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Abstract. Metrics are widely employed in virtual environments and
provide a yardstick for performance measurement. The current method
of defining metrics for medical simulation remains more an art than a sci-
ence. Herein, we report a practical scientific approach to defining metrics,
specifically aimed at computer-assisted laparoscopic skills training. We
also propose a standardized global scoring system usable across different
laparoscopic trainers and tasks. The metrics were defined in an explicit
way based on the relevant skills that a laparoscopic surgeon should mas-
ter. We used a five degree of freedom device and a software platform
capable of 1) tracking the motion of two laparoscopic instruments 2)
real time information processing and feedback provision. A validation
study was performed. The results show that our metrics and scoring
system represent a technically sound approach that can be easily incor-
porated in a computerized trainer for any task, enabling a standardized
performance assessment method.

1 Introduction

Ask a surgeon whether virtual reality based simulation will be an important edu-
cational aid and the answer is predictably ”yes”. The rationale for this response
is that current methods of training have been recently placed under scrutiny
by experts, physicians, and the general public. As a result of the Institute of
Medicine report ”To Err is Human: Building a Safer Health System” [8], the
American Board of Medical Specialties (ABMS) along with the Accreditation
Council on Graduate Medical Education (ACGME) initiated a joint outcomes
project. The aim of this project is to identify and quantify the factors that con-
stitute ”medical competence” and promote the development of the appropriate
training models to improve medical performance and skills acquisition [1]. These
leading medical educators advocate the application of computer simulation in
the arena of medical training. Indeed, during the past ten years medical simula-
tion has progressed to a level of academic prototypes [12,3,18,9,4] or commercial
products [13,14]. Computerized systems have enabled the recording of quantita-
tive parameters including instrument motion and applied forces, which cannot
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be measured with conventional instruments alone. This is a major step towards
skill acquisition. As Dr David Leach, the director of ACGME said ”What we
measure we tend to improve” [11]. A corollary of this statement is that by cre-
ating accurate and relevant metrics we can augment the advantages offered by
existing training systems and improve skills acquisition and learning. Unfortu-
nately today, the lack of appropriate metrics represents one of the weakest links
in medical simulation.

1.1 Laparoscopic Skills Training

The expanding application of laparoscopy is a factor that has reemphasized the
absolute requirement for technical competency. Laparoscopic surgery is a techni-
cally demanding discipline, which imposes significant psychomotor challenges on
surgeons, making it an ideal candidate for medical simulation. However, because
of the need for faster and more accurate modelling algorithms, the educational
and clinical aspects have been downplayed and several questions remain to be
answered. Is task training important? If yes, what tasks should be simulated and
what are the appropriate ways to evaluate task performance? These two ques-
tions are very familiar to all the researchers in the field of medical simulation, but
few have addressed these issues. The first question has been answered by the So-
ciety of American Gastrointestinal Surgeons (SAGES), which is the first official
association to officially adopt a set of skill testing modules [16]. Skills training is
essential because it optimizes the learning opportunities in the operating room
by increasing the level of confidence and comfort with the fundamentals of la-
paroscopy [21,2,5,11]. The second question has been partially answered through
the development of virtual environments and enhanced training boxes that per-
mit controlled conditions under which we can elucidate the elements of skill and
try to understand the underlying cognitive demands of laparoscopic surgery [20].

Until recently there was a tendency to view performance assessment and
metrics in very simplistic terms [11]. The first non-computer based laparoscopic
skills trainers incorporated empirical outcome metrics as an indirect way to
evaluate performance and learning. Performance, however, cannot be evaluated
solely on the basis of the outcome [15]. With the advent of computer simulation
it became apparent that it will be possible to define specific metrics that can be
used effectively and efficiently to evaluate performance [17]. An efficient metric
should not only provide information about performance but also identify 1) the
key success/failure factors of performance, 2) the size and the nature of the gap
between expert and novice performance. Thus, it should point to the action that
needs to be taken in order to resolve these gaps.

