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SUMMARY

SUMMARY	
  
Minimally invasive surgery (MIS) has become in many surgical specialties and procedures the
gold-standard choice due to its efficiency and benefits towards patient safety. However, the
introduction of laparoscopic surgery has led to the need to develop new surgical skills different
to the open surgery, which required a significant learning curve to perform a safe laparoscopic
surgery. Traditional subjective assessment methods of trainee are no longer adequate for
surgical training. Reduced working hours and demands from surgeons and associations mean
that more objective assessment tools that can accredit surgeons as technically competent are
required.
Evidence exists to validate motion analysis for use in laparoscopic technical skills assessment.
They seek to determine aspects that indicate the difference between surgeon's level of surgical
dexterity. Nevertheless, at the moment there is not an extended method to be used with current
available training systems used in training labs as well as in the OR. Therefore, further efforts
are needed on developing cost-effective training and evaluation systems to teach and objectively
assess the next generation of laparoscopic surgeons.
Taking into account the needs discussed above, the purpose of this thesis is to design, develop
and validate three novel motion analysis methods focused on the use of real laparoscopic
instruments during laparoscopic performance in a box trainer setting. These methods are based
on computer vision techniques attempting to not interfere with the surgical practice. They will
be presented in an evolutionary way from methods for exclusive use in a box trainer to solutions
with the potential of being used in actual OR setting.
The first presented method introduced a tracking approach of laparoscopic instruments based on
stereoscopic vision techniques. A stereoscopic camera system was implemented and installed
inside a box trainer, arranged to identify both laparoscopic instruments from two different
angles and capture their motion. Technical validation showed that the laparoscopic instruments
movements could be accurately recorded by the tracking method in a box trainer setting,
providing a reliable source of information. Surgeons reported that the instrument tracking
method does not interrupt the normal use of laparoscopic instruments as well as the performance
of training tasks inside the box trainer.
The second method applied a commercially available optical pose tracker to laparoscopic
practice. This method seeks to address some limitations presented in the previous approach such
as the possibility of using the instrument tracking method in other training settings. Two
approaches for the system design were presented with their corresponding technical validation.
Accuracy results for the tracking method of laparoscopic instruments have been positive for
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being used as a tool for objective assessment of MIS technical skills based on motion analysis.
Usefulness of the presented instrument motion analysis method as an assessment tool has been
evaluated positively by surgeons. Construct validity of a set of assessment metrics related to
instrument motion were confirmed for grasping, cut and suturing tasks in a box trainer setting.
Concurrent validity with regard to parameters scored by GOALS assessment system was
verified for both cut with non-dominant hand and suturing tasks. Feasibility of the presented
instrument motion analysis method for being used inside a OR setting and computing the
motion-related assessment metrics during the dissection and suturing tasks without occlusions
and interruptions of the normal workflow has been proved.
The third approach implemented a video-based tracking method of laparoscopic instruments
based on the endoscopic video as the only source of information. This instrument tracking
method attempted to deal with some of the challenges of the previous approaches such as the
need for a camera system inside the simulator or the use of artificial markers on the laparoscopic
instruments. Additionally, an assistance system to provide visual support contents during the
performance of laparoscopic training tasks was presented. Results have shown the feasibility of
identifying and tracking in real time a laparoscopic scissors during the performance of
laparoscopic training tasks using only the endoscopic video as a source of information. The
tracking system was robust under different conditions of illumination, speed of movements and
position of the instrument, reporting high accuracy regarding the different validation scenarios
in a box trainer setting. Feasibility of embedding multimedia support content in the working
area displayed by the camera has been proved as well as keeping this content stable with regard
to the position initially indicated by the user with a high success rate.
Overall, this PhD corroborates the investigated research hypothesis regarding the use of three
different video-based tracking technologies for motion analysis of laparoscopic instruments, the
use of instrument motion analysis for MIS technical skills assessment and the relationship
between motion-related assessment metrics and quality of technical performance in laparoscopic
training. These presented methods provide a tool for objectively assess MIS technical
performance and a support to train novice surgeons in MIS techniques. The findings of this
thesis encourage us to continue researching in improving these methods to be introduced as part
of an actual laparoscopic training program.
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La cirugía de mínima invasión se ha convertido en la opción de referencia en muchas
especialidades y procedimientos quirúrgicos debido a su eficacia y beneficios para el paciente.
Sin embargo, la introducción de técnicas quirúrgicas como la laparoscopia ha llevado a la
necesidad de desarrollar nuevas destrezas quirúrgicas distintas de la cirugía convencional, lo
cual requiere una importante curva de aprendizaje para poder llevar a cabo procedimientos
quirúrgicos seguros. En este sentido, los métodos subjetivos tradicionales de evaluación no son
adecuados para un entrenamiento quirúrgico eficaz. La reducción en el número de horas de
trabajo, y por tanto de formación, junto con la demanda de los cirujanos y asociaciones, llevan a
la necesidad de desarrollar más herramientas de evaluación objetivas que puedan acreditar a los
cirujanos como técnicamente competentes.
Existen evidencias para considerar el análisis del movimiento una opción válida en la
evaluación de las destrezas técnicas laparoscópicas. Este tipo de métodos de evaluación buscan
determinar aspectos diferenciadores respecto a los niveles de destreza quirúrgica de un cirujano.
Sin embargo, por el momento no existe un método estandarizado para su uso con los sistemas
actuales de entrenamiento quirúrgico, así como en el quirófano. Por consiguiente, es necesario
llevar a cabo más esfuerzos en el desarrollo de sistemas eficaces de entrenamiento y evaluación
que permitan la formación y la evaluación objetiva de las nuevas generaciones de cirujanos
laparoscopistas.
Teniendo en cuenta los requerimientos anteriores, como finalidad de esta tesis se plantea
diseñar, desarrollar y validar tres novedosos sistemas de análisis del uso de instrumental
laparoscópico real para su aplicación durante las primeras fases de formación laparoscópica en
simulador. Estos métodos están basados en técnicas de visión por computador, buscando
interferir lo menos posible en el flujo normal de las actividades formativas. Estas tres soluciones
serán presentadas de un modo evolutivo, desde métodos que únicamente puede ser empleados
en un simulador de entrenamiento laparoscópico, hasta soluciones con el potencial de ser
empleados en un entorno quirúrgico real.
La primera solución presentada muestra un método de seguimiento de instrumental
laparoscópico basado en técnicas de visión estereoscópica. Para ello, un sistema de cámara
estéreo es instalado en el interior de un simulador para poder registrar la posición tridimensional
de los movimientos del la punta de los instrumentos laparoscópicos. Los resultados de las
pruebas de validación muestran que el método de seguimiento de instrumental es capaz de
registrar con precisión los movimientos del instrumental laparoscópico dentro del simulador de
entrenamiento, proporcionando una fuente fiable de información. Po otro lado, los cirujanos
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declararon que el sistema no interrumpe con el uso habitual de los instrumentos laparoscópicos
ni en el desarrollo de las actividades de entrenamiento en el interior del simulador.
El segundo método presentado de seguimiento de instrumental, aplica un dispositivo de
seguimiento óptico comercial a la práctica laparoscópica. Este método afronta algunas de las
limitaciones presentes en el método anterior tales como la posibilidad de ser utilizado en con
otros sistema de entrenamiento laparoscópico. Para el desarrollo de esta nueva solución al
seguimiento de instrumental laparoscópico se presentan dos posibles diseños con sus respectivas
validaciones técnicas. Las pruebas de precisión muestran resultados positivos para el uso de este
método de seguimiento como herramienta para llevar a cabo una evaluación objetiva de las
destrezas técnicas laparoscópicas basadas en el análisis del uso del instrumental. Los cirujanos
valoraron de forma positiva la utilidad del método de seguimiento presentado como herramienta
para llevar a cabo una evaluación objetiva de las destrezas técnicas quirúrgicas. Los resultados
obtenidos confirman la validez constructiva de un conjunto de métricas basadas en el uso del
instrumental laparoscópico durante las tareas de agarre, corte y sutura en simulador. Por otro
lado, las métricas evaluadas muestran validez concurrente durante las tareas de corte con la
mano no dominante y sutura intracorpórea respecto a los resultados obtenidos en los parámetros
evaluados por el método de evaluación previamente validado GOALS. Se ha demostrado la
viabilidad de uso del método de seguimiento de instrumental presentado en un entorno
quirúrgico real para el cálculo de un conjunto de métricas objetivas de evaluación durante la
ejecución de las tareas de disección y sutura intracorpórea, sin mostrar oclusiones e
interrupciones del flujo de trabajo normal.
La tercera solución propuesta presenta un método de seguimiento de instrumental laparoscópico
basado en el análisis de la imagen del vídeo endoscópico como única fuente de información.
Esta solución pretende solventar algunas limitaciones de los dos métodos anteriores tales como
la necesidad de instalar un sistema de cámaras en el interior del simulador o el uso de marcas
artificiales en los instrumentos laparoscópicos. Por otro lado, también se presenta un sistema de
asistencia a la formación que permite insertar contenidos multimedia de apoyo durante la
ejecución de tareas formativas en las primeras fases de entrenamiento laparoscópico. Los
resultados demuestran la viabilidad del método de seguimiento de instrumental para poder
identificar y registrar en tiempo real los movimientos de la punta de una tijera laparoscópica,
haciendo uso del vídeo endoscópico como única fuente de información. Del mismo modo, los
resultados muestran un comportamiento robusto del método de seguimiento bajo diferentes
condiciones de iluminación y velocidad en el uso del instrumental. El método muestra una alta
precisión en la localización de la punta del instrumental en diferentes entornos de validación
dentro del simulador de entrenamiento. Por otro lado, se ha demostrado la viabilidad del sistema
de asistencia a la formación para la inclusión de contenido de apoyo en el área de trabajo
-4-

RESUMEN

mostrado por la cámara endoscópica, así como una alta tasa de éxito para mantener dicho
contenido de un modo estable respecto a la posición inicialmente marcada por el usuario.
En general, esta tesis corrobora las hipótesis investigadas en cuanto al uso de tres tipos de
tecnologías diferentes para el análisis del uso del instrumental laparoscópico, la aplicación del
análisis de los movimientos del instrumental laparoscópico para la evaluación objetiva de
destrezas técnicas quirúrgicas y la relación entre métricas basadas en el uso del instrumental
quirúrgico con la calidad de la ejecución técnica durante la formación laparoscópica. Los
métodos presentados proporcionan varias herramientas para poder llevar a cabo una evaluación
objetiva de las destrezas técnicas quirúrgicas basada en el análisis del uso del instrumental
laparoscópico. Las conclusiones de esta tesis fomentan a seguir investigando en la mejora de
estos métodos de modo que puedan ser empleados en programas formativos en cirugía
laparoscópica.
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I. INTRODUCTION

Minimally invasive surgery is a high demanding surgery concerning technical requirements for
surgeons, which must be trained in order to perform safe surgical interventions. Traditional
surgical education in minimally invasive surgery is commonly based on subjective criteria to
quantify and evaluate surgical abilities, which could be imprecise and lead to the incorrect
accreditation of the surgeon's skills. Surgical associations, surgeons and authors are increasingly
demanding the development of more objective assessment methods and tools that can accredit
surgeons as technically competent. This chapter presents the foundations of this PhD as well as
the justification of the research and the aim of this thesis.
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I.1.	
  Essentials	
  of	
  laparoscopic	
  surgery	
  
The term minimally invasive surgery (MIS) was introduced by John Wickman to describe the
emerging therapeutic approach designed to minimise the traumatic offense to the patient by
surgical allied interventional procedures (Cuschieri, 2005). MIS can be applied to the abdomen
(laparoscopy), chest (thorascopy), joints (arthroscopy), gastrointestinal tract (coloscopy), uterus
(hysteroscopy), and blood vessels (angioscopy). As we are mainly concerned with the
abdominal applications of the technique, most of the material presented in this thesis pertains to
laparoscopy.

Figure 1. Operating room and surgical team during a laparoscopic intervention.

In laparoscopy, a workspace inside the patient and visualization of the abdominal cavity is
possible due to the pneumoperitoneum generated by infusing CO2 gas through an inserted
needle, which provides surgeon space to perform the surgical procedure. This surgical
procedure is performed through small incisions on the patient's abdomen where a laparoscope is
inserted throw one of these access ports to provide the images from the surgical field (Figure 1
and Figure 2) (Uson et al., 2013). This kind of surgery tries to reduce the invasiveness for the
patient, providing them with several benefits such as reduction of tissue trauma and postoperative pain (Cordera et al., 2003), better aesthetic results (Seitz et al., 2008), and less postoperative periods (Delaney et al., 2008) with a consequent reduction of the healthcare costs.
These benefits have made these surgical techniques the focus of attention and the choice in
many surgical procedures, which were usually performed by open surgery.
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Figure 2. Surgeons observing an endoscopic image during a MIS intervention.

Additionally, in recent years the growing trend towards reduction of traumatic damage to the
patients and reduction of the invasiveness of surgical interventions, which seeks to decrease the
postoperative pain, visible scarring and complications such as wound infection, has led to the
development of new MIS techniques including Laparo-Endoscopic Single-Site Surgery (LESS)
and Natural Orifice Translumenal Endoscopic Surgery (NOTES) (Díaz-Güemes et al., 2013;
Sánchez-Margallo FM et al., 2012).	
  

I.2.	
  Psychomotor	
  challenges	
  
The evolution from open surgery to MIS requires learning and training new skills, surgical
manoeuvres (Usón et al., 2013), and the way to use a new set of surgical tools (SánchezMargallo FM et al., 2010a). Surgical experience acquired for open surgery need not be related to
the laparoscopic performance (Figert et al., 2001). During the early years, the popularity of
laparoscopic surgery led to an alarming increase in medical errors in common open 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 specific skills needed in MIS.
Laparoscopy requires surgeons to perform tasks following two-dimensional video images of the
operative field from the laparoscope in which only the distal part of the laparoscopic
instruments are visible (Figure 2). This leads to some psychomotor challenges such as loss of
depth perception and 2D interpretation of 3D structures. Besides, laparoscopic instruments
are longer than traditional instruments, and consequently the surgeon’s hands are far from the
working ends of the instruments, which can cause hand tremors after long periods of use.
Surgeons have to relearn the skills of physical manipulation in order to deal with the loss of the
sense of touch and the reduced degrees of freedom (DoF) of laparoscopic instruments.
Movements are reduced from 6 DoF in open surgery to 4 DoF in laparoscopic procedures
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(Figure 3). In addition, during the performance of this surgical technique appears the fulcrum
effect, in which directional movements of the surgeon’s hand result in contrary deflections of
the working end of the laparoscopic instrument, creating a disparity between visual and real
feedback.

Figure 3. The four degree of freedom in the use of laparoscopic instruments.

The aforementioned limitations together with the unergonomic design of laparoscopic
instruments entail also some ergonomic problems for the surgeon (Pérez-Duarte et al., 2013;
Sánchez-Margallo FM et al., 2010a). In conclusion, laparoscopic surgery is a technically
demanding discipline, which imposes significant psychomotor challenges on surgeons (Table
1), which have to be trained, assessed and certified (van Hove et al., 2010; Pellen et al., 2009;
Aggarwal and Darzi, 2006; Sokollik et al., 2004).
Table 1. Summary of the psychomotor challenges in laparoscopic surgery.
Challenges

Implications for surgeons

Loss of stereoscopic vision

Two-dimensional screen interpretation of three-dimensional structures

Loss of depth perception
clues

Reduction of shadows and light, tissue deformation, angulation and motion
parallax

Diminished tactile feedback

Impaired judgment of forces applied or tissue consistency

Movements restricted

Reduced to four degrees of freedom versus seven in open surgery

Ergonomic considerations

Operator discomfort and fatigue, cumbersome elongated instruments

Fulcrum effect

Pivotal effect of body wall creating inversed movements

Enhanced tremor

Fine dexterity tasks more challenging

Orientation and safety

Reduced visual field on screen and new anatomical viewpoint
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I.3.	
  Skills	
  to	
  be	
  a	
  proficient	
  surgeon	
  
There are three main qualities in the development of a surgeon as competent in laparoscopic
surgery; these are cognitive skills, technical skills, and surgical judgment (van Hove et al., 2010;
Doyle et al., 2007; Dankelman et al., 2005; Miller et al., 1990; Bloom et al., 1956) (Figure 4).
The cognitive skills are the theoretical background required to perform a surgery. Technical
skills consist of manual and technical abilities required in the OR in order to apply the previous
knowledge. Finally, a competent surgeon must be able to apply his good criteria and knowledge
when facing the different events that may occur in the OR. These skills are known as surgical
judgement, which are the most difficult to acquire due to they are developed almost exclusively
through experience and acquired knowledge. Although a competent surgeon possesses
knowledge, judgement, decisiveness, and professionalism, proficiency in technical skills seems
to be fundamental to perform surgery safety (Feldman et al., 2004). To guarantee safe use of
laparoscopic instruments with difficult handling, in a limited working area, and with limited
tactile perception, training of the operative skills is crucial.

Technical	
  skills
Abilities

Cognitive	
  
skills

Psychomotor	
  
competencies

Judgment
Attitudes

Knowledge

The	
  application	
  of	
  
knowledge

What	
  to	
  do

Surgeon’s	
  
proficiency

Figure 4. Abilities that take part of the surgeon’s proficiency. These are cognitive and technical skills and
surgical judgement.
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I.4.	
  Evolution	
  of	
  surgical	
  education	
  
I.4.1.	
  Traditional	
  surgical	
  learning	
  
Since the beginning of the 20th Century, traditional surgical education in MIS has followed the
William Halsted’s paradigm, who proposed an intensive training programme based on the
axiom “see one, do one, teach one” (Halsted, 1904). This learning method is based on
subjective criteria, where the teaching process relies mainly on a mentor-apprentice relationship,
and more importantly, takes place in the OR with real patients.
During a traditional learning programme, an experienced surgeon, who observes the evolution
of the trainee, makes the evaluation of his surgical skills. The assessment is usually performed
by means of general reports fulfilled by the supervisor, such as the In Training Evaluation
Reports (ITER) (Sidhu et al., 2004). Then, trainees are allowed to contribute to the surgical
intervention under the supervision of an experienced surgeon (EAES, 1994; Reznick, 1993;
Halsted, 1904). However, throughout this training methodology technical skills cannot be
precisely assessed and it could be affected by bias (Fried and Feldman, 2008; Smith et al.,
2001). Consequently, this subjective method to quantify and evaluate surgical abilities could
be potentially unsafe for the patient (Fried and Feldman, 2008; Aggarwal et al., 2007;
Verdaasdonk et al., 2007). For this reason, authors, surgeons and associations (e.g., Acreditation
Council for Graduate Medical Education) are increasingly demanding the development of more
objective assessment tools that can accredit surgeons as technically competent (van Hove et al.,
2010; Roberts et al., 2006; Ritchie, 2004; Park and Witzke, 2002; Darzi et al., 1999; Satava,
1999). Nevertheless, nowadays there is not a universally extended or recommended system to
be used as an objective evaluation tool of technical skills in laparoscopic surgery (van Hove et
al., 2010; Cuschieri, 2005).

I.4.2.	
  New	
  surgical	
  learning	
  approaches	
  
The first time a surgeon faces the psychomotor challenges in MIS (Table 1) it should not be on a
living patient, and it seems reasonable that as much skill acquisition as possible should be
moved into training settings where mistakes do not compromise patient safety (Park and Lee,
2011). Animal models and human cadavers provide excellent training opportunities for this
aim despite their high cost. Human cadavers offer accurate anatomy for learning MIS skills
(Sánchez-Margallo FM et al., 2010b). However, problems with conserving the tissue and lack of
bleeding in the case of damaging tissues and vessels are the main reason for using in many cases
live animal models instead of human cadavers. Few places, however, have animal housing to
make animal model as a regular part of a training curriculum. In addition to this, there are
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ethical considerations in regard to acquiring surgical skills by using live animals and in Europe
there is an increase in restrictive laws on the use of experimental animal models.
The aforementioned shortcomings of training on patients, animals, and human cadavers have led
to a growing interest in laboratories with formal curricula, specially designed to teach technical
skills during the earlier stages of training in laparoscopic surgery. With this new model of
surgical education, basic surgical skills are learned and practiced on inanimate models and
simulators, with the aim of better preparing trainees for the operating room experience and
away from the clinical responsibility of putting a patient at risk. The use of surgical simulators
for proficiency-based training programs are a suitable solution as a paradigm shift in this
kind of surgical education models (Gallagher et al., 2005). There is evidence that surgical skills
level can affect clinical outcomes, and more effective surgical training and evaluation could
have a significant impact on health care (Reznick and MacRae, 2006).
Nowadays, there are several training platforms (either academic prototypes or commercial
products) that make acquisition of these new cognitive and psychomotor skills easier. Surgical
simulators have made great advances for learning surgical skills. Several studies have reported
the increasing of a surgeon’s surgical abilities training with a surgical simulator (Stelzer et al.,
2009; Sturm et al., 2008). They provide different surgical scenarios and software to assess
surgical practice (Oropesa et al., 2011a), and therefore they are the opportunity to move the
learning curves out of the operating room.
Broadly, simulators can be classified into virtual reality simulators, box trainers (physical
simulators) and hybrid simulators. At the moment, the realism of the haptic sense as well as
surgical scenarios in virtual simulators is still insufficient. Besides, these simulators are not
always affordable for all surgical training centres or hospitals. Realistic force and tactile
feedback are fundamental parts for successful laparoscopic training and result in improved
skills practice transfer to residents (Botdem and Jakimowicz, 2009), particularly compared to
training without haptic feedback (Sándor et al., 2010). Surgeons consider box trainers suitable
training aid for practising surgical skills outside the operating room (Stylopoulos et al., 2003).
They are a very economically reasonable way to train fundamental surgical tasks and
procedures with a completely real haptic sensation (Enciso et al., 2012; Sánchez-Margallo FM
et al., 2009a; Fried GM, 2008). Nevertheless, current available training systems lack of a
standardized assessment methodology, having into account that standardization is a key
characteristic of all successful examinations and educational aids.
In order to carry out an adequate performance of laparoscopic surgery it is important to progress
from the basic principles to advances skills through its steep learning curve (Usón et al., 2013).
The sequential training model follow by the Jesús Usón Minimally Invasive Surgery Centre
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(JUMISC) is an example of a training program structured in four levels, in which gradually the
trainee progresses from basic to advanced training (Figure 5). (L1) At the first level surgeon
learn basic and advanced surgical skills using surgical simulators and inanimate models; (L2)
then, they learn anatomical protocols and advanced surgical procedures on animal models; (L3)
During the third level training of advanced procedural skills are combined with the use of
Information and Communication Technologies (ICT) support; (L4) and finally at the last level,
surgeons are ready to apply all the knowledge and surgical skills to the practice in the OR.
Accreditation at each training level should be achieved before moving on to the next level
(Satava et al., 2003; Park and Witzke, 2002). However, there is a general lack of consensus on
the criteria that should officially define the tasks, metrics and assessment methods to employ.

Figure 5. JUMISC’s sequential training model of MIS techniques. This model is stratified in four levels:
training in surgical simulators and inanimate models, training in animal models, training of advance
surgical skills with the support of ICT, and finally application of the acquired knowledge and skills in a
real clinical setting.
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I.5.	
  Objective	
  assessment	
  methods	
  
I.5.1.	
  Structured	
  rating	
  systems	
  for	
  objective	
  evaluation	
  
I.5.1.1.	
  Rating	
  scales	
  
Several methods have been proposed to deal with the lack of standardized objective assessment
tools of surgical skills, most of them based on structured grading (Chipman and Schmitz,
2009; Doyle et al., 2007; Vassiliou et al., 2005). These methods attempt to standardize
evaluation through rated checklists on an inanimate benchtop model. One of the most generic
type is the Global Rating System (GRS) (Doyle et al., 2007; Larson et al., 2005), which is a
nonblinded evaluation method consisting of a number of items as general markers of technical
skills that could be applied to a wide variety of procedures, but not for specific tasks. This
method has some drawbacks such as the need of an instructed examiner during the evaluation
procedure and, due to its nonblinded approach, it is potentially affected by bias. Video
assessment methods using GRS provide a more objective blinded rating process and with the
same scoring criteria as live rating systems (Driscoll et al., 2008; Adrales et al., 2004). The
Operative Component Rating Scale (OCRS) is another video assessment method based on an
operation-specific rating form. The assessment of a surgical procedure is performed with respect
to technical skills on a five-point rating scale. However, also a group of experienced surgeons is
needed to define the procedural component to be assessed and to rate the recorded videos (Dath
et al., 2004).
The Objective Structured Clinical Examination (OSCE) was described by Harden et al.
(Harden et al., 1975) in order to avoid many of disadvantages associated with traditional
examination of clinical competence. A typical OSCE consists of a series of stations through
which trainees rotate. At each station the trainee is asked to perform a specific evaluation task,
which is assessed by an experienced surgeon using checklists or global rating scales. This
method is mainly focused on the assessment of procedural knowledge and attitude of the trainee
towards the patient, but without a specific part for technical skills assessment (Sidhu et al.,
2004).
The Objective Structured Assessment of Technical Skills (OSATS) was developed
following the success of the OSCE method in assessing surgical competences (Reznick et al.,
1997; Martin et al., 1997). This is a performance-based assessment of technical skills, in which
trainees perform a series of time-limited surgical tasks at each station (Chipman and Schmitz,
2009). It was one of the first objective assessment methods of technical skills. It involves the
use of two scoring systems: a task-specific checklist score and a global rating scale of overall
performance. Although OSATS was first validated for being use with a benchtop model, it also
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can be applied to physical laparoscopic simulators (Broe et al., 2006) and in the operating
theatre (Aggarwal et al., 2007; Larsen et al., 2008).
A more specific version of OSATS method is the Global Operative Assessment of
Laparoscopic Skills (GOALS), which was developed by Vassiliou et al. (Vassiliou et al.,
2005) to provide a method based on a global rating system for evaluation of operative
performance during a laparoscopic procedure (Sroka et al., 2010). This assessment tool rates
five performance-based domains such as depth perception, bimanual dexterity, efficiency, tissue
handling, and autonomy. Chang et al. (Chang et al., 2007) used GOALS as assessment tool for
surgeons and residents using an intraoperative-recorded videotape of the laparoscopic procedure
and a blinded review.
These objective assessment methods however have some drawbacks such as the high resources
required, the subjectivity issues of human observers, the possible ambiguity of their scores, and
the need of the presence of an experienced supervisor, which drives the necessity to develop
more automated evaluation systems.
I.5.1.2.	
  Assessment	
  programmes	
  
In the late 1990s, the Society of American Gastrointestinal Endoscopic Surgeons (SAGES)
began development of the Fundamentals of Laparoscopic Surgery (FLS), a comprehensive
program designed to teach the cognitive and psychomotor skills in laparoscopic surgery
(Edelman et al., 2010; Mashaud et al., 2010; Sroka et al., 2010; Derossis et al., 1998).
Nowadays is one of the most extended objective scoring systems for evaluation of surgical
skills. This program consists of web-based study guides and hands-on manual skills practice and
training (Figure 6 and Figure 7). The assessment of the cognitive component is a timed
multiple-choice exam performed via computer. It tests the understanding and application of the
basic fundamentals of laparoscopy with emphasis on clinical judgment or intraoperative
decision-making. The manual skills assessment is based on the McGill Inanimate System for
Training and Evaluation of Laparoscopic Skills (MISTELS) (Vassiliou et al., 2006; Fraser
et al., 2003), which is a series of five simulation tasks with an objective scoring system based on
proficiency-based criteria set by expert performance. The tasks used for laparoscopic skill
evaluation are peg transfer, pattern cutting, placement of a ligating loop, and intracorporeal and
extracorporeal knot tying (Figure 7). This system assesses each individual task using time and
accuracy (number of errors) as evaluation parameters. After the FLS program was implemented,
several studies examined its feasibility, reliability and validity, and demonstrated that the
program did have advantages in laparoscopic training (Sroka et al., 2010; McCluney et al.,
2007).
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Figure 6. FLS Online didactic platform. (Source: www.flsprogram.org)

Figure 7. The five FLS simulator tasks: (1) Peg transfer, (2) pattern cutting, (3) ligating loop, (4)
extracorporeal suture, (5) intracorporeal suture. (Source: www.sages.org)

The great success of FLS has led to it being implemented in the USA and Canada. The Royal
Australian College of Surgeons has also incorporated FLS into its training programs for all
surgical residents (Soper and Fried, 2008). The need to take a box trainer-based exam at a
specialized test centre demonstrates the major disadvantage of this system as well as the
measurement of performance and objective evaluation metrics, which require an independent
evaluator.
In Europe, the European Association for Endoscopic Surgery (EAES) developed the
Laparoscopic Surgical Skills programme (LSS), which is a programme that offers a standard
for comprehensive assessment for training and education in laparoscopic surgery within a multilevel curriculum (Buzink et al., 2012). This curriculum is focused on training and assessment of
basic laparoscopic skills and fundamental laparoscopic procedures as well as specific advanced
laparoscopic procedures. Within each level, the LSS assessment comprises a sequence of tests
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to evaluate the surgeon’s proficiency in cognitive skills, surgical technical skills and judgement
(Figure 8).

Figure 8. Sequence of LSS assessments that have to be passed in order to receive the LSS diploma for a
specific level.

With a web-based knowledge test, adequate acquaintance of the theory presented in the course
regarding procedures, techniques, instrumentation and ergonomics is tested. Passing this exam
is a requirement to be admitted to the simulator assessment and scenario-based assessment.
Simulator assessment certifies that participants have achieved a sufficient level of
psychomotor and technical surgical skills to start performing the specific index procedures in
the clinical setting under the supervision of an acknowledged trainer. Scenario-based
assessment is conducted to assess the knowledge and judgment skills with regard to the index
procedures. This assessment consists of an a web-based exam with real clinical situations. After
successful completion of the simulator assessment and scenario-based assessment, evidence for
sufficient expertise in supervised clinical procedures is required. Each LSS level is therefore
concluded by two steps for clinical performance assessment. The Global Assessment Score
forms (Wyles et al., 2011) are used to assess overall workplace performance of the procedures,
after which the Competency Assessment Tool (Miskovic, 2013) is used to analyse the video
recordings.

1.5.2.	
  Instrument	
  motion	
  analysis	
  
In order to investigate surgeons’ laparoscopic technical abilities during surgical interventions, it
seems reasonable to observe carefully the movements of the laparoscopic instruments.
Measuring competence merely by setting time targets for certain procedures could be inaccurate
and insufficient. A fast surgeon is not necessarily a good surgeon. Counting the number of
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procedures performed has also been used as a tool to accredit surgeons, but it does not have to
tell about how well the surgeon operates (Darzi et al., 1999).
Traditional psychology literature suggests that when subjects learn a complex motor task, as
they become more competent at that task, they also become more efficient in the movements
they use to complete it. At the beginning, they may be inaccurate and with uncoordinated
movements; but as they learn and become more competent at the task, they achieve more
efficient, coordinate, and smooth movements (Rosenbaum, 2009). The three-stage theory of
motor skills acquisition has been globally accepted (Sándor et al., 2010). During the first stage
of training, the learner has to understand the task and create a plan to perform it, but this stage
also allows the learner to make errors (cognitive stage). With improved practice, the learner
reaches the integrative stage, when the task is performed more fluently. Finally, in the
autonomous stage, the learner no longer needs to think about how to execute the task and can
therefore concentrate exclusively on the actual task (Reznik, 1993).
Instrument motion analysis has been used successfully in several studies to address the
assessment of surgeon’s psychomotor skills (Oropesa et al., 2013a; Climent and Hexsel, 2012;
Pagador et al., 2012; Chmarra et al., 2010; Datta et al., 2007). Motion analysis can typically be
performed both in VR simulators and in real-life training (box trainers/OR). Systems for the
latter case are cheaper assessment alternatives, enabling natural feedback. Assessment
methods based on instrument motion analysis can be used in a wide range of surgical and
training settings from box trainers to the OR. Therefore, the range of laparoscopic surgical tasks
in which these assessment tools can be used is extensive.
Motion analysis of surgical instruments requires track, record, and evaluate this motion
information. To develop a complete objective assessment method for surgical technical skills
based on instrument motion analysis four fundamental phases should be achieved (Figure 9):
1. To describe the tasks and metrics to quantify the surgeon’s technical skills.
2. To define and implement a method to record these metrics (tracking method).
3. To develop an evaluation method based on the recorded metrics that can identify the
surgeon's level of surgical dexterity.
4. To validate the method and its reliability as a surgical assessment tool.
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Figure 9. Main phases to achieve an objective assessment method of technical skills based on motion
analysis of surgical instruments.

