy of area (EOA) 
Economy of volume (EOV) 

Table 19. Selected MAPs for validation of the EVA Tracking System. MAPs employed both for 2D and 3D 

analysis are shown in boldface. ST is a 2D-exclusive MAP 

Significant differences were considered at p<0.05 both for construct and concurrent 

validation. SPSS v. 17 (SPSS Inc., Chicago, IL, USA.) was used for all statistical analysis. 

Construct validation was performed along the three groups (Kruskal-Wallis analysis) 

and for each pair of groups (Mann-Whitney test). Additionally, the variations in p-value 

(the probability determined by the statistical tests, Δp) were determined, where a 

decrement in the p-value from the 2D case to the 3D case reflects an increment of the 

significant differences between metrics. Finally, Pearson’s nonparametric correlation 

(ρ) was used to measure differences between MAPs featured both in 2D image and 3D 

real space.  

Concurrent validation was performed for 3D MAPs between EVA and TrEndo. Their 

coordinate systems were previously aligned to the TrEndo coordinate system for 

accurate correspondence of measurements (see Chapter IV, Figure 19). Pearson’s 

correlation was once more employed to measure the degree of concurrence. Values 

between 0.4-0.7 were considered as medium correlating values, whilst values greater 

than 0.7 showed strong correlation between MAPs (Aggarwal et al., 2007). 
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V.3.2 Results 
All participants were able to complete the task. Three out of 42 participants were left-

handed, and thus performed the task with the opposite hand. Typical results obtained 

by novices and experts are presented in Figure 32, both for 2D and 3D tracking. 

Construct validation results are shown in Figure 33 and Table 20. For 2D MAPs, 

average speed and economy of area present significant differences along the three 

groups. Furthermore, Mann-Whitney analysis reveals that differences occur mostly 

between novices and both other groups (R,E). Search time did not reach the 

significance levels required in any case. 

MAPs 
CONSTRUCT CONCURRENT 

Construct (K-W) Construct (M-W) Correlation 

Time x N-R, N-E 1 

2D MAPs 
   

Search time   - 

Path length 
 

N-R - 

Av. speed x N-R, N-E - 

Economy of area x N-R, N-E - 

3D MAPs 
   

Idle time   0.71 

Path length x N-R, N-E 0.97 

Depth x N-R, N-E 0.82 

Motion smoothness   0.03 

Av. speed x N-R 0.94 

Av. acceleration x N-R, N-E 0.9 

Economy of area x N-R, N-E 0.86 

Economy of volume x N-R, N-E 0.85 

Table 20. Validation results. Construct validation is marked with x where significant differences across the 

three groups occur (Kruskal-Wallis, K-W). For pairs of groups, construct validation is explicitly 

determined with the groups’ initials (Mann-Whitney, M-W). Concurrent validation is represented by 

Pearson´s correlation (ρ). Boldface reflects correlation at p<0.05 

For 3D MAPs, construct validation was obtained for path length, depth, average speed, 

average acceleration, economy of area and economy of volume. This is in agreement 

with the TrEndo results presented in Chapter IV. The only MAP that did not show 

validity with respect to the TrEndo measurements was idle time. As expected from 

Chapter IV, paired comparisons showed that the greatest differences occurred 

between novices and the other two groups.  

Comparison between 2D and 3D MAPs show a strong correlation between them (ρ> 

0.85), but also reflect an increment in the statistical significance between groups, 

which is more prominent in the case of path length and economy of area (Table 21). 
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Figure 32. Tip motion tracking examples. Top: Results obtained by a novice (2D and 3D). Bottom: Results 

obtained by an expert (2D and 3D). 2D motion is represented in pixels, 3D motion in cm 

 

Figure 33. Construct validation: representation of scores. Left, top: Time. Left, bottom: 2D MAPs. Right: 3D 

MAPs. Results are expressed as notched box diagrams, in which every box distinguishes lower quartile 

value, median, and upper quartile value. Significance is shown where the notched  

sections of the boxes do not overlap each other 
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MAPs 
Δp 

Correlation 
All N-R N-E R-E 

Path length 0.05 0.03 0.146 0.506 0.92 

Average speed -0.001 0 -0.035 0.162 0.864 

Economy of area 0.006 0.006 0.007 0.119 0.887 

Table 21. Comparison between 2D and 3D MAPs. For each MAP, variation of p-value obtained in construct 

validation is given (Δp). Positive values (boldface) reflect higher statistical differences for 3D MAPs. 

Pearson´s Correlation between 2D and 3D counterparts is given for each MAP 

For concurrent validation, Table 20 and Figure 34 reflect the correlation between EVA 

and TrEndo MAPs. It can be seen that a strong correlation exists for all considered 

metrics, except for motion smoothness and in less degree idle time. Overall, results 

show that performance of EVA reproduces the measurements obtained by the 

TrEndo® Tracking System. 

 

Figure 34. Concurrent validation scores per subject, in order of participation in the study (x-axis).  Black: 

Scores obtained by EVA. Red: Scores obtained by TrEndo 
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V.4 Discussion 

In this chapter we have presented the EVA Tracking System, a video-based solution for 

passive laparoscopic instrument tracking. We have given proof of its technical 

specifications and demonstrated the feasibility of employing solely video-based 

tracking of laparoscopic instruments for the assessment of psychomotor skills in a box 

trainer. 2D detection accuracy tests reflected an average RMSE of 16.33pp, whilst the 

two algorithms presented for 3D reconstruction yielded mean error results of 13mm. 

The EVA Tracking System was validated using a peg transfer task and ten MAPs. The 

results showed a strong correlation with the measurements obtained with the TrEndo® 

Tracking System. 

The work presented in this chapter reflects, according to the PhD framework, the 

practical implementation of the technological stage. The most relevant result is the 

high level of similarity between measurements obtained by EVA and the TrEndo. 

Concurrent validity values between MAPs reflect the validity and potential of video-

based tracking. Only motion smoothness presented significant differences between 

systems. A possible reason for this may reside in the post-processing stage of EVA, 

which effectively applies low pass filtering of the signal in ways that may dampen the 

influence of jerkiness in movements. It is important to remark here that for both 

systems, motion smoothness did not achieve construct validation, and that this 

particular MAP has already been proved not valid for several basic tasks  

(Chmarra et al., 2007b; Maithel et al., 2006). 

EVA showed good construct validity both for 2D and 3D MAPs. Time, path length and 

depth are common parameters, which have been validated in many clinical studies 

(Verdaasdonk et al., 2007; Yamaguchi et al., 2007; Larsen et al., 2006; Sokollik et al., 

2004). Average speed and acceleration are less widespread MAPs (Yamaguchi et al., 

2007; Megali et al., 2006a; Sokollik et al., 2004), but also showed good discriminative 

scores. Additionally, one new MAP was introduced: search time. Search time was 

derived from direct scrutiny of performance, and was based on the observation that 

inexperienced participants had more trouble when trying to grasp the chickpeas from 

the pick-up zone. This 2D-exclusive MAP did not prove to be significant in the end. 

However, it illustrates a new kind of metrics that might be defined from image 

analysis, and further studies are needed to show its real importance. 

A new aspect investigated in this work included the analysis of the relevance of depth 

information in skills’ assessment. Several works have challenged in the past its 

discriminating importance. Allen et al. claimed that they were not able to find 

significant differences between considering this information and excluding it for a box 

trainer task with fixed camera (Allen et al., 2011). Hiemstra et al., on the other hand, 

tried to prove that in fact it is the other way round: when camera is mobile (e.g.: held 
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by an assistant), the surgeon receives depth clues (e.g.: objects near the camera seem 

to move faster than objects in the background) that helps him/her mentally 

reconstruct the surgical setting (Hiemstra, 2012). However, they were not able to fully 

corroborate their hypotheses.  

Our approach to the problem has been to compare correspondent MAPs in 2D and 3D 

spaces. Correlation analysis between MAPs registered both in image and real space 

(path length, average speed, and economy of area) showed that indeed, the 

information provided by both versions was quite similar in terms of construct. 

However, differences in p-value also reflected that statistical significance improved 

from 2D to 3D for path length and economy of area, while remaining more or less 

constant for average speed. This, along with other validation studies regarding depth 

(Hiemstra et al., 2011a; Chmarra et al., 2010b; Stylopoulos et al., 2004), suggests the 

importance of this information and the need for further exploration of its relevance. 

In general, motion analysis has been proven an important asset in the assessment of 

MIS psychomotor skills, especially during the first stages of training (Chmarra et al., 

2010b; van Sickle et al., 2005; Datta et al., 2001). In this chapter, we have shown that 

passive tracking of the laparoscopic instruments can be a reliable source of 

information for basic psychomotor skills’ assessment. However, due to its simplicity, 

video-based tracking technology can be easily applied to other areas of surgical career 

and life-long learning. Moreover, due to the potential portability of the system, EVA 

could be introduced in more complex scenarios such as the OR. 

In the current state, however, EVA presents further challenges that need to be 

addressed before its full deployment. For the initial validation presented in this 

chapter, we decided to use a simple task such as Grasp and Place where only one 

instrument was used and was always present on the box trainer. This was enough to 

validate the system’s intended purpose of assessing surgical skills based on video 

tracking. However, more complex scenarios demand a more efficient and robust 

approach to the problem, which can be divided in two main challenge areas.  

The first challenge deals with computational cost. Currently, the system’s Matlab 

implementation limits the processing time to about 1-4 seconds per frame, depending 

on video size and quality. Since analysis was performed offline, real time was not a 

constraint in this case. However, in order to provide immediate feedback to the 

trainee, real-time computations are desired (Lamata et al., 2006). Several possible 

alternatives are being considered at present, involving software (use of computer 

vision libraries such as OpenCV; application of predictive tracking solutions based on 

Kalman filtering (Kalman, 1960)) and hardware (use of graphic processing units – GPUs 

(Sinha et al., 2011)) solutions. 
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The second challenge is related with robust management of occlusions and 

insertions/withdrawals of the instruments. While the system is capable of detecting 

two instruments on the screen in test sequences obtained in box trainer scenarios 

(Figure 25), there are still measures that must be taken to ensure the necessary 

robustness standards required for complete deployment of this functionality. 

Performance issues vary according to the nature of the scenario, as can be seen from 

the accuracy tests, due to quick movements or changes in illumination. Moreover, 

colour-based segmentation is performed considering the standard black colour for 

instruments’ shafts, but in some cases they may present different hues or even be 

made of metallic material (case of the laparoscopic needle holders). In this sense, an 

interesting approach, although one that needs to take into account sterilization issues 

if the system is ever intended for use in the OR, is the use of different artificial colour 

markers as a complementary system to aid in the instrument identification process 

(Bouarfa et al., 2012). Alternatively, feature detection algorithms such as SIFT/SURF 

could be explored (Bay et al., 2006; Lowe, 1999). 

Robustness of EVA is also determined by the precision of the 3D triangulation 

algorithms. In the verification tests, both algorithms presented similar RMSE results, of 

13mm approximately. Many errors came from frames with fast/blurry movements, 

where manual instrument segmentation was more difficult to achieve. Post-processing 

filtering was able to deal with outlier points caused by incorrect segmentation, but 

even so, it once more reflects the importance of the 2D detection phase. 

Compared to sensor-based tracking systems, which may offer theoretical precisions up 

to 0.9-1.6mm (EM tracking) and 0.1-0.35mm (optical tracking) (Baumhauer et al., 

2008), accuracy of EVA may seem insufficient; however, these systems in practice are 

influenced by factors such as electromagnetic noise or the need for direct vision 

respectively. Moreover, they require additional space and contribute to OR cluttering. 

