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Take Home Messages

* Motion- and time-based metrics can track
instrument handling efficiency in endoscopy
training.

* Force-based metrics can track tissue han-
dling skills during training in endoscopy
training.

¢ Motion, time and force information can be
combined in specific metrics that indicate
risks on hazards such as accidental tissue
puncture or rupture.

* Metric-based post-task should be task
dependent and easy to understand.

* Sufficient metrics are available to monitor
training performance.
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11.1  Definitions

Assessing performance is one of the key elements

that guide training and progress. To avoid discus-

sions, the following definitions are made:

Metric, measure, parameter We define a metric
as a quantity that in this context is supposed
to reflect (part) of the performance of a
trainee. Other terms that are considered as
being synonym to a metric are measure and
parameter.

Objective metrics are registered with sensors that
are stand-alone or can be built-in a simulator.
Optionally, the measured data from the sen-
sors are post-processed to derive the metric.

Subjective metrics use expert judgments regard-
ing performance behaviour. These can be
partly objectified by scoring on rubrics using
checklists.

Performance efficiency is an economic highly
goal-oriented performance.

Performance safety is delicate tissue interaction
and considerate instrument handling.

Proficiency in terms of instrument handling is
defined as the optimal combination of perfor-
mance efficiency and safety.

Direct feedback is given directly during the
execution of a training task. Direct feedback is
also named real-time feedback.

Post-task feedback is given after completion of a
task. This type of feedback usually consists of
several metrics and gives an overview of the
entire task execution.
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Subjective metrics are discussed in Chap. 13
as they are also suitable for application in the
operating room to monitor complex tasks as they
reflect a more holistic type of assessment.

11.2 Introduction

In previous chapters, the needs or training goals
of arthroscopic skills were identified, as well as
the possible means that is the various simulated
training environments. This chapter focuses on
the performance assessment or tracking of a
trainee, which is the third key element required
to provide a proper education environment.
Establishing objective performance metrics is a
challenging task, different approaches can be
followed and many aspects influence the usabil-
ity of a metric. One approach is to translate the
training goals into measures; another approach is
to translate psychomotor skills into measures.
Both approaches require some form of decom-
position into smaller elements that can be mea-
sured with a sensor. For example, the dexterity
tools and tests described in Chap. 6 represent a
decomposition into basic psychomotor skills
that all can be measured with a single metric
such as time. However, overall task performance
of more complex tasks does not necessary equal
the summation of the performance of several
part-task goals or skills. Additionally, perfor-
mance metrics should also be capable to dis-
criminate between levels of expertise, easy to be
interpreted, and to give directions to improve
learning. One other aspect that should be taken
into account is that objective metrics not only
assess the performance of the trainees but also
assess the performance of the simulator (Chap.
9). Bearing these considerations in mind, we do
start by giving an overview of metrics that have
been presented in literature to be useful in endo-
scopic training. They are categorized based on
their suitability to represent performance effi-
ciency or performance safety and suitability for
direct or post-task feedback. Notice that not all
presented metrics have been applied yet to train-
ing of arthroscopic skills. Based on this overview,

the translation is made towards performance
tracking and feedback by discussing several
examples.

A standard setting is introduced based upon
which most metrics are presented graphically.
Figure 11.1 shows an arthroscope and a probe
that are inserted in a phantom knee joint. The
path each tip of the instruments has moved for a
period of 2.2 s is represented by the two 3D
curves. The data are actual data from an evalua-
tion test where a navigate and probe task was
performed. The instruments are drawn in the
mean direction of the travelled path. This exam-
ple will be used throughout the section to illus-
trate the metrics concerning motion.

11.3 Metrics Reflecting
Performance Efficiency

11.3.1 Task Repetition

The first quantitative metric is the number of task
repetitions required to achieve a certain level of
completion. This metric gives insight in the capa-
bility to learn in a new training environment and
basically reflects the learning curve in time. Task
repetition is one of the few metrics that does not
require sensors to be objectively documented as
long as the definition of satisfactory completion
is clear. Therefore, the metric is highly suitable in
different kinds of training programs (Scott
et al. 2000).