The need to track laparoscopic instrument results from the significant learning curve required
performing safe laparoscopic techniques, and the need to provide an objective assessment of the
surgeon's technical skills. Computational analysis of instrument motion offers the potential to
assess technical skills more objectively and cost effectively than structured human grading,
complementing its results. This provides objective criteria, in which students can reassess and
correct their technical performance as necessary.
A number of important aspects are considered when designing a motion analysis method of
laparoscopic instruments. Some of the most important are to ensure that it provides trainee with
force and visual feedback. In a clinical context, these two aspects cannot be separated. One of
the main reasons is because, despite the limited force feedback in laparoscopic surgery,
surgeons learn to interpret visual information in order to supplement the sense of force. Other
important issues to have in mind are portability and system accuracy. These methods should
be used in different training settings, considering that there are as many as three environments in
which surgical motion analysis may occur: in a virtual reality trainer, box trainer, or in the
operating room. Finally, system accuracy is essential when performing the instrument tracking,
as it is the basic information to compute the motion-related assessment metrics.
Different technologies have been applied to develop motion analysis methods of laparoscopic
instruments for objective assessment such as mechanical (Gunther et al., 2007), acoustic
(Sokollik et al., 2004), infrared (Estebanez et al., 2011a), electromagnetic (Pagador et al., 2012),
sensor-based (Chmarra et al., 2010), and video-based technologies (Oropesa et al., 2013a). A

- 20 -

Chapter I
Introduction

laparoscopic instrument motion analysis should seek to minimize its size and be as nonobstructive as possible, as external wires and nonsurgical equipment in the operating room
could affect surgeons’ performance and hinder their natural movements.
Since medical education extends over the lifetime of the surgeon an evaluation method of
technical skills, if reliable and valid, could be used as a tool in monitoring of the resident’s
progress and regular certification. A standardized assessment of technical skills would be
helpful as a feedback tool for trainees, allowing them to identify their technical skills’ deficits
earlier.

I.5.3.	
  A	
  good	
  assessment	
  tool	
  
Prior to implementation of a new assessment tool in a training curriculum, feasibility, validity
and reliability of this tool should be determined (Aggarwal et al., 2007; McDougall, 2007).
The feasibility term measures whether the assessment process is capable of being done by the
tool being tested. The reliability quality verifies whether the information provided by the
assessment tool is reliable and accurate enough. Finally, the validity of an assessment tool
verifies that it measures what it intends to measure (Aggarwal et al., 2007; McDougall, 2007;
Gallagher et al., 2003).
There are a variety of aspects to validity, which can be broadly classified into subjective (face,
content) and objective (construct, concurrent, predictive). Face validity determines the realism
of the assessment tool, the extent to which it resembles real life situations and whether it is
considered useful for assessment. Content validity reviews whether the contents used in the
assessment cover correctly the skills the system attempts to measure. Construct validity
indicates whether the assessment tool is able to discriminate between various levels of expertise.
Construct validity is a mandatory step in determining the validity of an assessment tool to verify
the hypothesis that a higher surgical trainee will consistently perform better than a less
experienced trainee. This validation test is usually done by measuring through the assessment
method performance in two or more groups that are hypothesized to differ in the surgical skills
to be assessed (e.g., experts surgeons and novices). In discriminative validity the test scores on
the assessment tool under validation and the scores achieved on another instrument purposing to
measure the same concept are related. If validation is performed close in time or simultaneously
over the same data, it is known as concurrent validity. Additionally, if the instrument against it
is being validated can be considered a gold standard this validity is known as criterion validity.
Predictive validity is defined as the extent to which the scores on the assessment tool predict
actual performance.
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I.6.	
  Problem	
  statement	
  and	
  aim	
  of	
  this	
  thesis	
  
The presented PhD work is conducted under the research line “Advanced systems for surgical
training” of the Jesús Usón Minimally Invasive Surgery Centre (JUMISC) in Cáceres,
Spain. The main objective of this research line is to design and develop collaborative platforms,
training and assessment devices and other technologies in order to improve both the training
process and surgical skills acquisition.
Work of this research line is performed in close collaboration with the Robotics and Artificial
Vision Laboratory (ROBOLAB) at the Escuela Politécnica, Universidad de Extremadura
(Cáceres, Spain) and the Bioengineering and Telemedicine Centre (GBT) at the Escuela
Técnica Superior de Ingenieros de Telecomunicación (ETSI), Universidad Politécnica de
Madrid (Madrid, Spain). ROBOLAB is a laboratory devoted to conducting research in
Intelligent Mobile Robotics and Computer Vision techniques. GBT aims to teach and research
on the application of telecommunications technology and multimedia in the field of
telemedicine and medical imaging.
The first step to develop a surgical training program is clearly to identify the educational
outcomes and objectives. Through assessment tools, training programs should determine how
well their trainees are achieving these objectives (Sidhu et al., 2004). The research under this
PhD is focused on the design, development and validation of novel motion analysis methods
for laparoscopic instruments as tools for surgical technical skills assessment.
Laparoscopic surgery requires new technical skills for the surgeon, which must be trained and
assessed in order to become a proficient surgeon, enabling to perform safe surgical
interventions. Traditional subjective assessment methods of trainee are no longer adequate
for surgical training (van Hove et al., 2010; Fried and Feldman, 2008; Darzi et al., 1999).
Reduced working hours (Pearsons et al., 2011) and demands form surgeons and associations
(Roberts et al., 2006; Ritchie, 2004; Smith, 1998) mean that more objective assessment tools
that can accredit surgeons as technically competent are required. Evaluation of surgeons’
psychomotor skills during their training program is an essential part of the complete assessment
of their surgical proficiency and the lack of a standardized method reinforces the research of this
thesis.
Evidence exists to validate motion analysis for use in laparoscopic technical skills assessment
(Mason et al., 2013; Oropesa et al., 2011a). These methods compute metrics to quantify motion
information concerning the use of the surgical instrument to establish the surgeon's level of
surgical dexterity. They seek to determine aspects that indicate the difference between
performances at various levels of proficiency. Nevertheless, at the moment there is not an
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extended method to be used with current available training systems used in training labs as well
as in the OR.
Within this context and taking into account the needs discussed above, we propose three novel
motion analysis methods focused on the use of real laparoscopic instruments during
surgical performance in a box trainer setting. These methods are based on computer vision
techniques attempting to interfere as little as possible with the surgical practise. The
organizational structure followed in this thesis is showed in Figure 10, where each proposed
motion analysis method for laparoscopic instruments is presented. They will be shown in an
evolutionary way from methods for exclusive use in a box trainer to solutions with the potential
of being used in actual OR setting:
•

The first method will introduce a tracking system of laparoscopic instruments based on
stereoscopic techniques, which is installed inside a box trainer.

•

The second method will adapt a commercially available third-generation optical pose
tracker for laparoscopic practice.

•

Finally, the last method will implement a video-based tracking method of
laparoscopic instruments based on the endoscopic image as the source of information.

Optical	
  pose	
  tracker
•
•
•
•

Design
Development
Technical	
  validation
MIS	
  technical	
  skills	
  assessment

Video-‐based	
  tracker
•
•
•
•

Design
Development
Technical	
  validation
Feasibility	
  analysis

MIS	
  technical	
  skills	
  assessment

LESS INVASIVE

• Design
• Development
• Technical	
  validation

Motion-‐based	
  assessment	
  metrics

Stereoscopic	
  tracker

Figure 10. Organizational structure of the thesis.

Research will be focused on the design, implementation and validation of all the aforementioned
approaches for motion analysis of laparoscopic practise. All these systems will be installed,
tested and validated for laparoscopic training using a box trainer setup. The research work
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addressed in this thesis will be the first steps to achieve, as a future goal, a method that can be
used in an actual laparoscopic training program.
Besides their use as tools for motion analysis, laparoscopic instrument tracking methods offer a
wide range of possibilities in surgery. They are an essential component of image and video
guided surgery (IVGS) systems (Sánchez-González et al., 2011). These systems are useful for
surgeon when the surgical instruments are outside the field of view, when it is difficult to
identify in the image due to the artefact that it produces, or when the instrument cannot be
readily detected by the imaging modality (Perrin et al., 2009). In visual servoing applications,
this technology could be used to guide robotic arms using visual feedback from the camera
system (Ryu et al., 2013; Staub et al., 2010; Groeger et al., 2008).

I.7.	
  Thesis	
  outline	
  
This thesis is structured according to each method proposed, and therefore each main chapter
will cover the practical design, implementation and validation of one motion analysis method.
Thus, the outline will be the following:
•

Chapter I has established the foundations of this PhD, focusing on the relevant aspects
of training and assessment of laparoscopic skills, and more specifically concerning
technical skills. In addition, justification of the research and the aim of this thesis have
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 of methods and technologies for objective
assessment of laparoscopic technical skills.

•

Chapter IV will present the first approach of motion analysis method of laparoscopic
instruments. This method implemented inside a box trainer is based on stereoscopic
vision techniques. A technical validation of the described method as well as the user’s
evaluation will be presented.

•

Chapter V will present the second method for motion analysis, consisting on the
application of a optical pose tracker for the laparoscopic practice. The method provides
motion information of laparoscopic instruments as a mean of subsequent evaluation of
the surgeon’s technical skills. Face, construct and concurrent validation of this method
will be carried out.

•

Chapter VI will present the third approach of laparoscopic instrument motion analysis
and an assistance tool for the first stages of training in laparoscopic surgery. The motion
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analysis is a video-based tracking method of laparoscopic instruments tip using the
endoscopic camera image as the only source of information.
•

Chapter VII will present the conclusions extracted from this research. Each hypothesis
presented 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 will
be given.
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II. RESEARCH HYPOTHESES AND
OBJECTIVES

The general objective of this thesis is to provide a design, analysis and validation of new
approaches for motion analysis of laparoscopic instruments in a box trainer setting. Three
different alternatives have been addressed in search of tools that can make easier the objective
assessment of psychomotor skills and support during laparoscopic training. In this chapter the
hypothesis, main objective and specific objectives of the presented PhD will be detailed.
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II.1.	
  Research	
  hypotheses	
  
H1 (General hypothesis). Motion analysis of laparoscopic instruments can be performed in real
time during the performance of basic laparoscopic training tasks using a box trainer for being
used as an assessment tool of MIS technical skills.

II.1.1.	
  First	
  instrument	
  motion	
  analysis	
  method	
  
H2. An affordable stereoscopic video method allows recording movements of the laparoscopic
instruments tip in a box trainer without interfering the normal performance of basic laparoscopic
training tasks and with reliable results.

II.1.2.	
  Second	
  instrument	
  motion	
  analysis	
  method	
  
H3. An optical pose tracker can be adapted to laparoscopy practice, providing a valid and
reliable solution for objective assessment of surgeon’s technical skills without compromising
the ergonomics of the training scenario.
H4. Motion analysis of laparoscopic instruments can be used as a measure of dexterity for
basic training tasks.
H5. Motion assessment metrics based on the laparoscopic instrument movements can be related
to the quality of technical performance in laparoscopic training.

II.1.3.	
  Third	
  instrument	
  motion	
  analysis	
  method	
  
H6. A monoscopic video analysis method can be used to identify and follow automatically the
laparoscopic instrument tip with reliable technical results.
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II.2.	
  Objectives	
  
II.2.1.	
  General	
  objective	
  
•

The design, development and validation of new methods for tracking and motion
analysis of laparoscopic instruments in a box trainer. The final aim of these methods
will be to provide reliable tracking methods of real laparoscopic instruments that can be
used as a tool for assessment of MIS technical skills in laparoscopic training.

II.2.2.	
  Specific	
  objectives	
  
•

The definition of a method to identify and track the laparoscopic instrument tip based
on stereoscopic video techniques. This method will be implemented inside a box trainer
in an unobtrusive manner for the user throughout the training performance.

•

The application of a third generation optical pose tracker to laparoscopic practice
without compromising the ergonomics of the training scenario.

•

The design and implementation of a real-time monoscope tracking method of the
laparoscopic instrument tip to be used both in a box trainer and an actual clinical
setting.

•

The definition,, register and validation of motion analysis metrics for objectively
assessing the surgeon’s training practice.

•

The analysis of the relationship between motion-related assessment metrics and the
quality of technical performance in laparoscopic training.

•

The use of motion-related metrics for assessment of MIS technical skills during the
performance of laparoscopic training tasks.

•

The analysis of the three presented methods concerning their implementation in
different training settings for laparoscopic surgery.
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III. STATE OF THE ART

Training and assessment of MIS has evolved from traditional subjective criteria to more
structured training programs based on more objective methods for evaluation of surgical skills.
There have been several systems and methodologies as tools proposed for objective assessment
of MIS skills and as part of the evaluation of the trainee’s surgical competence. This chapter
will describe the state of the art in technological solutions for objective assessment of MIS
technical skills, giving an overview of methods based on surgical simulators and motion
analysis of laparoscopic instruments.
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III.1.	
  Introduction	
  
This chapter reviews the different technological approaches developed to address the problem of
objective evaluation of surgical technical skills, providing different options to be used in clinical
practice and training curricula. It gives an overview of existing systems, how these systems
work, their advantages, and their drawbacks. The chapter has been organized in two main
sections. In the first section, we will analyse the main types of surgical simulators for training
and evaluation in laparoscopy. In the second section, we will focus our attention on motion
analysis of laparoscopic instruments as a means to objectively assess surgical dexterity.
An important issue identified at the beginning of laparoscopic surgery was the learning curve, or
the speed at which the needed surgical skill is acquired in order to perform a safe laparoscopic
procedure. This learning curve is steep at the beginning and then from a specific moment it
achieves a plateau where there is no significant improvement (Rogers et al., 2001). Therefore, a
structured training program is needed to complete this learning curve before applying the
surgical knowledge and skills into an operating room (Peters et al., 2004), and is in this phase
where surgical simulators in conjunction with objective evaluation tools could play an important
role.

III.2.	
  Surgical	
  simulators	
  
In the last decade there has been an increment in the use of surgical simulator for training and
assessment of surgical skills, mainly during the early phases of the training curricula,
avoiding putting at risk patients. Broadly there are two main groups of simulators: physical
simulators or box trainers and virtual simulators (Sánchez-Margallo JA et al., 2013e; Enciso et
al., 2012; Oropesa et al. 2011a; Moyano-Cuevas et al., 2011). Another category is the hybrid
simulator systems, which combine the performance of laparoscopic tasks in a physical device
with virtual scenarios (Leblanc et al., 2010).

III.2.1.	
  Physical	
  simulators	
  or	
  box	
  trainers	
  
Currently there are several physical laparoscopic simulators for training in laparoscopic surgery
that provides additional tools to perform an objective evaluation of surgeons’ technical skills
(Hasson, 2008; Sokollik et al., 2004; Stylopoulos et al., 2003). In general, these box trainers
consist of a physical device in which to carry out the training tasks and procedures (Figure 11),
and an evaluation method to record the metrics (typically based on instruments'/hands' motion
analysis) and evaluate the surgical performance. Laparoscopic training tasks and procedures can
be performed on artificial and ex vivo models (Sánchez-Margallo FM et al., 2010b; SánchezMargallo FM et al., 2009a). Its main advantage is that they provide real haptic feedback during
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the performance of practices. Previous studies in the scientific literature have shown that
learning with haptic feedback is significantly better that learning without it in laparoscopic
surgery training simulators, especially during the initial phase of learning a new task (Zhou et
al., 2012).

Figure 11. Physical simulator for laparoscopic training.

One of this devices is the Computer Enhanced Laparoscopic Training System (CELTS)
(Stylopoulos et al., 2003), which is a computer-based laparoscopic trainer consisting of a
mechanical interface, a set of tasks, an assessment method, and a software interface. It is
capable of tracking the motion of two laparoscopic instruments while the trainee performs the
training tasks (Figure 12). This system uses a modified Virtual Laparoscopic Interface (VLI)
(Immersion Corp., San Jose, CA) in order to enable the use of real laparoscopic instruments.
The trainee can choose to use a set of tasks from established training programs such as the Yale
Laparoscopic Skills and Suturing Program or the FLS training program, or develop his
own set of tasks. This training platform evaluates a set of objective motion metrics (Cotin et al.,
2002) to perform the assessment of the surgical technical skills.
Another possibility to objectively assess the technical performance in a physical simulator is
using a combination of ultrasound technology with interchangeable training modules
connected to a microprocessor unit as is detailed by Sokollik et al. (Sokollik et al., 2004). This
system provides two training modules: (1) Aiming task, which are seven LEDs targets situated
in a 3D geometry lighting up in a random order to be touched by the instruments, and (2) a
suturing task. The position and rotation of the instruments are computed using miniature
transmitters (Zebris Medical GmbH, Isny, Germany) placed on the laparoscopic instruments,
which are detected by three ultrasound receptors. Since the ultrasound transmitters can be
sterilized, this system could be introduced inside a real clinical setting (Figure 13).
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(a)

(b)

(c)

(d)

Figure 12. Computer Enhanced Laparoscopic Training System. (a) The interface device for laparoscopic
instruments and (b) the railed locking and	
  alignment mechanism. (c, d) Different training settings for
suturing tasks (Stylopoulos et al., 2003).

Figure 13. Zebris simulator with ultrasound tracking technology (Sokollik et al., 2004).

The SurgicalSIM LTS simulator (Blackdust Design, Los Angeles, CA) (Sansregret et al.,
2009; Soyinka et al., 2008; Hasson, 2008) is a system for training and testing laparoscopic skills
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using embedded sensors within physical modules arranged for assessing the performance of
validated exercises (Hasson, 2008) (Figure 14). It was previously named LTS3e, which was the
updated version of the LTS2000 simulator. The validated exercises train basic laparoscopic
coordination skills such as cannulation, cutting and suturing skills. For the latter, the assessment
method is able to verify the knot integrity. The simulator can be folded in a compact
configuration and a computer is housed at the distal end of the cover with an electronic display,
which shows the user the feedback information and video from inside the simulator.

(a)

(b)

Figure 14. (a) General view of the SurgicalSIM LTS simulator. (b) Detail of the sensor carousel (Hasson,
2008).

The Hiroshima University Endoscopy Surgical Assessment Device (HUESAD) is an
objective evaluation tool for laparoscopic surgery initially designed to evaluate the smoothness
in the use of laparoscopic instruments (Tokunaga et al., 2012; Egi et al., 2010; Egi et al., 2008).
This training platform consists of an accurate tracking device for real laparoscopic instruments,
an experimental table, a monitor, and a personal computer (Figure 15). This assessment device
is focused mainly on assessment of visuo-spatial skills and only provides basic evaluation tasks
such as touching with the tip of the instrument a set of poles placed in different locations of
experimental table. However, it does not include more sophisticated activities such as suturing,
dissecting or cutting tasks.
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(a)

(b)

Figure 15. (a) Hiroshima University Endoscopic Surgical Assessment Device. (b) Experimental table. It
provides a basic task that consists of movements of the tip of the laparoscopic instrument among the top
of the poles (Egi et al., 2010).

Other approaches combine the mechanical technology with a physical simulator as a means to
assess the laparoscopic performance. This is the case of the Advanced Dundee Endoscopic
Psychomotor Tester (ADEPT) (Francis et al., 2002; Schijven et al., 2002), which is a surgical
evaluation system based on instrument motion. It uses a set of potentiometers mounted in a
dual-gimbal mechanism in order to track the movements of two real laparoscopic instruments
during the execution of an evaluation task (Figure 16). This system computes the instrument
error, execution time, and task completion as evaluation metrics.

Figure 16. Advanced Dundee Endoscopic Psychomotor Tester (Schijven et al., 2002).

Some of the main characteristics of the previous physical simulators are summarized in Table 2.
It presents (1) the kind of technology used, (2) the objective evaluation criteria, (3) whether the
system is portable, and (2) its validity as an assessment tool of surgical skills.
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Table 2. Physical simulators with tools for objective assessment of technical skills. Summary of some
characteristics.
Device

Technology

Objective evaluation

Portable

Validation

ADEPT

Instrument motion

-

CELTS

Gimbal
mechanism
Optical

Instrument motion

Yes

HUESAD
SurgicalSIM LTS

Optical
Sensor-based

No
Yes

Zebris

Acoustic

Instrument motion
Physical models with
sensors
Instrument motion

Construct (Francis et al.,
2002)
Construct (Maithel et al.,
2006)
Construct (Egi et al., 2008)
Construct (Mathis and
Wiegmann, 2007)
-

Yes

III.2.2.	
  Virtual	
  simulators	
  
The introduction of virtual simulators as a training and evaluation tool for laparoscopic surgery
allowed for controlled training and objective skills’ assessment, on exercises ranging from
simple tasks to complex laparoscopic procedures. In this kind of surgical simulators training
tasks and procedures are performed on computer-based models (Figure 17). Virtual simulators
provide trainees the opportunity to experiment infrequent situations or risky procedures. A
virtual simulator creates a safe, controlled, and standardized environment to practice specific
skills. This could be able to objectively measure the performance and assess the surgical skills
of a subject during his training (Sánchez-Margallo JA et al., 2013e; Schreuder et al., 2009).
These devices are continuously improving the visual realism of their scenarios and force
feedback.

(a)

(b)

Figure 17. (a) LapMentor II surgical simulator (Simbionix Ltd., Beit Golan, Israel). (b) SINERGIA
Virtual simulator (SINERGIA Consortium).

Surgical simulators can be classified according to the interventional procedures they are aimed
for. Thus, we may find examples of simulators for arthroscopic surgery such as the
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InsightArthroVR (GMV Healthcare, Madrid, Spain); simulators for urological and
gynaecological procedures as the UroMentor and GIMentor (Simbionix Ltd., Beit Golan, Israel)
or for endovascular interventional radiology procedures as the Mentice VIST (Mentice,
Gothenburg, Sweden).
In the field of laparoscopic surgery, we can find several well-positioned simulators on the
market. The current principal laparoscopic simulators and some of their main features can be
found in Table 3. To characterise each of them we can establish (1) the available kind of
scenarios for training and surgical assessment, (2) whether they offer force feedback, and (3)
their positive validation studies.
Table 3. Virtual reality simulators. Characteristics and validation.
Device

Force
feedback

Training/evaluation
scenarios

Validation

LapMentor (Simbionix Ltd.,
Beit Golan, Israel)

Yes

LapSim (Surgical Science,
Gothenburg, Sweden)

Supported

Simple and advanced
tasks
Procedures
Simple and advanced
tasks (cholecystectomy
and gynaecologic
procedures)

LapVR (CAE Helthcare,
Mainz, Germany)

Yes

Construct (Aggarwal et al., 2009)
Concurrent (Cohen et al., 2009)
Predictive (Greco et al., 2008)
Construct (Schreuder et al.,
2009)
Concurrent (Newmark et al.,
2007; Kundhal and Grantcharov,
2009)
Predictive (Hassan et al., 2008)
Construct (Iwata et al., 2011)

MIST-VR (Mentice AB,
Göteborg, Sweden)

No

SEP Simulator (SimSurgery
AS, Oslo, Norway)

No

SIMENDO (DeltaTech, Delft,
Netherlands)

No

SINERGIA (SINERGIA
Consortium)

Supported

Simple and advanced
tasks
Procedures
Simple tasks

Simple and advanced
tasks
Procedures
Simple and advanced
tasks

Simple tasks

Construct (Maithel et al., 2006)
Concurrent (Gallagher et al.,
2004)
Predictive (Stefanidis et al.,
2006)
Construct (Hessel et al., 2012)

Construct (Verdaasdonk et al.,
2007)
Concurrent (Verdaasdonk et al.,
2006)
Construct (Sánchez-Peralta et al.,
2010)

Virtual simulators are ideal for monitoring the surgeon’s learning curve, and offer a wide range
of metrics that can be used for objective assessment. However, some limitations have slowed
down their clinical implantation, such as the cost resulting from the expensive technologies
behind the simulators, which makes them unaffordable for some institutions and hospitals, the
limitations in visual realism and interaction (haptic feedback), and the mentally-driven
constraints of thinking of these devices as a videogame with no didactic value (Oropesa et al.,
2011a).
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Despite their limitations, studies have proved that some virtual simulators are capable of
providing formative assessment (van Hove et al., 2010; Oropesa et al., 2011a). The main
benefits of virtual reality simulators for psychomotor skills’ assessment are that they allow the
acquisition of both efficiency (motion, force) and quality metrics and provide immediate
feedback to the trainee based on these metrics (Oropesa et al., 2011a).

III.2.	
  3.	
  Hybrid	
  simulators	
  
These systems use computer vision techniques to combine a virtual scenario with the real
training performance, creating scenarios with augmented reality for surgical training and
evaluation. One of the most extended is the ProMIS augmented reality simulator (CAE
Helthcare, Mainz, Germany) (Leblanc et al., 2010; Jonsson et al. 2011; Pellen et al., 2009a;
Ritter et al. 2007) (Figure 18a). This simulator uses video-based analysis techniques to track
artificial markers placed near the tip of the instrument (Figure 18b). To achieve this, it uses a
stereoscopic camera system placed inside the simulator (Figure 18c). Moreover, augmented
reality techniques are used to insert visual information on the surgical field so as to support the
surgical procedure (Figure 18d). This system provides objective evaluation based on the
execution time and motion parameters such as path length of the instruments and motion
smoothness.

(a)

(b)

(c)

(d)

Figure 18. (a) ProMIS surgical simulator overview (Source: www.caehealthcare.com). (b) Detail of the
colour markers placed on the instruments' shaft (Van Sickle et al., 2005). (c) Camera system inside the
simulator for tracking the instruments (Source: www.caehealthcare.com). (d) Example of the augmented
reality module for training support (Chmarra et al., 2007).
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A major advantage of physical and hybrid simulators is that they provide natural haptic
feedback, and therefore a natural instrument-tissue interaction. The possibility of inserting
virtual support content during the training procedure by means of cutting-edge technologies
such as augmented reality (Leblanc et al., 2010, Botden et al., 2007) gives hybrid simulators a
significant added value. Surgeons consider hybrid simulators more realistic, with high didactic
value, better haptic feedback, and usefulness than virtual reality simulators (Botden et al., 2007).
In contrast to virtual simulators, which have predefined training programs, physical and hybrid
simulators are able to use a set of tasks from established curriculum or design their own set of
tasks.

III.3.	
  Objective	
  assessment	
  methods	
  based	
  on	
  motion	
  analysis	
  
Objective assessment method based on rated checklists have some drawbacks such as the high
human resources required, they are time-consuming and the possible ambiguity of their scores,
which drive the necessity to develop more automated evaluation systems. As reported in some
studies (van Hove et al., 2010; Reznick and McRae, 2006; Darzi et al., 2001), the objective
assessment of surgical skills is currently underdeveloped and therefore it is necessary to develop
more automated and analytical approaches to objectively assess surgeon’s skills.
Motion analysis has been demonstrated to be an effective assessment tool for laparoscopic
psychomotor skills (Oropesa et al., 2011a; Chmarra et al., 2010; Lin et al., 2006; Smith et al.,
2002), which can predict experienced level as accurate as global rating scales (Pellen et al.,
2009). To carry out this strategy the system needs to track, record and analyse the laparoscopic
instrument motion. Several technologies and approaches to record the motion of the
laparoscopic instrument during the surgical performance have been proposed, including
mechanical, IR-based, electromagnetic, acoustic and video-based technologies. The next step is
to compute a set of assessment metrics based on this instrument motion information (Table 4).
Finally, these motion-based assessment metrics are analysed in order to provide an objective
evaluation of surgeon's technical skills.
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Table 4. Definition of the main assessment metrics based on instrument motion analysis and assessment
tools that use them for objective evaluation of surgical dexterity.
Metric

Assessment tool

Time. Total time taken to perform the task (in s)

(Oropesa et al., 2013a; Hofstad et al., 2013;
Pagador et al., 2012; Moyano-Cuevas et al.,
2011; Yamaguchi et al., 2011; Leblanc et al.,
2010; Chmarra et al., 2010; Allen et al.,
2010; Egi et al., 2008; Sokollik et al., 2004;
Moorthy et al., 2004; Stylopoulos et al.,
2003; Cotin et al., 2002; Smith 2001)
(Tokunaga et al., 2012)
(Oropesa et al., 2013a; Hofstad et al., 2013;
Pagador et al., 2012; Moyano-Cuevas et al.,
2011; Yamaguchi et al., 2011; Leblanc et al.,
2010; Chmarra et al., 2010; Allen et al.,
2010; Sokollik et al., 2004; Moorthy et al.,
2004; Stylopoulos et al., 2003; Cotin et al.,
2002; Smith et al., 2001)
(Sokollik et al., 2004; Smith et al., 2001)

Approaching time. Time taken to reach the target point (in s)
Path length. Length of the curve described by the tip of the
instrument while performing the task (in mm)

Distance efficiency. Relationship between measure path length
and shortest path to describe the economy of movements (-)
Depth perception. It is the total distance travelled by the
instrument along its axis (in mm)
Transit profile. Transit trajectory projected onto plane 2D (-)

(Oropesa et al., 2013a; Hofstad et al., 2013;
Stylopoulos et al., 2003; Cotin et al., 2002)
(Sokollik et al., 2004)

Deviation on horizontal/vertical plane. Deviations from the ideal
courses in these two directions (in mm*s)
Response orientation. It characterizes the amount of rotation
about the axis of the instrument (in radians)

(Egi et al., 2008)

Speed. Rate of change of the instrument’s position (in mm/s)

Maximum speed value (in mm/s)
Speed profile. Shape of the speed curve (-)

(Oropesa et al., 2013a; Hofstad et al., 2013;
Pagador et al., 2012; Yamaguchi et al., 2011;
Hwang et al., 2006; Sokollik et al., 2004;
Moorthy et al., 2004)
(Egi et al., 2010)
(Sokollik et al., 2004)

Acceleration. Rate of change of the instrument’s speed (in mm/s2)

(Oropesa et al., 2013a; Hwang et al., 2006)

Motion smoothness. A motion analysis parameter based on the
third time-derivative of position, which represents a change in
acceleration (in mm/s3)

(Oropesa et al., 2013a; Hofstad et al., 2013;
Moyano-Cuevas et al., 2011; Chmarra et al.,
2010; Allen et al, 2010; Hwang et al., 2006;
Stylopoulos et al., 2003; Cotin et al., 2002)
(Oropesa et al., 2013a)

Economy of area. Relationship between the maximum area
occupied by the instrument and the total path length (-)
Economy of volume. Relationship between the maximum volume
occupied by the instrument and the total path length (-)
Search time. Percentage of time spent in the “search zone” (in %)
Idle time. Percentage of time where the instrument is considered
to be still (in %)
Number of movements. Number of movements made to complete
the task (zero crossings on the acceleration/time profile)
Bimanual dexterity. Ability to use and coordinate both hands
during a task performance (-)
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(Hofstad et al., 2013; Pagador et al., 2012;
Moyano-Cuevas et al., 2011; Moorthy et al.,
2004)
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In general terms, a tracking system consists of an object to be tracked, a method to identify the
target and generate the suitable information about it, and finally a method to process the
previous information and compute the motion data of the object in the workspace. The
following sub-section describe the different methods developed to address the problem of
tracking real laparoscopic instruments that can applied for motion analysis. Motions of the
laparoscopic instruments can be tracked and recorded in three environments: In the operating
room (during an operation), in a box trainer, or a virtual reality trainer (during training). We
have organized the tracking methods for laparoscopic instruments according to the scenario in
which they carry out the tracking of laparoscopic instruments: outside the patient or simulator
(extracorporeal tracking methods) and inside (intracorporeal).