A passive video-based alternative such as EVA can be therefore a reliable and 

transparent alternative at no additional equipment. 

While it is a fact that the higher the precision the better, the truth is that no study to 

our knowledge reflects where one must set the safety limits. It is our belief that these 

will depend on the application sought for the tracker (Sánchez-González et al., 2011). 

Thus, EVA may require further improvement for IVGS applications; but as has been 

proven in this chapter, it meets the requirements for the training and assessment of 

MIS skills. Moreover, the exposed limitations do not significantly affect on controlled 

scenarios such as box trainers, but will be more relevant in the OR.  

Regardless of the application environment (box trainer/OR), further exploration of 

MAPs should be addressed in future studies. New efficiency metrics, suited for video 

tracking, need to be developed and validated from a pedagogical point of view. For 

example, MAPs related with the instruments’ orientation might be explored (Rosen et 
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al., 2006; Bann et al., 2003). Thorough analysis of known MAPs, such as time, path 

length and average speed must be pursued with different tasks, since, as has been 

shown in Chapters 3 and 4, depending on the skill assessed (e.g. bi-manual 

coordination, visual-spatial perception), a metric may be more or less relevant 

(Oropesa et al., 2011). In order to ensure a complete evaluation, quality metrics such 

as end-product analysis or errors should also be considered (Fried and Feldman, 2008). 

Since the purpose of this study was to validate the tracking capabilities of EVA for 

motion analysis, qualitative information was not included. However, the importance of 

such information has already been proven (van Dongen et al., 2007; Sherman et al., 

2005). To this end, video analysis on other elements of the surgical setting (e.g.: 

organs) is being explored by means of Shape-from-X (Sánchez-González et al., 2011; 

Zhang et al., 1999) and SURF (Bay et al., 2006) approaches that may allow the 

definition of new efficiency and quality metrics. With all this in mind, new validation 

studies will need to be carried out, involving different tasks and settings, as well as 

larger sample groups in order to confirm or decline the findings of this work. 

V.5 Chapter conclusions 

In this chapter we have addressed the second phase of the conceptual framework 

proposed in this PhD, the technological stage (Figure 23). Its main contributions to it 

can be summarized thusly: 

• The design and definition of the EVA Tracking System for passive tracking of 

laparoscopic instruments. 

• The technical verification of the robustness of EVA, both for 2D detection and 

3D triangulation of the laparoscopic instruments’ position, with a focus on box 

trainer applications. 

• The construct and concurrent validation of EVA in a real environment for the 

assessment of MIS psychomotor skills. 

The first two phases of the conceptual framework have now been implemented. In 

Chapter IV, the tasks and MAPs for our system have been validated for the assessment 

of MIS psychomotor skills. In this chapter, the EVA Tracking System has also been 

validated as a means to register said MAPs. Moreover, the results obtained (1) have 

helped to ratify and provide positive feedback on the construct validation reported 

during the pedagogical stage; (2) have provided further insight on the relevance of 

depth information and (3) have helped to introduce a new type of MAPs based on the 

2D movements of the instrument, as represented by search time (although proof of 

validity was not achieved). With this information, the next stage of the framework 

demands that a system for the interpretation of the information provided by the MAPs 

be implemented. The approach followed in this PhD will be based on supervised 

classification, where three different strategies will be analysed and validated. 





 

 

VI Supervised classification for the 

assessment of MIS psychomotor skills 

Being the third phase of the conceptual framework:  

the analytical stage 

 

 

“An expert is someone who knows some of the worst mistakes  

that can be made in his subject, and how to avoid them.” 

Niels Bohr, 1885-1962 

 

 

 

 

In which three approaches to supervised classification are validated for the objective 

and automatic assessment of MIS competence based on motion-related information. 
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VI.1 Problem statement 

key aspect in the success of training and assessment MIS programmes relies on 

their capability to provide objective, reliable feedback on surgical competence 

based on the information available of the trainee’s performance. As has been pointed 

out earlier in Chapter I, no real accreditation standard is globally accepted, and as such 

it is up to each country and/or clinical institution to fix its own benchmarks (Hiemstra 

et al., 2008; Ritter and Scott, 2007). VR and HMT-enhanced simulators are being used 

in the definition of competence-based training curriculums, where scoring criteria are 

usually a compendium of efficiency- and quality- based metrics (Hiemstra, 2012; 

Feldman et al., 2004b; Peters et al., 2004); however, there is still a lack of consensus on 

a method with sufficient predictive validity able to establish whether a resident’s 

psychomotor skills are apt or not for a real OR intervention. 

In order to account for all the available information, several authors have proposed 

scoring systems based on motion performance (Fraser et al., 2003; Cotin et al., 2002). 

The core problem remains however in determining proficiency thresholds to define 

competence levels, as there is no valid gold standard of competency against which to 

measure performance (Feldman et al., 2004a). Another important challenge is 

determining the tasks that best reflect surgical competence, and for each of them, the 

optimal number and combination of MAPs to this end (Chmarra et al., 2010b). 

An interesting approach to the problem has been dealt with the introduction of 

classification methods to automatically determine the degree of competence of 

residents and support the accreditation processes (Riojas et al., 2011; Chmarra et al., 

2010b; Reiley and Hager, 2009; Leong et al., 2007; Lin et al., 2006; Megali et al., 2006b; 

Huang et al., 2005; Rosen et al., 2002b). In general terms, classification is used to infer 

knowledge on and correlate performance to surgical expertise. When expertise 

categories are predefined, the classification model is supervised. Two phases can be 

distinguished: (1) training, where the model learns the distribution of the different 

metrics registered for every output category, and (2) classification, where the data of a 

new resident is confronted with the trained model and, based on it, assigned to one of 

the available categories. Depending on the nature of the data employed, classification 

can be based on sequential/stochastic information on performance, such as order of 

manoeuvres, repetitions, etc. (Reiley and Hager, 2009; Rosen et al., 2002b); or on  

non-sequential/deterministic parameters, obtained at the end of the tasks, such as 

path length or overall score (Allen et al., 2010; Chmarra et al., 2010b; Huang et al., 

2005). 

The purpose of this chapter is to further analyse the needs, strengths and benefits of 

non-sequential, supervised classification in the determination of surgical competence 

based on motion-related information. To this end, a comparison between three 

A 
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different approaches to supervised classification is presented, each of them based on a 

different working principle: 

• A linear classifier, based on linear discriminant analysis (LDA), as featured in 

(Chmarra et al., 2010b).  

• A non-linear classifier, employing support vector machines (SVM), as validated 

in (Allen et al., 2010). 

• A fuzzy inference system, explored in (Riojas et al., 2011; Hajshirmohammadi 

and Payandeh, 2007) with a focus on adaptive neuro fuzzy inference systems 

(ANFIS) (Huang et al., 2005). 

The goals described in this chapter correspond to the analytical stage of the 

conceptual framework proposed in this PhD, dealing with the interpretation of metrics. 

In this manner, the main objective is to establish whether supervised classification can 

provide relevant and coherent information based on motion-related parameters, and 

whether if any of the three approaches is more valid than the rest. The comparison will 

be performed on the data set described in Chapter IV of this thesis. Moreover, 

classification will be performed both on the data acquired by the TrEndo® Tracking 

System and the EVA Tracking System respectively, using the most relevant MAPs as 

established in Chapter IV. In this way, further validation on the results achieved both in 

Chapter IV and Chapter V will be explored, focused on the construct of tasks/MAPs and 

the concurrence between the tracking systems. 

 

Figure 35. Practical implementation of the conceptual framework: the analytical stage17 

                                                        
17 Design of the assessment module, dealing with the presentation of information to the trainees, is not covered 
within the specific objectives of this PhD; instead, an implementation similar to that presented in (Sánchez-González 
et al., 2010) for SINERGIA VR simulator is suggested. 
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VI.2 Materials and methods 

VI.2.1 Theoretical background on the proposed classifiers 
In order to understand the underlying implications for each classifier, a brief 

description will now be given on them (Jain et al., 2000). The goal in a supervised 

classifier will be to assign an input feature vector £ = ��?, … , �F� ∈ ℝF , representing 

an observation, to any of the available output classes from the set ¥ = pbr�r?C . To this 

end, the classifiers must previously be modelled (or trained) using a training input data 

set, which will be different than that used in the classification, and whose input 

training feature vectors will a priori be assigned to one of the output classes: 

p£� = ���??, … , ��?F , 	?�, (���?, … , ���F , 	��, … , (��?, … , ��F , 	�} 

For comprehensive purposes and to help understand each classifier, we will propose a 

fictitious case study in which the competence of novices and experts is assessed based 

on two input MAPs (; = 2), time (T) and path length (PL). Our output set will be 

composed of two classes denoting high (HC) or low (LC) levels of competence (6 = 2), 

which for mathematical purposes will be labelled {b>?, b?} respectively. Therefore, for 

this particular case: 

£� ≈ £ ≔ :;°+� W±1P = (�, 12� 

¥ ≔ ²+�°+� ³²6°´�´;³´ = {µb, 2b} 

VI.2.1.1 Linear discriminant analysis (LDA) 

Linear discriminant analysis tries to find linear combinations between input features 

in order to characterize and separate two or more output classes (Duda et al., 2001). 

As a consequence of this, LDA projects the input feature vector onto a single 

dimension (¶�£�). The weight vector ¶ is defined most commonly according to 

Fisher’s criteria, which tries to maximize the distance of variances between the classes 

(inter-class scattering) while minimising the distance of variances within classes (intra-

class scattering). Mathematically, in the two dimensional case this translates to: 

¶ = Σ>?��>? 9 �?� 
Where Σ stands for the classes’ covariance18 and �>?, �? for the means of both classes. 

As such, a linear hyperplane between classes can be defined in the projected 

dimension, normal to ¶ and delineating the optimal separation between them.  

Figure 36 shows the dimensional reduction and separation between classes for our 

fictitious case study. Separation will be done according to Fisher’s criteria. During 

classification, any new observation will be assigned to one or another class depending 

                                                        
18 Homoscedasticity, the propriety by which the classes’ covariance are assumed to be identical, is assumed. 
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on which side of the hyperplane it falls in. Subjects incorrectly falling on the other side 

will be considered misclassifications. 