2 Material and Methods

In order to make computer simulation a stronger link in medical training, we
propose a set of appropriate metrics that illustrates the relationship between
the kinematic properties of the motion of laparoscopic instruments and the spe-
cial cognitive and psychomotor skills that a laparoscopic surgeon should master.
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Additionally, a standardized method of performance assessment is imperative
to ensure comparability across different systems and training conditions. In this
section we first introduce the concept of task-independent metrics for skills as-
sessment and how it relies on kinematics analysis. We describe the various pa-
rameters used to represent the essential characteristics of any laparoscopic task,
and how these parameters are combined into a standardized score. The mechan-
ical apparatus used to record data from the laparoscopic instruments is detailed
in section (2.2), followed by a description of the implementation of the kinematic
analysis software and its interface in section (2.3). Finally, the experimental setup
and the validation study are described in section (3) as well as the results of the
study and their clinical significance.

2.1 Task-Independent Metrics

It is not clear how surgeons learn and adapt to the unusual perceptual motor
relationships in minimally invasive surgery. A major part of the learning process,
however, relies on an apprenticeship model according to which an expert surgeon
qualitatively assesses the performance of the novice1 [15]. In order to define a
quantitative performance metric that is useful across a large variety of tasks, we
looked at the way expert surgeons instruct and comment upon the performance
of novices in the operating room. Expert surgeons are able to evaluate the per-
formance of a novice by watching on the operating room monitor the motion
of the visible part of the instruments that have been introduced into the ab-
dominal cavity. Based on this information and the outcome of the surgical task,
the expert surgeon can characterize qualitatively the overall performance of the
novice on each of the key parameters that are required for efficient laparoscopic
manipulations.

We identified the following components of a task that account for competence
while relying only on instrument motion: compact spatial distribution of the tip
of the instrument, smooth motion, good depth perception, response orientation,
and ambidexterity. Time to perform the task as well as outcome of the task are
two other important aspects of the ”success” of a task that we decided to include
[15,11,16]. Finally, in order to transform these parameters into quantitative met-
rics, we relied on kinematics analysis theory that has been successfully used in
previous work to study psychomotor skills [10]. Most laparoscopic tracking de-
vices or haptic interfaces can provide information about kinematic parameters,
in particular: position of a three-dimensional point representing the tip of the in-
strument, rotation of the instrument about its axis, and degree of opening of the
handle. All these variables are time-dependent and we will use the following no-
tations in the remaining of the paper: [x(t), y(t), z(t)]T is the three-dimensional
position of the tip of the instrument, and θ(t) is the rotation of the instrument
about its axis. The five kinematic parameters we have defined so far are:

– Time: this is the total time required to perform the task (whether the task
was successful or not). It is measured in seconds and represented as P1 = T .

1 The term novice connotes a surgeon in training.
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– Path Length: it is the length of the curve described by the tip of the in-
strument over time. In several tasks, this parameter describes the spatial
distribution of the tip of the laparoscopic instrument in the workspace of
the task. A compact ”distribution” is characteristic of an expert. It is mea-
sured in centimeters and represented as P2.

P2 =
∫ T

0
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dt

)2

+
(

dy

dt

)2

+
(

dz

dt

)2

dt (1)

– Motion Smoothness: this parameter is based on the measure of the instan-
taneous jerk defined as j = d3x

dt3 and represents a change of acceleration and
is measured in cm/s3. We derive a measure of the integrated squared jerk J
from j as follows:

J =

√
1
2

∫ T

0
j2dt (2)

The time-integrated squared jerk is minimal in smooth movements [6]. Be-
cause jerk varies with the duration of the task, J has to be normalized for
different tasks durations. This was done by dividing J by the duration T of
the task: P3 = J/T .

– Depth Perception: we measure depth perception as the total distance trav-
elled by the instrument along its axis. It is represented as P4 and can easily
be derived from P2.

– Response orientation: this parameter characterizes the amount of rotation
about the axis of the instrument and illustrates the ability to place the tool
in the proper orientation in tasks involving grasping, clipping or cutting. It
is represented as P5 and measured in radians.