III.3.1.	
  Extracorporeal	
  methods	
  
This group of tracking methods analyses the instrument motion based on artificial markers
(active and passive), sensors or mechanisms placed on the instrument and outside the patient
or simulator. Regarding mechanical trackers, these devices are based on mechanical linkages
between the reference system and the target, and therefore they estimate the position and
orientation of surgical instruments measuring the motion of each link by means of encoders and
potentiometers. Some examples of these systems are the Blue Dragon (Figure 19a) (Brown et
al., 2004) and its successor the Red Dragon (Figure 19c) (Gunther et al., 2007), which apart
from instrument motion they also provide measurements of torque and force applied by the
surgeon (Figure 19). Currently the Red Dragon is commercialized through a tech transfer by
Simulab Corporation under the name of Edge (Figure 19d). One of the main advantages of
mechanical tracking systems is their precision due to the electronic technology used in their
components. However, since mechanical structure of these systems has to be fixed to the
reference point and mechanical linkages have restricted freedom of movements, the use of
surgical instruments could be limited.
An extended technology used to track laparoscopic instruments is the electromagnetic
technology. One of the most used tracking devices for surgical instruments is the Isotrack II
(Polhemus Inc., Colchester, VT, USA), which consists of a transmitter and two receivers that
detect the emitted magnetic fields. By computing the position and orientation of a small receiver
as it moves through space, it provides dynamic, real-time measurement of position (X, Y, and Z)
and orientation (azimuth, elevation, and roll). In previous studies (Pagador et al., 2012) we used
this tracking system as an assessment tool for surgical skills, recording the execution time, path
length, speed, and movements of both instruments during a suturing task. Cristancho et al.
(Cristancho et al., 2009) measured the position of the tool using two custom-designed clips for
both laparoscopic instruments, and on each clip one electromagnetic receiver was attached. On
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the other hand, other researchers used this tracking device for the assessment of surgical
dexterity, but in this case by means of the motion analysis of the surgeon’s hands. To this end,
the Imperial College Surgical Assessment Device (ICSAD) (Brydges et al., 2006; Dosis et al.,
2005; Moorthy et al., 2004) uses electromagnetic sensors attached to the dorsum of each hand in
order to analyses the surgeon’s performance (Figure 20). However, it is difficult to keep the
sensors of this system in a stable position during the entire execution of surgical tasks. Besides,
movements of the surgeon’s hands do not need to be directly related to movements of the
surgical instruments’ tip.

(a)

(b)

(c)

(d)

Figure 19. (a) Blue Dragon mechanical device and (b) CAD drawing of the tracking mechanism. (c)
Overview of the Red Dragon mechanism (Source: brl.ee.washington.edu). (d) Commercialised version of
the Red Dragon system (Edge) by Simulab Corporation (Source: www.simulab.com).

The main advantage of the electromagnetic tracking systems is that they have virtually no
problems with occlusions due to the properties of the electromagnetic signal. The most serious
problem with this technology in clinical applications arises from the influence of
ferromagnetic objects (Kenngott et al., 2013; Frantz et al., 2003). Metal and electronic
equipment located in the clinical environment limit the applicability of magnetic trackers. The
accuracy of the position and orientation measurements could be seriously degraded by magnetic
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field distortions. Moreover, the need for wires in these systems may hinder the use of
laparoscopic instruments.

(a)

(b)

Figure 20. Imperial College Surgical Assessment Device (ICSAD). (a) Use of ICSAD as assessment tool
for vascular surgery. (b) Use of the ICSAD with a laparoscopic simulator (Reiley et al., 2011).

Comparing the new generation of electromagnetic tracking systems with their predecessors it
shows significant improvements with respect to accuracy and sensor size. These improvements
are a consequence of new algorithms for position and orientation determination as well as
advances in hardware components. Recent developments such as Aurora electromagnetic
tracking system (Northern Digital Inc., Ontario, Canada) seem to have substantially decreased
problems with the size of the sensors and the electromagnetic interferences. In addition, new
methods to improve the errors in calibration and distortion have been developed in order to
enhance the reliability in electromagnetic tracking systems (Pagador et al., 2011a; Hummel et
al., 2005).
Regarding the systems based on infrared (IR) technology, they can be classified as active or
passive systems. The active systems attach IR markers to the target and two or three cameras
with an IR filter track them. Since the IR markers are powered, they have to be wired (Lievin
and Keeve, 2001). The passive tracking systems localize retroreflective markers, which are
illuminated by the camera system in the IR spectrum. A minimum of three non-collinear
markers is necessary for determining six DoF and in this case the markers are not wired.
Although these tracking systems present high accuracy and reliability, they depend on a clear
line of sight between the tracked target and the camera system. Estebanez et al. (Estebanez et
al., 2011; Estebanez et al., 2009) proposed a method for recognition of laparoscopic surgical
manoeuvres to be applied to robotic surgery. They used a well-known commercial passive
optical tracker (NDI Polaris Spectra; Northern Dogital Inc., ON, Canada) (Figure 21, left). A
hybrid approach developed by Hwang et al. (Hwang et al., 2006) integrated on the same
instrument both passive optical tracking markers and an electromagnetic tracking sensor in
order to minimize the effects of occasional occlusions of the optical markers and distortions in
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the magnetic system. This system also has a force/torque acquisition sensor mounted in-line
with the instrument shaft (Figure 21, right). Therefore, it objectively assessed laparoscopic
technical skills by means of the analysis of the instruments position, speed, acceleration, motion
smoothness, and applied force recorded by the hybrid arrangement.

(a)

(b)

Figure 21. (a) Use of a commercial passive optical tracker for instrument motion recording (Estebanez et
al., 2011). (b) Hybrid tracking system, which consists of an electromagnetic tracker and a force/torque
acquisition sensor (Hwang et al., 2006).

The extra-corporeal video-based tracking methods for laparoscopic instruments are based on a
set of landmarks placed on the instruments and tracked by a recording system consisting at least
by two cameras. These systems work in the visible spectrum so that they do not need IR light.
These landmarks are usually planar patterns with specific geometrical restrictions and binary
colour in order to provide maximum contrast to be easily identified in the images (Colchester et
al., 1996).
Another tracking approach is focused on the use of ultrasound technology. Acoustic trackers
use waves to determine the position and orientation of the target (Tatar et al., 2004). Commonly,
three or more emitters are mounted on the object to be tracked (laparoscopic instruments and
surgical access ports). Each emitter generates a sonic signal, which is detected by a receiver
placed at a fixed known position in the environment (Figure 22). Based on the waves generated
by the emitters, the system can determine their positions by triangulation. Combining three
receivers, the tracker can estimate also the orientation of the target. However, these systems
suffer from the environment-dependent velocity of the sound waves, which varies mainly with
temperature, pressure and humidity. The loss of energy of the ultrasonic signal with distance
also limits the range of tracking. In addition, the acoustic technology suffers from occlusion,
which may affect the quality of the signal.
Regarding the sensor-based tacking systems some of the most widespread technologies are the
use of optical and inertial sensors. The Delft University of Technology (Delft, The
Netherlands) developed a tracking device for laparoscopic instruments, which employs optical
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tracking technology similar to that of an optical computer mouse to measure movements of
laparoscopic instruments in real time. Instrument motion is measured along four DoF (Chmarra
et al., 2006) (Figure 23). On the other hand, other approaches tend to use hybrid systems, which
integrate on the instrument both miniature inertial and electromagnetic sensors (Ren et al.,
2011). Based on gyroscopes and accelerometers, the inertial sensor reports the angular velocity
and the acceleration of the target. These motion parameters are used to compute the position and
orientation of the tracked object. The main advantage of such a device is the high update rate,
but it suffers from an error accumulation over time resulting in larger errors in velocity and
position, which could not be tolerated for some medical applications (Birkfellner et al., 2008).
Rectification algorithms have to be applied in order to solve this kind of error. For this reason,
inertial data is often complemented with other tracking methods.

Figure 22. Setting of an acoustic tracking system for both laparoscopic instruments and surgical access
ports (figure based on Tatar et al., 2004).
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(a)

(b)

Figure 23. (a) TrEndo tracking system. Movements of the laparoscopic instrument are measured by three
optical sensors mounted on a gimbal mechanism. (b) TrEndo system installed in a box trainer (Chmarra et
al., 2010; Chmarra et al., 2007).

III.3.2.	
  Intracorporeal	
  methods	
  
These tracking methods obtain the position of the laparoscopic instruments from inside the
human body or surgical simulator. In the case of electromagnetic technology, if we want to
insert them inside the patient or simulator we need very small sensors owing to the reduced
workspace. For instance, in order to fit into the working channel of an endoscope or a guide
wire, the diameters of the sensor must not exceed 1 mm. Some researchers (Hofstad et al., 2013;
Yamaguchi et al., 2011) attach the electromagnetic sensors on the instrument’s shaft and near
the tip (Figure 24), and other (Allen et al., 2010) embedded them into the instrument’s shaft
(Figure 25). However, the latter may compromise the instrument functionality.

Figure 24. Instrument tracking method with an electromagnetic sensor attached on the instrument’s shaft
(Yamaguchi et al., 2011).
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Figure 25. Electromagnetic sensor embedded into the instrument’s shaft (Nistor et al., 2007).

Tracking of artificial markers on the instruments is another available option to compute the
position of the laparoscopic instrument tip inside a patient or inanimate training model (Figure
26). These artificial markers use a specific colour, pattern or source of light. These tracking
methods use as a source of information the image from the laparoscope or the camera inside the
simulator. Some systems use a colour marker on the distal end of the instrument, which are
tracked using computer vision techniques like colour segmentation (Nishikawa et al., 2003;
Groeger et al., 2008), stereoscopic techniques (Pellen et al., 2009), or a Continuously
Adaptive Mean Shift (CAMSift) algorithm (Bouarfa et al., 2012). Tonet et al. (Tonet et al.,
2006) compute the third dimensional position (depth) of the instrument tip according to the
angle between the edges of the colour marker, previously identified by the Hough Transform
(Figure 27). Another possibility, explored by Zhang and Payandeh (Zhang and Payandeh, 2002),
is to use a set of coloured tapes placed near the instrument tip as a reference point and then to
compute the depth of the instrument tip by means of analysing the variation of the marker’s
diameter. They use three tapes in case some of them could be occluded during the surgical
intervention. Krupa et al. (Doignon et al. 2007; Krupa et al., 2003) presented another approach
based on artificial markers using a cover for the instruments with a pattern made of LEDs. In
addition, this system projects four laser dots on the tissue surface in order to compute the
distance between the surgical instrument and the organs (Figure 28).
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(a)

(b)

Figure 26. Use of artificial colour markers placed near the tip of the instrument for laparoscopic
instrument tracking (a) in a box trainer setting and (b) in a real instervention (instruments and markers
were previously sterilised).

(a)

(b)

(c)

(d)

Figure 27. Laparoscopic instrument tracking method based on colour markers on the instrument. (a, b) In
order to compute the position of the instrument tip, first, a colour segmentation of the marker, based on
the HSV colour space, is performed. (c) Then, the edges of the marker are computed by the Hough
Transform. (d) Finally, the depth of the instrument tip is computed according to the convergence angle
between the edges (Tonet et al., 2006).

The application of artificial landmarks as reference points for tracking methods could be a
critical issue when surgical instruments are in direct contact with human tissue, where particular
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clinical requirements are needed as biocompatibility and sterilisability (Groeger et al., 2008). In
order to avoid artificial markers on the laparoscopic instruments, some instrument tracking
methods based on the shape of the laparoscopic instruments have been developed. Some
researchers (Oropesa et al., 2013a; Cano et al., 2008; Voros et al., 2007) determine the 3D
position of the instrument tip through geometrical equations using the analysis of the projection
of the instrument in the image plane (Figure 29), additionally Voros et al. (Voros et al., 2007)
restrict the search for the laparoscopic instrument by means of computing the projection of the
instrument’s insertion point into the abdominal cavity. On the other hand, other approaches use
Bayesian classifiers (Speidel et al., 2006; McKenna et al., 2005) for detecting the instrument in
the endoscopic image.

(a)

(b)

(c)

Figure 28. (a) Tracking method with a LEDs pattern on the instrument for recording its position inside
the abdominal cavity. (b) This method also projects a set of laser dots on the surface of the organs
providing a reference marker to compute the distance between the organ and the instrument tip. (c)
Diagram of how this method computes the instrument position based on the image projection of the
markers (Krupa et al., 2003).
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(a)

(b)

Figure 29. Laparoscopic instrument tracking method based on endoscopic video analysis for
psychomotor skills assessment (EVA system) (Oropesa et al., 2013a). (a) 3D tracking method based on
the projection of the instrument in the endoscopic image plane. (b) Visual result of the instrument tip
detection (blue dot).

Video-based tracking methods based on endoscopic images is a tracking approach with a great
potential for the future concerning objective assessment of surgical performance. The fact that
these systems do not need wires or attached sensors to the instrument, allows a regular course of
the intervention and surgeons to use the laparoscopic instruments in a natural way and without
interfering in the assessment process. The main challenges in these video-based tracking
methods are the ambiguous image structures, occlusions by other instruments, blood, organs, or
smoke caused by electro-dissection, and the need of real-time image processing. In order to deal
with some of this problems, Climent and Hexel (Climent and Hexsel, 2012) presented an
instrument tracking method based on particle filtering in the Hough space to improve the
tracking process in the presence of smoke, occlusions or motion blurring.
A summary of the reviewed technologies for laparoscopic instrument tracking, as a tool for
objective assessment of technical skills based on motion analysis, is presented in Table 5.
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Table 5. Technologies applied to laparoscopic instrument tracking. Summary of the main advantages and
drawbacks.
Technique
Mechanical

Advantages
Excellent accuracy
Interference immunity

IR-based

Reasonable range, accuracy, and
resolution

Acoustic

Large range and low cost

Electromagnetic

No line-sight problems

Sensor-based

High update rates

Extracorporeal
video-based

No magnetic distortions
Low cost

Intracorporeal
video-based

No magnetic distortions
Low cost
In some cases it is not necessary to
modify the surgical instrument
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Drawbacks
Cumbersome handling
Limited range of movements due to physical
connection
Not portable
Line-of-sight problems
Commercial devises are expensive
Active systems are wired
Slow update rates
Speed of sound affected by environmental
conditions
Sensors are wired
Low latency
Affected by distortions from ferromagnetic
objects
Rapid decrease in accuracy/resolution with
distance
Sensors are wired
Accumulative error
They require wires to provide power
Low accuracy
Line-of-sight problems
It is necessary landmarks on the instruments
Low accuracy
They lose the instrument position when it is
out of the laparoscope’s field of view
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CHAPTER IV: LAPAROSCOPIC HYBRID
SIMULATOR WITH STEREOSCOPIC
TRACKING SYSTEM

This chapter presents the design and implementation of a hybrid surgical simulator consisting of
a box trainer simulator and a stereoscopic tracking system for laparoscopic instruments. A
stereoscopic camera system is implemented and installed inside a box trainer, arranged to
identify both laparoscopic instruments from two different angles and capture their motion.
Technical validation of the instrument tracking method is performed in a controllable setting in
order to establish its accuracy. A group of expert surgeons also evaluate their experience with
this hybrid simulator while performing a set of basic laparoscopic training tasks.
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IV.1.	
  Introduction	
  
One of the most basic devices for training laparoscopic skills is a box trainer, which represents
a patient’s abdomen where trainees can manipulate training models (artificial and ex vivo
models) inside using real laparoscopic equipments. Box trainers let students become familiar
with fundamentals of laparoscopy such as the 2D interpretation, fulcrum effect, reduced sense
of touch, or decrease in DoF. Although several structured training and assessment programs
based on box trainers have been developed such as the MISTELS (Vassiliou et al., 2006), they
need the interaction of an experienced surgeon to perform the assessment of surgical skills,
which entails a significant workload.
Virtual simulators are a common alternative to this human assessment. They provide
automated assessment of the training performance as well as they have the ability to vary the
simulated patients’ anatomies and replicate random events that could occur in a real surgery.
However, these training and evaluation systems are not easily affordable and students might see
them as a videogame, and thus they could seek ways to increase their score without necessarily
developing the sought skills. Therefore, it might train surgeons in habits that are inappropriate to
the operating room.
One possibility to deal with these challenges is to design an additional automatic system to be
used with a box trainer that provides the essential information to carry out a further objective
evaluation of the trainee’s surgical technical skills. Hybrid simulators are devices that provide
these features. They combine the benefits of box trainers such as the use of real laparoscopic
instruments and real tactile and visual feedback with the automatic assessment and virtual
support content from VR systems. However, the available options in the market are scarce and
expensive.
One of the main problems in laparoscopic surgery is the loss of the depth perception, as the
surgical performance is followed by the image from the laparoscope or the camera inside a
simulator. This drawback also affects the tracking process of instruments using the endoscopic
image as a source of information, especially when the depth coordinate is needed. There are
different alternatives to address this problem such as the use of sensors (Yamaguchi et al., 2011)
or the use of geometric models (Cano et al., 2008). In this chapter we propose to use
stereoscopic vision techniques. This approach is an affordable alternative for box trainers that
may also provide a wide range of options for future works such as identification of structures,
three-dimensional reconstruction of the workspace, or the inclusion of augmented reality
contents.
This chapter presents the design, implementation and validation of a cost-effective video-based
laparoscopic instrument tracking system to be used with box trainers. This instrument tracking
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method is presented as a tool for motion analysis of laparoscopic instruments, which
corresponds with the first method framed within the organizational structure proposed for this
thesis (Figure 30). The entire system constitutes a hybrid surgical simulator, which provides a
means to train and acquire laparoscopic surgical skills outside the operating room.

Stereoscopic	
  tracker

LESS INVASIVE

• Design
• Development
• Technical	
  validation

Figure 30. Practical implementation of the proposed organizational structure: motion analysis method of
laparoscopic instruments based on stereoscopic vision techniques.

The objectives to be address in this chapter are:
•

To design and develop a stereo tracking system consisting of a calibrated, aligned and
without image distortion camera system.

•

To install the stereo arrangement inside a box trainer and identify the position of the
laparoscopic instruments in the stereo camera system.

•

To compute the three-dimensional position of the laparoscopic instruments' tip inside
the box trainer.

•

To verify the accuracy of the instrument tracking method for being used in a box trainer
setting.

•

To assess the experience of a group of experienced surgeons during the performance of
basic laparoscopic training tasks using the hybrid simulator.
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IV.2.	
  Material	
  and	
  methods	
  
IV.2.1.	
  System	
  description	
  
To standardize the laparoscopic training setting within a controllable and reproducible scenario,
a laparoscopic box trainer (SIMULAP®; CCMIJU, Cáceres, Spain) for training of MIS skills
was used (Usón et al., 2013; Enciso et al., 2012; Sánchez-Margallo FM et al., 2009a; SánchezMargallo FM et al., 2009b). This device simulates a patient’s abdominal cavity with a
transparent top cover made of plastic that allows for trocar introduction to direct the
instruments. The transparent cover allows teachers to explain novices trainees how to perform
laparoscopic training tasks during the early stages of training. When the trainees become more
experienced, the simulator is covered so they cannot see inside, only through the endoscopic
image. The box trainer allows for different training models such as training plates, coordination
boards as well as ex vivo models in order to practise a wide range of laparoscopic manoeuvres
and procedures.

Figure 31. Laparoscopic box trainer with the stereo camera system. The camera system has a wide field
of view of the training scenario, which enables recording the instrument motion during regular training
activities.

A FireWire stereo camera arrangement (Fire-i® IIDC-1394 Digital Camera; Unibrain Inc., CA,
USA) with a resolution of 640 x 480 pixels each was installed inside the simulator. FireWire
technology was used because of its high bandwidth (from 400 to 800 Mbit/s) and direct digital
content without requiring an analog-digital converter. The stereo camera system was placed at
the back of the simulator so that both cameras would capture the entire workspace of the
simulator without interfering with the training activity (Figure 31). The focus of the tracking
system was established at the central area of the workspace where the training tasks are usually
performed. The cameras were mounted in a rigid base in order to provide stability and
repeatable measurements. The image processing was controlled by a software program running
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on a Linux-based personal computer (Dell; Round Rock, TX, USA) and the libdc1394 software
library1 was used to control the image capture and synchronise the stereo camera system.

IV.2.2.	
  Stereo	
  vision	
  system	
  
A general methodology for addressing the computation of the three-dimensional coordinates
using stereoscopic vision techniques entails two main problems (Tucco and Verri, 1998):
•

The correspondence problem: identify the same point in the space with regard to both
stereo images.

•

The depth problem: compute the depth coordinate using the same point identified in
both images. In order to accurately perform this process, a calibrated stereo camera
system is needed.

The phases to be addressed in order to perform a satisfactory tracking of the laparoscopic
instruments inside the box trainer by means of an stereo vision system are presented in Figure
32.

Camera
synchronization

Distortion
correction

Stereo
calibration

Stereo
alignment

3D tracking

Figure 32. Summary of steps to achieve the 3D tracking of an object using stereoscopic techniques.

IV.2.2.1.	
  System	
  calibration	
  
A checkerboard of 7 x 9 squares with a size of 30 x 30 mm each is used as a two-dimensional
calibration pattern. This will serve as a means to compute the extrinsic and intrinsic
parameters as well as the distortion parameters of the stereo camera system. Twenty frames of
the calibration pattern were recorded from the stereo arrangement (Figure 33) and for each
frame the coordinates of the inner corners positions qi = (ui, vi) were automatically obtained.
OpenCV computer vision library was used to perform the calibration process of the camera
system (Laganiere, 2011; Bradski and Kaehler, 2008).

1

http://damien.douxchamps.net/ieee1394/libdc1394/
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Figure 33. Snapshots of the checkerboard used for the calibration process.

Image	
  distortion	
  
Before using the information provided by each camera to solve the depth problem, we must
obtain this information as reliably as possible. Camera systems tend to suffer from the
phenomenon of image distortions (Figure 34), mainly radial distortion caused by the spherical
shape of the lens, and tangential distortion produced by a misalignment of the lens with the
camera (Heikkila and Silven, 1997; Brown, 1971)2. Since the tracking system relies on the
detection of the instrument by the stereo camera system, these image distortions have to be
corrected (Sánchez-Margallo JA et al., 2010b). To this end, a correlation algorithm based on
Brown's distortion model (Brown, 1971) is used to obtain the geometric distortion model,
described in the equation (1). The model is defined by the radial coefficients (j1, j2, j3) and
tangential coefficients (k1, k2), which accurately relates measures in images captured by the
stereo system to the three-dimensional space where (ur, vr) are the real coordinates, (ud, vd) the
coordinates in the image and

α = u +v .
2

2

d

d

⎡ur ⎤
⎢ ⎥ = 1 + j1α 2 + j2α 4 + j3α 6
⎢⎣vr ⎥⎦

(

2

(
(

)
)

⎡ud ⎤ ⎡k 2 α 2 + 2ud2 + 2k1ud vd ⎤
⎥
⎢ ⎥ ⎢
2
2
⎢
⎢⎣vd ⎥⎦ ⎣k1 α + 2u d + 2k 2ud vd ⎥⎦

)

There are other types of image distortions, but they cause negligible effects in the image
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(a)

(b)

Figure 34. Example of an endoscopic image with distortion (a) and in its real perception (b).

Stereo	
  calibration	
  
We could define projective mapping or homography as the projection of one point belonging
to a plane to another plane. Therefore, this homography qi = λHpi could be use to project the
points in the calibration pattern pi = (xi, yi, zi,) to the image plane of the camera qi, where λ is the
scale factor and H applies the physical transformation and the projection (intrinsic parameters).
The definition of H is presented in equation (2).

⎡ f x
H = K [R T ] = ⎢⎢ 0
⎢⎣ 0

0
fy
0

c x ⎤ ⎡ r11 r12
c y ⎥⎥ ⎢⎢r21 r22
1 ⎥⎦ ⎢⎣r31 r32

r13 t x ⎤
r23 t y ⎥⎥
r33 t z ⎥⎦

(2)

In equation (2), the rotation matrix R and the translation vector T relate the image plane of the
camera to the plane of the calibration pattern. These are the extrinsic parameters of each
homography. The intrinsic parameters, defined by K, are the principal point (cx, cy) and focal
length (fx, fy) of the camera plane. All these parameters are computed by Zhang's method
(Zhang, 2000).
The main objective of the stereo calibration is to obtain the geometric relation between both
stereo cameras (Figure 35). That is, the rotation matrix Rlr and the translation vector Tlr that
relate both image planes. Obtaining the extrinsic parameters of both cameras (Rl, Tl) and (Rr, Tr)
and defining P = (x, y, z) as a point in the three-dimensional space, pl = RlP + Tl and pr = RrP +
Tr are the associated position of this point for the left and right camera, respectively. Both
expressions are related by pl = Rlrt(pr - Tlr), where Rlr = RrRlt and Tlr = Tr – RlrTl. The average
values for (Rlr, Tlr) are computed from all twenty pairs of views of the calibration pattern and
their error reduced by the iterative algorithm of Levenberg–Marquardt (Nocedal and Wriht,
2006).
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Figure 35. Epipolar geometry of a stereo image pair.

IV.2.2.2.	
  Stereo	
  alignment	
  
This process aims to project both image planes in the same plane by means of aligning them by
rows. Therefore, it makes the matching process between stereo images more reliable and
computationally efficient. Once the stereo alignment is made, search of one point in both images
are reduced to one dimension (one row).
There are several algorithms to perform the rectification process such as Hartley’s algorithm
(Hartley, 1998), which can use uncalibrated stereo images using just the fundamental matrix3, or
Bouguet’s algorithm (Bouguet, 2013), which uses the rotation matrix and translation vector of
both calibrated cameras. Since for the presented camera system we can employ a calibration
patter and Hartley’s algorithm could cause more image distortions than Bouguet’s (Bradski and
Kaehler, 2008), we have opted for the latter. This algorithm splits the rotation matrix obtained
previously in the camera calibration phase (Rlr) in two for both cameras. In this way we have the
matrices Rl and Rr for the left and right cameras, respectively. The resulting rotation matrices of
this method perform a rotation of the image planes of each camera so that the epipolar lines are
placed parallel to the horizontal axis (Tucco and Verri, 1998). The rotation of each image plane
is defined by equations (3) and (4).

3

In epipolar geometry, fundamental matrix (F) relates corresponding points in stereo images xl and xr.

Fxl describes a line (an epipolar line) on which the corresponding point xr on the other image must lie, Fxl
= x r.
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T
r1 =
T

r2

[
− T y Tx O ]T
=

r3 = r1 × r2

Tx2 + T y2

⎡ (r )T ⎤
⎢ 1 T ⎥
Rrect = ⎢(r2 ) ⎥
⎢ (r )T ⎥
⎣⎢ 3 ⎦⎥
R'l = Rrect Rl

(3)

R' r = Rrect Rr

(4)

Once the parameters for carrying out the distortion correction, stereo calibration and stereo
alignment are computed, these parameters are applied through a rectification map for each
image. These maps allocate automatically the pixels from the source image (xs, ys) to the
destination image (xd, yd). Figure 36 shows an outline of the different steps followed in order to
have calibrated and rectified stereo images.

Figure 36. Rectification process of stereo images. (a) First, the image distortion is removed and then, (b)
both images are aligned by rows.
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IV.2.2.3.	
  Three-‐dimensional	
  correspondence	
  
Once we have the stereo images without distortion, calibrated and aligned, we can proceed to
compute the three-dimensional correspondence of a point. Therefore, if (xr, y) and (xl, y) are the
coordinates of a point in the image plane of the right and left cameras respectively, the
estimation of its three-dimensional coordinates is given by equations described in (5).

(
x l − c lx )
X =b
(c lx − c xr )− d

(
y − c lx )
Y =b
(c lx − c xr )− d

Z =b

f

(

)

c lx − c xr − d

(5)

In the previous equation b is the distance between the cameras and d = xl – xr.

IV.2.3.	
  Laparoscopic	
  instrument	
  tracking	
  
Identification of the instruments inside the surgical simulator is needed in order to perform the
geometric analysis of their position in the workspace. To this end, an artificial colour marker
was placed on the distal end of each laparoscopic instrument shaft without altering any of their
physical characteristics. These landmarks work as reference points for the instrument tracking
method.
A real-time colour segmentation of the landmarks was performed using the H-S (HueSaturation) colour space to minimize reflection-related problems. For colour segmentation, the
HSV space is preferable to the RGB colour space. This separates the chromaticity from the
luminance components and therefore it is more robust to changes in lighting. A previous
analysis of random images from video sequences of different laparoscopic training tasks in a
box trainer setting was performed in order to choose a suitable region in the H-S plane that can
be used as colour for the landmark of each instrument. To improve the results of this colour
segmentation, a morphological opening is applied. This morphological operation on the image
consists of a morphological erosion to remove the false positives in the segmented image
followed by a morphological dilation to fill possible gaps. The centre of the segmented region of
interest (ROI) in the left image is matched with the centre of the ROI in the right image using
the epipolar restriction. With the coordinates in the stereo image pair, it is possible to perform
the three-dimensional tracking of the laparoscopic instruments based on the equations (5). An
outline of the entire segmentation process is presented in Figure 37.
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(a)

(b)

P(X,Y,Z)

Reprojection matrix
pr (xr,	
  y)

pl (xl,	
  y)

(c)

Figure 37. Diagram of the segmentation process for the laparoscopic instruments. (a) Rectified stereo
images and without distortion. (b) Images in the H-S colour space. (c) Colour segmentation and threedimensional correspondence.

The box trainer simulator with the instrument tracking method based on stereoscopic vision
techniques was complemented with the implementation of a virtual environment for training
support (Annex I). This virtual environment allows providing support multimedia content
during the execution of laparoscopic training activities inside the simulator such as threedimensional instructions of the manoeuvres that have to be performed during an intracorporeal
suturing task. Additionally, instrument motion during a training task could be recorded for redisplaying or subsequent analysis.

IV.2.4.	
  Technical	
  validation	
  
To verify the accuracy of the designed instrument tracking method a static repeatability tests
was performed by placing the instrument in a number of defined positions within the available
tracking volume of the box trainer. We measured the instrument's position repeatedly to
quantify the effect of noise on the system measurements. A methodology similar to the one
described by Hummel et al. (Hummel et al., 2005) was used. A measurement grid, consisting of
6 x 9 squares of 30 mm of side, was used to assess the system accuracy. The approximate size
of the working area inside the simulator was considered for the test, and therefore the first 5 x 6
inner intersections were used to assess the system. The tip of the instrument was carefully
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placed at each intersection (30 in total). X, Y and Z coordinates of the laparoscopic instrument
tip computed by the motion tracking method were recorded during ten seconds at each position.
These measurements were repeated three times. For each recording, a small tripod with a 5 mm
surgical access port was employed to ensure the stability and verticality of the laparoscopic
instrument (Figure 38).

Figure 38. Setting for evaluation of the system accuracy. X, Y and Z coordinates were recorded at each
inner intersection of the measurement grid.