  

Figure 36. LDA example. T and PL are represented in a two-dimensional feature space, and each subject 

placed according to their score vector. Red circles represent experts, whilst blue crosses represent 

novices. According to Fisher’s criteria, the optimal separation between classes  

yields one subject incorrectly classified per class 

VI.2.1.2 Support vector machines (SVM) 

Similarly to LDA, support vector machines aim to find a linear hyperplane in feature-

space that maximises the distance between output classes according to: 

¶ · £� 9 m = 0 

Where ¶ is the normal vector to the hyperplane and m denotes the distance to the 

origin (Ivanciuc, 2007). In order to do this, a series of support vectors amongst the 

training data are chosen to divide the feature space into the different regions outlined 

by the output classes, defining the following margins: 

¸ ¶ · £� 9 m = 1¶ 0 £� 9 m � 91¹ 
The optimal hyperplane is that which will be able to maximise its distance between 

each margin: 

max � 2‖¶‖� � min �12¶�¶� 
In order to solve the equation, Lagrange multipliers »r�: � 1,… , 2� may be introduced 

so that ¶ and m optimal values may be obtained as: 

c��� = ¶ · £ � m =¡	r»r£�r · £ � m


r?
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Where those £�r  with non-zero »r  will define the support vectors. Therefore, 

classification of new observations will be performed according to: 

³¼7PP(£� = ¸+1 :c ¶ · £ − m > 0  −1 :c ¶ · £ − m < 0 ¹ = ¥(¶ · £ − m� = P:½; ¾¡ 	r»r£�r · £ + m
r? ¿ 

However, if unlike with LDA a linear hyperplane between regions cannot be easily 

attained, SVM can be used to map the input data into a higher-dimensional kernel 

space (up to ∞  dimensions) using non-linear functions called kernel functions 

Á�£�r, £�. It can be proved that in this case, the classification process will follow the 

equation (Schuldt et al., 2004): 

c(£� = P:½; ¾¡ 	r»rÁ(£�r, £� + m
r? ¿ 

The linear case can therefore just be seen as a particular case of this generalised 

function where Á(£�r, £� = £�r · £. Essentially, these functions define the distance 

between pairs of vectors of input data and allow linear separation in the transformed 

space. Thus, non-linear relationships between the training data can be found using 

linear hyperplanes. Kernel functions can come in many forms, such as polynomial or 

hyperbolic functions (Ivanciuc, 2007). The most commonly used function is however 

the Gaussian radial based function: 

Á�£�r, £� = ´Â‖£ÃÄ>£‖G
 

Figure 37 shows the effect of applying SVM to our example case study. Transformation 

via a kernel function yields a separable transformed space, where clear linear 

hyperplanes can be defined between the data. This may however not be always 

possible, if the data cannot be divided into two clear sets even in the transformed 

space. In these cases, training of an SVM considers a weighting factor Å(b� to account 

for the importance of the errors introduced during the training process in the 

determination of the separation hyperplanes. This factor regulates a penalty function 

that will determine the relevance of classification errors during training, in the case 

where classes cannot be linearly separated (i.e.: the flexibility/tolerance of the model). 

In other words, it helps control the overfitting19 of the model (Ivanciuc, 2007). The 

modified problem will now be to find the hyperplane that satisfies: 

min�12 ¶�¶� + b ¡ Å


r?  

                                                        
19 In classification, the problem known as overfitting occurs when the model adjusts so tightly to the training data 
that it becomes too rigid to cope with classification of new observations (Duda et al., 2001). 
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Figure 37. SVM example. T and PL are represented in a two-dimensional feature space, and each subject 

placed according to their score vector. Red circles represent experts, whilst blue crosses represent 

novices. Support vectors are shown in green. Left: original feature space. Right: transformed space. The 

error weighting factor Å is flexible enough to accommodate a linear hyperplane regardless of the two 

subjects falling on their respective wrong sides 

VI.2.1.3 Adaptive neuro fuzzy inference systems (ANFIS) 

Fuzzy modelling allows introducing the uncertainty derived from the qualitative 

aspects of human knowledge and/or of nature into the classification process, by means 

of a set of if-then rules, typically of the kind (Takagi and Sugeno, 1985): 

:c �? = ±? 7;� �� = Æ? �Ç´; 	 = b? 

Where ±?, Æ? and b? stand for the linguistic representation of the conditions that 

define different non-mutually exclusive membership functions (MFs), expressed as 

fuzzy sets such as: 

± = p�?, �È��?�|�? ∈ £� 
Applying our example case study, we may model the effects of a new 

observation/subject being introduced into a fuzzy inference system (FIS) as shown in 

Figure 38. According to this, a typical FIS model consists of (1) a fuzzification phase 

(premise/antecedent condition i.e.: if), (2) an operation phase (application of 

operators AND, OR, etc.), (3) an implication of the antecedent to the fuzzy output 

(consequent condition, i.e.: then) phase, (4) an aggregation of consequents across 

rules (assigning weights to each rule) phase and (5) a defuzzification phase that gives a 

probabilistic output for each class. 
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Figure 38. FIS example. Given the participant’s scores, the system determines that with a high probability 

the subject shows low competence levels for a given task 

In the example, the inputs ��, 12� will be fuzzified according to the probabilities of 

belonging to each MF. Having obtained low scores in a hypothetical task, the system 

will apply the FIS rules available and aggregate the most likely output distribution 

based on them. If a threshold should be set in the middle of said distribution to 

determine the final output (defuzzification), the subject (probably a novice) will be 

assigned with a high probability to the LC (low competence) class. 

Artificial neuro fuzzy inference systems combine the use of fuzzy logic and neural 

networks within their architecture (Jang, 1993). In ANFIS, the FIS architecture is 

modelled and constructed following the framework of neural networks, its parameters 

trained by a hybrid neuro fuzzy technique combining least-square errors and back-

propagation (Pérez-Rodríguez et al., 2012). Contrary to traditional FIS, where 

knowledge acquisition must be done in a time-consuming manual process, if-then rules 

and MFs are automatically learnt and are easily adaptive based on the training data. 

These rules are typically inspired by the Takagi-Sugeno FIS model (Takagi and Sugeno, 

1985) and take the form: 

:c �? = ±? 7;� �� = Æ? �Ç´; c? = °?�? � É?�� � �? 

With °?,  É?and �?being the consequent parameters defining a linear output to the 

system. On the other hand, MFs are usually defined in the bell-shaped form: 

�Èr��?� = ´�>�BÊ>ËÄ� EÄ⁄ �G  
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with 7r, ³r  defining the premise parameters. An example of an ANFIS architecture thus 

modelled can be found in Figure 39, where it can be seen how each layer output  

{ÍÎ,r , �Ï = 1,… ,5; : ∶� ;º ²c ;²�´P :; ¼7	´� Ï�} corresponds with each of the phases 

in a typical FIS. Circular nodes represent fixed nodes, whereas square nodes include 

parameters (premise-consequent) that must be learnt by the model. 

 

Layer 1 (≈Fuzzification)  

Í?,r = �Èr��?�;     : = 1,2 Í?,r � �Òr>�����;     : � 3,4 

Layer 2  (≈Operation) 

Í�,r = Ôr = �Èr��?� · �Òr����;   : = 1,2 

Layer 3 (≈Implication) 

ÍN,r = ÔÕ��� = Ôr
Ô? �Ô� ;  : = 1,2 

Layer 4 (≈Aggregation) 

ÍM,r = ÔÕ���cr = ÔÕ����°r�? � Ér�� � �r�;  : = 1,2 

Layer 5 (≈Defuzzification) 

Í.,r =¡ÔÕ���
r

cr = ∑ Ôrr cr
∑ Ôrr

 ;  : = 1,2 

Figure 39. ANFIS structure example and output layers (Pérez-Rodríguez et al., 2012) 

VI.2.2 Data acquisition and preparation 
Following the premises dictated in this PhD, the data set obtained under the 

conditions described in Chapter IV and Chapter V was employed for validation of the 

three supervised classifiers (see sections IV.4.1.2 and V.3.1). Since no clear standard 

exists to define surgical competence, we decided to train our classifiers based on the 

number of surgeries performed by each candidate; thus, the data set was distributed 

according to the “Experience” category described in Chapter IV, dividing between 

novices and residents having performed less than 10 laparoscopic surgeries (NEx) and 

experts and residents having performed more than 10 laparoscopic surgeries (Ex). In 

other words, a relationship between the experience of the surgeons (nº of surgeries) 

and their expertise (motion-based performance in the tasks) was sought. Two output 

classes were defined for the classifiers, skilled (S) and not skilled (NS): 

¥ ≔ pR, ×R� 
For this study, data both from the TrEndo® Tracking System (tasks GP, CP, CT; see 

Chapter IV) and the EVA Tracking System (task GP; see Chapter V) was employed. In 

this fashion, two parts to the experimental trials can be distinguished: 

1. A validation of the three supervised classifiers using TrEndo data for each of 

the three proposed tasks (GP, CP, CT), as well as for the GLOBAL score obtained 

by each participant in all of them. This score is calculated normalizing and 

averaging the different MAP values obtained for each task (see Figure 40). 
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Results provided will give reinforcing feedback on the construct validation 

process described in Chapter IV. 

2. A comparison between the results obtained by each classifier using the data 

obtained from two different sources (TrEndo and EVA). Results provided will 

give reinforcing feedback on the concurrent validation process described in 

Chapter V. 

Following the same criterion described in Chapter V, the following MAPs where 

chosen20: 

TMAPs KMAPs SMAPs 

Time (T) 
Idle time (IT) 

Path Length (PL) 
Depth (D) 
Motion smoothness (MS) 
Average speed (S) 
Average acceleration (A) 

Economy of area (EOA) 
Economy of volume (EOV) 

Table 22. Selected MAPs for validation of the supervised classifiers 

Data preparation followed a very similar approach to that described in (Chmarra et al., 

2010b), shown in Figure 40. Scores for the right and left hand were averaged for bi-

manual tasks (CP, GT). Z-score normalization was then applied for each task and for 

the global scoring. This resulted in an input feature vector of nine normalized 

dimensions per task (one per MAP): 

£� ® £ ≔ ��, Ø�, 12, Ù,WR, R, ±, ÚÍ±, ÚÍX� 

 

Figure 40. Data preparation, adapted from (Chmarra et al., 2010b). Averaging of left and right hand data 

is performed. For obtaining the GLOBAL score, the data from the three tasks (GP, CP, GT) are again 

averaged and normalised. PCA analysis pursues to reduce dimensionality of the input feature vector. 

All training parameters (�, �, �Û, �′, PCA weights) must be stored 

 for use during the classification process 

                                                        
20 Only 3D MAPs are considered in this chapter (see section V.3.1). 
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To avoid the phenomenon known as “the curse of dimensionality”21, principal 

component analysis (PCA) was performed on the data for each task in order to 

eliminate data redundancies and reduce the number of dimensions. PCA transforms 

data into a coordinate system where coefficients are eigenvalues ordered accounting 

for the highest variability in the input data. In this way, according to the Kaiser 

criterion (Duda et al., 2001), coefficients with values less than one can be discarded 

from the final analysis. 

VI.2.3 Exploratory analysis 
In order to validate the categories and cut-out number of surgeries used in this study, 

prior to classification a descriptive analysis of MAPs was performed. Mann-Whitney 

test was employed to look for statistical differences between categories (p<0.05). All 

statistical analysis was performed with SPSS v. 17 (SPSS Inc., Chicago, IL, USA.). This 

process is similar to the construct validation described in Chapter IV; however, for this 

study the significant differences were sought for the left + right hand-averaged and 

normalized MAPs, prior to the PCA reduction. 

VI.2.4 Classifier validation 

VI.2.4.1 Validation methodology 

In order to evaluate the performance of each classifier, leave one out cross validation 

(LOOCV) was carried out (Jain et al., 2000). In LOOCV, data from each subject but one 

are used to train the system, and the remaining is used for validation. This pattern is 

repeated for every subject, and a confusion matrix can be built from the obtained 

results relating predictions to expected input categories. This approach ensures that 

the whole data set is used both for training and testing, and is useful when the 

population size is limited, as was the case. Despite some drawbacks concerning 

variance of results and computational time, for its very nature it is considered an 

unbiased and accurate strategy for classification (Jain et al., 2000). 

VI.2.4.2 Configuration of classifiers’ parameters 

Different toolboxes and libraries available for Matlab® R2009b (Mathworks, Natick, 

MA, USA) were employed to build the classifiers. Configuration of the different 

parameters belonging to each classifier were performed as following: 

• LDA: LDA was performed by means of the Statistics Toolbox. No special 

configuration of input parameters was required. 