P5 =

√∫ T

0

dθ2

dt
dt (3)

All of these parameters can be seen as cost functions where a lower value
describes a better performance. Task-independence is achieved by computing
the z-score [7] of each parameter Pi. The z-score zi corresponding to parameter
Pi is defined as follows

zi =
PN

i − PE
i

σE
i

(4)

where PE
i is the mean of {Pi} for the expert group and σE

i is the standard
deviation. PN

i corresponds to the result obtained by the novice for the same
parameter. Assuming a normal distribution, 95% of the expert group should
have a z-score zi ∈ [−2; 2]. Therefore we can limit the range of values for zi to
[−zmax; zmax] with zmax > 2. In our implementation we used zmax = 10.

A standardized score is computed from the independent z-scores zi according
to the following equation

z = 1 −
∑N

i=1 αizi∑N
i=1 αizmax

− α0z0 (5)
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where N is the number of parameters, z0 is a measure of the outcome of the
task and α0 the weight associated with z0. There are various ways of evaluating
z0 and it can be either a binary measure (z0 = 0 for success, z0 = 1 for failure),
or a more complex measure, as introduced by several authors [15,16]. Similarly,
αi is the coefficient for a particular parameter Pi.

2.2 Apparatus

The subjects’ position trajectories was measured with a modified Virtual Laparo-
scopic Interface (VLI) (Immersion Corp., San Jose, CA). The VLI includes tool
handles similar to laparoscopic instruments, but there are no tool tips with which
to manipulate real objects. To permit the use of the VLI as a tracking instrument,
the main shafts and tool handles from the VLI were removed, and replaced with
a system which allows the use of a variety of laparoscopic instruments. Figure 1

Fig. 1. (Left): modified Virtual Laparoscopic Interface to support the use of laparo-
scopic instruments and real objects. Inset (left): detail of bayonet connection and Hall
effect/magnet arrangement. (Right): testbed for the ”Cobra Rope Drill” task.

shows the modified system, including the original VLI equipment, the new main
shafts, the laparoscopic instruments, and the bayonet connectors which permit
rigid connection between the two. By replacing the main shaft of the VLI and
modifying the laparoscopic instruments, the pitch/yaw/roll and thrust sensors
can be used without modification. The gripper sensor in the original system is
a Hall effect sensor that detects the motion of the actuator shaft in the tool
handle. The original sensor blocks the insertion of full length instruments, so it
was removed, and a new Hall sensor and rare-earth magnet combination were
installed as shown in figure 1. This also simplifies interfacing the modifications
to the VLI, since the signal output is electrically identical to the unmodified
system.

The instrument modifications and Hall effect sensor placement were per-
formed as precisely as possible, but due to the sensitivity of the sensor to small
changes in the distance between it and the magnet, each instrument was sep-
arately calibrated. This ensures good correspondence between the true gripper
axis motion and that measured by the system. Changing the calibration con-
stants and offsets when switching tools is computed by software.
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Laparoscopic trocar and cannula assemblies were also incorporated and spe-
cial care was taken so that the friction at the point of entry of the instruments
is realistic. For visual feedback we used a fixed surgical endoscope, camera, and
light source (Telecam SL NTSC/Xenon 175, Karl Storz Endoscopy-America,
Inc., Culver City, CA), to provide the same visual feedback encountered in
minimally invasive procedures. The relative orientation between the endoscopic
camera, the instrument axis and the monitor was approximately the same to
minimize the mental effort of relating visual and instrument frames [19].

2.3 Software System

We have developed a software interface that integrates data processing as well
as visualization of the instrument motion, path, parameters Pi and normalized
score. Our system uses the Virtual Laparoscopic Interface API from Immersion
Corp. as a basis for communication with the VLI. The raw data consists of time-
stamped values of the position and orientation of each of the two laparoscopic
instruments, recorded at a sampling rate of about 20 ms. Before computing any
of the kinematic parameters, the raw data is filtered. We have implemented
various low-pass filters, using mean and median filtering. The results presented
in section (3) have been obtained after filtering with a median filter (window
size=5). In order to compute accurately high order derivatives of the position,
we used a second-order central difference method (if no filtering and/or first
order methods were used, an accurate computation of the jerk would be very
difficult).