Relative position error was computed by comparing the Euclidean distances reported by the
tracking system to the known physical distances on the measurement grid. All the possible
distances of 30, 60, 90, 120 and 150 mm were calculated. Additionally, we computed the
distance from the first position at each column of the measurement pattern P(i,1)i=1,...,5 to the
other column positions P(i,j)j=1,...,6. The accumulated distance error was determined by
comparing the reported distances with the real distances on the grid.
To evaluate the integration of the motion tracking method in a real laparoscopic training
process, five experienced surgeons in laparoscopic surgery (with more than 100 laparoscopic
procedures) from the JUMISC tested the system. Once the surgeons had performed a set of
basic laparoscopic training tasks using the hybrid simulator such as hand-eye coordination, cut
and intracorporeal suturing tasks, they filled out a questionnaire about their experience
regarding the use of the presented training platform (Table 6). Each criterion was rated with a 5point Likert scale (1 = “highly negative”, 5 = “very positive”).
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Table 6. Face validation questionnaire.
Criterion

Score

The whole platform (box trainer + instrument tracking system + artificial environment) is useful
for learning basic laparoscopic skills
The tracking method of laparoscopic instruments does not interfere with the proper use of the
instruments
The tracking method of laparoscopic instruments does not interfere with the performance of
training tasks inside the box trainer
To provide multimedia support content by means of the developed virtual environment is a
valuable tool for enhancing the laparoscopic training
To re-display the training performance (camera video + movements of the instruments) for
subsequent analysis is a useful tool for enhancing the laparoscopic training
The tracking method of laparoscopic instruments is a suitable tool to be used for assessment of
laparoscopic psychomotor/technical skills

IV.3.	
  Results	
  
An example of the path recorded for both instruments during an intracorporeal suture performed
by an experienced surgeon is shown in Figure 39. If we analyse this graph, during the knot tying
the volume of space occupied was wider for the movements of the dissector than the needle
holder (Figure 39b). Therefore, the surgeon performed shorter and more concentrate movements
with the needle holder. The sampling rate of the tracking system for each instrument was 25 Hz.

(a)

(b)

Figure 39. (a) Laparoscopic instrument motion example during the performance of an intracorporeal
suture, consisting of one double knot followed by two simple knots. (b) Motion example of a one simple
knot. A dissector was held with the left hand (red) and a needle holder with the right hand (blue).
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IV.3.1.	
  Relative	
  position	
  error	
  
Results of the relative position error are shown in Table 7. The average accuracy of the
instrument tracking system decreased with distance from the camera system. This reported the
highest accuracy at distances of 30 mm on the measurement platform and the lowest at distances
of 150 mm. The minimum relative error value was obtained at 60 mm (0.02 mm) and the
maximum at 120 mm (5.893 mm). Moreover, the tracking system reported the most stable
values at the shortest distances.
Table 7. Relative position error. Data show the average, standard deviation (SD) as well as the minimum
and maximum values for all possible distances on the measurement grid.
Distance
(mm)
30
60
90
120
150

Average
1.055
1.217
1.574
1.647
2.149

Error (mm)
SD
Minimum
0.902
0.029
1.138
0.020
1.214
0.103
1.668
0.243
1.807
0.956

Maximum
5.442
4.992
4.372
5.893
5.597

IV.3.2.	
  Accumulated	
  distance	
  error	
  
The distribution graph of the accumulated distance error for the instrument tracking method
concerning the position on the measurement grid is presented in Figure 40. In general terms, as
the case of relative errors, error rates were lower when the laparoscopic instrument was close to
the camera system. This error was higher for distances computed in the right side of the
measurement grid. The highest accumulated distance error was located at the upper right corner
of the measurement grid with a 5.750 mm error. The system yielded the lowest accumulated
distance error rate at 30 mm and 120 mm from the first row of the grid. The first row is not
included in the graph since all its values are 0 for the accumulated distance error.

Figure 40. Accumulated distance error. The distances are computed between the first row of each column
P(i,1) of the measurement grid, and all the successive rows along the column P(i,j).
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IV.3.3.	
  Face	
  validation	
  
Average scores for the face validation questionnaire are presented in Figure 41. These results
show that surgeons considered the whole system useful for learning basic laparoscopic skills
(4.6/5). They thought that the tracking method of laparoscopic instruments is a valuable tool for
assessment of psychomotor skills (4.2/5). They did not found notable changes in the normal use
of the laparoscopic instruments with the use of the instrument motion method (4.8/5). In
addition, they reported that the instrument tracking method does not interfere with the training
activity inside the box trainer (4.6/5). They considered the possibility of re-displaying the
training performance for further analysis a useful tool as a feedback for enhancing the training
process during the first stages of laparoscopic training (4.6/5). However, they rated the
multimedia support content using the artificial environment as having moderate usefulness
(3.6/5).

The	
  whole system	
  is	
  useful	
  for	
  
learning	
  basic	
  laparoscopic	
  skills
5

4.6

4

The	
  instrument	
  tracking	
  method	
  
could	
  be	
  a	
  suitable	
  tool	
  for	
  
assessment of	
  laparoscopic
psychomotor/technical	
  skills

3
4.2

4.8

2

The	
  instrument	
  tracking	
  method
does	
  not	
  interfere	
  with	
   the
proper	
  use	
  of	
  the	
  laparoscopic
instruments

1

To	
  re-‐display	
  the	
  training	
  
performance for	
  subsequent	
  
analysis	
  is	
  a	
  useful	
  tool	
  for	
  
enhancing	
  the	
  laparoscopic	
  
training

4.6
4.6
3.6

The	
  instrument	
  tracking	
  method
does	
  not	
  interfere	
  with	
   the	
  
performance	
  of	
  training	
  tasks	
  
inside	
  the	
  simulator

To	
  provide	
  multimedia	
  support	
  
content	
  by	
  means of	
  the	
  virtual	
  
environment is	
  a	
  valuable	
  tool	
  for	
  
enhancing	
  the	
  laparoscopic	
  
training

Figure 41. Graph with the average score of each criterion of the face validation questionnaire.
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VI.4.	
  Discussion	
  
The design and development of a stereoscopic motion tracking method of laparoscopic
instruments to be used in a box trainer have been presented in this chapter. Technical evaluation
of the system gives proof that it is a reliable source of information for motion analysis of
laparoscopic instruments. This method has been proved to present low error rates in the 3D
localization of the laparoscopic instrument tip. Moreover, preliminary results showed
acceptance of surgeons towards its use as a tool for psychomotor skills’ assessment.
The evolution of the traditional Halsted-based surgical training method (Halsted, 1904) towards
structured, objective MIS learning paradigms has led to improvements in surgical training and
assessment technology. There is a tendency to move the early phases of training, concerned with
the acquisition of motor skills, outside the OR with the use of training simulators (Aggarwal et
al., 2004). Virtual simulators and some hybrid training systems provide different approaches
(Moyano-Cuevas et al., 2011; Pellen et al., 2009), but most of the available commercial systems
are expensive to be affordable for surgical training centres, hospitals or for private use. We
proposed a hybrid simulator that provides a cost-effective mean to train and acquire basic
laparoscopic skills, which includes a method to track the laparoscopic instruments motion for
future psychomotor skills assessment.
In the course of the experimental tests, none of the surgeons noticed remarkable differences
concerning the normal use of the laparoscopic instruments and the task performance inside the
simulator, which we consider fundamental in order to achieve a tracking method that does not
change the regular performance of laparoscopic training activities. The position of the camera
system at the back of the simulator seems to be the most appropriate so that it does not alter the
normal workflow inside the box trainer.
Surgeons also reported that the use of multimedia support content during the training process is
a useful tool, but they would prefer that these contents were displayed directly on the field of
view during the course of the activity instead of in a separate system. Initial developments
concerning the virtual environment for supporting the laparoscopic training activity (Annex I)
allow us to think about the future inclusion of augmented reality techniques. These techniques
enable inserting superimposed support content for augmenting the real view of the working area
without the need of using a separate system.
Results showed satisfactory system accuracy for the tracking method of laparoscopic
instruments at distances of 30, 60, 90, 120 and 150 mm on the measurement platform, with
average errors fewer than 2.2 mm. As expected, this error increased with distance from the
camera system. Besides, there are some other factors that could affect this system accuracy.
Since the tracking process is based on image processing techniques, it strongly depends on the
- 68 -

Chapter IV
Laparoscopic hybrid simulator with stereoscopic tracking system

image provided from the camera system and the clarity with which the colour marker on the
instrument is seen, which usually also decreases with distance. Apart from that, another
influential factor could be the ambient light. For ideal experimental tests, a uniform source of
light along the workspace should be needed. As with the relative error, the accumulated distance
error increased with distance from the camera system, with the highest error at the last row of
the measurement platform. This error was higher for distances on the right side of the
measurement grid. This could be because for the stereoscopic system the left camera was taken
as reference for the calculation of the three-dimensional measures.
Comparing the presented instrument tracking method to other tracking methods of laparoscopic
instruments. In a previous study in which we adapted the Polhemus Isotrack II (Inition; London,
UK) for use as laparoscopic instrument tracking (Pagador et al., 2011a), higher relative position
error was reported for distances of 50, 100 and 150 mm on the measurement platform than the
presented method, with errors of 2.5±0.6 mm, 3.4±0.7 mm and 3.9±0.8 mm, respectively.
Hummel et al (Hummel et al., 2005) compared the reliability and accuracy of two well-known
electromagnetic tracking systems such as Aurora (Northern Digital Inc.; Waterloo, ON, Canada)
and microBIRD (Ascension; Burlington, VT, USA). Both tracking devices obtained higher
relative error at distances of 150 mm. In addition, it should be noted that ferromagnetic
materials, which are common in laparoscopic training settings, could distort the electromagnetic
field, and therefore affect the accuracy of these systems (Kenngott et al., 2013; Frantz et al.,
2003).
Regarding other instrument tracking methods based on video analysis, Zhang et al. (Zhang and
Payandeh, 2002) computed the position of the laparoscopic tool through the geometric analysis
of an artificial marker placed close to the instrument tip. They used four predefined points in the
workspace and then they computed the average position error by applying the tracking
algorithm to ten frames. The reported results were 0.935±0.9 mm, 9.341±2.364 mm, and
1.633±0.911 mm for X, Y, and Z coordinates, respectively. Cano et al. (Cano et al., 2008)
defined a method based on the geometric projection of the instrument using the endoscope
image as source of information and without artificial markers. They reported 9.28 mm RMS of
positional error. The previous tracking methods do not work in real time. Loukas et al. (Loukas
et al., 2013) combined two different video-based algorithms for laparoscopic instrument
tracking, the first algorithm is based on an adaptive model of a colour strip attached to the distal
part of the tool and the second one use a combined Hough–Kalman approach. For working
distances close to the camera (< 170 mm), the average error for computing the depth of the
instrument was 2.5±2.1 mm. There are other approaches based on video analysis, which use the
geometry of the instrument (Climent and Hexsel, 2012; Allen et al., 2011), colour segmentation
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(Speidel et al., 2006) or CAMShift algorithm (Bouarfa et al., 2012) for tracking the laparoscopic
instruments. However, they did not report results concerning the system accuracy.
The proposed training system has some similar features to the ProMIS hybrid simulator (CAE
Hatlthcare, Mains, Germany), both devices provide an instrument tracking method and artificial
environment for training support (Annex I). The ProMIS simulator has an advanced virtual
environment for training, including virtual laparoscopic tasks. However, for this simulator both
the tracking method for laparoscopic instruments and the support virtual environment are not
portable, they are integrated into the simulator without the possibility of being used in other
training systems. Besides, the assessment of surgeon's technical skills is currently based on time
taken, path length, and economy of movement (Pellen et al., 2009) without exploiting the full
potential of instrument motion analysis (Oropesa et al., 2013b; Oropesa et al., 2011b; Hofstad et
al., 2013; Chmarra et al., 2010). In contrast, the presented training system aims to develop an
economical and portable solution, parts of which can be used with other surgical simulators.
We have proposed a motion tracking method for laparoscopic instruments based on stereoscopic
video analysis. Therefore, limitations present in other tracking technologies such as
ferromagnetic interferences (Yamaguchi et al., 2011) or the behaviour of sound waves
(Sokollik et al., 2004) are avoided. Unlike the use of electromagnetic technology for tracking
instruments inside the simulator (Pagador et al., 2011a; Yamaguchi et al., 2011), the presented
system does not require wires hanging from the instrument for power supply, nor does it need
extra objects that could disturb the use of the instrument (Estebanez et al., 2011). Additionally,
modifications of the instruments are not needed (Allen et al., 2010), apart from placing a colour
tape on the distal part of the instrument. Nevertheless, the system presents some challenges that
need to be addressed before its full implementation.
Concerning the tracking method, a clear line of sight is required between the camera and the
object to be identified, which is a common challenge in video-based tracking approaches.
Loukas et al. (Loukas et al., 2013) addressed the possible instruments occlusions, when colour
landmarks on each instrument were tracked, using a Kalman filter implementation. Another
common problem in intra-corporeal video-based tracking methods is to estimate the rotation of
the instruments. Possible solutions would involve the use of pattern-based markers on the
instrument (Doignon et al., 2007), or using another tracking technique that complements the
current method.
The proposed system is a cost-effective training solution to be used outside the OR, but not for a
real intervention. However, it should be noted that it is not the aim of this proposal. Other
instrument tracking approaches less invasive with regard to the simulator or patient, and
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therefore more suitable to be used in an actual clinical setting, will be presented in the following
chapters of this thesis.
Considering the reported results and opinion from experienced surgeons, we would be in a
position to use the presented tracking system as a reliable tool to perform psychomotor
assessment of laparoscopic performances based on instrument motion analysis. To achieve this,
several steps have to be addressed: (1) To define a set of motion metrics and assessment tasks;
(2) To use the instrument tracking method in order to provide the required information to
compute these motion metrics; (3) To analyse these metrics and any other relevant information
to perform the psychomotor analysis of the laparoscopic performance; (4) To validate the
complete system, including the assessment metrics and tasks, as an assessment system of
laparoscopic psychomotor skills. The final goal of this system is its inclusion in structured
laparoscopic training curricula, such as the one currently implemented in the JUMISC. This
type of systems will be included in the first level of its training model, in which surgeons learn
surgical skills using surgical simulators with inanimate and ex vivo models. It will enhance the
support during the training, automate the objective assessment, and reduce the need for constant
supervision by an examiner.

VI.4.1.	
  Chapter	
  conclusions	
  
This chapter has presented the first method for motion analysis of laparoscopic instruments for
further evaluation of MIS technical skills. The conclusions of this chapter can be summarized
thusly:
•

A hybrid simulator consisting of a laparoscopic instrument tracking method based on
stereoscopic vision techniques and an virtual support environment has been presented.
The aim of this simulator is to be used during the early stages of laparoscopic training.
This system combines the interactivity and realism of the physical laparoscopic
simulators with some advantages of the virtual simulators.

•

Surgeons reported that the instrument tracking method does not interrupt the normal use
of laparoscopic instruments as well as the training tasks performance inside the box
trainer.

•

Experimental tests showed that the laparoscopic instruments movements could be
accurately recorded by the tracking method in a box trainer setting, providing a reliable
source of information for further motion analysis.

•

Surgeons considered that it would be more appropriate to have access to the visual
support content for training in the same field of view as the image from the endoscopic
camera and not in a separate system.
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•

Future works contemplate the validation (construct and concurrent validity) of the
hybrid simulator as an assessment tool and its implementation in the early stages of a
real laparoscopic training program.
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CHAPTER V: OPTICAL POSE TRACKER
FOR ASSESSMENT OF MIS
TECHNICAL SKILLS

This chapter presents the design and validation of a tracking method for laparoscopic
instruments based on an optical pose tracker. This method seeks to provide another feasible
solution for motion analysis of laparoscopic instruments as well as solve some limitation in the
previous approach based on stereoscopic vision techniques such as the use in different training
scenarios. Two approaches for the system design will be presented with their corresponding
technical validation. In addition, construct and concurrent validity of the entire system as an
objective assessment tool of technical skills will be analysed. Finally, a feasibility analysis on
the implementation of the presented instrument tracking method in a OR setting for motionbased assessment of MIS technical skills will be performed.

- 73 -

Chapter V
Optical pose tracker for assessment of MIS technical skills

V.1.	
  Introduction	
  
In this chapter we propose to design and validate a motion analysis method of laparoscopic
instruments for objective assessment of surgical technical skills based on a third generation
optical pose tracker. It seeks to address some limitations present in the previous approach,
described in Chapter IV of this thesis, based on stereoscopic vision techniques such as the
possibility of using the instrument tracking method in different training scenarios. In addition,
this method tries to cope with some drawbacks of other tracking technologies such as the high
cost of most of the commercial available tracking systems based on infrared technology,
ferromagnetic interferences related to electromagnetic systems (Kenngott et al., 2013; Frantz et
al., 2003), the need of wires hanging from the instrument for power supply, which could disturb
its use (Pagador et al., 2012; Yamaguchi et al., 2011), as well as major internal modifications of
the instruments that may affect its proper operation (Allen et al., 2010). The proposed method
attempts to address the need for more robust, transparent for the user and easily portable to the
OR instrument tracking methods.
Optical pose trackers of the first generation use light-emitting targets such as LEDs in order to
be easily detectable in the environment. Second generation trackers emit infrared light from a
ring surrounding each camera lens and typically use balls or discs as targets coated with retroreflective material. However, both first and second-generation trackers cannot guarantee the
visibility of the target under visible light conditions; hence infrared (IR) light is usually used.
However, the intensity of the IR light falls with the square of the distance and to prevent sensor
saturation both kinds of trackers do not allow targets to be placed very close to the camera. This
leads to larger cameras being needed to obtain the required accuracy. Nevertheless, it increases
the possibility of line-of-sight interruptions and makes the positioning of the camera more
difficult, especially when the use of space is crucial. Third generation optical pose trackers offer
some advantages over trackers of earlier generation. They are fully passive and use available
visible illumination to identify targets and, in general, they are more affordable. They do not
need to maintain a distance from targets, and therefore they can be placed close to the
workspace. This kind of tracking systems can be compared favourably with magnetic tracking
devices since they do not present metal interferences from objects (including the instruments)
near the working area.
Video-based optical pose trackers have been used mainly for image-guided surgery (IGS)
(Clarke et al., 2010; Maier-Hein et al., 2008; Colchester et al., 1996) and for developing some
training simulators (Nicolau et al., 2011). However, to our knowledge this is the first time that
this technology is applied for objective evaluation of laparoscopic surgical skills. In this chapter
feasibility, reliability and validity of the presented assessment tool for MIS technical skills will
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be analysed. Concerning validation studies, face, construct and concurrent validation will be
addressed. This chapter corresponds with the second motion analysis method of laparoscopic
instruments and its application for MIS technical skills assessment as part of the organizational

•
•
•
•

Design
Development
Technical	
  validation
MIS	
  technical	
  skills	
  assessment

MIS	
  technical	
  skills	
  assessment

Optical	
  pose	
  tracker

Motion-‐based	
  assessment	
  metrics

LESS INVASIVE

structure proposed for this thesis (Figure 42).

Figure 42. Practical implementation of the proposed organizational structure: motion analysis method of
laparoscopic instruments based on an optical pose tracker.

The objectives to be addressed in this chapter are:
•

To present a novel optical tracking approach for motion analysis of laparoscopic
instruments.

•

To test the accuracy of the instrument tracking method in computing the position of the
laparoscopic instrument tip.

•

To validate the realism of the training system and its usefulness (Face validity).

•

To determine its feasibility in registering motion metrics during laparoscopic training.

•

To establish construct validity of measured motion-based assessment metrics in
laparoscopic training.

•

To analyse the concurrent validity of the registered assessment metrics with regard to a
previously validated assessment method of laparoscopic technical skills.

•

To prove that the presented system is feasible to be installed in a real OR setting in
order to be used as a tool for assessment of laparoscopic technical skills.
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V.2.	
  Technical	
  validation	
  
The main objective of this section is to verify the positional accuracy of the instrument tracking
method and quantify the effect of noise on the system measurement when the laparoscopic
instrument is tracked and the position of the tip is computed. An adaptation of the methodology
of Hummel et al. (Hummel et al., 2005) has been used for the accuracy tests. A laparoscopic
dissector (Richard Wolf GmbH, Knittlingen, Germany) was used to perform all technical
evaluation tests, but this procedure can be extended to other kind of instruments. The camera
system was placed at 600 mm from the working area and its height was established at 340 mm,
which is approximately the same as the height of the markers on the instrument.
Two designs are presented in order to implement a laparoscopic instrument tracking method
based on the optical pose tracker. The first design is the preliminary attempt to develop a
tracking method for real laparoscopic instruments. The second approach constitutes an
improvement of the previous design trying to solve some of the identified technical limitations.

V.2.1.	
  First	
  design	
  
V.2.1.1.	
  System	
  description	
  
The tracking method of laparoscopic instruments is based on a third generation optical pose
tracker (MicronTracker®3 Hx60; Claron Technology Inc., Toronto, CAN). This tracker works
in the visible spectrum and uses custom-made artificial markers as reference points. A novel
approach that uses this tracking device for motion analysis of real laparoscopic instruments
during the surgical practice has been created. To this end, a support with three different markers
was designed for each laparoscopic instrument. The pattern of the markers was geometrically
defined and arranged according to the rules dictated by the tracker’s specifications4. Three
different markers were used for each instrument in order to have one frontal and two lateral
views, providing a wide range of instrument movements. The support and markers were placed
on the handle of the instruments.
Each artificial marker consisted of a three simple landmarks forming two vectors, provided that
one of the vectors was longer than the other, and the angle between them was in the 8-172
degrees range. One checkerboard intersection painted on a flat surface was used as a landmark.
The three-dimensional marker’s position provided by the tracking method was the middle point
of its longest vector (Figure 43).

4

MicronTracker Developer’s Manual MTC 3.6. September, 2010
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Figure 43. The positional marker is defined by a double simple marker (left) and a normal simple marker
(right), which describe two vectors. The middle point of the longest vector is the computed threedimensional position of the marker.

Two different supports, one for a laparoscopic scissors (Endo Shears, Auto Suture, Covidien,
Mansfield, USA) and a laparoscopic dissector (Richard Wolf GmbH, Knittlingen, Germany);
and another one for straight and curved needle holders (Karl Storz GmbH & Co. KG, Tuttlingrn,
Germany) were designed to hold the three markers on the instruments (Figure 44). They were
integrated to ensure the natural use and gripping of the instruments and they were made of
Polyvinyl chloride (PVC) in order to provide lightweight and tough pieces.

Figure 44. Set of laparoscopic instruments with their supports and artificial markers on them.

A calibration method is applied to obtain the transformation matrices that provide the
relationship between markers and instrument tip. With this information it is possible to project
each marker position on the instrument to the three-dimensional position of the tip. A
calibration plate placed under the tip of the laparoscopic instrument was used for this calibration
process (Figure 45). The calibration plate and the markers on the instruments must be within the
camera's field of view. It only requires to be performed once before the first use of the
instrument tracking method.
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Figure 45. Calibration setting. Both artificial markers on the instrument and calibration plate have to be
within the field of view of the camera system.

The camera system is connected to the computer through an electrical interface IEEE-1394a. A
software application running on a Linux-based computer detects the visible targets in the video
stream and computes their positions and projections at the tip of the instrument.
V.2.1.2.	
  Evaluation	
  tests	
  
A measurement plate was designed and manufactured to perform the evaluation tests. A 8 x 9
grid of holes was precisely drilled for position measurements. The distance between adjacent
holes was 50 mm. The tip of the instrument was placed in the centre of each position using a
custom-made support and its X, Y, Z coordinates were computed (Figure 46a). A second
platform was developed to analyse the inclination accuracy of the system. It provides 13
positions to place the instrument at intervals of 7.5 degrees, always keeping the tip fixed at the
same place (Figure 46b).
The tip of the laparoscopic instrument was placed during 10 seconds at each position provided
by both measurement platforms. The fluctuation error was evaluated by the root mean square
error (RMSE) of each laparoscopic instrument position. Relative position errors were
computed by comparing the Euclidean distances reported by the tracking method to the known
physical distances on the measurement platforms. All the possible distances of 50, 100, 150,
200, 250, 300, and 350 mm were analysed for the first measurement platform. In addition to
this, we computed the accumulated distance error by means of obtaining the distances from
the first position of the measurement plate P(i,1)i=1,2,…,8 to the other column positions
P(i,j)j=1,2,…,8, and comparing them with the real distances on the plate.
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(a)

(b)

Figure 46. Measurement platforms to evaluate (a) the positional accuracy and (b) the inclination
accuracy.

V.2.1.3.	
  Results	
  
The tracking method shows stable fluctuation error over the entire volume (Figure 47a). This
error increases slightly with distance and has its highest value (3.868 mm) at the point (5,7) of
the measurement plate.

(a)

(b)

Figure 47. (a) System accuracy error (RMSE). X and Y label the position of the laparoscopic instrument
on the platform, and Z indicates the resulting fluctuation error. (b) Accumulated distance error.
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The results for the relative position errors were 1.776±1.675 mm, 1.817±1.762 mm,
1.854±1.740 mm, 2.455±2.164 mm, 2.545±2.496 mm, 2.764±2.342 mm, 2.512±2.493 mm for
distances of 50, 100, 150, 200, 250, 300, and 350 mm, respectively. It shows that the system is
more accurate at shortest distances with no remarkable differences when distance increases. In
general terms, the accumulated distance error increases with the measured distance (Figure
47b)5. The highest accuracy of the tracking system is at 150 mm and the lowest at 350 mm with
an error of 7.800 mm.
Table 8. Fluctuation error and accumulated distance error in computing the laparoscopic instrument tip
position at different degrees of inclination.
Degree

RMSE (mm)

90.0
82.5
75.0
67.5
60.0
52.5
45.0
37.5
30.0
22.5
15.0
7.5

0.568
0.589
0.688
0.756
0.640
0.592
0.692
0.615
0.431
0.532
0.737
0.880

Accumulated
distance (mm)
1.807
1.136
1.382
1.328
1.014
0.651
1.988
1.907
0.581
1.294
2.775

Regarding inclination accuracy results, the tracking method was able to track markers with an
inclination of the instrument from 90 to 7.5 degrees. The maximum fluctuation error and also its
highest accumulated distance error were reported when the instrument was in the most
horizontal position, that is with the measurement platform at 7.5 degrees (Table 8).

V.2.2.	
  Second	
  design	
  
V.2.2.1.	
  System	
  description	
  
Reported accuracy results from the technical validation of the first design showed a stable but
low positional accuracy in tracking the laparoscopic instrument tip. Additionally, during the
evaluation tests some unexpected changes computing the three-dimensional position of the
instrument tip were found. The main cause was the irregular shape of the instrument tip, which
makes it difficult to determine the exact position of its centre point. This implied that during the
calibration process of each artificial marker, their transformation matrices did not refer to the
exact same point in the three-dimensional space. Consequently, when the tracked marker is
5

It should be noted that the first row has not been included in the graph of accumulated distance error

since all its values are 0
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shifted from one to another (each instrument has one front and two side artificial markers) due
to movements of the instrument, the computed three-dimensional position of the tip varied. We
hypothesized that these two main limitations could be addressed with a design enhancement of
the support for the artificial markers placed on the laparoscopic instruments in conjunction with
an improvement of the calibration process.
In order to increase the system accuracy of the previous design, equation (6) was taken into
account to estimate the error in computing the position of the instrument tip. This equation is
provided by the manufacturer. Where e is the RMS error for the computed potion of the tip (etip)
and for computing the position of a simple marker (em). This equation shows that the only two
possible ways for error reduction are by means of increasing the distance between markers
placed on the support (l) or decreasing the distance between the support and the instrument tip
(d). The latter option entails placing the markers on the instrument shaft or inserting a foreign
body inside the patient or simulator. Consequently, it was decided to increase the separation
between markers. In order to achieve this, a new lighter support (12 g.) made of ABS polymer
was designed (Figure 48a) and developed for each kind of laparoscopic instrument (Figure 48b).

etip ≈ em + 1.5 ⋅ em ⋅ d

(6)

l

em = ecalibration + e jitter = 0.35mm + 0.14mm = 0.49mm

(a)

(b)

(c)

Figure 48. (a) Computer-designed support for the artificial markers. (2) Supports and artificial markers
placed on each laparoscopic instrument. From left to right: dissector, needle holder, and laparoscopic
scissors. (c) Support for computing the instrument tip with regard to the central axis of the instrument
shaft.
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An additional support was designed in order to solve the problem of providing the same
reference point for the instrument tip during the calibration process (Figure 48c). This support
covers the distal part of the instrument, providing a fixed point of reference (P’) for all the
artificial markers placed on the instrument.
V.2.2.2.	
  Evaluation	
  tests	
  
To validate the new system design and compare the accuracy results with the previous
approach, two new more precise measurement platforms were developed. One platform for
positional accuracy assessment was built with modified bricks and building plates of LEGO®
(LEGO 6176 DUPLO Basic Bricks)6, which provides reproducible measures (Figure 49, left).
The size of each basic piece used was 31.75 mm. To test inclination accuracy, a similar platform
to the one proposed for the first approach was used (Figure 49, right). Its configuration has been
adapted to be used with the additional support for the instrument tip (Figure 48, right), and
therefore provide a stable position of the instrument tip throughout the evaluation test.

(a)

(b)

Figure 49. Evaluation platforms. (a) Platform for the positional assessment. (b) Platform for the
inclination assessment.

For the evaluation of the positional accuracy the instrument tip was placed in 64 positions on the
measurement platform distributed as a grid. For the inclination test the instrument was placed at
each degree of inclination and with the tip fixed at the same origin. For both evaluation tests the
position of the instrument tip was recorded during 10 seconds at each position. Fluctuation
error, accumulate distance error and relative position error were computed for both tracker
designs, first and second approaches.

6

http://duplo.lego.com/en-us/Products/6176.aspx
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V.2.2.3.	
  Results	
  
The graphs for the fluctuation error for both approaches, which correspond to the previous
design and the new one are shown in Figure 50. The maximum fluctuation error for the new
design (0.536 mm) is considerably lower than the previous approach (2.991 mm). Moreover, for
the new design this error is more stable throughout the working area than the previous one.
As we expected, the accumulated distance error increases with distance from the camera system
for both designs (Figure 51). However, the new design has a more linear distribution and its
maximum error is lower (5.448 mm for the new approach versus 8.205 mm for the previous
one). Both designs present their maximum errors at the last row of the measurement platform, in
the middle column for the old design and on the left side for the new one.

(a)

(b)

Figure 50. Fluctuation error. (a) First design. (b) Second design. Each displacement unit at the X and Y
axis corresponds to 31.75 mm.

- 83 -

Chapter V
Optical pose tracker for assessment of MIS technical skills

Relative error rates are lower for the new design with regard to all analysed distances (Table 9).
This reduction of error is more noticeable at short distances (from 1*DU to 4*DU). Maximum
errors at each evaluated distance are also decreased in the new design. The tilt range covered by
both designs goes from 90 to 7.5 degrees. For the new design there is a reduction of both
fluctuation error and accumulated distance error at each position (Table 10). For both designs
the maximum fluctuation error and accumulated distance error take place at the most horizontal
position of the instrument (7.5º).