• SVM: SVM was performed by means of the LIBSVM library (Chang and Lin, 

2011). A grid search of the optimal combination of parameters �b, Ý� was 

                                                        
21 The curse of dimensionality is a generalization of the phenomena associated to working with high dimensional 
spaces. In classification, its major consequence is the decrease of the classifier’s predictive power due to the 
redundant nature of the available data. This is usually known as Hughes’ phenomenon (Hughes, 1968). 
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performed for b = 2>?, … , 2?Þ and Ý = 2>?Þ, … , 2M. For each task, the pair 

yielding the highest accuracy was selected. 

• ANFIS: The Fuzzy Logic Toolbox was employed for ANFIS evaluation. An 

iterative search for the optimal number of membership functions  

(Wß = p2,3,4}) revealed that for all cases the highest accuracy was obtained 

for Wß = 2. Other configuration parameters were ×º ´°²³ℎP = 200 (max. 

training steps) and ��7:;:;½ ´��²� ½²7¼ = 10>à. 

VI.2.4.3 Evaluation methodology 

Several parameters were calculated to evaluate each classifier: 

• Accuracy (Acc): Percentage of subjects correctly classified according to the 

input categories (%). 

• Sensitivity (S): Percentage of Ex subjects classified as S (%). 

• Specificity (E): Percentage of NEx subjects classified as NS (%). 

• Root mean square error (RMSE): Mean error measurement between the 

expected (Ex, NEx) and predicted (S, NS) values for each classifier. 

Additionally, performance of each classifier is graphically represented by means of 

Receiver Operating Characteristic (ROC) curves, plotting 1-E (x-axis) vs. S (y-axis), 

based on the probabilistic output of each classifier. The area under the ROC curve 

(±Sb��0,1�) is given as a measure of robustness of the classifier. AUC reflects the 

probability that the classifier will rank a random Ex with a higher class (S) than a 

random NEx, with 1 being the optimal value and 0.5 reflecting a random probability.  

Significant differences between the three classifiers for each task were sought by 

means of Cochran´s Q test (p<0.05). In this way, a measurement of the inter-rater 

reliability was obtained i.e.: the degree with which each classifier is coherent with the 

rest when evaluating an observation (Feldman et al., 2004b). For a more intuitive 

representation of this idea, classifier plots are also shown for every task and classifier 

showing the expected and predicted values, as well as their probabilistic output. 

Finally, significant differences between the results obtained by using TrEndo and EVA 

data respectively on the GP task are measured by means of McNemar’s test (p<0.05). 

Once again, statistical analysis was performed by means of SPSS v. 17. 

VI.3 Results 

VI.3.1 Exploratory analysis 
Explorative analysis results are given on Table 23. GP and CP presented significant 

differences for all MAPs except for motion smoothness. GT significant MAPs were 

time, idle time, average speed and average acceleration. For the global score, only 

motion smoothness did not show statistical significance. 
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Metrics 
Significance (Ex - NEx) 

GP CP GT GLOBAL 

Time 0 0 0.019 0 

Idle time 0.04 0.011 0.014 0.008 

Path length 0.006 0.007 0.095 0.002 

Depth 0.042 0.033 0.085 0.008 

Motion smoothness 0.322 0.402 0.432 0.242 

Av. speed 0.006 0 0.002 0 

Av. acceleration 0.01 0.003 0.013 0.001 

Economy of area 0.011 0.002 0.082 0.001 

Economy of volume 0.008 0.003 0.098 0 

Table 23. Exploratory analysis. In boldface, results with p < 0.05 

VI.3.2 TrEndo® Tracking System 
Performance results, classifier plots and ROC curves for each task and classifier can be 

seen in Table 24, Figure 41 and Figure 42 respectively. Overall, scores reflect a high 

rate of correct classifications, as well as the fact that no classifier clearly outperforms 

the rest. 

For GP, both ANFIS and SVM present an accuracy of 76% and similar S and E results, 

whereas LDA shows worse results due to a higher rate of misclassifications of NEx. 

Despite this, differences with the other two classifiers do not reach significance 

thresholds. SVM shows the highest classification rate for CP, especially with regard to 

NEx. For GT, LDA and SVM present the highest accuracy, whilst ANFIS scores under 

70%. Finally, in the GLOBAL scoring, the three systems present very similar results in 

terms of accuracy, sensibility and specificity, although the highest scores are obtained 

for SVM. 

Task Classifier Accuracy (%)  RMSE  S (%)  E (%)  AUC  

GP  

LDA  61.9 0.62 66.7 58.3 0.6 

SVM  76.2 0.48 72.2 79.2 0.81 

ANFIS  76.2 0.48 66.7 83.3 0.83 

CP  

LDA  73.8 0.51 66.7 79.2 0.76 

SVM  83.3 0.41 77.8 87.5 0.86 

ANFIS  71.4 0.53 72.2 70.8 0.72 

GT  

LDA  72.5 0.52 76.5 69.6 0.73 

SVM 70 0.3 58.8 78.3 0.69 

ANFIS  62.5 0.61 52.9 69.6 0.65 

GLOBAL  

LDA  78.6 0.46 66.7 87.5 0.81 

SVM 83.3 0.38 66.7 95.8 0.81 

ANFIS  73.8 0.51 61.1 83.3 0.76 

Table 24. TrEndo classification results per task and classifier 
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 Grasp and Place (GP) Coordinated Pulling (CP) 

LDA 

  

SVM 

  

ANFIS 

  

 p(Q) = 0.15 p(Q) = 0.07 

 Grasp and Transfer (GT) Global 

LDA 

  

SVM 

  

ANFIS 

  

 p(Q) = 0.41 p(Q) = 0.22 

Figure 41. Classifier plots and Cochran significance probability p(Q) per task. For each task, default classes 

(NEx=1; Ex=2) are shown as black circles (o). Output levels (NS=1; S=2) are defined. Probabilistic 

outputs are reflected as dots (·). A threshold value for absolute classification is set at 1.5, results 

reflected as asterisks (*). Blue: NEx participants; Red: Ex participants 

Analysis of the significant differences between each classifiers’ performance can be 

done by means of Cochran’s Q test and visual inspection of the classifier plots (Figure 

41). Cochran’s test reveals no significant differences between classifiers, although in 

the case of CP significance values are close to the threshold defined by p=0.05. 

Additionally, inspection of classifier plots reveals, for example, differences in 

classification on NEx participants for LDA with respect to the other classifiers for task 

GP; or for ANFIS and Ex participants in GT and GLOBAL. 
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Figure 42. ROC curves. Green: LDA; Blue: SVM; Red: ANFIS 

VI.3.3 EVA Tracking System 
Results for each classifier using the data obtained by EVA for the GP task are shown in 

Table 25 and Figure 43. McNemar test for each classifier reveals that no significant 

differences exist between using the EVA and TrEndo data. Accuracy reflected is only 

marginally higher for ANFIS and SVM than with the TrEndo data. However, Cochran’s 

test reveals that for this particular case differences between classifiers are significant. 

A visual inspection of the classifier plots on Figure 43 reveals once more that these 

differences come mainly from the results obtained for LDA with respect to the other 

two classifiers. 

Task Classifier Accuracy (%)  RMSE  S (%)  E (%)  AUC  

GP  

LDA  61.9 0.62 72.2 54.2 0.55 

SVM  83.3 0.41 72.2 91.7 0.85 

ANFIS  80.9 0.44 72.2 87.5 0.81 

Table 25. EVA classification results per task and classifier 
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Grasp and Place (EVA) 
 

 
 

p(Q) = 0.02 

 
LDA: McNemar test (EVA-TrEndo) = 1 

 
SVM: McNemar test (EVA-TrEndo) = 0.61 

 
ANFIS: McNemar test (EVA-TrEndo) = 0.82 

Figure 43. EVA results. Left: ROC curves and Cochran significance probability p(Q). Green: LDA; Blue: SVM; 

Red: ANFIS. Right: classifier plots and McNemar significance probability per classifier. For the classifier 

plot, default classes (NEx=1; Ex=2) are shown as black circles (o). Output levels (NS=1; S=2) are defined. 

Probabilistic outputs are reflected as dots (·). A threshold value for absolute classification is set at 1.5, 

results reflected as asterisks (*). Blue: NEx participants; Red: Ex participants 

VI.4 Discussion 

In this chapter we have presented a comparison between three approaches reported 

in the literature for the determination of MIS psychomotor competence, based on (1) 

linear (LDA); (2) non-linear (SVM) and (3) fuzzy (ANFIS) supervised classification. 

Individually, the three techniques have proved their robustness for the intended 

purpose. SVM shows slightly better results than the other two classifiers: taking the 

average score on the three tasks and the global score, accuracy for ANFIS, LDA and 

SVM was of 71%, 71.7% and 78.2% respectively. However, in general, no significant 

differences were found between any of the three. The best overall performance 

achieved was of 83.3%, obtained by SVM for GP (EVA), CP and on the global score of 

the three proposed tasks. On the other hand, results obtained using data indistinctly 

from the TrEndo® Tracking System or the EVA Tracking System did not reveal 

significant differences, confirming the concurrent validation results presented in 

Chapter V. 

The work presented in this chapter reflects, according to the PhD framework, the 

practical implementation of the analytical stage. The most relevant conclusion that 

can be extracted from these results is the importance of motion analysis in the 

determination of MIS psychomotor skills and the confirmation of the construct 
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validation results reported in Chapter IV. Throughout this PhD, the value of the 

discriminative power of MAPs has continually been reported (see Chapters 4-5); and 

proof of their effectiveness as main inputs for clustering systems able to automatically 

classify competence helps corroborate once more this hypothesis. Moreover, a 

correlation between the explorative analysis and the classifiers’ performance can be 

observed, as for example task GT (which featured the least amount of significant 

differences between MAPs) presents the lowest accuracy results (68.3% in average for 

the three classifiers). 

A related second conclusion to this chapter is tied up to the problem derived from the 

lack of a clear, accepted standard for defining surgical competence: which metrics are 

optimal, what competence levels can be ascertained, what are the thresholds between 

them, etc. In this study data has been limited to the use of MAPs, as per specifications 

of the implemented environment described in this PhD. While this has allowed us to 

give proof of their relevance, the inclusion of quality-based metrics should be 

considered in future studies (Fried and Feldman, 2008). The same can be applied to 

force-derived metrics (Rosen et al., 2006). 

An important consequence of this lack of standards when applied to supervised 

classification is the difficulty in choosing the criteria and thresholds that will delimit 

each considered output class. Following the example of (Chmarra et al., 2010b), we 

decided to use the number of laparoscopic surgeries performed to determine the 

competence threshold, a criterion widely extended in several national training 

programmes (Hiemstra et al., 2008; Soreide et al., 2008; Dumon et al., 2004). 

Additionally, the threshold cutting number of 10 surgeries performed was selected 

following previous validation studies in the literature (Chmarra et al., 2010b; Aggarwal 

et al., 2007; Yamaguchi et al., 2007). In this sense, the explorative analysis was a way 

to corroborate its relevance prior to its use in the classifiers. This criterion, as we have 

shown, has yielded acceptable results (accuracies between 60-80% for all classifiers), 

especially in the classification of novices and low-experienced residents.  