11.3.2 Task Error

Similarly, to the number of task repetitions, the
number of task errors can be documented with-
out sensors. Examples of task errors can be the
number of missed abnormalities or landmarks
during an inspection task in the joint (Bliss et al.
2005; Hodgins and Veillette 2013; Sherman et al.
2001), the number of dropped objects from an
instrument during a pick and remove task (Pellen
et al. 2009; Rosser et al. 2006) or the number of
misplaced suture insertions when performing
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Fig. 11.1 Arthroscope and probe oriented in the lateral
compartment of a phantom knee joint. The instruments
are oriented in the mean direction of the travelled path.

meniscal suturing. As is shown by the examples,
the errors can be knowledge based or skill based
and reflect performance in such a manner that it
is also applicable in real-life surgery. Notice that
the task errors should be well defined to be able
to document their frequency.

11.3.3 TaskTime

Task time (¢) is defined as the period of time
elapsed between the start of a task and the
first second after completion of the task
(Fig. 11.2):

t= tend - ts/arl

Task time is found to be most discriminating
between levels of experience as it highly reflects
economy of motion (Andersen et al. 2011;
Gomoll et al. 2008; Howells et al. 2008; Martin
et al. 2011; Martin et al. 2012; McCarthy et al.
2006; Oropesa et al. 2013; Pedowitz et al. 2002;
Tuijthof et al. 2010; Tuijthof et al. 2011b;
Verdaasdonk et al. 2007). Advantages are that
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The two 3D curves represent the travelled path for a
period of 2.2 s of the arthroscope (grey) and probe (black),
respectively. Start of the paths are marked

task time is easy to understand and relatively easy
to implement as it does not require high-end sen-
sory equipment. A simple smartphone or timer is
already sufficient.

11.3.4 Idle Time or State

Idle time (if) is defined as the percentage of the
task time during which an instrument is held still
(Chmarra et al. 2010; Oropesa et al. 2013). Idle
state (is) is the number of instrument ‘held stills’
during task execution. For knee arthroscopy
training, idle state was defined as the number of
instances during which the subject looked away
from the arthroscopy display unit to look at his or
her hands while holding the arthroscope (Alvand
etal. 2012).

Idle time or state reflects workflow interrup-
tions due to a lack of knowledge (e.g. trainees
hamper and do not know what kind of instru-
ment to use) or task error (e.g. needle drops and
need to be picked up). Therefore, this metric is in
line with task time and path length in representing
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Fig.11.2 Graphical presentation of task time, path length
of arthroscope and probe and economy of movement,
using the two 3D curves as presented in Fig. 11.1.

task efficiency. A study of Rosen and co-workers
found that experts wasted less time between tis-
sue manipulations in a box trainer compared
with novices by looking at the idle states (Rosen
et al. 1999).

Time [s]

The striped line shows an example of an ideal path length
to demonstrate economy of movement

11.3.5 Path Length
Path length (s) is defined as the total length of the

path that the tip of an instrument or arthroscope
has travelled in space (Fig. 11.2):

end >
§= (x[+1 _xi) +

i = start

(yi+1

2

- yi)z + (Zi+1_zi)

where the vectors x;, y; and z; are the coordinates
of the position in space of the tip for each time
stamp. Physically, the path length can be mea-
sured by placing a rope at the start point and fol-
lowing the path with the rope until the end point.
The total length of the rope needed to follow the
trajectory is the path length of the instrument tip
or arthroscope.

Path length is used as a measure to deter-
mine the efficiency of instrument and/or arthro-
scope motion (Andersen et al. 2011; Gomoll
et al. 2007; Howells et al. 2008; McCarthy et al.
2006; Oropesa et al. 2013; Tashiro et al. 2009;
Verdaasdonk et al. 2007). Path length has a
role in goal orientation. Careful implementa-
tion of this parameter is required, as its value
in reflecting performance depends on a well-
defined trajectory. The reason is that experts do

not necessarily take the shortest path to a target.
This was nicely illustrated by Chmarra and co-
workers (Chmarra et al. 2006). They found that
a certain task had two clearly distinctive phases
with the first being the ‘seeking phase’ when
moving towards the target and the second being
the ‘retracting phase’ when moving away from
the target. Especially, in the ‘seeking phase’,
differences were found between novices and
experts with the experts demonstrating a signifi-
cantly shorter path length, whereas the ‘retracting
phase’ did not present differences.