(a)

(b)

Figure 51. Accumulated distance error. (a) First design. (b) Second design. Each displacement unit at the
X and Y axis corresponds to 31.75 mm.
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Table 9. Relative error (in mm). DU: Displacement Unit (31.75 mm).
Previous design
Mean
Max.
2.149 ± 1.713
7.782
2.377 ± 1.767
8.702
2.372 ± 1.879
6.976
2.500 ± 1.648
6.470
2.467 ± 1.802
9.668
3.140 ± 1.671
7.142
3.373 ± 2.057
8.205

Distance
1*DU
2*DU
3*DU
4*DU
5*DU
6*DU
7*DU

New design
Mean
Max.
0.933 ± 0.725
1.778
1.165 ± 0.857
2.198
1.540 ± 1.034
2.873
1.953 ± 1.059
3.362
2.238 ± 1.083
3.797
2.437 ± 1.315
4.851
2.898 ± 1.329
4.935

Table 10. Inclination error (mm). RMSE: Root mean square error. ADE: Accumulated distance error.
Degree
90.0
82.5
75.0
67.5
60.0
52.5
45.0
37.5
30.0
22.5
15.0
7.5

Previous design
RMSE
ADE
0.568
0.589
1.807
0.688
1.136
0.756
1.382
0.640
1.328
0.592
1.014
0.692
0.651
0.615
1.988
0.431
1.907
0.532
0.581
0.737
1.294
0.880
2.775

New design
RMSE
ADE
0.266
0.339
0.124
0.269
0.245
0.293
0.513
0.354
0.935
0.352
0.731
0.416
0.923
0.437
0.979
0.399
1.067
0.491
1.122
0.477
1.292
0.583
1.337

V.3.	
  Validation	
  for	
  MIS	
  skills	
  assessment	
  
Taking into account the results of the previous section, the second design of the presented
instrument tracking method was used for MIS technical skills assessment. To this end, a set of
motion-related assessment metrics concerning laparoscopic training practice were computed.
These metrics were used to characterize the performance of a surgeon during a training session
with regard to different basic laparoscopic training tasks. Custom designed computer software
was used to record the motion data of each laparoscopic instrument, remove background noise
and process the information to compute the assessment metrics of laparoscopic performance.
This computer software was mostly implemented using C++ programming language, MTC
library7 and OpenCV computer vision library.
In order to smooth potential fluctuations of the signal recorded by the tracking system a
smoothing Kalman filter was implemented and applied (Chui and Chen, 2009). Factors of 0.1
as process noise (Q) and 0.49 as measurement noise (R) were used. The sum of the system
calibration error (0.35 mm) and the system fluctuation error for the detection of moving targets
7

MicronTracker Developer’s Manual MTC 3.6, September 2010
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(0.14 mm) was used as measurement noise. These error parameters were provided by the
manufacturer.

V.3.1.	
  Experimental	
  validation	
  
Training tasks were performed on a laparoscopic box trainer (SIMULAP®, JUMISC, Cáceres,
Spain). Ergonomic conditions were standardized for all subjects (Pérez-Duarte et al., 2013;
Pérez-Duarte et al., 2012; Sánchez-Margallo JA et al., 2009; Sánchez-Margallo FM et al.,
2010a). Entry ports for both instruments were set in identical spatial configuration and with the
camera system focused on the work area. Participants navigated the instruments by viewing the
images from the camera inside the simulator displayed on a screen in front of them. The height
of the surgical table was adjusted according to that of the subject, and the monitor was placed at
eye level for each surgeon (Figure 52).

Figure 52. Experimental setup: (a) Camera system of the optical pose tracker; (b) laparoscopic
instruments with artificial markers; (c) covered box trainer with the exercise seen on the monitor.

V.3.1.1.	
  Subjects	
  
Surgeons from different training courses in urological and gynaecological minimally invasive
surgical techniques at the JUMISC were invited to take place in this study. All participants
completed a short questionnaire detailing demographic information, dominant hand and prior
experience in laparoscopic surgery (Annex II). Because no standard method for determining the
level of expertise was identified in the literature, subjects were classified according to their
laparoscopic experience as Novice (N, <10 laparoscopic surgeries), Intermediates (I, 11-100
laparoscopic surgeries) and Experts (E, >100 laparoscopic surgeries) (Oropesa et al., 2013a;
Chmarra et al., 2010).
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(a)

(b)

(c)

(d)

Figure 53. (a) Grasping exercise using the EDEST device. (b) Cut task on a training plate. (c) Dissection
task and (d) Suturing task on an ex vivo animal model.

V.3.1.2.	
  Tasks	
  
Each surgeon carried out four basic laparoscopic tasks with different degree of complexity and
without time limit. These tasks are included in the first level of the laparoscopic training
program at the JUMISC, were basic and advanced training laparoscopic skills are trained with
surgical simulators. All participants received instructions on how to perform each task by
means of video tutorials accompanied by a short verbal explanation. Firstly, they performed a
hand-eye coordination task using the Electronic Device for Endosurgical Skills Training
(EDEST) (Pagador et al., 2011b). The task is a grasping exercise consisting on covering with
chickpeas six sockets. The sockets to be covered are indicated by a LED on top (Figure 53a).
Participants were asked to perform the task by alternating the use of both hands. For this task,
subjects used a pair of laparoscopic dissectors (Richard Wolf GmbH). Next, participants
performed a cut task on a training plate made of artificial tissue, where they had to follow a
marked pattern (Figure 53b). The right side of the training plate required to be cut with the
laparoscopic scissors in the right hand and the left side with the scissors in the left hand. A
laparoscopic scissors (Endo Shears, Auto Suture, Covidien, Mansfield, USA) and a laparoscopic
dissector (Richard Wolf GmbH) were used to perform this exercise. The next task consisted of
performing a dissection on an organic ex vivo tissue (porcine stomach). Subjects had to carry
out the adequate manoeuvres to separate the serous membrane from underlying layers along a
30 mm incision (Figure 53c). For this task, subjects used a laparoscopic scissors (Endo Shears,
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Auto Suture, Covidien) with the dominant hand and a laparoscopic dissector (Richard Wolf
GmbH) with the non-dominant hand. Finally, they carried out a suturing task on the dissection
previously made (Figure 53d). The suturing task consisted of four steps: passing the needle
through the top and then the bottom of the incision (in two steps); a double knot; and two single
knots in opposite directions. For this task, subjects used a laparoscopic needle holder (Karl Storz
GmbH & Co. KG, Tuttlingen, Germany) with the dominant hand and a laparoscopic dissector
(Richard Wolf GmbH) with the non-dominant hand.

V.3.2.	
  MIS	
  skills	
  assessment	
  
Performance of each task was videotaped and synchronized with the instrument motion
recordings. The surgeon’s technical skills were evaluated using the Global Operative
Assessment of Laparoscopic Skills (GOALS) method (Vassiliou et al., 2005), which includes
five domains: depth perception, bimanual dexterity, efficiency, tissue handling, and overall
competency (autonomy) (Table 11). Each domain is rated on a 5-point Likert scale admitting a
maximum score of 25. Annex III specifies the components of the GOAL rating scale that were
rated by the reviewers. Two trained experienced surgeons (> 100 laparoscopic surgeries) scored
the recorded tasks of each subject. Both surgeons were blinded to their respective findings, as
well as to the identity and experience level of each candidate.
Table 11. Domains assessed by the GOALS scoring system.
Domain

Definition

Depth perception

This item assesses how comfortable the operator is working with a monocular
optical system, which provides a 2-dimentional image on a monitor, compared with
the binocular 3-dimentional view afforded by open surgery

Bimanual dexterity

This item measures how well the surgeon is able to optimize the use of both hands

Efficiency

This item measures the fluidity and progress of the procedure

Tissue handling

This item measures the proper handling of tissues or objects, which also includes
the appropriate use of the laparoscopic instruments

Autonomy

This item assesses technical independence by measuring how much guidance the
operator needs (if any) to perform the task safety and appropriately

The suturing task performance was rated using a previously validated suturing checklist
(Kroeze et al., 2009; Moorthy et al., 2004). This checklist scores technical features of the task
such as needle position and driving, pulling through of the suture, and the technique and quality
of the knots. Taking into account that in this study the suturing task were performed without slip
knots, the item 25 (knot left loose to slip) and 26 (knot slippage attempts 3 or <3) have not been
considered, and therefore the maximum final score was 27 (Annex III).
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All laparoscopic instruments’ movements were registered using the tracking method. Ten
measures of motor skills were computed, derived from the instrument tip’s position. Some of
these motion metrics such as time, path length, depth, speed, acceleration and motion
smoothness (jerk) have been extensively used (Oropesa et al., 2013a; Pagador et al., 2012;
Chmarra et al., 2010; Pellen et al., 2009). Other metrics such as economy of area (EOA),
economy of volume (EOV) and bimanual dexterity have been introduced recently and thus still
require further validation (Oropesa et al., 2013a; Hofstad et al., 2013). All of these motion
metrics were previously described in Chapter III and their equations are detailed in Table 12.
These metrics were organized in two categories: time-related metrics and space-related metrics.
For face validation of the system, at the end of the study participants completed a questionnaire
concerning general aspects of the systems, including realism, questions about its usefulness and
other aspects such as its comparison with laparoscopic virtual simulators as a means of training
(Annex IV). The workflow of the assessed laparoscopic training tasks and questionnaires
performed throughout the study is shown in Figure 54.

Questionnaire	
  
part	
  I
• Demographic
• Experience

Hand-‐eye	
  
coordination	
  
with	
  
chickpeas

Cutting	
  task	
  
of	
  artificial	
  
tissue
• Right	
  hand
• Left	
  hand

Dissecting	
  
task	
  with	
  
organic	
  tissue

Suturing	
  task	
  
with	
  organic	
  
tissue

Figure 54. Workflow of tasks and questionnaires performed during the study.
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Table 12. Equations of the motion metrics analysed.
Metric

Value

Time (T) (s)

T = t f − t0

Time-related metrics

Idle time (%)

2
2
2
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dr
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⎜ dt ⎟
T ∫t =0 ⎝ dt ⎠
⎝ dt ⎠
⎝
⎠

Acceleration (mm/s2)

Motion smoothness (Jerk) (mm/s3)

Bimanual dexterity (-)

2

1 T
T ∫t =0

⎛ d 2 rx ⎞ ⎛ d 2 ry
⎜
⎟ ⎜
⎜ dt 2 ⎟ + ⎜ dt 2
⎝
⎠ ⎝

1 T
T ∫t =0

⎛ d 3 rx
⎜
⎜ dt 3
⎝

22

2

⎛ d 2 r
+ ⎜⎜ 2z
⎝ dt

⎞
⎟
⎟
⎠

⎛ d 3 r
+ ⎜⎜ 3z
⎝ dt

⎞
⎟
⎟
⎠

2

N

T

∫t =0
Space-related metrics

2

⎛ d 3 ry ⎞
⎞
⎟
⎟ + ⎜
⎟
⎜ dt 3 ⎟
⎠
⎝
⎠

22

∑n =1 (s left (n ) − s left )(s right (n ) − s right )
N
N
2
2
∑n =1 (s left (n ) − s left ) ∑n =1 (s right (n ) − s right )

Path length (PL) (mm)

Depth (mm)

T

∫t =0
EOA (-)

EOV (-)

⎞
⎟
⎟
⎠

2

⎛ d r (t ) ⎞
⎜⎜
⎟⎟ dt
⎝ dt ⎠

⎛ dry
⎜⎜
⎝ dt

2

2

⎞ ⎛ drz ⎞
⎟⎟ + ⎜
⎟ dt
⎠ ⎝ dt ⎠

⎤
⎡
⎤ ⎡
⎢⎣ Maxt (x )− Mint (x )⎥⎦ ⋅ ⎢⎣ Maxt ( y )− Mint ( y )⎥⎦
PL
3

⎤ ⎡
⎡
⎤ ⎡
(z )− Min(z )⎤⎥
⎢⎣ Maxt (x )− Mint (x )⎥⎦ ⋅ ⎢⎣ Maxt ( y )− Mint ( y )⎥⎦ ⋅ ⎢⎣ Max
t
t
⎦
PL

V.3.3.	
  Statistical	
  analysis	
  
The comparative study of the objective measures was performed among the three groups of
surgeons and for each training task. For statistical analysis nonparametric tests of significance
were used. Construct validation for the GOALS scores, suturing checklist scores and the
computed motion-related assessment metrics was analysed. For each assessment method,
comparisons along the three groups of surgeons (Kruskal-Wallis analysis) and for each pair of
groups (Mann-Whitney U test) were made. All statistical analysis was carried out using the
software SPSS v.19 (SPSS Inc., Chicago, IL).
Cronbach’s alpha test was used to measure the extent of agreement between the two reviewers
(inter-examiner reliability) regarding the rating of subjects by using GOALS scoring system and
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the suturing checklist. A value of alpha equal to 0.8 was accepted as a threshold for good
reliability (van Hove et al., 2010).
Concurrent validation was performed between motion-related assessment metrics and GOALS
parameters. Spearman’s rho correlation was used to measure concurrence. Correlation values
between 0.4-0.7 were considered as moderately good, whilst values > 0.7 were considered to
indicate a strong correlation between the two modalities of assessment (Aggarwal et al., 2007).
Significant differences were considered at p < 0.05 both for construct and concurrent validation.
In addition, correlation between the technical features rated by the suturing checklist and the
measured motion-related assessment metrics was also analysed.

V.3.4.	
  Results	
  
An example of the real-time detection process of the laparoscopic instruments and the
calculation of the three-dimensional position of each instrument tip is shown in Figure 55. The
detection process is based on the image in the visible spectrum obtained by the camera system
placed in front of the simulator. Figure 55b shows the instrument’s path after applying the
implemented Kalman smoothing filter to the original data recorded by the tracking method. This
smoothed signal will be the data used to compute the motion-related assessment metrics for
each analysed task.

(a)

(b)

Figure 55. (a) Snapshot of the real-time detection of the artificial markers on the laparocopic instruments.
The three-dimensional position of each instrument tip is shown on the upper left part of the screen. (b)
Example of smoothed signal after applying the Kalman filter (blue) with regard to the original signal
recorded by the instrument tracking method (red).

Forty-four surgeons took part in the study: 18 novices, 15 intermediates, and 11 experts. They
were enrolled as the study subjects after providing informed consent. The average age of the
participants was 35.2 years (SD = 9.37) and the male/female ratio was 29/15. Two participants
were left-handed, and therefore performed the dissection and suturing tasks holding the
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laparoscopic scissors and needle-holder in their left hand, respectively. 90.9% of the participants
had previously performed the analysed training tasks in previous training courses. All
participants were able to complete the tasks without time restrictions.
V.3.4.1.	
  Face	
  validation	
  

General	
  aspects
Easiness	
  using	
  the	
  simulator
5

4.1

4

(a)

This	
  device	
  provides	
  a	
  safe	
  
environment	
  for	
  training	
  basic	
  
laparoscopic	
  skills

3
4.8

3.7

2

Realism	
  of	
  the	
  simulator

1

4.3

4.2

The	
  instrument	
  tracking	
  system	
  
does	
  not	
  interfere	
  with	
  the	
  correct	
  
execution	
  of	
  training	
  tasks	
  using	
  
the	
  simulator	
  

The	
  instrument	
  tracking	
  system	
  
does	
  not	
  interfere	
  with	
  the	
  proper	
  
use	
  of	
  both	
  instruments	
  and	
  
simulator

Usefulness
Do	
  you	
  think	
  that	
  in	
  general	
  this	
  
device	
  is	
  a	
  useful	
  system	
  for	
  
learning	
  basic	
  laparoscopic	
  skills?
5
4

4.7

3

(b)

2

Do	
  you	
  think	
  it	
  is	
  necessary	
  the	
  
use	
  of	
  these	
  kind	
  of	
  training	
  
systems	
  before	
  practice	
  in	
  the	
  OR?

4.7

4.5

1

Do	
  you	
  think	
  it	
  is	
  useful	
  the	
  
inclusion	
  of	
  an	
  automatic	
  
assessment	
  tool	
  for	
  MIS	
  technical	
  
skills	
  as	
  a	
  means	
  to	
  improve	
  
laparoscopic	
  training?

4.4

Do	
  you	
  think	
  this	
  training	
  system	
  (simulator	
  +	
  
objective	
  assessment	
  tool	
  for	
  MIS	
  technical	
  
skills)	
  is	
  useful	
  in	
  order	
  to	
  achieve	
  a	
  reduction	
  of	
  
mistakes	
  during	
  the	
  basic	
  surgical	
  performance?

Figure 56. Face validation results concerning general aspects of the system (a) its usefulness (b).

Face validation results are summarized in Figure 56. Figure 56a shows the results of the
questions concerning the general aspects of the system and Figure 56b about the usefulness of
the system. In general terms, all statements about the general aspects of the systems were
positively rated. The statement regarding the realism of the simulator obtained the lower score
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(3.7/5). All participants agreed that the system provides a safe environment in order to train
basic laparoscopic surgical skills (4.8/5). With regard to the usefulness of the system, on
average all subjects considered this system a useful system for training in laparoscopic surgery
(4.7/5) and improving the laparoscopic practice (4.5/5). Other evaluated aspects were if
participants preferred the presented training system to a virtual simulator as a mean of training
basic laparoscopic skills. Most of them rated positively this aspect (4.5/5).
V.3.4.2.	
  GOALS	
  exploratory	
  analysis	
  
For the GOALS method experts scored significantly higher than the novice and intermediate
surgeons, and intermediates higher than novices for all the tasks (Table 13). This was also the
case for the suturing checklist, but there were no statistically significant differences between the
intermediate and expert group. Regarding inter-examiner reliability, Cronbach’s alpha of 0.908
was obtained for the GOALS scoring system and 0.974 for the suturing checklist.
Table 13. Construct validation of each task regarding the GOALS scores and the suturing checklist.
Validation is given along the three groups (Kruskal-Wallis) and for each pair of groups (Mann-Whitney).
Novices

Grasping
Cut Dom
Cut NonDom
Dissection

GOALS
GOALS
GOALS
GOALS
GOALS

Suturing

Checklis
t

Intermediates

Experts

Mean

SD

Mean

SD

Mean

SD

14.66
7
15.20
0
14.96
7
14.93
3
14.13
3
16.50
0

2.44
7
1.44
9
1.17
2
1.91
7
2.03
1
1.60
4

16.60
0
19.40
0
17.90
0
19.70
0
19.70
0
21.55
0

1.48
7
0.69
9
1.02
2
1.03
3
1.47
6
1.87
7

20.43
8
21.68
8
21.43
8
21.75
0
23.06
3
23.25
0

1.76
1
2.65
8
2.25
9
1.81
3
1.32
1
2.20
4

Kruska
l
-Wallis
0.000
0.000
0.000
0.000
0.000
0.000

Mann-Whitney
N-E

N-I

I-E

0.00
0
0.00
0
0.00
0
0.00
0
0.00
0
0.00
0

0.03
2
0.00
0
0.00
0
0.00
0
0.00
0
0.00
0

0.00
2
0.00
7
0.00
7
0.02
7
0.00
1
0.06
0

Dom: Dominant hand; Non-Dom: Non-dominant hand; SD: Standard deviation

V.3.4.3.	
  Construct	
  validation	
  
The expert group required less time to perform each assessed task than the other groups, except
for the cut task with the dominant hand, in which it was the intermediate group which took less
time (Table 14). The novice group required more time to perform the tasks, except for the
grasping task, where the intermediate group took longer. Nevertheless, suturing is the only task
in which time showed statistically significant differences between the three experience groups
(Table 16). The intermediate group performed faster, more accelerated and with jerkier
movements for all analysed tasks. For the suturing task, the expert group had the best EOA and
EOV as well as the shortest distance travelled by both instruments (Table 15).
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In general, time-related metrics achieved better results than space-related metrics with regard to
differentiation among surgeons’ level of experience (Table 16). Neither bimanual dexterity nor
depth presented construct validity for any of the analysed tasks. In addition, none of the spacerelated metrics showed construct validity for the cut task with dominant hand and dissection,
considering construct validity as the ability to differentiate between the three levels of
experience. For the dissection task, there was no metric that differentiated between the
intermediate and the expert group of surgeons.

Table 14. Results of the time-related motion metrics for each task. They are presented as notched box and
whisker plots. Significant differences between medians are shown where the notches of the boxes do not
overlap. Average values of left and right hands are given for idle time, speed, acceleration and motion
smoothness.
Cut Dom

Cut Non-Dom

Dissection

Suturing

Bimanual
dexterity (-)

Motion
smoothness
(mm/s3)

Acceleration
(mm/s2)

Speed (mm/s)

Idle time (%)

Time (s)

Grasping

N

I

E

N

I

E

N
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Table 15. Results of the space-related motion metrics for each task. They are presented as notched box
and whisker plots. Significant differences between medians are shown where the notches of the boxes do
not overlap. Average values of left and right hands are presented.
Cut Dom

Cut Non-Dom

Dissection

Suturing

EOV (-)

EOA (-)

Depth (mm)

Path length
(mm)

Grasping

N

I

E

N

I

E

N

I

E

N

I

E

N

I

E

Regarding the use of instruments handled in the dominant and non-dominant hand, metrics of
speed, acceleration and jerk related to the non-dominant hand presented construct validity
between the three groups of surgeons for the grasping task (Table 16). For the cut with
dominant hand, acceleration of the scissors showed construct validity between the three groups.
Concerning the cut task with non-dominant hand, path length travelled by the dissector
presented construct validity between the three groups. For the dissection and suturing tasks,
time-related metrics except bimanial dexterity showed statistical significant differences between
novices and experts as well as between novices and intermediates for motion metrics related to
the instrument handled with the dominant hand. In the case of the suturing task, path length
travelled by the dissector presented construct validity for the three groups of surgeons.

- 95 -

Chapter V
Optical pose tracker for assessment of MIS technical skills
Table 16. Construct validation results for the motion assessment metrics. Statistical differences among the three groups (Kruskal-Wallis, K-W) are marked with x.
For pairs of groups, statistical differences are indicated by said groups’ initial letter (Mann-Whitney, M-W).

Space-related metrics

Time-related metrics

Assessment metric
Time
Idle Time Dom
Idle Time Non-Dom
Av. Idle Time
Speed Dom
Speed Non-Dom
Av. Speed
Acceleration Dom
Acceleration Non-Dom
Av. Acceleration
Jerk Dom
Jerk Non-Dom
Av. Jerk
Bimanual Dexterity
Path Length Dom
Path Length Non-Dom
Av. Path Length
Depth Dom
Depth Non-Dom
Av. Depth
EOA Dom
EOA Non-Dom
Av. EOA
EOV Dom
EOV Non-Dom
Av. EOV

K-W
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Grasping
M-W
I-E
N-I
N-I, I-E
N-E, N-I
N-E, N-I
N-E, N-I, I-E
N-E, N-I
N-E, N-I
N-E, N-I, I-E
N-E, N-I, I-E
N-E, N-I
N-E, N-I, I-E
N-E, N-I
N-I, I-E
N-I, I-E
N-I, I-E

K-W
X
X
X
X
X
X
X
X
X
X
X
X
X

Cut Dom
M-W
N-E, N-I
N-E, N-I
N-I
N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-E, N-I, I-E
N-E, N-I
N-E, N-I, I-E
N-E, N-I
N-E, N-I
N-E, N-I, I-E

Cut Non-Dom
K-W
M-W
X

N-I, I-E

X
X
X
X
X
X
X
X
X
X

N-I, I-E
N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-E, N-I, I-E

X

N-E, N-I, I-E

Dissection
K-W
M-W
X
X
X
X
X
X
X
X
X
X
X
X

X

N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I

K-W
X
X
X
X
X
X
X
X
X
X
X
X
X

Suturing
M-W
N-E, N-I, I-E
N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I
N-E, N-I
N-I
N-E, N-I

X
X
X

N-E, I-E
N-E, N-I, I-E
N-E, I-E

X
X
X
X
X
X

N-E, I-E
N-E, I-E
N-E
N-E, I-E
N-E, I-E
N-E, I-E

X

X
X
X
X
X
X

N-I, I-E
N-I, I-E
N-I, I-E
N-I, I-E
N-I, I-E
N-I, I-E

Dom: Dominant hand; Non-Dom: Non-dominant hand; Av.: Average
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X
X
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X

N-I, I-E
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V.3.5.3. Concurrent validation
For all performed tasks, almost all parameters assessed by the GOALS scoring system (depth
perception, bimanual dexterity, efficiency, tissue handling and autonomy) have correlation with
some of the motion metrics computed, although there were some exceptions (Table 17 and
Table 18). Regarding time-related metrics, for all tasks, except cut with dominant hand,
autonomy is related to time. In addition, for all tasks except grasping, bimanual dexterity
parameter scored by GOALS is related to acceleration and motion smoothness metrics. For
suturing, all GOALS’s parameters are related to time and speed. For dissection and suturing
tasks, all parameters, except depth perception, are related to idle time, speed, acceleration and
motion smoothness. For cut with dominant hand, depth perception and bimanual dexterity are
related to acceleration and motion smoothness. For cut task with non-dominant hand, all
parameters scored by GOALS, except autonomy, are related to speed, acceleration and motion
smoothness. Correlation between the bimanual dexterity and the corresponding motion metric
has been presented only for the cut task using the dominant hand.
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Table 17. Correlations between parameters rated by GOALS scoring system and time-related motion metrics. Correlation values are presented as Spearman's rho (r)
and its significance (p). Statistically significant values are marked with bold letter font.

Autonomy

Tissue
handling

Efficiency

Bimanual
dexterity

Depth
perception

Time
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing

r
-0.149
-0.365
-0.191
-0.345
-0.677
-0.199
-0.486
-0.343
-0.227
-0.848
-0.485
-0.135
-0.403
-0.187
-0.799
-0.485
-0.260
-0.339
0.195
-0.815
-0.645
-0.155
-0.618
-0.488
-0.838

p
0.408
0.037
0.287
0.050
0.000
0.268
0.004
0.051
0.205
0.000
0.004
0.453
0.020
0.297
0.000
0.004
0.144
0.053
0.278
0.000
0.000
0.389
0.000
0.004
0.000

Idle Time
r
-0.307
-0.255
-0.266
-0.192
-0.399
-0.223
-0.305
-0.246
-0.611
-0.561
-0.068
-0.126
-0.217
-0.690
-0.574
-0.228
-0.173
-0.103
-0.602
-0.565
-0.075
-0.095
-0.136
-0.437
-0.540

p
0.083
0.152
0.134
0.285
0.021
0.212
0.084
0.167
0.000
0.001
0.707
0.483
0.225
0.000
0.000
0.202
0.335
0.567
0.000
0.001
0.678
0.597
0.450
0.011
0.001

Speed
r
0.391
0.450
0.414
0.299
0.418
0.344
0.360
0.434
0.686
0.588
0.077
0.197
0.479
0.721
0.536
0.250
0.305
0.412
0.613
0.522
0.111
0.318
0.267
0.605
0.538

Dom: Dominant hand; Non-Dom: Non-dominant hand
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p
0.024
0.009
0.016
0.091
0.016
0.050
0.040
0.012
0.000
0.000
0.671
0.272
0.005
0.000
0.001
0.161
0.085
0.017
0.000
0.001
0.539
0.072
0.133
0.000
0.001

Acceleration
r
0.329
0.420
0.494
0.193
0.362
0.218
0.413
0.549
0.671
0.596
0.055
0.186
0.585
0.708
0.556
0.209
0.334
0.539
0.630
0.566
0.040
0.320
0.401
0.534
0.506

p
0.062
0.015
0.004
0.281
0.039
0.222
0.017
0.001
0.000
0.000
0.760
0.300
0.000
0.000
0.001
0.242
0.057
0.001
0.000
0.001
0.825
0.069
0.021
0.001
0.003

Motion
Smoothness
r
p
0.374 0.032
0.419 0.015
0.467 0.006
0.199 0.266
0.293 0.098
0.281 0.113
0.427 0.013
0.541 0.001
0.663 0.000
0.523 0.002
0.088 0.624
0.198 0.269
0.581 0.000
0.702 0.000
0.524 0.002
0.276 0.120
0.319 0.071
0.542 0.001
0.626 0.000
0.455 0.008
0.102 0.572
0.321 0.069
0.373 0.033
0.529 0.002
0.465 0.006

Bimanual
Dexterity
r
p
0.116 0.552
-0.101 0.577
0.154 0.391
0.265 0.137
0.118 0.512
0.314 0.075
-0.434 0.012
-0.150 0.406
0.277 0.118
0.075 0.680
-0.100 0.582
-0.212 0.236
-0.057 0.752
0.285 0.108
0.086 0.633
0.039 0.830
-0.099 0.585
-0.096 0.594
0.183 0.307
0.058 0.749
0.101 0.577
-0.176 0.328
-0.022 0.904
0.266 0.135
0.098 0.587
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Autonomy

Tissue
handling

Efficiency

Bimanual
dexterity

Depth
perception

Table 18. Correlations between parameters rated by GOALS scoring system and space-related motion
metrics. Correlation values are presented as Spearman's rho (r) and its significance (p). Statistically
significant values are marked with bold letter font.

Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing
Grasping
Cut Dom
Cut Non-Dom
Dissection
Suturing

Path Length
r
p
-0.025 0.892
0.042 0.817
0.106 0.557
-0.232 0.194
-0.622 0.000
-0.019 0.916
-0.103 0.569
-0.029 0.873
0.134 0.457
-0.728 0.000
-0.447 0.009
0.103 0.570
-0.069 0.703
0.223 0.212
-0.688 0.000
-0.299 0.091
0.048 0.789
-0.021 0.909
0.157 0.382
-0.699 0.000
-0.489 0.004
0.147 0.414
-0.368 0.035
-0.121 0.503
-0.746 0.000

Depth
r
p
-0.012
0.948
-0.226
0.205
-0.098
0.586
0.207
0.248
-0.102
0.571
-0.046
0.798
-0.093
0.608
-0.119
0.509
0.172
0.337
-0.044
0.808
-0.508
0.003
-0.190
0.289
0.075
0.680
0.276
0.120
-0.125
0.489
-0.393
0.024
-0.270
0.129
0.107 -0.033
0.083
0.648
-0.189
0.293
-0.344
0.050
0.041
0.820
-0.256
0.150
0.211
0.238
-0.244
0.171

EOA
r
p
0.021 0.908
-0.215 0.231
-0.167 0.353
0.346 0.048
0.526 0.002
0.050 0.782
-0.013 0.942
-0.121 0.504
-0.057 0.752
0.620 0.000
0.376 0.031
-0.234 0.190
-0.023 0.899
-0.064 0.725
0.594 0.000
0.277 0.119
-0.196 0.275
-0.033 0.855
-0.129 0.475
0.524 0.002
0.499 0.003
-0.132 0.464
0.239 0.180
0.326 0.064
0.571 0.001

EOV
r
p
0.014 0.939
-0.245 0.169
-0.133 0.459
0.343 0.050
0.524 0.002
-0.013 0.942
-0.023 0.901
-0.144 0.424
-0.098 0.589
0.545 0.001
0.318 0.071
-0.266 0.134
-0.057 0.752
-0.079 0.661
0.520 0.002
0.180 0.317
-0.266 0.135
-0.044 0.807
-0.145 0.421
0.511 0.002
0.441 0.010
-0.156 0.387
0.238 0.182
0.305 0.084
0.530 0.002

Dom: Dominant hand; Non-Dom: Non-dominant hand

Space-related metrics only correlate with GOALS parameters for grasping and suturing tasks
(Table 18). For the grasping task, efficiency is related to path length and depth as well as
autonomy to path length, EOA and EOV. For suturing, all parameters rated by the GOALS
scoring system are related to path length, EOA and EOV.
	
  V.3.4.4.	
  Correlation	
  between	
  suturing	
  checklist	
  and	
  motion	
  metrics	
  
All parameters rated by the suturing checklist are related to time and path length showing a
strong correlation with needle position (Table 19 and Table 20). Needle position and driving are
also related to EOA and EOV. The pulling manoeuvre correlates with all time-related metrics,
except bimanual dexterity.
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Table 19. Correlations between technical features rated by the suturing checklist and time-related motion
metrics. Correlation values are presented as Spearman's rho (r) and its significance (p). Statistically
significant values are marked with bold letter font.
Time
Needle position
Needle driving
Pulling
Technique
Quality

r
-0.705
-0.661
-0.491
-0.536
-0.457

p
0.000
0.000
0.004
0.001
0.008

Idle Time
r
-0.295
-0.351
-0.429
-0.191
-0.290

p
0.095
0.045
0.013
0.287
0.101

Speed
r
0.290
0.295
0.412
0.302
0.142

r
0.102
0.092
0.017
0.087
0.431

Acceleration
r
0.349
0.279
0.522
0.352
0.194

p
0.047
0.115
0.002
0.045
0.280

Motion
Smoothness
r
p
0.314
0.075
0.196
0.274
0.600
0.000
0.279
0.116
0.086
0.632

Bimanual
Dexterity
r
p
-0.029
0.873
0.020
0.912
-0.007
0.970
-0.091
0.614
0.141
0.435

Table 20. Correlations between technical features rated by the suturing checklist and space-related
motion metrics. Correlation values are presented as Spearman's rho (r) and its significance (p).
Statistically significant values are marked with bold letter font.