It means also that, while some of the misclassifications may be consequence of the 

configuration/training/validation of the classifiers, many of them will simply reflect a 

lack of correlation between the number of surgeries attended (experience) and the 

performance skills shown for a given task (expertise). The implications of this last point 

explain, for example, that an untrained yet skilful novice may be found competent, or 

that an experienced resident may, for some reason (e.g.: fatigue), perform a task 

incorrectly. Cochran´s analysis, which concludes that no significant differences occur 

between the three proposed classifiers, points to this fact where the same subjects are 

misclassified for all of them. More explicitly, through visual inspection of each classifier 

plot, we can add up for each task the total of participants that get misclassified for 2 or 

3 of the classifiers, and are therefore susceptible of presenting an expertise not 
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correlated to their experience (Table 26). For the GLOBAL scores, up to 9 of the 

subjects classified were found liable to this effect: 

 Category GP (TrEndo) GP (EVA) CP GT GLOBAL 

2 classifiers Ex 2 0 2 4 4 

NEx 0 2 0 1 1 

3 classifiers Ex 2 2 4 4 1 

NEx 2 2 3 3 3 

TOTAL  6/42 (14.3%) 6/42 (14.3%) 9/42 (21%) 12/40 (30%) 9/42 (21%) 

Table 26. Misclassification frequency. For each task, the sum of participants misclassified 

 in more than one classifier is given 

An interesting aspect to this work comes from the comparison with results presented 

in previous studies featuring the proposed techniques for MIS skills’ assessment (Table 

27). It can be seen that LDA presents the highest similarity between mean accuracy 

results in our study and those presented by Chmarra et al., which were reported to be 

of 74% using a global score obtained in four different simulator tasks (Chmarra et al., 

2010b). It must be observed that both studies bear many similarities: the acquisition 

system employed (TrEndo), the facilities for the experiment (LUMC), the number of 

trials allowed (one), some of the MAPs (time, path length, depth, motion smoothness), 

the data preparation process or the validation methodology; all these external factors 

which may condition the resemblance between them. 

This is more evident when examining the two other classifiers with respect to previous 

studies. Allen et al. (Allen et al., 2010) reported an average accuracy of 91.6% using 

SVM. Whilst methodologically the SVMs employed were trained in a very similar 

manner and at least two of the three tasks employed (Peg Transfer and Pass Rope) 

share common assessment objectives, clearly there were three important differences 

between our work and theirs. The first one relates to the participants’ distribution, 

which mainly consisted of experts and novices, without the presence of residents with 

laparoscopic experience. It can be postulated that in this instance the differences 

between categories will hypothetically be more accused than in cases where 

intermediate levels are considered. The second one relates to the number of 

observations, which in their study mounts up to a total of 696 repetitions across three 

different assessment tasks performed by 30 participants. Two influencing factors can 

be deduced from this: (1) having a greater sample with which to train, their classifier 

was less prone to bias errors; and (2) if each participant was able to perform the tasks 

several times (up to 10 according to the study), their learning curve for each task must 

have increased from the first to the last performances, thus having an effect on the 

final results. The third one regards to their choice of metrics: only time and path length 

are featured with respect to our study. Interestingly, a force-related metric was also 

featured, which may hint at the importance of this source of information as has been 

also reported by Rosen et al. (Rosen et al., 2006). 
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 Present study (Chmarra et al., 2010b) (Allen et al., 2010) (Huang et al., 2005)   
Sample 
population 

# 4 Experts,  
14 Residents: 
(>10 interv. LE) 
# 8 Residents,  
16 Novices: 
(<10 interv. LE) 

# 10 Experts:  
(>100 interv. LE) 
# 10 Residents: 
(10-100 interv. LE) 
# 11 Students: (No LE) 

# 4 Experts 
# 26 Novices: 
(no LE) 

# 4 Experts:  
(>2 years LE) 
# 4 Intermediates: 
(1-2 years LE) 
# 4 Novices: (No LE) 

Tasks Grasp and Place 
Coordinated Pulling 
Grasp and Transfer 

Pipe cleaner 
Rubber band 
Beads 
Circle 

Peg transfer 
Pass rope 
Cap needle 

AcquirePlace 
TransferPlace 

Skills 
(see Chapter III) 

See Chapter IV, 
Figure 3 

Peg transfer 
Peg grasping 
Bi-manual coord. 
Cutting/dissection 

Peg transfer 
Peg grasping 
Bi-manual coord. 

Peg transfer 
Peg grasping 

Previous practice No No No Video+2 trials 

Nº of trials 1/task 1/task Up to 10/task 4/task 

Metrics See Table 22 Time 
Path length 
Motion smoothness 
Depth 
Angular area 
Volume 

Time 
Path length 
Volume 
Control effort 
(Force) 

Time 
Errors 
Economy of mov. 
Outcome 

Hand Average Right+Left Average Right+Left N/A Dominant hand 

Acquisition 
system 

TrEndo, EVA TrEndo Ascension sensors MIST-VR 

Data preparation PCA PCA - - 

Output 
categories 

Skilled 
Not skilled 

Expert 
Intermediate 
Novice 

Competence + 
Competence - 

Expert 
Intermediate 
Novice 

Model training See above. - RBF 
b = 2>N, … , 2?Þ Ý = 2>?Þ, … , 2N 

200 Epochs 

Model validation LOOCV LOOCV Stratified,  
repeated (x100), 
75% Training 
25% Validation 

Stratified, 
2 fold CV 

Table 27. Comparison between studies. LE:  Laparoscopic experience;  

RBF: radial basis function; CV: cross validation 

However, the most significant differences between studies, which seem to further give 

proof of the importance between the experimental surrounding conditions, happen 

with respect to the use of ANFIS (Huang et al., 2005). Huang et al. report that for 24 

observations, only 1 and 8 subjects for two MIST-VR tasks (AcquirePlace and 

TransferPlace) respectively could be considered as correctly classified. They admit that 

the conditions surrounding the experiment (number of subjects, tasks, metrics, input 

categories) may all have an influence on the performance results. This seems to be 

corroborated by our study, where several important differences can be ascertained: 

the number of participants and trial repetitions (12x4, plus 2 trial runs), the output 

categories (3), the acquisition system (VR simulator) or the validation methodology. 

More importantly, only one MAP was common between both studies (time), whilst of 

the other two reported one referenced the economy of movements and the other the 
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number of errors; therefore, the relative importance of motion with respect to the 

qualitative scores used was not very high. 

Based on the degree of similarity/disparities between our study and those from the 

literature, as well as given the lack of significant differences between classifiers in this 

study, we are compelled to affirm that, more often than not variations in performance 

are not so much related to the choice of classifier but rather than on the contour 

conditions of the validation experiment. This would help explain the similarity in 

results with those presented in (Chmarra et al., 2010b) or the differences in ANFIS 

performance between our study and Huang’s (Huang et al., 2005). Additionally, 

misclassification patterns question the existence of other factors that may influence 

surgical competence (e.g.: musical skills, video gaming) besides experience (i.e.: 

number of surgeries). While it is true that this hypothesis raises an interesting 

postulate, it is clear that new follow-up studies should be carried out to confirm it. 

Moreover, we do not mean to imply that the choice and modelling of the classifier 

does not have an impact on the system’s accuracy, but rather point out other 

influencing factors. 

Scoring systems based on supervised classification reveal a promising research area, as 

can be seen not only from the results presented here but also from previous literature. 

It is clear however that there is still place for further optimisation, given all the 

possible variables. These systems could clearly benefit in their definition from more 

defined assessment standards, but the same could be said the other way round: 

supervised classification-based systems may help define surgical competence in the 

acquisition of MIS psychomotor skills (Megali et al., 2006a; Rosen et al., 2002b). Only 

three possible alternatives have been analysed, but other solutions based on 

sequential classifiers such as hidden Markov models (HMM) may yet improve 

performance. Future research is needed (1) to improve the classifiers’ accuracy and 

extend them to a complete portfolio of basic skills, tasks and metrics; and (2) to 

validate classifiers for advanced OR training, possibly combined with sequential 

analysis to include temporal information of performance (Rosen et al., 2002b). 

Likewise, we have only addressed the use of supervised classification for summative 

feedback and in terms of determining levels of competence. While they help put into 

context the global scores obtained and give them a comprehensible meaning with 

regard to the levels of competence achieved, they do not offer information on other 

procedural aspects that may be the cause of errors or delays. In this sense, different 

ways of providing formative feedback to the trainee (e.g.: in the form of 

comprehensible messages such as “target approaching speed is too high”) should be 

explored (Riojas et al., 2011). Again, sequential classifiers considering the different 

steps and duration of the different phases of a task can be valid tools for this. 

Alternatives exploring the combination of formative and summative feedback systems 
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should thus be analysed and considered for an effective and objective assessment of 

MIS psychomotor skills. 

VI.5 Chapter conclusions 

In this chapter we have addressed the third and last phase of the conceptual 

framework proposed in this PhD, the analytical stage (Figure 35). Its main 

contributions to it can be summarized thusly: 

• The validation of three different strategies for supervised classification applied 

to the problem of automatic MIS skills’ assessment, based on linear, non-linear 

and fuzzy approaches. 

• The use of motion analysis parameters as the main and only information source 

for the classifiers independently of the acquisition system employed, thus 

reinforcing their relevance in the assessment of MIS psychomotor skills. 

The study has proven the feasibility of employing non-sequential, supervised 

classification for the assessment of MIS psychomotor skill competence based on MAPs. 

There was no proposed technique that clearly outperformed the rest; however the 

coherence of results reinforces the validity of the classifiers. Their application in 

training settings such as VR simulators may provide immediate constructive feedback 

to residents that help them improve their learning. More importantly, the work here 

presented marks the end of the framework validation and helps define the last stage in 

our implemented environment, where the trainees are given immediate and objective 

feedback on their performance. The conclusions obtained, especially regarding the 

importance of MAPs, bring us in a full circle back to the main hypotheses established in 

Chapter IV on the relevance of motion information, and effectively allow us to wrap 

the validation of the conceptual framework which has driven the development of this 

PhD. 
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“What we call the beginning is often the end. And to make an end is to  

make a beginning. The end is where we start from.” 
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In which the conclusions and contributions of this PhD are presented and discussed 

based on its hypotheses. Additionally, possible future works to this thesis are postulated. 
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VII.1 Research hypotheses’ verification 

he main conclusions from any PhD work are obtained by the acceptance or 

rejection of its research hypotheses based on the achieved results. In this section 

we will analyse each and every one of those hypotheses presented in Chapter II, and 

shed light on their degree of validity when confronted to our findings. 

VII.1.1 General hypothesis 
H1. The definition of a method for the objective assessment of MIS basic psychomotor 

skills can be modelled by means of a three-stage framework. To this end, it is possible 

to validate a practical implementation based on said framework, according to (1) the 

definition of assessment tasks to employ and motion analysis parameters (MAPs) to 

register; (2) the definition of methods and technologies for the acquisition of said 

MAPs; and (3) the definition of a methodology to analyse and give meaning to the 

MAPs. 

Hypothesis confirmed. 

The driving need for a paradigm change in the education of MIS psychomotor skills, 

especially in the initial stages of training, has motivated a great amount of research in 

different fields related to clinical, pedagogical, technological or statistical analysis 

aspects. The interdisciplinary nature of the converging factors, along with a general 

lack of standardized consensus between local, regional and national institutions, has 

led to the creation of unaccountable training programmes, each with its own 

competence criteria. Moreover, the development of new systems such as VR 

simulators and HMT settings has led to the definition of new motion and force analysis 

parameters to quantify experience. Again, the use of a specific training system and 

metrics are subject to external factors such as the hospitals’/training facilities’ budgets 

or executive boards’ decisions. 