Measuring the path length is easy when
using virtual reality simulators as the simulated
environment needs to know where the instrument
is in the virtual space. So in order to let the simula-
tion work, the orientation of the instruments is cal-
culated anyhow and thus can be presented to the
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trainee. Tracking instrument motion in the physical
world requires more effort, especially as a certain
measurement accuracy is needed. Several tracking
systems are indicated in Chap. 13, which can also
be used in the operating room. A nice overview of
tracking systems applied in endoscopic trainers is
presented by Chmarra and co-workers (Chmarra
et al. 2007). Once you have the 3D position data in
time, other performance metrics can be deducted
as well: economy of movement, motion volume,
idle time, speed and smoothness.

11.3.6 Economy of Movement

Economy of movement (em) is defined as the
percentage between the ideal path length (Sije.)
necessary to complete a task and the total path
length (Bayona et al. 2008; Oropesa et al. 2013)
(Fig. 11.2):

Sideal
S

em=

This implies that em gives a score between 0
and 100 %, with 100 % indicating ideal econ-
omy of movement. This metric is highly corre-
lated to path length but compensates for the
drawback of path length in defining the ideal
path length, which is as indicated not necessar-
ily the shortest length of the trajectory. Pedowitz
and co-workers have used this metric and dem-
onstrated differences between groups of differ-
ent expertise (Pedowitz et al. 2002). A poor
strategy to execute the task, task errors, steady
hand, ambidexterity and manual precision are
all technical skills that are reflected in the econ-
omy of motion metric.

11.3.7 Depth Perception

Depth perception (dp) is defined as the total dis-
tance travelled by an instrument along its longitu-
dinal axis (Oropesa et al. 2013):

end >
dp = Z V(li+l - li)
i = start

With /; being the distance for each time stamp. To
determine /, the data first have to be oriented to

the local coordinate system of the instrument,
where one of the axes is defined in the direction
of the longitudinal axis of the instrument
(Fig. 11.1). Depth perception can be an indicator
for poor instrument control when moving instru-
ments perpendicular to the endoscopic image
(Maithel et al. 2006; Rosen et al. 2006;
Stylopoulos et al. 2004). This is caused by the
fact that arthroscopic images are presented on a
monitor showing a two-dimensional projection,
whereas in reality instruments are navigated in a
three-dimensional space inside the joint cavity.
As this type of eye-hand coordination is com-
pletely different from everyday tasks, especially
novices have difficulties in translating the three-
dimensional environment to a two-dimensional
representation, which results in poor positioning
of the instrument tip. For application in arthros-
copy, which uses a 30° angled arthroscope, dp
should be determined of the instrument, and not
of the arthroscope.

11.3.8 Volume of Motion

The volume of motion (V,,,,,) is defined as the
volume of a 3D-dimensional ellipsoid spanned
around the standard deviations of motion
(STD1,,ptions STD2,,1i0n and STD3,,,:,,) along the
three main directions of motion (Oropesa et al.
2013) (Fig. 11.3):

y

motion

*STD2 *STD3

motion motion

= %n(STDl

motion )