Needle position
Needle driving
Pulling
Technique
Quality

Path Length
r
p
-0.740 0.000
-0.677 0.000
-0.424 0.014
-0.508 0.003
-0.506 0.003

Depth
r
p
-0.206 0.251
-0.242 0.175
-0.155 0.389
-0.211 0.239
-0.112 0.536

EOA
r
p
0.523 0.002
0.473 0.005
0.285 0.108
0.374 0.032
0.369 0.340

EOV
r
p
0.452 0.008
0.419 0.015
0.127 0.483
0.371 0.034
0.229 0.199

V.4.	
  Installing	
  the	
  motion	
  assessment	
  system	
  inside	
  an	
  OR	
  setting	
  
Once the usefulness of the presented motion analysis method of laparoscopic instruments as a
objective assessment tool of MIS technical skills has been proved in a laboratory setting, the
next step should be to analyse its use in an actual clinical setting. The main objective of this
study is to perform a feasibility analysis on the introduction of the presented laparoscopic
instrument tracking method in an experimental operating room for motion-based assessment of
MIS technical skills. The experiment was conducted in an ex vivo porcine model inside an
experimental operating room, thus simulating the system installation on a real surgical
environment

V.4.1.	
  Analysis	
  of	
  the	
  position	
  of	
  the	
  camera	
  system	
  
V.4.1.1.	
  Materials	
  and	
  methods	
  
An initial analysis was performed in order to decide the most suitable position to install the
camera system of the tracking method inside an operating room (Annex V). For this study,
different positions for the camera system were analysed during the performance of a regular
laparoscopic procedure. The main target to be captured by the camera system was the use of the
laparoscopic instruments by the surgeon.
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V.4.1.2.	
  Results	
  
After analysing the recordings form the camera placed in the different locations around the
surgical scenario (Annex V), the best reported position for the camera system was in front of the
surgeon (Figure 57). In this position the line of sight between the camera system of the tracking
method and the laparoscopic instruments was not occluded by any surgeon's assistant or device
during the surgical intervention. Two feasible positions for the camera system were below and
above the screen. The images presented in the Annex V of this thesis show that the camera
system provides a wider field of view with regard to the use of laparoscopic instruments with
the camera placed above the main screen than with the camera below it, but without noticeable
differences.

Figure 57. Feasible positions for the camera system in order to analyse the movements of the
laparoscopic instruments.

V.4.2.	
   Feasibility	
   study	
   for	
   the	
   use	
   of	
   the	
   motion	
   analysis	
   method	
   in	
   a	
  
OR	
  setting	
  
V.4.2.1.	
  Materials	
  and	
  methods	
  
Since there were not remarkable differences between the images provided by the camera below
and above the main monitor during a laparoscopic intervention (Annex V), the position above
the main monitor was used for this study. In this location the surgeon could freely change the
position and angle of the main monitor without altering the camera system of the instrument
tracking method (Figure 58b).
Three surgeons with intermediate experience in laparoscopic surgery and three experts took part
in this study. All participants were right-handed. Participants performed a dissection of a gastric
serous layer on an ex vivo porcine model and a suturing task in the dissection previously made
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(Figure 58c). Real training conditions in an OR were sought; therefore, a box trainer, full
laparoscopic equipment, and a laparoscopic camera assistant were used (Figure 58a). At the end
of the activity all participants completed a short questionnaire regarding their experience with
the assessment tool and their background in laparoscopic surgery.

(a)

(b)

(c)

Figure 58. (a) Experimental setting in the OR. (b) Position of the camera system of the motion analysis
method of laparoscopic instruments. (c) Performance of a suturing task on an ex vivo porcine model.

V.4.2.2.	
  Results	
  
The instrument motion analysis method was able to record the laparoscopic instruments motion
during the analysed training tasks without occlusions. Participants reported that the instrument
tracking method did not interrupt the normal workflow for the performance of laparoscopic
training tasks as well as in the natural use of the laparoscopic instruments. They scored
positively the questions concerning the ergonomic influence of the system, its transparency
during the use and usefulness for technical skills assessment (Table 21). The lowest score was
obtained regarding the use of the system in a regular surgical intervention. One experienced
surgeon stated that integration of the system in the operating room could be feasible, as long as
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sterility issues are properly handled. Besides, one intermediate surgeon reported that the use of
markers on the instrument could make you feel like you have a heavier instrument.
Table 21. Results of ergonomic influence of the motion analysis system during the performance of the
training tasks.
Question

Mean

The motion analysis system does not affect the ergonomics of the laparoscopic instruments and

4.5

surgical equipment for the task performance
The system does not hinder the task performance

5

The system could be easily installed in an operating room for its use in an ordinary surgical

3.5

intervention
The motion analysis is useful for assessment of laparoscopic technical skills

4.5

V.5.	
  Discussion	
  
A laparoscopic instrument motion analysis method based on a third-generation optical pose
tracker has been presented in this chapter. Technical validation of its design as well as construct
and concurrent validation of a set of motion metrics, which were computed during the
performance of basic laparoscopic training tasks have been analysed. In addition, feasibility
analysis on the introduction of this method in an experimental OR for motion-based assessment
of MIS technical skills was performed. Results have shown positive accuracy results for the
tracking method of laparoscopic instruments. The analysed motion-related assessment metrics
reported the best results for construct validity during cut with non-dominant hand and
intracorporeal suture. Concurrent validation of these tasks with GOALS revealed also a high
number of correlations. Finally, the presented assessment tool was successfully installed inside
the OR during the performance of a dissection and a suturing task. Results reported no
occlusions and interruptions of the normal laparoscopic training workflow.
The proposed instrument motion analysis system addresses certain limitations of some of the
current tracking technologies such as ferromagnetic interferences, the need of wires or major
internal modifications of the instruments. This method allows users to use laparoscopic
instruments with natural movements and with almost no weight differences. This assessment
tool also provides immediate psychomotor information, which may be used to inform objective
feedback.
Fluctuation error and accumulated distance error were considerably reduced with the second
design for the instrument tracking method proposed in this chapter. Fluctuation error was stable
on the entire workspace and they did not present notable differences with increasing distances.
Besides, the instrument inclination covered by the tracking system was wide (from 90 to 7.5
degrees). However, accumulated distance error increased when the instrument was approaching
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the most horizontal position. This was due to the fact that the closer the instrument was to the
horizontal position, the worse the visibility of the markers by the camera system was.
For the first design, the tracking method reported some peak values during the tracking process
of one of the instrument's markers that consequently caused fluctuations in its tip position,
decreasing the accuracy of the results. This problem was successfully addressed in the second
design, improving the markers design as well as the calibration process. In addition, when the
system was completed for being used as an assessment tool, a smoothing Kalman filter was
implemented in order to reduce the signal noise and unexpected values.
As was reported by other researchers, the optical tracking device used as a basis does not
provide accuracy as higher as the well-know Polaris tracking system (Northem Digital Inc.; ON,
Canada) (Clarke et al., 2010). However, these accuracy differences may not be as relevant in
applications of instrument motion analysis, but the price difference between devices could be
relevant in some cases. Other factors that can affect the robustness of the used tracking device
are its sensitiveness to illumination conditions as well as to the velocity and orientation (MaierHein et al., 2008). Following the indications of the tracker manufacturer, two important details
to have in mind are the design and position of the markers. Placing the markers nearer the
instrument tip could increase the accuracy in computing its position. However, this hinders the
correct use of the instrument, adding an object to the instrument's shaft, or even inside the
patient or laparoscopic simulator.
Comparing the accuracy results with other commercial tracking systems used for laparoscopic
technical skills assessment and/or image-guided applications. On average, the Aurora (Northem
Digital Inc.; ON, Canada) and microBIRD (Ascension; VT, USA) electromagnetic tracking
systems provide less fluctuation error, but the presented system shows values of error more
stable along the working area. The above tracking systems and the one presented in this chapter
reported an increase in their accumulated distance error with distance. However, this increment
was more pronounced for the Aurora and the presented method. Concerning the relative position
error, the three methods showed similar results, but the Aurora system reported a higher
increase in this type of error for the longest distances (Hummel et al., 2005). Regarding optical
tracking technologies, the Polaris system (Northem Digital Inc.; ON, Canada) provides an
average fluctuation error <0.30 mm in a 240 x 156 x 131 cm of field of measurement. However,
in order to provide more reliable information these tracking systems should be compared in a
more controllable setting with similar conditions.
The reported accuracy results of the proposed system seem to be adequate for objective
assessment of surgical psychomotor skills based on instrument motion analysis. However, it is
important to extend the evaluation of this motion analysis method before its implementation in
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any real training program. To achieve this, validation of this assessment tool for MIS technical
skills in laparoscopic training has been addressed in this chapter.
In general, the motion analysis system of laparoscopic instruments has been positively
evaluated by surgeons. They considered it a useful tool for assessment of MIS technical skills
and as a means to improve training in a box trainer setting without interfering the use of the
simulator and the performance of the training exercises.
All the analysed training tasks except dissection showed construct validity concerning the
computed motion metrics. The time taken to perform a procedure has usually been one of the
most widely validated assessment metrics (Oropesa et al., 2013a; Mason et al., 2013; Hofstad et
al., 2013). In fact, the speed in performing the task has been used traditionally as an objective
measure of surgical dexterity, considering that an expert surgeon should perform a task more
swiftly. Results of this chapter showed that for the expert group the time taken to perform the
analysed tasks was, in general, shorter than the time taken by the novice group (Table 14).
However, only the suturing task showed statistically differences for the three experience groups
regarding time (Table 16). This has also been reported in other studies (Pagador et al., 2012;
Moorthy et al., 2004; Datta et al., 2002). Results obtained by Chmarra et al. (Chmarra et al.,
2010) showed shorter execution time with regard to the expert group for all analysed tasks, but
they did not find statistically significant differences between intermediate and expert groups for
this metric. Therefore, despite the fact of being considered one of the most important objective
assessment factors, for some training tasks this metric alone is not enough to determine
accurately the surgeon’s dexterity.
As shown in Table 16, the remaining time-related metrics seem important for the assessment of
surgical experience. These findings have been verified by other studies (Oropesa et al., 2013a;
Chmarra et al., 2010; Hofstad et al., 2013). However, this situation was not the case for
bimanual dexterity. It may be that due to the low level of complexity of performed tasks,
results in bimanual dexterity are not a determining factor in order to distinguish between
experience levels of surgeons. Hoftstad et al. (Hofstad et al., 2013) however found statistical
significant differences between novices and experts as well as between intermediates and
experts for the bimanual dexterity motion metric during a grasp and transfer tasks. The main
difference regarding the presented study is that the surgical experience of intermediate and
expert groups was considerably higher. Expert surgeons had performed 500 or more
laparoscopic procedure, and therefore their surgical dexterity could be notably higher than the
other groups allowing their differentiation.
Apart from bimanual dexterity, results found no statistically significant differences in depth
metric for any task. Because of a defined workspace inside the simulator has been established
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for all tasks, depth of movements for the instruments’ tip may not vary significantly. Besides,
90.9% of surgeons who took part in this study had previously performed the analysed tasks, and
therefore they have previous knowledge of how to perform them. Most of the surgeons from the
intermediate and expert group had attended previously to other surgical training courses at
JUMISC. In other cases participants were asked to take part in this study in the course of their
training program, where the early stages usually involve the performance of basic training tasks
as the analysed in the study. This lead to almost all participants knowing the tasks and thus
differences between the three experience groups may not be trivial for all assessed motion
metrics.
In a previous work (Oropesa et al., 2013a) we obtained similar results for the metrics of speed,
acceleration, path length, economy of area and economy of volume for a grasping task.
However, no statistically differences between the three experience groups of surgeons were
found for idle time and motion smoothness. The present study has shown the usefulness of these
metrics to distinguish between experience levels not only for the grasping task, but also for cut,
dissection and suturing tasks. In general, it is expected that more experienced surgeons will
make smoother movements compared to the less experienced ones. However, results showed
that the group of novices performed the set of tasks with the lowest rate of jerky movements, as
was reported by Hofstad et al. (Hofstad et al., 2013). The reason of this could be that the low
experience of the novice group made them insecure facing the assessed tasks, and therefore it
led them to execute the movements in a more careful manner.
In general, for the five tasks, the group of intermediate surgeons used both instruments with
higher speed, acceleration and jerky movements than the group of expert surgeons (Table 14).
Additionally, the group of intermediate surgeons travelled more distance with both instruments
and obtained less economy of covered area and volume than the group of expert surgeons
(Table 15). Therefore, this leads us to believe that intermediate surgeons perform the tasks with
faster movements than expert surgeons, but less efficient. For the tasks of grasping and cut with
non-dominant hand, the group of novice surgeons obtained better results than the surgeons with
intermediate experience for the metrics of path length, economy of area and economy of
volume. This was mainly due to the fact that during those training tasks subjects had to support
the movements and actions of one instrument with the other one. However, novice surgeons
usually kept the accompanying instrument still. Consequently, this leads to a reduction in the
path length travelled by the instrument, as well as an improvement in the economy of the area
and volume.
No single metric presented construct validation for all tasks. Therefore, this leads us to think
that is not possible to precisely determine the psychomotor skills of a surgeon only with one
motion metric (Smith et al., 2001). In a previous study, Chmarra et al. (Chmarra et al., 2008)
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also suggested to carry out the evaluation of psychomotor skills using at least two evaluation
metrics. Finding the optimum combination of metrics for different tasks and abilities is still a
major challenge in this research field.
The GOALS scoring system for objective structured assessment in laparoscopic surgery has
been used for evaluating the quality of technical performance on synthetic simulation tasks, live
animal models and real patients (Sharma et al., 2013; Stefanidis et al., 2013; Sroka et al., 2010).
Results of this study also proved its validity when applied to grasping, cut, dissection and
suturing tasks in a box trainer setting. For all the analysed tasks the final GOALS rating score
presented statistically significant differences between the three groups of surgeons and with a
strong reliability between examiners.
Results showed correlation between the bimanual dexterity, efficiency and tissue handling
parameters rated by GOALS scoring system and the motion metrics of speed, acceleration and
motion smoothness as well as correlation between autonomy and acceleration for the cut with
non-dominant hand, dissection and suturing tasks. An interesting hypothesis seems to be that the
number of correlations increases with the complexity of the tasks. For instance, the suturing task
has the highest number of correlations between GOALS parameters and motion metrics. These
correlations were shown with both time-related and space-related metrics, except bimanual
dexterity and depth.
Although correlation was expected between bimanual dexterity as a motion metric and its
corresponding parameters scored by GOALS, this correlation was only shown for the cut task
with dominant hand. This, in conjunction with the low capacity of the motion-related metric of
bimanual dexterity to differentiate between levels of surgical experience, encourages us to test
this metric with more complex tasks as a future work, and even revise its mathematical
definition. Similarly, depth perception rated by GOALS did not correlate to the depth metric for
any task. It may be because these two measurements do not evaluate exactly the same concept.
Depth as a motion metrics computes the total distance travelled by the tip of the instrument in
the instrument’s axis direction, but depth perception from the GOALS scoring system mainly
evaluates the subject’s accuracy in reaching the target. Apart from these relationships, it should
be noted that some criteria as tissue handling could be difficult to be identified with a motion
metric.
In general, results have shown that higher surgeons’ autonomy involves a reduction in the
execution time in almost all the analysed tasks. In addition, not only does higher bimanual
dexterity entails an increase in the acceleration of the instruments' movements, but also in jerky
movements. This could be explained as the increase in bimanual dexterity is usually
accompanied with increased surgeon experience. As we saw in the results of this work as well
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as in other studies (Hofstad et al., 2013; Maithel et al., 2006), most experienced surgeons
perform tasks with more accelerated and less jerky movements.
There was no correlation between the space-related metrics and the results obtained by GOALS
for cut and dissection tasks. One of the main factors that could lead to these results is because
these tasks are very restricted in terms of workspace and a preset pattern must be followed, and
therefore it greatly restricts the variability in the results obtained for the space-based metrics.
Regarding the intracorporeal suturing, there was a strong correlation between execution time
and all parameters rated by GOALS, except depth perception. For this task, there was also a
strong correlation between the distance travelled by the surgical instruments and both the ability
to use both hands and the surgeon’s autonomy. It leads us to believe that both execution time
and path length travelled by the instruments are determinant factors in the technical evaluation
of the suturing task.
Focusing the attention on the intracorporeal suturing task. In an additional study presented in
Annex VI, the learning curves for this task with regard to some of motion-related assessment
metrics were analysed. Results showed a clear improvement in the execution time and path
length of both laparoscopic dissector and needle holder for the group of surgeons with
intermediate experience. Expert surgeons moved faster the needle holder, which seems to be
related to their level of dexterity in this task. Participants presented an increment in the
acceleration of movements as well as jerky movements for the use of the dissector. It seems that
in each repetition surgeons begin to feel more confident, which leads them to make faster and
jerkier movements with the instrument in the non-dominant hand.
Suturing performance was also successfully assessed by the suturing checklist. As in the study
of Kroeze et al. (Kroeze et al., 2009), there were found no statistically significant differences
between intermediate and expert surgeons, in contrast to Moorthy et al. (Moorthy et al., 2004)
who obtained significant difference across the three analysed groups. One of the possible main
reasons of these conflicting results regarding construct validity between intermediate and expert
groups could be because suturing checklist only takes into account technical features, omitting
other skills such as efficiency or depth perception, which are evaluated by other assessment
methods as the GOALS scoring system. Besides, both groups of intermediate and expert
surgeons have a prior training in laparoscopic suturing, and therefore they are familiar with the
procedural steps and principles of execution of the intracorporeal suture.
Results concerning the correlation between the suturing checklist and motion-related
assessment metrics have shown that the correct positioning of the needle to perform the suture
has a strong correlation with execution time and path length travelled by the instruments.
Therefore, as might be expected, if the surgeon has more ability to correctly position the needle,
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this entails a reduction in the execution time as well as the required instrument movements.
Both an adequate positioning of the needle and an accurate driving of the needle involve fewer
and more focused instrument movements, and therefore a better economy of the area and
volume occupied by the instrument during the execution of the task. Besides, a proper execution
of the technique to pull the suture through the incision is related to a decrease in the total
execution time and idle times during the task performance, but also to an increase in speed and
acceleration of instrument movements as well as jerky movements.
Concerning the installation of the presented motion analysis method of laparoscopic instrument
in an OR setting, results of this proof of concept study showed that the tracking method was
able to record the laparoscopic instruments movements and compute the assessment metrics
during both dissection and suturing tasks on a ex vivo porcine model without occlusions and
interruptions of the normal workflow in the experimental OR. However, further studies have to
be performed with more subjects in order to reinforce these statements. Although one surgeon
reported that the use of markers on the instrument could make you feel like you have a heavier
instrument, the weight of the supports was only 12 g. This sensation could be due to a false first
impression that the instruments are heavier. This impression could be created when the surgeon
saw the instruments with the supports for the artificial markers for his first time before using
them to perform the tasks. Besides, in another questionnaire presented in this chapter (Annex
IV) a wider group of surgeons who used the system stated that they almost did not notice any
differences with the use of traditional laparoscopic instruments.
One of the main restriction of the present system is that it requires adding an object on the
laparoscopic instruments in order to track their motion. In this sense, the use of video-based
analysis methods based on endoscopic images could be a suitable solution for addressing this
limitation.

V.5.1.	
  Chapter	
  conclusions	
  
This chapter has presented the description of the second method for motion analysis of
laparoscopic instruments as well as its technical and experimental validation results. The main
contributions of this chapter can be summarized as follows:
•

A novel motion analysis method of laparoscopic instruments based on an optical pose
tracker has been presented. This method is applied to actual laparoscopic instruments
and allows surgeons to use the instruments in a natural way and almost without
modifying its ergonomics.
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•

Accuracy results of the tracking method for laparoscopic instruments have been positive
for being used as a tool for objective assessment of technical skills based on instrument
motion analysis.

•

Usefulness of the presented instrument motion analysis method as an assessment tool
for MIS technical skills has been evaluated positively by surgeons.

•

Feasibility of the motion analysis method for measuring ten motion-related assessment
metrics during the performance of a grasping, cut, dissection and intracoporeal suturing
tasks in a box trainer setup has been proved.

•

Confirmation of the hypothesis that novice, intermediate, and expert surgeons can be
distinguished on the basis of motion-related assessment metrics was confirmed for
grasping, cut, dissection and suturing tasks.

•

Concurrent validation with regard to parameters scored by GOALS assessment system
was verified for both cut with non-dominant hand and suturing tasks.

•

Feasibility of the presented assessment tool for being used during dissection and
intracorporeal suturing tasks on a ex vivo porcine model inside a OR setting without
occlusions and interruptions of the normal workflow has been proved.

•

Results concerning the presented assessment tool reinforces the potential of training and
evaluation of basic laparoscopic skills without constant review by an expert.
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CHAPTER VI: VIDEO-BASED
INSTRUMENT TRACKING METHOD

In laparoscopic surgery video images acquired from the laparoscope are displayed in real time
on a monitor to provide visual feedback to the surgeon. As an ever-present source of
information, video-based tracking technologies provide a suitable tool for motion analysis of
laparoscopic instruments, which use only the endoscopic image as a source of information
avoiding additional markers and objects on the surgical instruments. In this chapter, a real-time
video-based tracking method for laparoscopic instruments based on the endoscopic image and
an assistance system for training in laparoscopic surgery to insert visual support content in the
working area viewed from inside the simulator will be presented.
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VI.1.	
  Introduction	
  
In previous chapters of this thesis two feasible methods for motion analysis of laparoscopic
instruments have been presented, one based on stereoscopic vision techniques implemented
inside the training simulator and other on an optical pose tracker for analysing the instrument
motion from outside the simulator or patient. However, these approaches have some challenges
concerning their application to diverse laparoscopic training and surgical settings such as the
need for a camera system inside the simulator, or the use of artificial markers on the
laparoscopic instruments. In order to provide a method that could be use in any training and
surgical setting it would be preferable to avoid additional components in the clinical setting. An
attractive solution to address this need would be to develop a method to track the movements of
the laparoscopic instruments based solely on one of the main sources of information in
laparoscopic surgery, the endoscopic image.

Figure 59. Example of a training course in laparoscopic basic skills.

On the other hand, during the early stages of laparoscopic training programs, where trainees are
learning basic tasks on simulators (Figure 59), teachers often find it difficult to pay attention to
all trainees at the same time, repeating same contents as well as monitoring and assessing their
performance. We hypothesize that those early stages in laparoscopic training could be improved
by providing automatic visual support contents during the performance of training tasks. Thus,
novel trainees would continuously receive visual information concerning how to perform a
certain task, especially for tasks with some complexity for surgeons with no experience as
intracorporeal suturing.
In this chapter, both a video-based tracking method for laparoscopic instruments based on the
endoscopic image and an assistance system for training in laparoscopic surgery will be
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presented. This corresponds with the third motion analysis method of laparoscopic instruments

LESS INVASIVE

framed within the organizational structure proposed for this thesis (Figure 60).

Video-‐based	
  tracker
•
•
•
•

Design
Development
Technical	
  validation
Feasibility	
  analysis

Figure 60. Practical implementation of the proposed organizational structure: motion analysis method of
laparoscopic instruments based on endoscopic video analysis.

The objectives to be addressed in this chapter are:
•

To design and develop a real-time tracking method of laparoscopic instruments based
on the endoscopic video as the only source of information.

•

To test the accuracy of the video-based instrument tracking method in different
validation scenarios.

•

To test the feasibility of using the video-based instrument tracking method during an
actual laparoscopic training task in a box trainer setting.

•

To design and develop a method to track a certain position on the working area viewed
from inside the simulator through the endoscopic camera.

•

To test the accuracy of the previous video tracking method with different movements of
the endoscopic camera.

•

To test the feasibility of using this video tracking method to provide visual support
contents (image and video) during a laparoscopic training activity, where contents are
embedded in a stable position of the endoscopic video stream and without disturbing the
working area.
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VI.2.	
  Materials	
  
In order to have a controllable scenario, all methods presented in this chapter will be tested with
the same laparoscopic box trainer (SIMULAP®, JUMISC, Cáceres) (Figure 61). Regarding the
software development, the C++ programming language and the computer vision library
OpenCV (Bradski and Kaehler, 2008; Laganiere, 2011) are used, all under a Linux-based
operating system. The video-based system is implemented on a computer with and Intel®
CoreTM 2 Quad processor to 3 GHz and 8 GB RAM. The system has a standard video capture
card and TFT monitor which has 17 inches, 1024x768 resolution, 500 cd/m2 brightness, 400:1
contrast, 0.297 mm of pixel size and 16 ms response time.
The camera inside the simulator is a SONY® camera, model FCB-IX11AP (Figure 62). This is
a colour camera that incorporates a 1/4-type Exview HAD™ CCD. It has a 40x zoom ratio (4x
digital; 40x with optical zoom), 4.2 mm (wide) to 42 mm (tele) of focal length, 46º of angle of
view, 1.5 lux of minimum illumination, auto white balance, and autofocus. Image capture from
the camera is performed by means of a TCA video connector from the camera to the video
capture card of the computer.

Figure 61. Box trainer for training in laparoscopic surgery.
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Figure 62. Colour camera inside the laparoscopic box trainer. Model SONY® FCB-IX11AP.

Figure 63. The complete system consists of a monitor (a), the physical laparoscopic simulator (c), a
camera (b), and a computer (d).

All the hardware components of the system were installed in a laparoscopic tower (Figure 63),
integrating the physical simulator, the camera, a screen to display the information, and a
computer that captures the video images and runs the processes of the assisting system.

VI.3.	
  Laparoscopic	
  instrument	
  tracking	
  method	
  
Evidence suggests that in order to have a motion analysis method of laparoscopic instruments
that could be used in various surgical and training settings it should be sought to minimize the
use of additional elements in the surgical environment. Therefore, the dependence of the
instrument tracking method on the application setting is reduced. This was the case for the
methods presented in chapter IV and V of this thesis. The method based on stereoscopic vision
techniques required installing a camera system inside the box trainer for motion analysis of
laparoscopic instruments. For the method based on the optical pose tracker, a set of artificial
markers on the surgical instruments were needed. These requirements hinder the transfer of
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these methods to an actual surgical environment, where the use of external and non-surgical
material is very demanding. In order to deal with this challenge a video-based tracking method
for laparoscopic instruments based on the endoscopic image is proposed.
In general, video-based tracking of the laparoscopic instruments is approached in two phases.
During the first, the 2D screen position of a characteristic point (e.g. the tip) is determined. The
challenge in this stage comprises the automatic segmentation/identification of the instrument on
the video image. In previous studies, segmentation has been achieved based on colour (Allen et
al., 2011; Speidel et al., 2006), artificial markers (Bouarfa et al., 2012; Tonet et al., 2006), edge
(Voros et al., 2007; Climent and Mares, 2004) and/or geometric features (McKenna et al.,
2005). The second phase requires calculating the 3D coordinates based on the geometrical
information of the segmented marker (Tonet et al., 2006; Doignon et al, 2007), instrument
(Oropesa et al., 2013a; Sánchez-González et al., 2011) or from an estimation of the insertion
point (Wolf et al., 2011). The importance of the first stage (segmentation and 2D detection) is
paramount in determining the robustness of the 3D tracking system. In this section, a method to
addressed this first phase will be presented.

VI.3.1.	
  Materials	
  and	
  methods	
  
To identify, follow, and record the motion of a laparoscopic instrument tip during a training task
performance or procedure a real-time tracking method based on a cascade classifier (Viola and
Jones, 2001; Lienhart and Maydt, 2002) has been developed. This instrument tracking method
will identify in endoscopic video images when and where the object of interest appears, and will
provide its position and dimensions in the image.
Four main phases will be followed to develop the classifier:
1. To acquire the set of images used to train the classifier.
2. To create the training sample.
3. To train the classifier.
4. To test the classifier and its accuracy.
VI.3.1.1.	
  Compilation	
  of	
  the	
  training	
  images	
  
The first step is to collect the images to be used to train the classifier. These images are
organized in two groups, negative and positive images (Figure 64). The negative images are
random images that do not contain the object of interest. On the contrary, the positive images
contain the object to identify, where it is necessary to define the position and dimensions of the
object in the image. In the collection of positive images, the target must appear in a clear way,
in different angles, with different backgrounds and with different illumination settings in order
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to train a robust classifier. Since our working space is limited to the inside of the box trainer, the
positive and negative images are exclusively acquired from inside the simulator. Computer
software to facilitate the manual selection of coordinates and dimensions of the object of interest
in the positive image was specifically developed.

Figure 64. (Left) Negative image. (Right) Positive image and selection of the coordinates and dimensions
of the object of interest (tip of the laparoscopic scissors).

According to Kuranov et. al. (Kuranov et al., 2002) 5000 positive images could be a suitable
number to train the classifier. However, since we were working in a limited working space, as a
preliminary version of the classifier, we took 576 positives and 1103 negatives to begin with.
VI.3.1.2.	
  Create	
  training	
  sample	
  

Positive	
  
images

Feature	
  vector

Negative	
  
images

GUI

Dimensions
Coordinates

Figure 65. Diagram of the process to compute the feature vector from the negative and positive images,
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A vector with the sample of characteristics was created from the collected positive images. For
this purpose, the window that contains the object of interest is extracted from each image. This
window was standardized, gray-scaled and proper-sized. All images were scaled to a size of 20
x 20 pixels. Finally, they were stored in a sample vector (Figure 65), which will be used to train
the classifier.
VI.3.1.3.	
  Train	
  the	
  classifier	
  
The training of the classifier is based on the Adaptive Boosting learning algorithm
(AdaBoost). This is a supervised machine learning algorithm introduced in 1995 by Freud and
Schapire (Freund and Schapire, 1997). It is a meta-algorithm that can be used in conjunction
with many other learning algorithms to improve their performance. This algorithm is focused on
two important aspects: selection of a set of features representing the object of interest and
training the classifier with a linear combination of the best features.
Features’ selection is based on the Haar basis functions used by Papageorgiou et al.
(Papageorgiou and Poggio, 2000). These features represent the training set of the learning
algorithm. AdaBoost uses a weighted training set, in which each training example has an
associated weight wj ≥ 0. The higher the weight of an example, the higher is the importance
attached to it during the learning process.
During the learning process T classifiers or stages ht, t ∈ {1,…, T} are trained, and each of the
classifiers is assigned a weighted vote αt in the final decision-making process. Each classifier in
the cascade is trained to achieve high detection rates. The algorithm starts with wj = 1 for all the
examples. From this set, the first stage (h1) is trained. This stage will classify some of the
training examples correctly and some incorrectly. Since it is desired that the next stage
performed better on the misclassified examples, their weights are increased while the weights of
the correctly classified examples are decreased. From this new weighted training set, stage h2 is
generated. Twenty stages for the learning algorithm were specified for the instrument tracking
method. Therefore, this process continues in this way until the 20 stages or classifiers have been
generated.
Regarding the structure of the cascade classifier, simpler detectors (with a small number of
features) are placed earlier in the cascade, while complex detectors (with a large number of
features) are placed later in the cascade. Detection in the cascade proceeds from simple to
complex, minimizing the total computational load. Input is passed to the first classifier which
decides true or false (absence of laparoscopic instrument’s tip in the image). A false
determination halts further computation and causes the detector to return false. A true
determination passes the input along to the next classifier in the cascade. If all classifiers vote
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true then the input is classified as a true example. If any classifier votes false then computation
halts and the input is classified as false (Figure 66).

Figure 66. Schematic representation of the cascade classifier. It consists of several simpler classifiers
(stages) that are applied subsequently to a region of interest until the candidate is rejected or all the stages
are passed.