One of the problems identified with this policy is that it can lead to a vast amount of 

information regarding validation of the different training and assessment approaches, 

depending on the strategy employed for it (e.g.: OSATS, LapMentor, ICSAD, etc.), the 

metrics registered (both quality and efficiency based), the sample population, the tasks 

(basic or procedural), etc. In Chapter III, we have made an attempt to synthesise this 

knowledge in an effort to discern trending patterns in literature findings. An important 

conclusion extracted is the relevance of motion metrics in the assessment and 

accreditation of surgeons, which can provide invaluable information on the 

performance of surgical tasks. However, we have also found a lack of correlation 

between tasks, abilities and metrics employed, which in our opinion may reduce the 

effectiveness of the training and assessment process. Thus, the first challenge 

T 
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acknowledged was the identification of motion metrics in relation to the abilities 

assessed and tasks used to that end. 

A second challenge identified in the PhD work was how can the training and 

assessment systems currently existing, based on VR or HMT, benefit from the 

incorporation of endoscopic video analysis. This research line is of paramount 

importance within the long-term strategies of the Bioengineering and Telemedicine 

Centre, focused on its applications both (1) for training and assessment and (2) for 

image and video guided surgery (IVGS). Thus, an important motivator for this PhD was 

the application of video-based passive tracking of instruments to the assessment of 

skills, as opposed to sensor-based systems which are usually bulky, restrictive and OR- 

incompatible. 

The last challenge evolved once more around the concept of adequately choosing 

metrics and tasks for certain skills, but this time focusing on their interpretation, such 

that they (1) offer immediate feedback, (2) provide objective information and (3) help 

in the identification of trends and patterns regarding surgical competence in training 

data. Statistical analysis and pattern recognition techniques have already been 

explored in the literature with different degrees of success, depending on the 

methodology chosen and the validation conditions imposed. Our aim has thus been to 

compare different approaches for objective data interpretation in order to determine 

their validity when modelling surgical competence, based on motion-related 

information. 

In order to bridge these three complementary areas, a conceptual framework for the 

definition of MIS assessment environments (as presented in H1) has been proposed. 

Validation of this framework has been a driving thread for this PhD. In this sense, we 

have achieved to validate a practical implementation of an assessment system based 

on it, focused on the instruments’ movements tracked by means of endoscopic video 

analysis. In order to give a sense of coherence and meaning to the implementation, its 

validation has been performed as a cross-sectional study, where a single data set has 

been used for all experiments. This approach has its drawbacks as well as its 

advantages: on the one hand, it limits the scope of the conclusions extracted to one 

single study; however, on the other, it has enabled us to easily relate and verify the 

findings on each area with respect to the rest. Another practical reason for this 

approach, and one that cannot be ignored, is the difficulty of setting up a proper 

validation experiment, let alone more than one, of the necessary magnitude of 

requirements regarding time, costs, availability of participants and other logistic 

resources. 
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VII.1.2 Pedagogical aspects: On the definition of motion metrics 
H2: Simple psychomotor skills’ assessment tasks for simulation settings are able to 

convey a MIS surgeon’s level of psychomotor competency based on his/her 

performance. 

Hypothesis confirmed. 

A systematic review of the state of the art and a users’ needs and requirements 

analysis, performed in close collaboration with the Jesús Usón Minimally Invasive 

Surgery Centre (JUMISC) teaching staff, has led to the definition of a series of box 

trainer tasks for MIS basic psychomotor skills’ assessment. Several of them were built 

and validated by students, residents and expert surgeons at the Leiden University 

Medical Centre (LUMC). Face validity results for the original prototypes give proof of 

their acceptance for the intended purpose, although some criticism derived from 

design choices was also given. Construct validation results show their discriminative 

power, according to their level of difficultness, based on the MAPs defined (see H3). 

H3: Efficiency metrics, related to the movements of the laparoscopic instruments within 

a surgical setting, may be used as the main source of information to obtain evidence on 

a surgeon’s competence based on his/her performance for a given task. 

Hypothesis confirmed. 

A combination of both established and novel MAPs has been proposed and analysed in 

correlation with MIS basic skills. In general, the MAPs have served on the one hand to 

corroborate the analysis of the state of the art shown in Chapter III with respect to 

well-known parameters (time, path length, etc.), while on the other to reveal useful 

information about new (economy of area, economy of volume) or little explored 

parameters (average speed, average acceleration). 

New MAPs, previously not found in the literature were proposed: maximum covered 

surface (SU), maximum volume (MV), economy of area (EOA), economy of volume 

(EOV) and search time (ST). SU and MV were not found to be relevant in assessment 

processes; however, significant differences manifested themselves when information 

on the path travelled was introduced (EOA, EOV). Search time, a 2D MAP presented in 

Chapter V, did not achieve statistical significance, but served to present a new kind of 

motion metrics extracted directly from the information provided by video-based 

tracking. 

MAPs such as time (T), path length (PL) or depth (D) were found in general to provide 

useful information across every task, while others such as motion smoothness seemed 

to be more specific to bi-manual tasks. Angular area, angular volume, maximum 

covered surface and maximum volume gave uneven and inconsistent results and were 

soon discarded from the global analysis. Finally, a thorough exploration of the average 
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speed (S) showed its relevance in hand-eye coordination and grasping tasks, especially 

in directions involving a change of depth. 

VII.1.3 Technological aspects: On the registration of metrics 
H4: Tracking of the instruments in the surgical scenario may be done solely employing 

information from the endoscopic image feed and the camera’s parameters. This offers 

the possibility for robust, transparent and portable motion analysis for skills’ 

assessment. 

Hypothesis confirmed. 

This PhD work has served to introduce the video-based EVA Tracking System, which 

can be employed to track the surgical instruments and obtain useful motion 

information for the assessment of MIS surgical skills. In order to validate this 

hypothesis, construct and concurrent validation was performed on one of the tasks 

presented in Chapter IV. Construct validation revealed that the MAPs derived from the 

information provided by EVA could discriminate between different levels of expertise, 

while concurrent validation with the TrEndo revealed a high degree of correlation 

between measurements from both systems. 

H5: 2D tracking of the instruments (i.e.: tracking of the instruments performed on the 

screen) provides relevant information regarding MIS surgical competence. However, 

this information will be less significant than that provided by 3D tracking, where depth 

information is considered. 

Hypothesis confirmed. 

A comparative analysis between MAPs tracked in 2D image space and 3D real space 

(path length, average speed, economy of area) reveals that the use of 2D information 

alone does provide significant information regarding levels of psychomotor 

competence. However, as postulated in the hypothesis, when depth information was 

included for exactly the same MAPs, it led to an increase in the levels of significance in 

the case of path length and economy of area, while remaining more or less constant 

for average speed. 

VII.1.4 Analytical aspects: On the interpretation of metrics 
H6: Surgical competence can be automatically inferred from instrument motion-related 

information by means of supervised classification algorithms. 

Hypothesis partially confirmed. 

Three approaches to supervised classification have been compared in this PhD (LDA, 

SVM and ANFIS). The three of them showed good accuracy results for the global 

assessment of the proposed tasks, based exclusively on motion-related parameters; 
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however, for each of them individually results were not so conclusive and no 

significant performance trends could be distinguished between tasks. 

Despite the results shown in this PhD, we must conclude that the hypothesis is only 

partially validated. There are several reasons behind this conclusion, although the 

most important one observed derives from the lack of standards for defining surgical 

competence. Our chosen criterion, based on previous laparoscopic experience, has 

shown good validation results (73.6% accuracy on average for all tasks and classifiers). 

However, inferred from the results and from a comparison with previous literature 

works, a hypothesis can be drawn that the conditions surrounding the validation 

experiments (tasks, sample population, classifier training methodology, etc.) may also 

influence the outcome of the classifiers. Moreover, there are many other approaches 

that can be explored and combined with the proposed classifiers, which may yield 

better results still. 

H7: The combination of metrics in a supervised classifier provides more significant 

information than said metrics analysed individually. 

Hypothesis partially confirmed. 

This hypothesis can only be partially confirmed, since it was only marginally explored, 

and thus would require further studies to verify or deny it. Its definition is intrinsically 

related to H2 and H3, thus closing the validation of the framework proposed in this 

PhD. Throughout this work we have stressed the importance of individual metrics with 

regard to different psychomotor skills. However, one of the difficulties in these cases is 

deciding the combination of parameters to use depending on the task’s goals. One of 

the strengths of supervised classification resides in the fact that it can bring forth 

occult patterns within the input data in unexpected ways. For example, the analysis 

shown in Chapter VI did not yield a priori significant differences for a MAP such as 

motion smoothness, but it was nevertheless fed into the classifiers and may have 

contributed positively to them. However, the same can be said the other way round: a 

specific combination of metrics may decrease the efficiency of the classifier. Although 

not shown in this PhD, our initial training data for the classifiers included information 

on angular area, angular volume and other MAPs that had already been proved not 

valid. When these were removed from the final analysis, results improved significantly. 

In this sense, choosing a determinate set of metrics for a task can be seen as finding 

the optimal combination of those that maximize the outcome of the classifier. 
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VII.2 Main Contributions 

Once the research hypotheses postulated have been validated, we now present the 

main contributions extracted from this PhD. 

MC1. A detailed analysis of the needs and requirements for the development of a new 

paradigm for the assessment of MIS psychomotor skills. 

In order to fully understand the implications of MIS learning and shape the objectives 

of this PhD, a complete study of the state of the art was performed on the methods 

and tools available for the assessment of psychomotor skills. The review was 

performed on three different fronts: 

• The pedagogical front allowed us to determine the different efficiency and 

quality metrics usually employed for assessment and the tasks used to that end 

in box trainer/VR settings. More importantly, the relationship between tasks 

and metrics was explored, in an attempt to ascertain which combinations are 

more suited for each assessed abilities. 

• The technological front gave us insight on the different training and assessment 

systems available, both in the fields of VR and HMT, with regard to their 

advantages, limitations and validation studies. 

• The analytical front showed the different attempts at integrating intelligent 

assessment of skills based on supervised classification, statistical analysis and 

machine learning algorithms, giving us insight on their possibilities in the 

evaluation and accreditation of MIS surgical competence. 

Results and conclusions from this review may be found in Chapter III of the present 

PhD. The work has led to contributions in an indexed scientific journal (Oropesa et al., 

2011) and a book chapter.  

MC2. The definition and validation of a new conceptual framework for the 

implementation of MIS psychomotor skills’ assessment systems. 

A framework for the definition of systems and methods for the assessment of MIS 

basic psychomotor skills was proposed. Throughout this PhD, our goal has been to 

introduce and validate a practical implementation of the framework. Thus, Chapter IV 

focused on the definition and validation of a series of tasks and MAPs for box trainer 

environments; Chapter V validated a new method for the acquisition of said MAPs 

based on the information provided by the endoscope; Chapter VI presented a 

comparison of the performance between different supervised classifiers applied to the 

assessment of MIS competence based on the information provided by the MAPs. 
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Two scientific contributions presenting the model that inspired the conceptual 

framework have been presented both at a national and international congress, the last 

leading to publication in an indexed scientific journal (Oropesa et al., 2010a). 

MC3. The development of new tasks and MAPs for the assessment of MIS psychomotor 

skills, as well as the validation of well-established MAPs in correlation to tasks and 

abilities. 

The first stage of the implementation process demands us to determine the relevance 

of motion analysis in the assessment of MIS psychomotor skills. Several new 

assessment tasks were designed and built from the acquired experience obtained from 

the state of the art and an explorative survey among teaching experts. Similarly, a set 

of MAPs, both new and existent, was proposed for the analysis of performance in said 

tasks. Finally, a validation experiment with experts, residents and novices was 

conducted to ascertain their significance. 