We implemented the user interface using C++, FLTK2, and OpenGL. The
user interface offers real-time display of the tip of the tool, and its path (see
Figure 2). Kinematics analysis and computation of the score are performed at
the end of the task, providing immediate information to the user. Moreover, a
visual comparison of the results of the experts group and the novice illustrates
clearly what skills need to be improved in order to get a higher score. To account
for the two laparoscopic instruments available in the VLI, we compute a z-score
for each tool: zleft and zright, and define the overall score as z = (zleft+zright)/2.
The coefficients αi are all set to 1 except for z0 which is set to 0.5 if the goal of
the task is not achieved. This illustrates the flexibility of our approach and its
ability to take into account the specifics of the hardware and goals of the tasks
(by allowing one to vary the weights αi of the parameters Pi).

3 Experimental Results and Discussion

Three tasks of increasing difficulty selected from established training programs
(the Yale Laparoscopic Skills and Suturing Program, the SAGES-FLS training
program and the graded exercises used at Harvard Center of Minimally Invasive
Surgery) were examined:
2 Fast Light Toolkit, http://www.fltk.org
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– Task 1: Peg Board Transfer: the purpose of this task is to assess eye-hand
coordination, bimanual dexterity, and depth perception,

– Task 2: Cobra Rope Drill: the purpose of this task is to assess depth percep-
tion, two-handed choreography, and non-dominant hand development,

– Task 3: Needle-Cap : the purpose of this task is to assess depth perception,
non-dominant hand development, and targeting.

Fig. 2. Screenshot of our user interface displaying the path of the expert (left) and
the novice (right) after completion of the ”Cobra Rope Drill” task. The trajectory is
color-coded based on velocity. A compact path is characteristic of expert’s performance.

In order to validate our scoring system, we conducted a study comparing
experts and novices surgeons. The expert group consisted of staff surgeons from
our hospital, while the novice group consisted of 20 surgeons in training. Each
of the experts was asked to perform each task several times. Each of the novices
was asked to perform each task once, and was visually assessed by an expert.
Most of the novices had had prior exposure to the tasks they were asked to
perform. The values of the different parameters {Pi} as well as the score z were
computed using our software platform and recorded on file.

The results of the study illustrate several important aspects of our method.
First, they confirm that our metrics are independent of the task being per-
formed. Without changing any of the parameters Pi or weights αi used in the
computation of the overall score, our method still provides an efficient way of
discriminating between expert and novice performance, irrespective of the task,
as illustrated in table (1).

Table 1. This table presents the overall scores obtained by novices and experts in our
study. It clearly highlights the gap existing between expert’s and trainee’s performance,
irrespective of the task. None of the subjects in our novice group obtained a score above
the threshold (zE − 2σE) that distinguishes experts from non-experts.

Task 1 Task 2 Task 3
Expert mean score (standard deviation) 1.0 (0.035) 1.0 (0.03) 1.0 (0.015)
Novice minimum score 0.22 0.38 0.04
Novice maximum score 0.69 0.58 0.72

In addition to an overall measure that discriminates between experts and non-
experts, our method provides additional feedback by identifying the key factors
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that contribute to the overall score. For instance, we can see in Figure (3) that
factors such as depth perception, smoothness of motion, and response orientation
are major indicators of performance, while time and path length (often referenced
in the literature) do not provide enough information to capture the magnitude of
the difference. By comparing the expert’s verbal assessment and the parameters
Pi for which existed a significant difference between novice and expert, a high
correlation was found, thus validating our choice of parameters.

Fig. 3. This diagram illustrates the comparison between the experts group (light blue)
and a novice (dark blue). The overall score given to the novice by our system was
0.52; this score can be explained by low values associated with particular parameters
(P3, P4, P5). Such feedback is very important to provide a meaningful interpretation of
the score.

4 Conclusion

The method presented in this paper represents a work in progress. We have
demonstrated that it is possible to extract meaningful information from the
analysis of the motion of laparoscopic instruments only. This is a novel contribu-
tion and it allows the definition of task-independent metrics and the formulation
of a standardized global scoring system for laparoscopic skills training. We have
also shown that our approach can be a successful alternative to the verbal as-
sessment scheme used in the classic apprenticeship model. Therefore it can be
introduced in computer-based learning systems for surgical skills training.
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