When the learning process is over, we have a trained cascade classifier to detect the
laparoscopic instrument’s tip in the endoscopic image. In this chapter the classifier has been
focused on laparoscopic scissors, but it can be applied to any other laparoscopic instrument.
This classifier will be able to point out in real time whether there is any tip of a laparoscopic
scissors in the input image. Therefore, in case the algorithm gives a positive answer, it will
provide the position and dimensions of the tip of the laparoscopic instrument in the current
image.
VI.3.1.4.	
  Technical	
  validation	
  
In order to assess the instrument tracking method under different working conditions and with
different training settings, two accuracy tests were performed. A laparoscopic scissors was used
for both tests, although it could be applied to other types of laparoscopic instruments training
previously the classifier.

Test	
  1:	
  Accuracy	
  under	
  different	
  working	
  conditions	
  
This test was performed on three 25-second video sequences from inside the simulator.
Conditions of these sequences vary in terms of illumination, speed of movements and position
of the instrument in the camera’s field of view. For sequence #1, an expert surgeon (> 100
laparoscopic procedures) performed an cut task on a training plate following a marked pattern
under usual working conditions (illumination, speed of movements, and position of the
scissors). For sequence #2, the speed of the movements of the laparoscopic scissors was
increased and positions of the instrument in the working area different form the predefined
cutting pattern were sought. Finally, for sequence #3, the illumination inside the simulator was
reduced.
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For each sequence, one random frame per second was taken (25 frames in total) and a
technician manually assessed the result of the instrument tracking method. Therefore, cases
where the instrument tip was successfully detected was considered a true positive (TP). On the
other hand, cases where the tracking method failed to detect a present tip was considered a false
negative (FN), and cases where detections occurred without the tip or erroneous positions in the
image were taken as false positives (FP). True positive rate (TPR) and predictive positive value
(PPV) were computed. True positive rate is the proportion of correctly identified results with
respect to total positives (TPR = TP/(TP + FN)) and predictive positive value is the proportion
of positive results that are true positives (PPV = TP/(TP + FP)).
Test	
  2:	
  Accuracy	
  in	
  different	
  training	
  settings	
  
A set of five video sequences, of 250 frames each and recorded at 25 fps, was chosen to perform
the second test regarding the accuracy of the instrument tracking algorithm. For this test a
laparoscope (H3 Image1 HD; Karl Storz GmbH, Tuttlingen, Germany) was used instead of the
camera inside the simulator. The sequences show different instrument movements recorded in
the laparoscopic training simulator with three validation scenarios (Figure 67) and a fixed
laparoscope. 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 training plate, with horizontal (ST_hor), vertical (ST_ver) and
diagonal (ST_diag) movements being recorded respectively.

Figure 67. Validation scenarios in the laparoscopic training simulator. Left: Circle; Middle: Line; Right:
Training plate.

For each sequence, obtained trajectories using the instrument tracking method are measured
against a manually determined ground truth for all the frames of each video sequence.
Parameters used for the testing process are described in the Table 22.
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Table 22. Accuracy test in different settings: measured parameters.
Parameter
Root mean square error

True positive

Definition
Relative error between expected points (ground
truth) and detected positions by the tracking
method. Measured in the x- and y- directions
Correct detection of the instrument tip: within a

(

2
x

neighbourhood of radius 2 RMSE + RMSE
False positive
False negative
True positive rate
Predictive positive value

2
y

RMSE

TP

)

from the ground truth
Points detected outside the neighbourhood area
defined for TP
Omission of detection of instrument tip in the
image
Proportion of correctly identified points with
respect to total positives
Proportion of positive results that are true positives

FP
FN

TP
TP + FN
TP
PPV =
TP + FP

TPR =

VI.3.2.	
  Results	
  
VI.3.2.1.	
  Test	
  1:	
  Accuracy	
  under	
  different	
  working	
  conditions	
  
An example of the execution in real time of the instrument tracking algorithm is presented in
Figure 68. This shows the automatic detection of the tip of the laparoscopic scissors during a cut
task on a training plate. During the performance of this training task the instrument tracking
method was able to detect the instrument tip even under conditions of partial occlusions (see last
frame in the Figure 68). This method achieved an average of 92% of true positive rate. Results
of the accuracy tests are summarized in Table 23.

Figure 68. Example of execution in real time of the automatic tracking method of laparoscopic
instruments tip. The sequence of six images shows the bounding boxes of the tracking method of the
instrument tip. The sequence of images corresponds to a task of cut on a training plate using a
laparoscopic scissors.
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Table 23. Accuracy results of the instrument tracking method in three sequences of images with different
conditions of illumination, speed of movements and position of the instrument.
Sequence
1
2
3
Average

TP
22
18
19
19.667

FP
2
5
4
3.667

FN
1
2
2
1.667

TPR
0.956
0.900
0.904
0.920

PPV
0.916
0.782
0.826
0.841

In sequence 2 movements of the scissors were faster and mainly located in places of the
working area with textures and colours similar to the tip of the laparoscopic instrument, such as
the metallic edge of the training sheet support. Consequently, these circumstances complicated
the identification of the tip of the scissors, providing the lowest TPR and PPV. On the other
hand, for sequence 3 the lack of illumination also reduced the accuracy of the instrument
tracking method.
VI.3.2.2.	
  Test	
  2:	
  Accuracy	
  in	
  different	
  training	
  settings	
  
Results for the second accuracy test, for the given sequences, show an average RMSE of 11.2pp
and 10.0pp in the x- and y-direction respectively (Table 24). Average TPR and PPV were
measured at 0.982 and 0.991, respectively. Visual results regarding the behaviour of the
tracking method in the five settings are shown in Figure 69.
In general the instrument tracking method achieved good results regarding the accurate
detection of the tip of the laparoscopic scissors for the different training settings, with an
average TPR of 98.2%. The method showed the lowest TPR for the sequence 1 (circular path),
although the reported PPV was 100%.
Accuracy results of the implemented method depend on the image and environmental conditions
such as illumination (Table 23). Lack of illumination or shadows in the image could lead to
incorrect identification of the tip. It is fundamental to have a clear image (entire or partial) of the
object of interest in order to provide reliable information to the classifier to perform the
identification process with high accuracy.
Table 24. Accuracy results of the instrument tracking method for the five video sequences.
Sequence
Circle
Line
ST_hor
ST_vert
ST_diag
Average

RMSE (pp)
X
Y
2.236
2.685
34.679
25.843
11.823
10.302
4.034
5.464
3.074
5.943
11.169
10.047
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TPR

PPV

0.920
1.000
1.000
0.992
1.000
0.982

1.000
0.988
0.996
0.972
1.000
0.991
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Figure 69. Accuracy test with different training settings. Top: Circle and Line; Bottom: ST_hor, ST_ver,
ST_diag. Ground truth from manual segmentation is shown in red; tracking points in blue. Black
triangular marks highlight the position of false positives.

VI.4.	
  Method	
  to	
  insert	
  multimedia	
  support	
  content	
  
In chapter IV surgeons reported that the use of multimedia support content during laparoscopic
training is a useful tool, but they would prefer that these contents were displayed directly on the
field of view during the course of the activity instead of in a separate system. A method to
perform a real-time visual tracking of a region of interest (point or area) in the endoscopic
image (from the laparoscope or camera inside a laparoscopic box trainer) is presented in this
section. Previous selection by the user of the point or area to be tracked, this method facilitates
the superposition in this location of multimedia content in order to support the laparoscopic
training activities in a box trainer setting. These multimedia content could be a static image (i.e.,
an outline of the tasks) or an embedded video object.
The aim of the presented visual tracking method is to predict the selected point or area of the
image by the user in successive frames of an endoscopic video stream. In this way, the method
will be able to keep the superimposed visual content (image or video) in a stable position of the
working area without disturbing the rest.
This visual tracking method is based on the estimation of the optical flow by the LucasKanade algorithm with Gaussian Pyramids developed by Bruce D. Lucas and Takeo Kanade
(Lucas and Kanade, 1981; Bouguet, 1999). This algorithm accomplishes the extraction of the x
and y components of the velocity vector in a local neighbourhood around the analysed point. It
assumes that the displacement of the content in an image in two consecutives instants of time
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(frames) is small and almost constant in a neighbourhood of the analysed pixel. In other words,
the algorithm assumes that the optical flow of a certain pixel is constant in a neighbourhood of
it. Therefore, an estimation of the optical flow in blocks of pixels is established, and thus the
movement vector for this block is considered.
The optical flow is defined as the movement of objects in a sequence of images because of
changes in the intensity of the pixels. This intensity can change due to the movements of
objects, changes in the illumination, etc. In the ideal case, in which these variables are constants,
one point in the image keep its intensity with the movement, so we can say that changes of
illumination in a pixel are because of movements of a point. Therefore, we can consider the
optical flow as the analysis of the movement of this point.
To compute the optical flow between two consecutive images, we have to take into account both
images, which have been taken in two consecutive instants t and t+δt, respectively. Being (x, y,
t) the position of a pixel in a instant of time with an intensity of I(x, y, t). We assume that the
pixel will be moved according to δx, δy and δt and following the next equation of restriction:

I (x, y, t ) = I (x + δx, y + δy, t + δt )
And, if we assume that the movement is small, the equation can be estimated by the Taylor
series as:

I (x + δx, y + δy, t + δt ) = I (x, y, t ) +

∂I
∂I
∂I
δx + δy + δt
∂x
∂y
∂t

Where:

∂I
∂I
∂I
δx + δy + δt = 0
∂x
∂y
∂t
∂I δx ∂I δy ∂I δt
+
+
=0
∂x δt ∂y δt ∂t δt
∂I
∂I
∂I
Vx + V y +
=0
∂x
∂y
∂t
Vx and Vy are the x and y velocity components or optical flow of I(x, y, t) and
derivative of the image in (x, y, t), which can be written as Ix, Iy and It:

I xVx + I yV y = −It
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More restrictions should be added in order to solve these equations. These restrictions are added
by the Lucas-Kanade method, which assumes that the optical flow (Vx, Vy) of a certain pixel is
constant in a neighbourhood, so:

I x (q1 )Vx + I y (q1 )V y = − I t (q1 )
I x (q2 )Vx + I y (q2 )V y = − I t (q2 )
!
I x (qn )Vx + I y (qn )V y = − I t (qn )
Where q1, q2, …, qn are the pixels inside a neighbourhood of the analysed point in the image.
These equations can be expressed as matrix form Av = b, where:

⎡ I x (q1 ) I y (q1 )⎤
⎢
⎥
I x (q2 ) I y (q2 )⎥
⎢
A=
⎢ !
! ⎥
⎢
⎥
⎣⎢ I x (qn ) I y (qn )⎦⎥

⎡V x ⎤
v = ⎢ ⎥
⎣V y ⎦

⎡ − I t (q1 )⎤
⎢− I (q )⎥
b = ⎢ t 2 ⎥
⎢ ! ⎥
⎢
⎥
⎣− I t (qn )⎦

In this system of equations we already have a higher number of equations than unknowns, from
which we can obtain the optical flow:

AT Av = AT b

( )−1 AT b

v = AT A

Through the previous equation the two velocity components using the neighbourhood of the
analysed point can be extracted.
To estimate the movement of a point in successive images, an iterative implementation of the
Lucas-Kanade algorithm is used. An implementation with a Gaussian pyramid representation
of the image is used to improve its accuracy (Bouguet, 1999). The Gaussian pyramid consists of
low-pass filtered, reduced density images of the preceding level of the pyramid, where the base
level is defined as the original image. Having the two-dimensional original image denoted by
I(x, y), the Gaussian pyramid is defined recursively as follows:

G0 (x, y ) = I (x, y ) , for level, l = 0
2

Gl (x, y ) =

2

∑ ∑ w(m, n)Gl −1(2 x + m,2 y + n), otherwise

m = −2 n = −2
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where w(m, n) is a weighting function (identical at all levels). This weighting function closely
approximate the Gaussian function, hence the origins of the pyramid name (Derpanis, 2005;
Burt and Adelson, 1983; Burt, 1981).
Given two consecutives images from a video sequence, H and I, and a point in the first image,
these are the steps of the iterative algorithm:
1. A Gaussian pyramid representation (n levels) is obtained from the two consecutive
images of the sequence; being 0 the initial level (original image). In our particular case,
we used five levels for the Gaussian pyramid representation of the image.
2. For each level, starting from the nth level backwards, using the two consecutive images
of the sequence:
a. The velocity vector of the selected point is computed by the previously
described optical flow method.
b. One point of the ith level (1 < i < n) corresponds to a block of points of level i-1
of the pyramidal representation. Therefore, if we have the velocity vector of the
ith level point (computed in the previous step), we will obtain the velocity vector
of a block of points in the level i-1 (Figure 70).
c. When the last level is reached, we have the motion estimation of the marked
point in the original image (level 0).

Figure 70. Workflow diagram of the visual tracking algorithm using the Gaussian pyramids.

Once we are tracking the marked point in the endoscopic video stream, the next step is to
superimpose the visual support content on this point, inserting a static image, outlines of the
laparoscopic task or a video tutorial. This visual tracking method updates the position of the
visual content each time there are changes in the video sequence that affect the position of the
tracked point such as movements of the camera or working area. Therefore, the visual content is
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always located in a stable position of the working area with regard to the field of vision of the
camera.

VI.4.1.	
  Technical	
  validation	
  
For accuracy assessment, three 25-second video sequences were taken, each one of them with a
marked point to which applied the visual tracking algorithm. For each video sequence, different
movements of the camera inside the simulator were carried out to analyse the behaviour of this
tracking method. These movements were horizontal, vertical and diagonal.
For each 25-second video sequence, one random frame per second was taken (25 frames in
total) and a technician evaluated manually the location of the marked point within the limits in a
neighbourhood of 24 pixels, which is considered unnoticeable for the user (empirically
determined). Therefore, if the motion estimation of the point keeps inside this neighbourhood,
the result was considered as successful. The percentage of success is calculated by means of
dividing the number of success cases by the number of analysed frames.

VI.4.2.	
  Results	
  
An example of the presented method to insert multimedia support content in the video images
from the camera inside the box trainer is shown in Figure 71 and Figure 72. Once the user has
selected the suitable place to insert the content, this position will be kept tracked along the
training activity (Figure 71). Throughout the training activity different multimedia contents to
assist exercise performance such as an outline of the steps or a video tutorial (Figure 72), which
are also adapted to the trainee's level of experience, can be inserted with regard to the tracked
point.

Figure 71. Visual tracking method in a sequence of images. The method is applied to a point previously
selected by the user (in green and highlighted with a dashed circle) of the working area (training plate)
and with different movements of the camera.
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Figure 72. Three sequences of laparoscopic training tasks (cut and suturing tasks) with different support
visual contents such as video sequences (left and right images) and an outline of the task (centre image).
The content remains in a stable position with regard to the position initially selected by the user and
movements of the camera.

Reliability results of the visual tracking method are presented in three different graphs with
regard to horizontal (Figure 73), vertical (Figure 74) and diagonal (Figure 75) movements of the
camera. Results show that the horizontal movements of the camera (Figure 73) provide better
results (84% success) for the visual tracking method than vertical (Figure 74) (72% success) and
diagonal movements (Figure 75) (64% success). Therefore, the effectiveness of the vision
tracking methods is reduced in the diagonal movements of the working area inside the
simulator.

Figure 73. Recorded position (x, y) in the image of the marked point along 25 frames of the video
sequence in which a horizontal movement with the camera was performed. The graph shows the position
obtained by the visual tracking method (VTM) and the real position that should be obtained.
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Figure 74. Recorded position (x, y) in the image of the marked point along 25 frames of the video
sequence in which a vertical movement with the camera was performed. The graph shows the position
obtained by the visual tracking method (VTM) and the real position that should be obtained.

Figure 75. Recorded position (x, y) in the image of the marked point along 25 frames of the video
sequence in which a diagonal movement with the camera was performed. The graph shows the position
obtained by the visual tracking method (VTM) and the real position that should be obtained.

VI.5.	
  Discussion	
  
In this chapter, the last motion analysis method for laparoscopic instruments has been presented.
The main aim of this novel approach is to deal with some of the main limitations reported by the
methods presented in previous chapters. To this end, a method to identify and record the
- 129 -

Chapter VI
Video-based instrument tracking method

laparoscopic instruments' tip based on the endoscopic image as the only source of information
has been proposed. This allows this instrument motion analysis method to be used with a wide
range of training and clinical settings from a box trainer to an actual OR. The accuracy of the
developed instrument tracking method has been tested in different training conditions and
settings with satisfactory results. Besides, the feasibility of using this method for recording in
real time the motion of a laparoscopic scissors during the performance of laparoscopic training
activities has been proved. As an assistance method for laparoscopic training in a box trainer
setting, a method for providing personalized and adaptive visual content was developed. The
feasibility of embedding multimedia support content in the working area displayed by the
endoscopic camera has been proved as well as keeping this content stable with regard to the
position initially indicated by the user.
Results showed that it is possible to track in real time the tip of a laparoscopic scissors by means
of using the endoscopic video image from inside a box trainer. This tracking method of
laparoscopic instruments showed favourable results concerning its success rate, with an average
of 92% of true positive rate when used in a cut task under different training conditions. In the
case of accuracy tests carried out in various settings using a real endoscope, the instrument
tracking method reported an average RMSE of 11.2pp and 10.0pp in the x- and y-direction
respectively. Besides, the average positive rate was 98.2% for all these tests. Therefore, results
show that the presented method could be an appropriate tool for motion analysis of laparoscopic
instruments as well as a fundamental source of information for further objective assessment of
MIS technical skills.
In certain situations during the accuracy tests the instrument tip was not identified correctly due
to confusions with the shaft of the instrument. This may be due to the lack of illumination in the
training scenario, mainly near the tip, which leads it to acquire a dark colour (because of the
metallic reflection) similar to the shaft, and therefore decreasing the perception of its colour and
texture by the classifier. One possible solution to reduce the rate of mistakes could be to include
a larger set of training cases for the implemented classifier, increasing the number of cases with
lack illumination and situations where the tip of the laparoscopic instrument is placed in areas
which present difficulties for its identification. Efficiency of the instrument tracking method
based on a cascade classifier depends directly on the training process and the image source. To
obtain an accurate tracking method it is necessary to have a significant number of image
samples (Kuranov et al., 2002). In positive images of this training sample, the object of interest
must appear in a clear way, in different angles, backgrounds and illumination conditions. The
main limitation of the training phase is its processing time, which can require several hours.
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This depends mainly on the size of the training sample and the expected accuracy. However,
since the training needs to be undertaken only once, this is a minor issue in the long run.
Results showed the feasibility of embedding different kind of visual contents in a stable location
of the working area, previously selected by the user, in order to assist the performance of
laparoscopic training activities. The visual tracking method presented a success rate of 73.3%
for the accuracy tests when used with different movements of the endoscopic camera such as
horizontal, vertical and diagonal. Results reported that diagonal movements of the camera make
it more difficult to predict the correct position of the marked point in successive frames of the
video sequence by the visual tracking method.
One of the principal means to provide information to surgeons during the training sessions is
through visual feedback. They follow the preformed manoeuvres thought the monitor that
provides them the surgical image from inside the simulator or patient. Therefore, the inclusion
of content embedded in the endoscopic image seems an appropriate choice for providing
support during laparoscopic training activities. To this end, the method presented in this chapter
combines the advantages of the physical laparoscopic simulators and computer vision
techniques. Its main objective is to provide a useful method for improving laparoscopic training
by means of video-based assistance using support visual contents (video tutorials or outlines of
the task) during the laparoscopic training tasks performance and adapted to the trainees' level of
experience. This support visual content is embedded in the endoscopic video stream and
displayed in a stable location previously selected by the user, avoiding displacement or
interruptions due to possible movements of the camera or objects of the working area. To
identify and follow certain areas in the surgical field may have a significant relevance in actual
surgical interventions. In which, overlay visual information on points of interest of the surgical
field such a risk areas could be useful to conduct safer interventions. Since the presented visual
tracking method is based on image analysis, it is possible to be applied in a real clinical setting
with a laparoscope as a source of information and a touch screen as a user interface. However, it
is necessary to carry out further studies to verify its feasibility.
The developed method for tracking the laparoscopic instrument allows the system to work
without colour restrictions or special markers on the instruments, in contrast to the previous
approaches presented in this thesis and many other studies in the scientific literature (Bouarfa et
al., 2012; Leblanc et al., 2010; Tonet et al., 2006; Doignon et al., 2007). One important aspect in
tracking algorithms of surgical instruments is achieving real-time processing. In this sense, the
presented method can be used in real-time surgical applications, and therefore it may be used
together with real-time objective methods to assess surgeons’ skills, automatic positioning
methods of the laparoscopic camera, or augmented reality tools. Other studies leave open the
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possibility of the reduction of the speed of calculation of their methods in order to achieve realtime execution (Voros et al., 2007; Speidel et al., 2006; Zhang et al., 2002).
Tracking process involves particular difficulties due to variability in target pose and
deformation, illumination and partial or total occlusion (Groeger et al., 2008). The current
tracking method of laparoscopic instruments’ tip was robust to different positions of the
instrument’s tip, changes of illumination and partial occlusion of the tip. However, total
occlusion of the tip could complicate the detection process of this video-based tracking method,
which is also the case of other tracking approaches of laparoscopic instruments based on the
endoscopic images with and without the use of artificial markers on the instruments (Bouarfa et
al., 2012; Climent and Hexsel, 2012). It is possible to estimate the instrument position in
successive frames using computer vision techniques like optical flow (Bouguet, 1999), and
therefore reducing the effects of these occlusion problems. Other authors (Loukas et al., 2013)
deal with the total occlusion problem using two different tracking algorithms, which are
combined for estimating the 3D pose of the surgical instrument. The previous approach could
also be taken into account with respect to the instrument tracking methods presented in this
thesis. In this sense, the video-based method presented in this chapter can be easily combined
with the other two methods presented in this thesis based on stereoscopic techniques and an
optical pose tracker. This combination would provide a faster and more accurate detection of
laparoscopic instruments.
The presented tracking method of laparoscopic instruments deals with some of the challenges of
the previous approaches showed in this thesis. One of the main advantages of this new approach
is that it does not need any artificial marker or additional object on the laparoscopic instrument,
which allows it to be implemented in any training setting from box trainers to a real OR. In
addition, this gives us the possibility of being used for image-guided surgical applications
(Sánchez-González et al., 2011; Cleary and Peters, 2010; Birkfellner et al., 2008) or even
designing hybrid simulation devices, which combine the interaction with the real environment
together with the support of virtual content. Unlike other well-know hybrid simulation devices
(Pellen et al., 2009), in this case a multiple camera system would not be required. The only
requirement would be to have access to video from the endoscope or from the camera inside the
box trainer.
Robust detection of the 2D position of the instrument in the surgical image is an important
previous step in the spatial localization within the surgical setting. In order to compute the depth
of the instrument tip the presented tracking method can be easily used with stereoscopic
techniques (Tucco and Verri, 1998). However, the need for a stereoscopic camera system limits
its use to physical and virtual training devices, leaving out the possibility of use it in real
surgical settings. In the latter case, a suitable approach could be used the presented method in
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conjunction with others based on analysing the projection of the laparoscopic instrument in the
image plane (Oropesa et al., 2013a; Climent and Hexsel, 2012; Allen et al., 2011).

VI.5.1.	
  Chapter	
  conclusions	
  
This chapter has presented the description of the third method for motion analysis of
laparoscopic instruments as well as its technical validation results. The main contributions of
this chapter can be summarized thusly:
•

A novel real-time tracking method of the tip of laparoscopic instruments based on a
previously trained cascade classifier has been presented.

•

Results have shown the feasibility of identifying and tracking a laparoscopic scissors in
real time during the performance of laparoscopic training tasks using only the
endoscopic video as a source of information.

•

The tracking system was robust under different conditions of illumination, speed of
movements and position of the instrument, reporting high accuracy regarding the
different validation scenarios in a box trainer setting.

•

The presented tracking approach meets the need of a robust method for 2D detection in
real time of a characteristic point (e.g. the tip of the laparoscopic instrument) as the first
stage to achieve a comprehensive three-dimensional video-based tracking method of
laparoscopic instruments.

•

This instrument tracking approach faces some of the challenges of the previous methods
presented in this thesis such as the need of artificial markers or additional objects on the
laparoscopic instruments, or the need of additional cameras to perform the tracking
process.

•

An assistance method mainly for the early stages of laparoscopic training, in which box
trainers are used as one of the main training tools, has been designed and implemented.
This provides personalized and adaptive support visual content for laparoscopic training
activities.

•

The feasibility of embedding multimedia support content in the working area displayed
by the camera has been proved as well as keeping this content stable with regard to the
position initially indicated by the user with a high success rate.
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CHAPTER VII: GENERAL DISCUSSION

In this chapter the three motion analysis methods of laparoscopic instruments presented in this
thesis will be discussed. The main characteristics of these approaches will be compared and the
advantages of each method will be analyzed as well as the main limitations that were identified
during their development, providing potential ideas for future works of this thesis.
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In previous chapters we have presented three different methods based on computer vision
techniques to address the problem of tracking laparoscopic instruments in various training and
surgical settings. Their main goal is to be used as tools to conduct an objective assessment of
laparoscopic technical skills based on instrument motion analysis during early stages of
laparoscopic training, which should be carried out mainly in skills labs by means of training
simulators (Parsons et al., 2011; Fried et al., 2008a; Darzi et al., 1999). These methods aim to
meet the demands of automatic objective assessment methods of surgical skills (van Hove et al.,
2010; Fried and Feldman, 2008a; Ritchie, 2004). They have been presented throughout this
thesis in an evolutionary way from methods for exclusive use in a box trainer to solutions with
the potential of being used in actual OR. Their main features are summarized in Table 25.
Table 25. Main features of the different tracking methods of laparoscopic instruments presented in this
thesis.
Instrument tracking method
Based on stereoscopic vision
techniques

Advantages
Real time
Accuracy

Based on the MicronTracker®
device

Real time
Accuracy
It can be used in a training
simulator and a OR setting
(non-sterile)
Real time
It can be used in any
training and surgical setting
(from simulators to the OR)

Based on a cascade classifier

Drawbacks
It only can be used inside a box trainer
It uses artificial markers on the
instruments
It needs a clear line of sight between the
camera system and the object of interest
Device’s cost
It uses additional object on the
instruments' handle
It needs a clear line of sight between the
camera system and the object of interest
Tracking in 2D
It has to be trained
It needs a clear line of sight between the
camera system and the object of interest

One of the main challenges of using image analysis, as the primary means for detection of
laparoscopic instruments, is that the result is affected by the possible occlusion of the object of
interest. Therefore, this is an important factor affecting the three presented motion analysis
methods. One possible solution could be applied a Kalman filter (Loukas et al., 2013) or optical
flow techniques (Gray et al., 2012) in order to address these possible instruments occlusions. In
the case of external tracking methods, a suitable choice of the place for the camera system in the
training lab or operating room can help greatly to address this problem.
The use of stereoscopic techniques in the first method for tracking laparoscopic instruments
presented in this thesis showed high precision for the computation of depth coordinate. Having
the stereo system properly calibrated, it is possible to provide a reliable instrument tracking
system for use with a box trainer. One of the main advantages regarding the use of a camera
stereo system is that it could be installed on other box trainer devices, although in many cases
this would require a reduction in size. This system provides a cost-effective solution to be used
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in a training laboratory but not in a OR setting. However, it should be noted that it was not the
aim of this approach.
The main advantage of the second method is its ability to be used in different laparoscopic
training environments, including an experimental OR. The use of motion-based assessment
metrics computed by this instrument motion analysis method has been demonstrated to be used
as a means to differentiate between surgeons' levels of surgical dexterity during the execution of
laparoscopic training tasks such as grasping, cut, dissection and intracorporeal suture. Similarly,
it has been shown the relationship between these motion-related assessment metrics and quality
of technical performance in laparoscopic training. However, the main restriction of this method
is that it requires adding artificial markers on the laparoscopic instruments’ handles. Attempts to
design a lightweight support and not to interfere with the use of surgical instruments have been
made. One of the main factors to take into account when analyzing the possibility of
implementing this method in a real surgical environment is that the artificial markers placed on
the laparoscopic instruments should be easily sterilized.
The main objective of the third instrument motion analysis method is addressing major
limitations of the previous methods, especially with regard to be used in an actual OR. The
main advantage of this method is that since it is based on the analysis of the endoscopic video it
could be used in any laparoscopic training setting. Its easy integration would also allow it to be
used as a supplement for improving other instrument tracking methods. However this method
has some limitations that have to be addressed in future developments. First, preparation of the
proper training samples for training the classifier is time-consuming and the training stage
requires high computational load and time. To address this problem, other alternatives should be
considered apart from the increase of the computational power of the system. Secondly, the
method allows robust detection and in real time of the tip of the laparoscopic instruments in a
laparoscopic training setting, but this detection is two-dimensional. Different alternatives can be
readily applied to solve this problem, from stereoscopic techniques (Tucco and Verri, 1998) to
methods based on the geometric analysis of the laparoscopic instrument (Loukas et al., 2013;
Oropesa et al., 2013a).
Three different methods to deal with the identification and real-time tracking of laparoscopic
instruments have been presented. Each of these methods has focused on a particular training
environment. Thus, the method based on stereoscopic techniques mainly aims to be used in
training boxes. The method based on an optical tracker could be used in various training
devices, from physical to virtual, which are common in a laparoscopic skills lab. Finally, the
method based on the endoscopic video analysis is focused on being used in an real clinical
setting, but it also could be implemented in any other laparoscopic training system that involves
the use of actual laparoscopic instruments and an endoscopic camera.
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Motion analysis methods are cheaper alternatives to virtual reality simulator, enabling natural
feedback. They can be used in almost every setting from physical simulators to the OR.
Therefore, the range of laparoscopic surgical tasks in which this assessment tools can be used is
extensive, enabling a wide range of training curricula in which these approaches can be applied
for surgical skills assessment.

Figure 76. Final outcomes of cut task (top of the image) and suturing task (bottom of the image) with
regard to a novice surgeon (left) and an expert surgeon (right).

Although objective assessment of surgical technical skills based on instrument motion analysis
could be efficient, quality metrics such as task outcome or error should also be taken into
account. Through this assessment, the quality of the final product can be evaluated and thus a
more complete feedback may be provided to the trainee. An example of the final outcomes for
the cut and suturing tasks is shown in Figure 76. For the cut task, expert surgeons usually
perform more regular cuts on the artificial tissue. Regarding the suturing task, expert surgeons
tend to keep the tips of the laparoscopic instruments and the needle inside the camera’s field of
view as well as using the appropriate length of both ends of the thread. This quality assessment
may be performed using specific checklists (Moorthy et al., 2004), with the inconvenience that
an experienced reviewer is required to perform it. Furthermore, as described in chapter I of this
thesis, in order to develop an advanced and comprehensive objective assessment, a three
dimensional evaluation of trainees is necessary to obtain the right balance of attributes: a good
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knowledge base, technical skills and surgical judgement (Dankelman et al., 2005). These
attributes should ultimately be predictive of performance in the clinical setting.
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CHAPTER VIII: CONCLUSIONS AND
FUTURE WORKS

In this chapter the conclusions of this PhD will be presented based on the acceptance or
rejection of the hypotheses introduced in Chapter II. The main contributions of this thesis will
be described according to the results obtained and author's scientific publications will be
detailed. Additionally, possible future works to this thesis will be postulated and thus encourage
further work in this line of research established by this thesis.
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VIII.1.	
  Research	
  hypotheses’	
  verification	
  
The 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 of their degree of validity
when confronted to our findings.