To determine the three main directions of motion,
which do not necessarily coincides with the global
coordinate system, a mathematical procedure is
performed to convert the set of observations of
possibly correlated variables into a set of values
of uncorrelated variables called principal compo-
nents (Chmarra et al. 2010; Horeman et al. 2012a).
Subsequently, the standard deviations along those
three main directions of motion are calculated and
define the shape of the ellipsoid (Fig. 11.3).
Volume of motion is a measure for the space
required by a trainee to complete the task.
Similar as for path length, an ideal volume of
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Fig. 11.3 Graphical presentation of the probe that is
moved in 3D along a certain trajectory (dotted line). The
solid lines represent a fitted ellipsoid which dimensions

motion should be defined to compare trainee’s
performance with expert performance, as the
smallest volume of motion does not necessarily
reflect the optimal performance (Horeman et al.
2014b). Different from other metrics as path
length, volume of motion is influenced by the
direction of the instrument tip motion in three-
dimensional space. For example, if the instru-
ment tip is only moved along the instrument’s
longitudinal shaft, the path length increases,
while the volume of motion remains zero until
the instrument is also moved along all three axes
of its local coordinate system.

11.4 Metrics Reflecting
Performance Safety

11.4.1 Collision

A collision (col) is mostly defined as an instru-
ment that unnecessarily touches surroundings.
In this definition, a collision can be seen as a sub-
set set of the metric task error, reflecting an error
that potentially damages healthy tissue. So, the

Main y direction
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P — ._.._,q_..._..... —
-
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< 160
< 170 o
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190 80

depend of motion (STD1 motion, STD2 motion and STD3
motion) along the three main directions of motion (indi-
cated by straight dotted lines)

number of collisions reflects the number of times
tissue might have been damaged during a task
execution (Andersen et al. 2011; Gomoll et al.
2008; McCarthy et al. 2006; Pedowitz et al. 2002;
Verdaasdonk et al. 2007). Similarly, to the path
length, the number of collisions is a metric that
is easily implemented in virtual reality simula-
tors as this information needs to be determined to
represent the virtual environment. Implementing
collision detection in physical models is less
straightforward. Some have applied electric
wires that upon connection close an electric cir-
cuit which creates a buzz sound (Meyer et al.
1993; Tuijthof et al. 2003).

In other cases, collision detection can be
determined based on the presence of certain force
patterns in the recorded data (Horeman et al.
2014a). Collision detection can be based on the
presence of frequencies in the recorded data for
tasks such as pattern cutting, suturing and peg
transfer in a box trainer (Smith et al. 1999). When
applied for arthroscopy, such force frequency
patterns might be detected when probing hard
bony surfaces compared to probing softer fatty
tissues, since the force build-up will be steeper in



11 What Measures Represent Performance?

131

case of hard bone. It might be interesting to
investigate if this theory can be applied, to distin-
guish between collision of instruments (hard sur-
faces) and collision with tissue (softer surfaces).

11.4.2 Out of View Time

The out-of-view time (ovr) is defined as the per-
centage of the task time that the instrument tip is
not visible in the arthroscopic view (Horeman
et al. 2014b), or as Alvand and co-workers
defined “Prevalence of instrument loss” (Alvand
et al. 2012). This metric reflects safety, as an
instrument that is out of view can inflict unin-
tended damage to the surrounding tissue when it
is manoeuvred blindly. Out-of-view time can be
quantified by analysis of recorded arthroscopic
images. However, the out-of-view time can also
be calculated if the 3D position and orientation

of the arthroscope and instrument are measured
as can be done with 3D tracking systems. Also,
the arthroscope’s view angle and diameter need
to be known. The latter two parameters define
the view cone, which can be considered a vol-
ume in space (Fig. 11.4). Using the orientation
of the arthroscope in space, the cone is attached
in a fixed 30° angle to the tip of the arthroscope.
Subsequently, it is verified if the coordinates of
the instrument tip coincide with the cone for
every time stamp by calculating the distance
between the instrument tip and the outer surface
of the view cone.

11.4.3 Tip-to-Tip Distance

The tip-to-tip distance (#2td) is defined as the dis-
tance between the arthroscope and the instrument
tip for the entire task trajectory (Fig. 11.5):

end

2td = Z

i = start

2
\/( 'xiscope - xiprabe ) + (y iscope Y iprobe )

2

2
+ (Ziscope - Ziprobe)

With x;, y; and z; being the coordinates of the
instruments’ tips for every time stamp. This
metric reflects the zone in which the manipulation
takes place and is correlated with out-of-view
time, since a high maximum tip-to-tip distance
suggests that the instrument might be out of the

."flf!\ \
View cone / / Probe
.If Ilr \'\‘\\.\
i) W
Ui
Vo Q

Arthroscope

Fig. 11.4 Graphical presentation of the view cone of an
arthroscope. The instrument has to be within this view
cone to achieve full view time. The arrow indicates that
the probe tip cannot be visualized by the arthroscope
resulting in the start of registering the out-of-view time

arthroscopic view. This finding suggests that safe
tissue handling is compromised.