The following sub-contributions can be extracted from the results obtained: 

• The relevance of MAPs in the analysis of MIS psychomotor skills, and their 

relationship to the different abilities being assessed. 

• The design, implementation and validation of three new box trainer tasks for 

the assessment of MIS psychomotor skills. 

• The definition and validation of new MAPs for MIS assessment, such as 

economy of area or economy of volume. 

• The in-depth validation of traditional MAPs (e.g.: path length, motion 

smoothness) with regard to the ability being assessed. Additionally, the 

importance of speed with respect to the direction of movement was 

determined. 

These contributions are described in detail in Chapter IV. Results have been published 

in an indexed scientific journal (Oropesa et al., 2012b) and presented at a national 

congress. 

MC4. The development of a new system for tracking laparoscopic instruments in 

training and assessment scenarios. 

One of the main contributions of this PhD work has been the introduction of a new 

paradigm for the registration of MAPs in training and assessment settings, based on 

the analysis of the endoscopic video. Unlike sensor-based approaches, it allows us to 

register movements in a transparent, non-obtrusive way to the trainee. Despite being 

in an early stage of development, it offers real possibilities for a future migration into 

the OR for interventional training and/or surgical navigation. The prototype for this 

system has been dubbed the EVA (Endoscopic Video Analysis) Tracking System. In this 

sense: 
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• The EVA Tracking System was validated using a MIS assessment task. Construct 

validation showed that it was able to properly register movements and 

calculate related MAPs that correctly showed differences between expert and 

novice surgeons. Concurrent validation with the TrEndo® Tracking System was 

achieved, showing the similarity between the values obtained by both systems. 

• The system allowed us to validate also the influence of 2D MAPs, calculated 

from movement data of the laparoscopic instruments on the screen. This 

comes to show the relevance of the visual information the surgeon receives 

from the endoscope in the mastering of psychomotor skills. However, it was 

also revealed that significance of these MAPs was not as superior as their 3D 

counterparts, proving the importance of depth perception as an ability to 

master. 

These contributions are covered in detail in Chapter V. Publications derived from 

results include an indexed scientific journal (Oropesa et al., 2012a), as well as one 

contribution to an international congress and four to national congresses. 

MC5. The comparison between three different approaches for supervised classification 

applied to the field of assessment of surgical competence. 

For the interpretation of the information provided by the MAPs, the possibilities of 

motion-based supervised classification have been explored. In this PhD, we have 

implemented and compared the performance of three supervised classifiers applied to 

the problem of automatically assessing competence. The results obtained are not 

conclusive due to factors such as the limited data set, the restrictive conditions of the 

experiment or the a priori categories predefined based on the number of surgeries. 

However, they offer valuable insight on the relationship between motion analysis 

information and surgical competence, as reflected by the good accuracy results 

obtained. This is especially the case when assessing the global performance in all tasks. 

Moreover, thanks to the obtained results, the following contribution can be applied 

backwards to close the validation of the conceptual framework: 

• The validity of the three surgical tasks proposed in Chapter IV to globally assess 

MIS psychomotor performance. It has been shown by the three classifiers that 

when their input takes into account information from all the tasks, accuracy 

performance is approximately of 74%, a strong value considering the potential 

error introduced by the predefined classes (see Chapter VI). The same 

reasoning applies to the selection of MAPs employed throughout this PhD. 

Results from the comparison are partly constrained by the relationship between input 

and output categories into the classifier; since our predefined classes had to be 

experimentally determined (there is no a priori criteria established defined in the 

literature) they may not correctly take into account the real relationship between 
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expertise and experience (see Chapter VI). This theory is reinforced by the fact that no 

significant differences were found between classification of individual participants 

independently of the technique employed (LDA, SVM, ANFIS) or the MAP registration 

method used (TrEndo, EVA). 

These contributions are covered in detail in Chapter VI. Results have recently been 

presented at an international congress. 
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VII.4 Future works 

The work of any given PhD can never be seen as the end of the journey, but rather as 

its first leg. Thus, several possible roads branch out from the conclusions obtained in 

this work. Some follow the same path initiated in the PhD and therefore are a direct 

continuation of it. Some will follow alternative roads, more focused on the exploitation 

of the results achieved. Finally, there will be some that will create and explore whole 

new paths and routes, leading to new research lines. 

VII.4.1 Concerning the definition of tasks and metrics 
Performance of follow-up validation studies on the tasks and MAPs proposed. 

In order to reinforce the conclusions of this PhD, new validation studies should be 

carried out. However, there are several factors that should be taken into account in 

them such as the improvement of tasks, the introduction of a new, larger sample 

population and/or the inclusion of new assessment metrics. 

Research on factors that affect MIS psychomotor performance. 

It has been pointed out throughout this PhD how there are several factors that can 

affect the outcome of validation studies, and thus of the performance of participants 

in them. These include extrinsic factors (aspects related with the disposition of the 

elements of the assessment environment: task definition and choice, camera 

placement, choice of metrics, etc.), intrinsic factors (aspects inherent to the trainees 

that may influence their performance: emotional/physical states; musical aptitudes or 

video games experience, etc.) and contour conditions surrounding the validation trials 

(size/sample of the population used, validation methodology, the choice of tracking 

systems, etc.). 

VII.4.2 Concerning the EVA Tracking System 
Optimization of the current version of the EVA Tracking System  

Improvements should allow for real time, robust tracking of multiple instruments, 

robustness against occlusions or insertions/withdrawals and exploration of new 2D 

feature detection algorithms. 

Integration of new video-based information sources for surgical assessment. 

Analysis of the endoscopic video image at the Bioengineering and Telemedicine Centre 

does not exclusively focus on tracking surgical instruments. Much work has and is also 

being done on the 3D reconstruction of the surgical setting and the tracking of its 

different elements (instruments, organs, etc.). Shape-from-X techniques or SURF are 

some of the techniques employed to this end. In this sense, information regarding the 
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relative position of the other elements present in the surgical setting could be 

incorporated to the assessment of skills. 

Application of the EVA Tracking System to the field of Image and Video Guided 

Surgery (IVGS) 

Related to the migration efforts of the EVA Tracking System into the OR, special 

mention must be made to the ambitious application of incorporating it also into a soft-

tissue surgical navigator. Moreover, some of the lessons learned in this PhD may be 

applied also to define objective metrics to guide a surgery, offering information on the 

instruments’ average speed, distance to target, distance to risk zones, etc. Said 

information could hypothetically be employed also to assess the final quality of the 

performed intervention. 

VII.4.3 Concerning the use of alternative assessment systems 
Exploration of new possibilities for skills’ assessment in the realm of Mixed Reality 

(MR). 

Integration of the EVA Tracking System into MR environments would allow for easily 

reproducible tasks in environments combining real and virtual objects. Additional 

information regarding relative distances and or danger zones could be given. 

Moreover, force feedback would not be compromised, as interaction would be 

performed with real instruments. 

VII.4.4 Concerning the assessment of MIS competence 
New validation studies for supervised and unsupervised classification. 

While proving the usefulness of supervised classification for the assessment of MIS 

psychomotor skills based on motion analysis, the possibilities of this field are still to be 

fully explored. In this sense, work should focus on: 

• Further research into the process of modelling surgical competence: Research 

efforts should be put in creating competence models, which could serve as a 

valid ground truth. In this sense, surgical competence should be defined not 

only based on academic level or OR experience, but consider some of the 

aspects included in VII.4.1 on factors influencing surgical performance. 

• New validation studies, both with techniques proposed in this PhD and new 

ones. The possibilities of supervised and unsupervised classification should be 

fully explored in an effort to increase the robustness of competence 

assessment, both in box trainers and real interventions. 
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Surgical Process Modelling (SPM) of MIS laparoscopic interventions for skills’ 

assessment. 

A new research line that may be derived from the consequences of migrating EVA into 

the OR would require establishing objective standards for the assessment of 

competence based on motion skills in real interventions. In order to achieve this, 

Surgical Process Modelling (SPM) of the target surgeries can be carried out. The 

concept deals with the modelling and decomposition of surgical interventions into 

different levels of granularity. Applications for this in the field of computer-assisted 

surgery (CAS) include analysis of the surgical workflow, detection of phases in a 

surgery, control systems for robotic surgery or prediction/estimation of the remaining 

phases of an intervention. 

VII.4.5 Concerning the model and conceptual framework for the 

definition of MIS skills’ assessment systems 
An expansion of the framework to encompass new aspects of MIS training and 

assessment. 

The main purpose of this PhD has evolved around the definition and validation of a 

framework for the definition of MIS psychomotor skills’ assessment systems based on 

a three-pillared model. There are several ways in which the model could be completed: 

• Expanding the pedagogical boundaries: The current model has put much focus 

on the objective assessment of psychomotor skills. However, as we stated at 

the beginning of this PhD, surgical competence encompasses also a range of 

cognitive and judgment abilities. Thus, an interesting challenge lies in 

integrating systems that focus on this knowledge into the model, such as the 

TELMA environment for on-line cognitive training centred on video-based 

contents. 

• Expanding the academic objectives: By its nature, the proposed model and 

framework could well be applied to other areas of surgical career and life-long 

learning, such as the selection of candidates suited for surgical training or re-

certification courses. 

• Expanding the technological reaches: While the implementation proposed 

focuses on the use of video-based tracking at its technological core, there are 

several routes that could be additionally explored. We have already mentioned 

the use of MR simulators. New sensing devices, able to capture and analyse 

force interactions could also be included. Finally, leaning on the TELMA 

experience, on-line possibilities could also be explored.  
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Explorative survey 

 

 

 

“I have never met a man so ignorant that I couldn’t learn something from him.” 

Galileo Galilei, 1564-1642 
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The purpose of this questionnaire is to contribute to research on the definition of new 

systems and environments for MIS objective assessment. These are defined as any 

system capable of extracting information from the execution of a surgical task and 

interpreting surgical competence from them. This work is being carried out in a joint 

effort between the Jesús Usón Minimally Invasive Surgery Centre and the 

Bioengineering and Telemedicine Centre of the Universidad Politécnica de Madrid. 

In order to better understand which skills determine surgical competence and which 

metrics are essential for their assessment, we kindly ask you to answer the following 

questions. 

Block 1: Demographic questions 
I.1 Age _______ 

I.2 Gender: 

 Male 

 Female 

I.3 Current specialty/role ______________________ 

I.4 Laparoscopic experience 

 None 

 Very low: have assisted on surgeries but not performed any myself 

 Low: 1-5 interventions 

 Medium: 6-50 interventions 

 High: more than 50 interventions 

I. 5 Assistant experience  

 None 

 Low: 1-10 interventions 

 Medium: 11-50 interventions 

 High: more than 50 interventions 
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Block 2: Methodological questions 
Questions in this block are focused on obtaining information on the requirements for a 

MIS assessment environment. 

II.1 According to your own experience, to which experience level must an 

assessment setting be oriented? (Scale: 1 unnecessary – 5 very important) 

Students     __ 

Residents (First years)   __ 

Residents (Last years)   __ 

Experts (LLP)    __ 

II.2 What is, according to your experience, the importance of acquiring the 

following skills? (Scale: 1 non important – 5 very important) 

Haptic perception   __ 

Camera navigation   __ 

Hand eye coordination  __ 

Knotting and suturing  __ 

Visual-spatial perception  __ 

Bi-manual coordination  __ 

Grasping and pulling  __ 

Cutting and dissection  __ 

II.3 Grade the relative importance of these training and assessment scenarios 

(Scale: 1 non important – 5 very important) 

Box trainer/basic tasks     __ 

VR simulators/basic tasks     __ 

VR simulator/procedures     __ 

OR/live animals      __ 

OR/real patients      __ 

II.4 At what detail level should trainees be assessed? Mark with an x the chosen 

answer. 