VIII.1.1.	
  General	
  hypothesis	
  
H1. Motion analysis of laparoscopic instruments can be performed in real time during the
performance of basic laparoscopic training tasks using a box trainer for being used as an
assessment tool of MIS technical skills.
Hypothesis confirmed.
Minimally invasive surgery is a high demanding surgery in terms of surgical skills, which
should be trained and assessed. The use of surgical simulators during the early stages of
laparoscopic training offers great potential to learn basic MIS skills without putting any patient
at risk. The use of automatic objective assessment methods of surgical skills in this learning
setting provides a fast and reliable way to certify a surgeon as a competent before carrying out
an actual surgical intervention. Additionally, these assessment tools provide continuous
feedback to the trainee, which enhances learning during each training activity. In this sense,
motion analysis of laparoscopic instruments has been proved to be a feasible approach to
objectively assess MIS technical skills for laparoscopic performance. However, in order to
provide feedback to the trainee, it is fundamental that these methods enable real-time execution.
In order to tackle this problem, in chapters IV, V and VI of this thesis, the design, development
and validation of three motion analysis methods for laparoscopic instruments based on different
computer vision techniques and hardware components have been presented. These methods
work in real time and were initially validated in a box trainer setting with real laparoscopic
instruments. Additionally, in chapter V a set of motion-related metrics concerning the use of
laparoscopic instruments were validated in laparoscopic training as a means of assessment of
MIS technical skills.

VIII.1.2.	
  First	
  instrument	
  motion	
  analysis	
  method	
  
H2. An affordable stereoscopic video method allows recording movements of the laparoscopic
instruments tip in a box trainer without interfering the normal performance of basic
laparoscopic training tasks and with reliable results.
Hypothesis confirmed.

- 142 -

Chapter VIII
Conclusions and future works

A real-time tracking method of laparoscopic instruments was design and developed based on
stereoscopic techniques. This method consists of a two low-cost digital cameras arranged in a
stereoscopic camera system as well as a computer application that controls the entire system and
computes the information regarding the position of the laparoscopic instruments tip. The
stereoscopic system was installed at the back of the box trainer and a position that does not
interfere with the laparoscopic training exercises was sought. For this tracking method a colour
marker near the laparoscopic instrument tip is required to compute its three-dimensional
position. The accuracy of this motion analysis method was demonstrated throughout a technical
validation.

VIII.1.3.	
  Second	
  instrument	
  motion	
  analysis	
  method	
  
H3. An optical pose tracker can be adapted to laparoscopy practice, providing a valid and
reliable solution for objective assessment of surgeon’s technical skills without compromising
the ergonomics of the training scenario.
Hypothesis confirmed.
A method for motion analysis of laparoscopic instruments was presented based on a optical pose
tracker. This method consists of a third generation optical pose tracker, a support for a set of
artificial markers, which were placed on the handle of each instrument to be tracked, and a
computer application for computing the position of the instrument tip with regard to the
artificial markers on it. Therefore, a reliable calibration method is required in order to compute
this relationship between the position of each artificial marker on the laparoscopic instrument
and the three-dimensional position of its tip. Positional results of this method were technically
validated, proving its accuracy to compute the position of the instrument tip, and therefore for
use as an objective assessment tool of technical skills based on the motion analysis of
laparoscopic instruments. Besides, results of a face validation showed that surgeons almost did
not notice any difference between the use of the proposed design and the regular laparoscopic
instruments.
H4. Motion analysis of laparoscopic instruments can be used as a measure of dexterity for basic
training tasks.
Hypothesis partially confirmed.
A construct validation of the proposed motion analysis method for laparoscopic instruments
based on an optical pose tracker was performed. Three groups of surgeons with different level
of surgical dexterity participated in this validation. They performed four different basic
laparoscopic training tasks in a box trainer setting such as grasping, cut with dominant and nondominant hand, dissecting and suturing tasks. A set of ten motion metrics based on the
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movements of the laparoscopic instruments was computed for each task analysed. Results of
this study showed that the presented motion analysis method was able to differentiate between
levels of surgical skills of the three groups of surgeons for the tasks of grasping, cut and
suturing. However, none of the analyzed motion metric was able to differentiate between
surgeons with intermediate level of experience and skilled surgeons for the dissection task. This
results lead to think that the difficulty of this task could be not enough to make clear the
differences between the skill levels of these two groups of surgeons.
H5. Motion assessment metrics based on the laparoscopic instrument movements can be related
to the quality of technical performance in laparoscopic training.
Hypothesis partially confirmed.
Apart from the construct validation, a concurrent validation of the motion analysis method was
performed for the same groups of surgeons and laparoscopic training tasks above mentioned.
The Global Operative Assessment of Laparoscopic Skills (GOALS) scoring system was used as
a gold standard for this validation study. Two skilled and blinded surgeons scored the execution
of each subject by means of the GOALS method. A good inter-examiner reliability was
obtained for the GOALS scoring system. Results concerning this scoring system showed that it
was able to differentiate the level of surgical experience between the three groups of surgeons
analysed. Additionally, for all performed tasks, almost all domains assessed by the GOALS
scoring system (depth perception, bimanual dexterity, efficiency, tissue handling and autonomy)
showed correlation with some of the motion metrics computed, although there were some
exceptions with regard to grasping, cut with dominant hand and dissection tasks. However, there
are some GOALS’s evaluation parameters whose meaning is not trivial to relate to motionrelated metrics, as is the case of tissue handling.

VIII.1.4.	
  Third	
  instrument	
  motion	
  analysis	
  method	
  
H6. A monoscopic video analysis method can be used to identify and follow automatically the
laparoscopic instrument tip with reliable technical results.
Hypothesis confirmed.
A third approach of laparoscopic instrument tracking has been design and implemented using
only the video from either an endoscope or a camera inside a box trainer as a source of
information. This tracking method was based on an implementation of a cascade classifier,
which was previously trained in order to identify the tip of a laparoscopic instrument in a video
stream. Once this tracking method was trained, it was able to identify in real time and
automatically the laparoscopic instrument tip during laparoscopic performance using a box
trainer. Technical validation tests showed good accuracy results for the presented tracking
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method and robustness under conditions of partial occlusion of the laparoscopic instrument tip.
This approach is presented as a suitable solution to track laparoscopic instruments in real time
without the need to install additional objects on the instruments and thereby provide surgeons a
transparent motion analysis method regarding the surgical performance.

VIII.2.	
  Main	
  contributions	
  
Once the research hypotheses postulated have been validated, we now present the main
contributions extracted from this thesis.
MC1. Analysis of the needs and requirements for the design of an automatic objective
assessment tool of MIS technical skills based on motion analysis of laparoscopic instruments.
A complete review of the state of the art was performed in order to provide an overview on
existent methods and tools for the objective assessment of laparoscopic surgical skills. They
attempt to replace the traditional methods based on subjective criteria, incorporating a whole
new range of objective metrics to quantify surgical performance. This review was organized in
three main groups:
•

Structured rating systems for objective evaluation, which includes methods based on
rating scales, checklists and scoring systems.

•

The use of technological solutions to address the objective evaluation during the
training performance. In this group were included virtual simulators and hybrid
simulators, as well as devices to be used in conjunction with box trainers that are
responsible for carrying out the assessment in accordance with objective criteria and in
an automatic manner.

•

The final group consisted of methods based on motion analysis of surgical instruments.
In turn, these methods had been classified in extra-corporeal and intra-corporeal
methods with regard to the scenario in which they are applied to identify and track a
laparoscopic instrument.

The results and conclusions from this review may be found in Chapter III of the presented
thesis. The work has led to a scientific paper in an indexed scientific journal (Sánchez-Margallo
JA et al., 2014).
MC2. Design and technical validation of a stereoscopic tracking method for laparoscopic
instruments tip.
An affordable solution for tracking laparoscopic instruments to be used in conjunction with a
common box trainer for laparoscopic training has been presented. The entire training platform
consists of a stereoscopic motion tracking system of laparoscopic instruments and an artificial
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scenario to assist laparoscopic training. In order to extract the 3D geometric information of the
laparoscopic instrument tip and capture the entire workspace without interfering with the
training activity a stereoscopic camera system was implemented and installed at the back of the
box trainer. Besides, this solution provides an additional virtual scenario that makes possible to
show the real-time motion tracking of the laparoscopic instruments and re-display the training
performance. The support artificial environment as a compliment to the training simulator
allows this training system to combine the interactivity and realism of the physical laparoscopic
simulators with the advantages of the virtual simulators. Unlike the scarce and expensive
commercially available options of hybrid simulators, the proposed system is an economical
choice available to any trainee or institution.
Technical validation tests showed that the laparoscopic instruments movements could be
accurately tracked by the tracking system in a box trainer, providing a reliable source of
information for motion analysis. In addition, surgeons reported that the instrument tracking
system does not interrupt the normal use of laparoscopic instruments as well as the training
performance inside the box trainer.
These contributions are described in detail in Chapter IV. Results have been presented at three
international conferences (Sánchez-Margallo JA et al., 2011b; Sánchez-Margallo JA et al.,
2011c; Sánchez-Margallo JA et al., 2010a) and five national conferences (Sánchez-Margallo JA
et al., 2011d; Sánchez-Margallo JA et al., 2011f; Sánchez-Margallo JA et al., 2010b; SánchezMargallo JA et al., 2010c; Sánchez-Margallo FM et al., 2010c).
MC3. Design and validation of a new approach that makes use of a third generation optical
pose tracker for laparoscopic practise.
We have proposed a new approach for motion analysis of laparoscopic instruments based on a
third generation optical pose tracker. This system has been adapted to be used with real
laparoscopic performance. The main objective of this motion analysis method is to be applied to
both motion analysis of laparoscopic instruments for technical skills and image-guided
applications, without modifying the ergonomics of the training site. Third generation optical
pose trackers have already been applied to IGS, however this is the first time that this
technology is applied for assessment of surgical skills based on motion analysis of laparoscopic
instruments.
Two different approaches have been proposed. Their positional accuracy have been tested and
compared in order to choose the best option for its use as a motion analysis method. Finally, the
surveyed surgeons reported good results regarding usability of the system.
These contributions are covered in detail in Chapter V. Publications derived from results include
two book chapters (Sánchez-Margallo JA et al., 2013b; Sánchez-Margallo JA et al., 2013e) and
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contributions at three international conferences (Sánchez-Margallo JA et al., 2013b; SánchezMargallo JA et al., 2013c; Sánchez-Margallo JA et al., 2013e) and one national conference
(Sánchez-Margallo JA et al., 2011e).
MC4. Assessment of the usefulness of an evaluation method of surgical technical skills based on
laparoscopic instrument motion analysis.
A motion analysis method of laparoscopic instruments based on an optical pose tracker for
surgical training practices has been presented. Results showed the feasibility of measuring ten
motion metrics during the performance of four laparoscopic training tasks in a box trainer setup
such as grasping, cut, dissection and suturing tasks. The hypothesis that novice, intermediate,
and expert surgeons can be distinguished on the basis of motion metrics was confirmed.
Concurrent validation using the Global Operative Assessment of Laparoscopic Skills (GOALS)
scoring system as a gold standard was proved for cut with non-dominant hand and suturing
tasks. On the other hand, suturing performance was successfully assessed both by motion
analysis method and a validated suturing checklist. However, suturing checklist was not able to
differentiate the level of dexterity between intermediate and expert surgeons. There was found a
good relationship between the suturing checklist score and motion metrics of time and path
length.
These contributions are described in detail in Chapter V. Results have been published in an
indexed scientific journal (Sánchez-Margallo JA et al., 2013a) and presented at three national
conferences (Sánchez-Margallo JA et al., 2013f; Sánchez-Margallo FM et al., 2013; SánchezMargallo JA et al., 2012).
MC5. Design and technical validation of an assisting system for laparoscopic surgical training
to facilitate the training process at the first stages of training in laparoscopic surgery and to
contribute to an objective evaluation of surgical skills.
This method has been implemented through two modules. The first module allows for the
tracking of movements of the laparoscopic instrument tip using a monoscope image and the
second the insertion of support multimedia content for the training practise. The first module
does not need the presence of artificial markers or special colours to distinguish the instrument.
Most of the video-based tracking methods of laparoscopic instruments that use only the camera
image as source of information are based their algorithms on colour segmentation or the
analysis of the instrument’s projection in the image plane. In this case, we propose a novel and
robust approach based on an implementation of a cascade classifier, which was previously
trained, as a means to perform the laparoscopic instrument tracking.
Results have proved the feasibility of this system of identifying and tracking laparoscopic
instruments in real time during the performance of a laparoscopic cut tasks. Additionally, it was
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proved the feasibility of embedding multimedia support content in the surgical field displayed
by the endoscopic camera as well as keeping this content in a stable and non-intrusive position.
These contributions are covered in detail in Chapter VI. Results have been published in an
indexed scientific journal (Sánchez-Margallo JA et al., 2011a) and presented at two
international conferences (Oropesa et al., 2012; Sánchez-Margallo FM et al., 2009c) as well as
two national conferences (Sánchez-Margallo JA et al., 2011d; Sánchez-Margallo JA et al.,
2011f).
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VIII.4.	
  Future	
  works	
  
Considering the new ideas and challenges that have arisen during the course of this thesis, some
of them will be detailed in this section with regard to each method defined in the organizational
structure of the thesis. One of the main and future objectives of all the presented instrument
tracking approaches for assessment of laparoscopic technical skills is to achieve the
implementation in the early stages of a real training program for laparoscopic surgery.

VIII.4.1.	
  Concerning	
  the	
  first	
  method	
  based	
  on	
  stereoscopic	
  techniques	
  
Improving portability of instrument tracking method
In order to enable the implementation of this instrument tracking method based on stereoscopic
techniques in other laparoscopic simulators, the size of the stereo cameras arrangement should
be reduced. This allows the instrument tracking system to be installed in laparoscopic training
simulators of various sizes, disturbing as little as possible the normal use of laparoscopic
instruments as well as the execution of the training activities inside the simulator. It should not
be a major modification as cameras are becoming smaller and with better image quality thanks
to current developments in image capture devices.
New validation studies for the training system
Once the stereoscopic instrument tracking method has been proved to be reliable to record the
laparoscopic instrument motion, the next step will be to validate the hybrid simulator as a tool
for psychomotor assessment of laparoscopic performances. The first step would be to test the
construct validity of this training system. Through this validation study whether this training
system is able to differentiate between levels of experience in laparoscopic training will be
analysed. To achieve this, a set of motion metrics and assessment tasks has to be previously
defined. In this sense, the use of different laparoscopic training tasks and motion-based metrics
for MIS technical skills assessment has already been analysed in charter V of this thesis.
Additional features for the virtual environment to support laparoscopic training
Results in chapter IV showed that surgeons considered the use of multimedia support content
during the training process a useful tool, but they would prefer that these contents were
displayed directly on the field of view during the course of the activity instead of in a separate
system. In chapter VI, a possible solution was presented consisting of a method to insert the
multimedia support content in a previously selected position in the camera's viewing area which
is updated with regard to the movements of the camera and working area. This method seeks to
not interfere with the execution of the training activity, keeping the support content in a stable
position. Another alternative is to use the potential of augmented reality technology for
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inserting the content. This reinforces the need to include this technology in future developments
of the virtual environment to support laparoscopic training as a method for inserting contents to
assist training activities in a box trainer setting. This content could be some training instructions
concerning the task execution, video tutorials, feedback from some motion-related assessment
metrics or even some simple laparoscopic virtual tasks as an alternative for training basic
technical skills.

VIII.4.2.	
   Concerning	
   the	
   second	
   method	
   based	
   on	
   an	
   optical	
   pose	
  
tracker	
  
Additional motion information regarding the use of laparoscopic instrument
To measure the rotation of a laparoscopic instrument and its tip is a general challenge for
method based on video analysis. Additional features should be added to the tracking method in
order to analyse these movements. Since each artificial marker on the instrument is defined by
two vectors, it would be possible to compute its orientation in the three-dimensional space by
means of its vector product. The relationship in the space between the three markers on the
instrument should be previously established in order to deal with possible shift of the marker
that is being tracked because of instrument movements. Concerning instrument tip's rotation,
this is a difficult challenge for the designed instrument tracking method mainly because it is
based on extracorporeal markers place on the instrument handle, so that information from inside
the patient or simulator is not available. The use of an additional intracorporeal instrument
tracking method as a support may be a possible solution to cope with this limitation. Another
possibility could be to record the movements of the rotation wheel assembled in the instrument
handle. However, this solution would lead to major modifications of the laparoscopic
instruments.
Use of this motion analysis method with more complex laparoscopic training procedures
Results showed correlation between the bimanual dexterity, efficiency and tissue handling
parameters rated by GOALS scoring system and the motion metrics of speed, acceleration and
motion smoothness as well as correlation between autonomy and acceleration for the cut with
non-dominant hand, dissection and suturing tasks. An inicial hypothesis seems to be that the
number of correlations increases with the complexity of the task. For instance, the suturing task
has the highest number of correlations between GOALS parameters and motion metrics. These
correlations were shown with both time-related and space-related metrics, except bimanual
dexterity and depth. The next step to corroborate this hypothesis could be to prove this finding
applying the presented motion analysis method to a more difficult task than a suturing task on
organic tissue (e.g. a cholecystectomy on an ex vivo model).
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Analysis of the relationship with other training assessment systems
In order to reinforce the validity of the proposed method as an assessment tool, new validation
studies should be carried out. One possibility is to compare the assessment toot with other
validated laparoscopic training and assessment systems such as the LapMentor virtual simulator
or FLS (discriminative validity). This would allow us to analyze the relationship between the
results obtained by the assessment methods of laparoscopic technical skills used by these
systems and the results obtained by the tested assessment tool.
Exploration of new possibilities for assessing quality of technical performance
Previous results regarding the relationship between motion-related assessment metrics and
quality of technical performance in laparoscopic training drive us to investigate a set of metrics
to objectively assess quality criteria in performing laparoscopic tasks or procedures from (1)
efficiency measures related to the instrument motion and forces applied by the surgeon using the
instrument; (2) alternative measures of quality parameters from video analysis.

VIII.4.3.	
  Concerning	
  the	
  third	
  method	
  based	
  on	
  a	
  classifier	
  
Optimization of the current video-based tracking method
Improvements in the robustness of the instrument tracking method against partial or temporary
occlusions using propagation algorithms such as optical flow (Gray et al., 2012) or
CONDENSATION algorithm (Conditional Density Propagation over time) (Isard and Blake,
1998; Sminchisescu et al., 2007). Another factor that should be improved is the required time to
train the classifier. Although, once we have a stable classifier for the work environment to be
used it would not need to be re-trained.
Integration of video-based algorithms for three-dimensional tracking
Once a robust method for detection in real time of laparoscopic instruments in endoscopic video
is obtained, the next step would be to compute the coordinate of depth regarding the instrument
tip inside the surgical scenario. The use of additional methods based on endoscopic video
analysis, which compute the three-dimensional position of the instrument tip using, for example,
based on its geometrical features, could be a feasible solution to accomplish this goal (Oropesa
et al., 2013a). Thus, we would have a faster and more robust method that incorporates the
strengths of each of the original methods.
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Introduction	
  
A dynamic virtual environment was designed and implemented as a complement of the early
stages of laparoscopic training in a box trainer setting. This creates a virtual representation of
the training scenario in order to offer a realistic environment that represents in real time the
motion of laparoscopic instruments inside the simulator. This allows providing multimedia
support content such as video tutorials or images as well as three-dimensional educational
instructions adapted to the training activity being carried out. The main aim is to support the
surgeon to better understand the training task to be performed or even works as a guide for more
complex ones such as intracorporeal suturing. Additionally, the instruments motion can be
recorded and synchronised with the recording of the image from the camera inside the
simulator, which provides a complete recreation of the training activity to be re-displayed and
analysed subsequently.

Materials	
  and	
  methods	
  
This virtual environment was implemented through several phases. Firstly, a realistic 3D model
of the surgical simulator and its training workspace was designed by means of Autodesk® 3ds
Max® software8. Next, the general artificial scenario was designed and implemented using C++
programming language and OpenSceneGraph9, which is an open source 3D graphics application
programming interface (Wang and Quian, 2012). Subsequently, the 3D model previously
created was imported and adapted into this virtual scenario. The next step was to design and
implement the software module that enables the insertion of the multimedia support content into
the virtual scenario. Finally, the software module that communicates with the information
provided by the tracking system of laparoscopic instruments was designed and developed.

Results	
  
An example of the representation in the artificial environment of the instrument tracking process
is shown in Figure 77. Instrument tracking is applied to a laparoscopic scissors during the
performance of a cut task inside the box trainer. The instrument motion is displayed in real time
in the virtual scenario at the same position as inside the actual box trainer. Both environments
share the same training workspace, the real one and its virtual representation.

8
9

http://www.autodesk.com/products/autodesk-3ds-max/overview
www.openscenegraph.org
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Figure 77. Top: Instrument tracking of the tip of a laparoscopic scissors during a cut task. Bottom: Realtime movements of the tip (red sphere) are displayed in the virtual representation of the box trainer.
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Subject No:
Name:
Date:

Demographic	
  questionnaire	
  
1. Sex:

□ Male

□ Female

2. Age: ____
3. Medical speciality: _____________________________________________________

4. Dominant hand:

□ Right

□ Left

□Ambidextrous

5. Previous laparoscopic experience:

□ With no previous laparoscopic experience
□ Low: I have been camera assistant, but I have never done a laparoscopic intervention
□ Low: between 1 and 10 laparoscopic procedures done
□ Medium: between 11 and 100 laparoscopic procedures done
□ High: more than 100 laparoscopic procedures done
6. Activity performed before these tasks: _____________________________________
7. Have you previously practiced at the JUMISC any of these activities?:

□ Hand-eye coordination task with chickpeas
□ Cutting task with training plate
□ Dissecting task
□ Suturing task
□ I have not practiced any of these tasks
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Subject No.:

Examiner:

Task:
⎕ Hand-eye coordination

⎕ Cutting with right hand

⎕ Dissection

⎕ Suturing

⎕ Cutting with left hand

GOALS	
  rating	
  scale	
  
Depth perception
1. Constantly overshoots target, wide swings, slow to correct
2.
3. Some overshooting or missing of target, but quick to correct
4.
5. Accurately directs instruments in the correct plane to target
Bimanual dexterity
1. Uses only one hand, ignores nondominant hand, poor coordination between hands
2.
3. Uses both hands, but does not optimize interaction between hands
4.
5. Expertly uses both hands in a complimentary manner to provide optimal exposure
Efficiency
1. Uncertain, inefficient efforts; many tentative movements; constantly changing focus or
persisting without progress
2.
3. Slow, but planned movements are reasonably organized
4.
5. Confident, efficient and safe conduct, maintains focus on task until it is better
performed by way of an alternative approach
Tissue handling
1. Rough movements, tears tissue, injures adjacent structures, poor grasper control,
grasper frequently slips
2.
3. Handles tissues reasonably well, minor trauma to adjacent tissue (ie, occasional
unnecessary bleeding or slipping of the grasper)
4.
5. Handles tissues well, applies appropriate traction, negligible injury to adjacent
structures
Autonomy
1. Unable to complete entire task, even with verbal guidance
2.
3. Able to complete task safely with moderate guidance
4.
5. Able to complete task independently without prompting

NOTES:
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Suturing	
  Checklist	
  	
  
Step

#

Item

Score
Yes = 1
No = 0

Needle position-1

1

Held at ½ to 2/3 from the tip

2

Angle = 90º ± 20º

3

Uses tissue or other instruments for stability

4

Attempt at positioning (3 or <3)

Needle driving through

5

Entry at 60º-90º to the tissue plane

tissue-1 (entry to

6

Driving with one movement

incision)

7

Single point of entry through tissue

8

Removing the needle along its curve

Needle position-2

9

Held at ½ to 2/3 from the tip

(incision to exit)

10

Angle = 90º ± 20º

11

Uses tissue or other instrument for stability

12

Attempts (3 or <3)

Needle driving-2

13

Driving with one movement

(incision to exit)

14

Removing the needle along its curve

Pulling the suture

15

Needle on needle holder in view all times

through

16

Using pulley concept or walking along by the suture

Technique of knots

17

Two-handed overwrap/underwrap followed by same or
if one-handed, one followed by the other

Knot quality

18

Correct C loop (no S or O loops)

19

Smoothly executed throw, no fumes

20

Correct inverse C loop (no S or O loop)

21

Smoothly executed throw, no fumes

22

Knot squared (capsized reef/surgical)

23

Correct third C loop (no S or O loop)

24

Smoothly executed throw, no fumes

25

All throws squared

26

No too tight or too loose

27

All knots laid on one side (not over the incision)
Total score (maximum 27)

NOTES:
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Face validity questionnaire
Subject No.:
Name:
Date:

Face validity questionnaire
Please, rate form 1 (highly negative) to 5 (very positive) the following aspects of the used laparoscopic
simulator.
Criteria to evaluate

1
General aspects

Easiness using the simulator
Realism of the simulator
The instrument tracking system does not interfere with the proper use of
both instruments and simulator
The instrument tracking system does not interfere with the correct execution
of training tasks using the simulator
This device provides a safe environment for training basic laparoscopic
skills
Usefulness
Do you think that in general this device is a useful system for learning basic
laparoscopic skills?
Do you think it is useful the inclusion of an automatic assessment tool for
MIS technical skills as a means to improve laparoscopic training?
Do you think this training system (simulator + objective assessment tool for
MIS technical skills) is useful in order to achieve a reduction of mistakes
during the basic surgical performance?
Do you think it is necessary the use of these kind of training systems before
practice in the OR?
Other aspects
Do you prefer this kind of training system compared to a virtual
laparoscopic simulator as a means for training basic laparoscopic skills?
Comments:

Thank you very much for your collaboration
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Position	
  of	
  the	
  camera	
  system	
  
Different camera views of a regular laparoscopic intervention on an animal model were
analysed in order to choose the most suitable position to install the camera system of the
tracking system for recording the laparoscopic instruments motion. All surgical equipment and
clinical staff necessary for an ordinary MIS intervention were used such as main surgeon,
camera assistant, nurse, laparoscopic tower and anaesthetic equipment. Each recorder position
in the OR is detailed in Table 26 as well as its corresponding view of the surgical site.
Table 26. Position of the camera in the OR and its corresponding view.

No.

Position in the OR

Field of view

Instrument table

1

Operating table

Anesthesia
tower
Laparoscopic tower

Instrument table

2

Operating table

Anesthesia
tower
Laparoscopic tower

Instrument table

3

Operating table

Anesthesia
tower
Laparoscopic tower

- 182 -

Annex V
Camera position in the operating room for an external tracker

Instrument table

4

Operating table

Anesthesia
tower
Laparoscopic tower

Instrument table

5

Operating table

Anesthesia
tower
Laparoscopic tower

Instrument table

6

Operating table

Anesthesia
tower
Laparoscopic tower

Instrument table

7

Operating table

Anesthesia
tower
Laparoscopic tower
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Camera	
  position	
  below	
  and	
  above	
  of	
  the	
  monitor	
  
Analysing the different camera views we concluded that the most suitable position for the
camera system in order to record the laparoscopic instruments motion was in front of the main
surgeon. For this position, there were two available options without occluding the surgeon's line
of sight, below and above the main monitor. To analyze these two positions, a laparoscopic
intervention was recorded by two synchronized cameras placed at both positions. The results of
this study are presented below.

Position	
  of	
  the	
  cameras	
  
The positions of both cameras below and above the main monitor during a laparoscopic
intervention are shown in Figure 78.

Figure 78. Positions of the synchronized cameras below and above the main monitor during a
laparoscopic intervention.
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Results	
  
Examples of some images recorded by both cameras with regard to the use of the laparoscopic
instruments during the intervention are displayed in Table 27.

Below

Above

Table 27. Snapshots from both cameras below and above the main monitor.
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Introduction	
  
In this study the analysis of the learning curves for intracoporeal suturing task was performed
with surgeons of different experience in laparoscopic surgery. Several assessment metrics
related to the laparoscopic instruments motion were taken into account for this study.

Materials	
  and	
  methods	
  
Surgeons from a training course in laparoscopic urological surgery at the JUMISC were invited
to take place in this study. All participants completed a short questionnaire concerning
demographic information, dominant hand and prior experience in laparoscopic surgery (Annex
II). Surgeons performed an intracorporeal suture three times without time limit on an ex vivo
model (porcine stomach). For this task, subjects used a laparoscopic needle holder (Karl Storz
GmbH & Co. KG) with the dominant hand and a laparoscopic dissector (Richard Wolf GmbH)
with the non-dominant hand.
Laparoscopic instruments motion were registered by means of the tracking method defined in
Chapter V of this thesis. For each subject the learning curves for a set of motion analysis metrics
such as time, path length, speed of movements, acceleration and motion smoothness were
analysed for the use of both laparoscopic instruments.

Results	
  
Eleven surgeons took part in this study: Group 1 (G1) consisted of 6 surgeons from 1 to 50
laparoscopic procedures performed and Group 2 (G2) consisted of 5 surgeons with more than 50
laparoscopic procedures performed. Specifically, surgeons of G1 have performed an average of
17.6 laparoscopic procedures (in a range from 7 to 25 laparoscopic procedures) and surgeons of
G2 an average of 85 laparoscopic interventions (in a range from 50 to 150 procedures). All
participants were right-handed and with experience in intracorporeal suturing.
Results showed that G1 decreased the execution time and the path length of both instruments in
the third repetition (Figure 79). This group increased the maximum speed and maximum
acceleration of the laparoscopic needle holder as well as the jerky movements of both
instruments. G2 showed a decrement in the maximum acceleration and maximum motion
smoothness for the use of the laparoscopic needle holder. Both groups reported an increment in
the average acceleration and average jerky movements concerning the use of the laparoscopic
dissector, achieving almost the same value.
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Time

Path length
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R2

R3

Repetitions

Repetitions

Average acceleration

Maximum acceleration
320.0

3,500.0
3,000.0

G1	
  RH
G1	
  LH
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Figure 79. Learning curve for each motion metric during the suturing task. Results for each group of
surgeons regarding the laparoscopic instrument in the right hand (RH) and left hand (LH).
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Glossary	
  of	
  abbreviations	
  and	
  acronyms	
  
Acronym

Definition

AdaBoost

Adaptive Boosting learning algorithm

ADEPT

Advanced Dundee Endoscopic Psychomotor Tester

AR

Augmented Reality

CAMSift

Continuously Adaptive Mean Shift

CAT

Competency Assessment Tool

CELTS

Computer Enhanced Laparoscopic Training System

DoF

Degree of Freedom

EDEST

Electronic Device for Endosurgical Skills Training

EOA

Economy of Area

EOV

Economy of Volume

ETSI

Escuela Técnica Superior de Ingenieros de Telecomunicación

FLS

Fundamentals of Laparoscopic Surgery

FN

False Negative

FP

False Positive

FPS

Frames Per Second

GAS

Global Assessment Score

GBT

Bioengineering and Telemedicine Centre

GOALS

Global Operative Assessment of Laparoscopic Skills

GRS

Global Rating System

H-S

Hue-Saturation

HSV

Hue, Saturation and Value colour space

HUESAD

Hiroshima University Endoscopy Surgical Assessment Device

ICSAD

Imperial College Surgical Assessment Device

ICT

Information and Communications Technologies

IGS

Image-Guided Surgery

IR

Infrared

ITER

In Training Evaluation Reports

IVGS

Image and Video Guided Surgery

JUMISC

Jesús Usón Minimally Invasive Surgery Centre

LESS

Laparo-Endoscopic Single-Site Surgery

LSS

Laparoscopic Surgical Skills
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MIS

Minimally Invasive Surgery

MISTELS

McGill Inanimate System for Training and Evaluation of Laparoscopic Skills

NOTES

Natural Orifice Translumenal Endoscopic Surgery

OCRS

Operative Component Rating Scale

OR

Operating Room

OSATS

Objective Structured Assessment of Technical Skills

OSCE

Objective Structured Clinical Examination

PPV

Predictive Positive Rate

RGB

Red, Green and Blue colour space

RMSE

Root Mean Square Error

ROBOLAB

Robotics and Artificial Vision Laboratory

ROI

Region of Interest

SAGES

Society of American Gastrointestinal and Endoscopic Surgeons

TPR

True Positive Rate

VLI

Virtual Laparoscopic Interface

VR

Virtual Reality
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