Although the discriminating power of r2td
depends highly on the type of task, a high mean
tip-to-tip distance can inform the trainee to
improve his/her overall safety performance dur-
ing a task (Horeman et al. 2014b).

11.4.4 Motion Speed

In general, motion speed (v) is defined as the dis-
tance travelled per time (Oropesa et al. 2013)
(Fig. 11.6):

s
v=-
t

where s is the path length and ¢ is the time (e.g.
task time).

Motion speed links position information to
time information. In arthroscopy, the average
motion speed has been used to assess perfor-
mance (Gomoll et al. 2007, 2008), which reflects
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Fig.11.5 (a) The tip-to-tip distance (#2¢d) is indicated in
the sketch for one single time stamp. (b) The distance
between point of origin and the distance to the instrument
and arthroscope tips (Reproduced from Fig. 11.2).

economy of movement. However, motion speed
can also be used as follows. If the speed of the
instruments is calculated per time stamp, the
maximum speed can be determined for a training
task. In a standard position control situation as is
the case in robotic motion applications, a high
instrument motion speed can be associated to
overshoot and therefore poor position control.
Returning to the clinical setting, instrument load-
ing can build up due to contact between an instru-
ment and the arthroscope or bony surface; when
this loading is suddenly released, the instrument
can overshoot and accidentally hit other tissues

Time [s]

(¢) From b the tip-to-tip distance curve is determined for
this trajectory by subtraction of the distances between
probe and arthroscope per time stamp

(Horeman et al. 2013). Thus, if uncontrolled
instrument speeds occur during arthroscopy, it is
possible that such events damage delicate ana-
tomic structures around the operative zone. Due
to force build-ups, instrument motion speed is
linked to surgical safety (Horeman et al. 2013;
Tarnay et al. 1999).

11.4.5 Motion Smoothness

Motion smoothness is defined as changes in
instrument acceleration. Motion smoothness can
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Fig. 11.6 Graphical presentation of the path length (s),
the speed of motion (v) and motion smoothness (J) of the
probe for the trajectory as presented in Fig. 11.1. In the

be derived in various ways, we present one of the
calculations suggested by Hogan and co-workers
(Hogan and Sternad 2009), which is the root

mean squared jerk (J) (Fig. 11.6):
A3Zi
AP

W_lf N&2+N%+
t i = start At3 At3
Azi . .
and n il being the third deriva-
t

3

Axi Ayi
AP OAP
tive of the x-, y- and z-position in time. A high
motion smoothness suggests jerky movements of
the surgical instrument (Oropesa et al. 2013), which
again can compromise safe tissue manipulation.

with

11.4.6 Force Magnitude

Analogous to the indication of a position in space
having an x, y and z component, the magnitude of
a force is composed from its F,, F, and F,
magnitudes:

F=J|(F +F +F)

Besides quick and jerky motions, the force applied
to surrounding tissue could lead to unintended

Time [s]

motion smoothness curve, the closed arrow indicated a
‘jerky’ motion trajectory and the open arrow a smooth
motion trajectory

damage of healthy tissue. This is especially true
for healthy tissues in the intra-articular joint space
that have limited healing potential (meniscus
and cartilage) or vascular structures that heavily
bleed. Tissue damage occurs if the tissue is loaded
with magnitudes beyond the tissue’s strength.
Consequently, the force magnitude can qualify
as a metric for monitoring safety. This suggests
that calculation of the mean force exerted dur-
ing a certain task might not sufficiently reflect
safety performance. That is why the maximum
peak force (Tashiro et al. 2009), as well as the
standard deviation of forces (Chami et al. 2008;
Horeman et al. 2010), and exceeding a certain
threshold force (Obdeijn et al. 2014; Tuijthof
et al. 2011a) have been suggested (Fig. 11.7).
For all three options, significant differences were
found between novices and experts.