High: based on an exercise performance    __ 

Low: based on performance for each subtask/phase/manoeuvre  __ 

Both        __ 
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Write in the following space any comments/suggestions regarding this block of the 

questionnaire. 

_____________________________________________________________________________________

_____________________________________________________________________________________ 

Block 3: Assessment metrics 
The purpose of the following block of questions is to learn more about the interest and 

importance of different metrics for MIS psychomotor assessment of skills.  

Instrument position and trajectory 
III.1 Imagine that during an abdominal intervention you wish to carry the 

laparoscopic instrument from point A to B (as shown in the figures). Which 

figure describes best the path covered for said movement?  

 

 (a) 

 (b) 

 (c) 

  Other (draw in the figure below): 

 

Explain your choice: 

______________________________________________________________________________________

______________________________________________________________________________________ 
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III.2 Grade according to their importance the following efficiency metrics (Scale: 1 

non important – 5 very important) 

METRIC GRADE 

Total path length covered by the instrument  

Path deviation with respect to the optimal trajectory  

Economy of movements: number of movements performed in a determined period of time  

Depth perception of the distance between instruments and organs  

Camera depth movements (wide/open vs. reduced/closed field of view)  

Tool/tissue force interactions  

Time 
III.3 Is there, according to your opinion, a direct relationship between the time 

taken to complete a surgical task and surgical competence?  

 Yes  No 

Explain your choice: 

______________________________________________________________________________

______________________________________________________________________________ 

III.4 Grade according to their importance the following efficiency metrics (Scale: 1 

non important – 5 very important) 

METRIC GRADE 

Total time to complete a task  

Partial time taken to complete each phase of a task  

Idle time: total time the instrument remains still  
(denotes indecision on behalf of the surgeon) 

 

Speed of movements 
III.5 Imagine you wish to touch an organ’s surface with your laparoscopic 

instrument. Consider your speed of movements: 

Do you believe an expert will approach the target faster than a novice? 

 Yes  No 

Do you believe an expert will reduce its approach speed to reduce jerkiness 

when near the target? 

 Yes  No
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Explain your choice: 

______________________________________________________________________________

______________________________________________________________________________

III.6 Grade according to their importance the following efficiency metrics (Scale: 1 

non important – 5 very important) 

METRIC GRADE 

Speed (average, instantaneous) of the laparoscopic instrument  

Changes of speed during the task (average, instantaneous acceleration)  

Jerkiness and motion smoothness  
 

III.7 Explain which speed-related aspects you find more relevant in the assessment 

of MIS competence 

 ______________________________________________________________________________

______________________________________________________________________________  

Other metrics 
III. 8 Grade according to their importance the following quality metrics (Scale: 1 non 

important – 5 very important) 

METRIC GRADE 

End-result analysis of the task (final score, errors)  

Sequence of actions (e.g.: steps taken in an intervention)  

Number of repetitions necessary to perform an action  

Instrument presence in the endoscope’s field of view  

Idle states: number of times the instrument remains still 
 (denotes indecision on behalf of the surgeon) 

 

 

Write in the following space any comments/suggestions regarding this block of the 

questionnaire. 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 

Thank you very much for your collaboration. 
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Face validation questionnaire 

 

 

 

“He has a right to criticize, who has a heart to help.” 

Abraham Lincoln, 1809-1865 
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Task 1:    TrEndo file:    Video file: 

Task 2:    TrEndo file:    Video file: 

Task 3:    TrEndo file:    Video file: 

_______________________________________________________________________ 

Thank you for your participation in this study. We would ask of you now five minutes 

of your time to answer the following questions regarding your experience and the 

tasks you have just performed. 

Demographic questions 
1. Age: _________ 

 

2. Gender: 

 

a. M  b. F  

 

3. Current Specialty: _____________________________ 

 

4. Laparoscopic Experience (number of interventions): 

 

a. None    

b. 1-10    

c. 11-100  

d. +100   

 

5. Assistant Experience (number of interventions): 

 

a. None    

b. 1-10    

c. 11-100  

d. +100   
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Task Validation Questions 
For each of the tasks performed, grade the following aspects from: 

LOW  1 2 3 4 5  HIGH 

 Also, space is given for any comments or suggestions. 

 Grasp and Place Coordinated Pulling Grasp and Transfer 

 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Perceived usefulness                

Design                

Difficulty                

Overall grade                

 

Comments on any task: 

___________________________________________________________________

___________________________________________________________________

___________________________________________________________________

___________________________________________________________________ 

Final Considerations 
1. Do you consider the choice of tasks as representative of the basic skills required 

for laparoscopic surgery? 

 

a. Yes  b. No  

 

2. Use the following space for any other comment or suggestion related to the 

study just performed. 

_________________________________________________________________

_________________________________________________________________

_________________________________________________________________

_________________________________________________________________

_________________________________________________________________ 

 

Thank you very much for your collaboration! 
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Construct validation results 

 

 

 

“If you tell people where to go, but not how to get there,  

you’ll be amazed at the results.” 

George S. Patton, 1885-1945 
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Construct validation: Experience + Academic 

 
GP                        CP                        GT 

  

  

  

GP                        CP                        GT GP                        CP                        GT 

Figure 44. Construct validation: “Experience+Academic” (1): T, IT, PL, D 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 45. Construct validation: “Experience+Academic” (2): S, Sx, Sy, Sz 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 46. Construct validation: “Experience+Academic” (3): A, MS, SU, MV 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 47. Construct validation: “Experience+Academic” (4): AA, AV, EOA, EOV 

Left column: dominant hand, right column: non-dominant hand 
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Construct validation: Academic 

 
GP                        CP                        GT 

  

  

  

GP                        CP                        GT GP                        CP                        GT 

Figure 48. Construct validation: “Academic” (1): T, IT, PL, D 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 49. Construct validation: “Academic” (2): S, Sx, Sy, Sz 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 50. Construct validation: “Academic” (3): A, MS, SU, MV 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 51. Construct validation: “Academic” (4): AA, AV, EOA, EOV 

Left column: dominant hand, right column: non-dominant hand 
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Construct validation: Experience 

 
GP                        CP                        GT 

  

  

  

GP                        CP                        GT GP                        CP                        GT 

Figure 52. Construct validation: “Experience” (1): T, IT, PL, D 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 53. Construct validation: “Experience” (2): S, Sx, Sy, Sz 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 54. Construct validation: “Experience” (3): A, MS, SU, MV 

Left column: dominant hand, right column: non-dominant hand 
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GP                        CP                        GT GP                        CP                        GT 

Figure 55. Construct validation: “Experience” (4): AA, AV, EOA, EOV 

Left column: dominant hand, right column: non-dominant hand 
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Glossary of acronyms 
Acronym Definition First chapter appearance 

ABSITE American Board of Surgery in Training Exam Chapter I 

ACS American College of Surgeons Chapter I 

ANFIS Adaptive neuro fuzzy inference system Chapter VI 

AR Augmented reality Chapter III 

BST Basic Surgical Training Chapter I 

BT Box trainer Chapter III 

CAS Computer aided surgery Chapter VII 

CP Coordinated Pulling assessment task Chapter IV 

CPD Continuous Professional Development Chapter I 

D Dominant hand Chapter IV 

DoF Degree of freedom Chapter I 

E Expert Chapter IV 

Ex Experienced user Chapter IV 

EBS European Board of Surgery Chapter I 

ETSIT-UPM Escuela Técnica Superior de Ingenieros de Telecomunicación Chapter I 

EVA Endoscopic Video Analysis Chapter IV 

EU European Union Chapter I 

FLS Fundamentals of Laparoscopic Surgery Chapter I 

FRCS Fellowship of the Royal College of Surgeons Chapter I 

GBT 
Bioengineering and Telemedicine Centre  
[Grupo de Bioingeniería y Telemedicina] 

Chapter I 

GOALS Global Operative Assessment of Laparoscopic Skills Chapter I 

GP Grasp and Place assessment task Chapter IV 

GT Grasp and Transfer assessment task Chapter IV 

HMM Hidden Markov model Chapter III 

HMT Human motion tracking Chapter I 

HST Higher Surgical Training Chapter I 

IBV 
Biomechanics Institute of Valencia  
[Instituto de Biomecánica de Valencia] 

Chapter V 

ICT Information and communications technology Chapter I 

IVGS Image and video guided surgery Chapter I 

ITER In Training Evaluation Reports Chapter I 

JUMISC 
Jesús Usón Minimally Invasive Surgery Centre [Centro de Cirugía de 
Mínima Invasión Jesús Usón] 

Chapter I 

KMAP 

PL 
D 
S 
A 
MS 

Kinetic motion analysis parameter 

Path length 
Depth 
Average speed 
Average acceleration 
Motion smoothness 

Chapter IV 

LDA Linear discriminant analysis Chapter III 

LESS Laparoendoscopic single site Chapter I 

LLP Life-long learning programme Chapter IV 

LOOCV Leave one out cross validation Chapter VI 

LUMC 
Leiden University Medical Centre  
[Leids Universitair Medisch Centrum] 

Chapter III 
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MAP Motion analysis parameter Chapter I 

MIS Minimally invasive surgery Chapter I 

MISIT Minimally Invasive Surgery and Interventional Techniques group Chapter IV 

MM Markov model Chapter III 

MR Mixed reality Chapter VII 

MRCS Membership of the Royal College of Surgeons Chapter I 

N Novice Chapter IV 

ND Non-dominant hand Chapter IV 

NEx Non experienced user Chapter IV 

NOTES Natural orifice translumenal endoscopic surgery Chapter I 

NS “Not skilled” classifier category Chapter VI 

OSATS Objective Structured Assessment of Technical Skills Chapter I 

OSCE Objective Structured Clinical Examination Chapter I 

OR Operating room Chapter I 

PCA Principal component analysis Chapter VI 

R Resident Chapter IV 

RH Resident with high experience Chapter IV 

RL Resident with low experience Chapter IV 

S “Skilled” classifier category Chapter VI 

SAGES Society of American Gastrointestinal and Endoscopic Surgeons Chapter I 

SMAP 

SU 
MV 
AA 
AV 
EOA 
EOV 

Spatial motion analysis parameter 

Maximum covered surface 
Maximum volume 
Angular area 
Angular volume 
Economy of area 
Economy of volume 

Chapter IV 

SPM Surgical Process Modelling Chapter I 

SVM Support vector machine Chapter III 

TDC Task difficulty consideration Chapter IV 

TMAP 
T 
IT 
ST 

Temporal motion analysis parameter 
Time 
Idle time 
Search time 

Chapter IV 
 
Chapter V 

TrEndo Tr-Tracking; Endo-Endoscopy Chapter III 

TUDELFT Delft University of Technology [Technische Universiteit Delft] Chapter IV 

UPM Universidad Politécnica de Madrid Chapter I 

VR Virtual reality Chapter I 
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“Where are we, dad?” 

“This is the place that you all made together so that you could find one another. The 

most important part of your life was the time that you spent with these people. That's 

why all of you are here. Nobody does it alone, Jack. You needed all of them and they 

needed you.” 

“For what?” 

“ To remember and let go.” 

“Kate. She said we were leaving.” 

“Not leaving, no. Moving on.” 

“Where are we going?” 

“Let's go find out.” 

 

Jack and Christian Shepard, Lost, #618 The End, ABC, 2010 

 

 

 

 

 