The standard deviation of the (absolute) force
indicates the ability of the trainee to apply a con-
stant force on an object during a task. Especially
in bimanual tasks as tissue stretching for dissec-
tion, anchor placement or needle driving a well-
directed constant force on anchor, needle or
tissue improves performance (Horeman et al.
2012a). Due to its nature, this component of the
force is most informative in tasks that require
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Fig. 11.7 Graphical presentation of the absolute force
(F) when probing the femoral condyle in the PASSPORT
simulator. Also the maximum peak force is indicated by

continuous contact between instrument and task
components.

Exceeding a certain threshold force is closely
related to the collision metric but offers a more
precise definition of the so-called collision as cer-
tain threshold needs to be exceeded for a certain
period of time to qualify as collision (Fig. 11.7).

Measuring the actual forces during a task is
not straightforward both in the virtual and the
actual world. In virtual environments, haptic
devices are used, which usually only give feed-
back on the tip forces. Also, their quality is not
sufficient to mimic adequate haptic sensation,
especially when machining of tissue is involved
such as cutting, punching and drilling. In physi-
cal environments, instruments have been modi-
fied and equipped with sensors (Chami et al.
2006), 3D commercial force sensors that measure
all force and moments (Tashiro et al. 2009) or a
force platform that solely measure 3D reaction
force of the tissue as result of instrument tissue
manipulation (Horeman et al. 2010).

11.4.7 Force Direction

Analogous to the indication of a position in space
having an x, y and z component, the direction of

the star (highlighted by the arrow), a threshold level is
presented by the grey line, and the maximum force area
(mfa) is indicated for this force pattern

a force is composed from the ratios of the F,, F,
and F, magnitudes. An example is the expression
of the force direction using two angles, with ¢
being defined as the direction of the force in the
vertical plane:

£
tanp = —
)
and y being defined as the direction of the force
in the horizontal plane.

tany = =
A study aimed to determine the force magnitude
and directions exerted during arthroscopic navi-
gation and inspection of a cadaver wrist showed
that not so much the magnitude of the forces but
the direction of the force differed significantly
between experts and novices (Obdeijn et al.
2014). The experts executed forces containing a
more perpendicular orientation on the cartilage
tissue, whereas the novices executed forces con-
taining a more shearing component. This might
be an important difference, as navigation in the
wrist is difficult due to the tide joint space and
complex-shaped bones. In another study using
the same setup of wrist arthroscopy training on a
cadaveric specimen, it was found that novices did
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Fig 11.8 (a) 3D variability in forces. The dots represent
the force in the global coordinate system (Fx, Fy, Fz). The
ellipsoid is fitted on the force data and the orientation of
PC1 force along Fx-local is defined by angles a and f.

not improve the loading of the tissues inside the
wrist joint (Obdeijn et al. 2014). This suggests
that force direction information can be indicative
of a trainee’s performance and the learning curve
of novices.

11.4.8 Force Area

The maximum force area (mfa) is defined as the
area of the absolute force peak in the force-time
curve (Fig. 11.7):

end

mfa = z

i = start

JF, +E, +F)

With F,, F, and F, being the X, y and z compo-
nents of the force vector in space for every time
stamp. In earlier work, mfa was referred to as
force peak (Horeman et al. 2012a).

The starting time ¢, and 7., can automati-
cally be defined with different mathematical pro-
cedures, such as the point in time where the
building of the absolute peak force is started or
stopped, respectively, which can be deducted
from the derivative of the force-time curve
(Horeman et al. 2014b). The mfa indicates
another aspect of the metric collision and can be
considered as an elaboration of solely measuring

(b) Encircled ellipsoids of experts versus novices (not
encircled) in a needle-driving task show that the force vol-
ume and direction can reveal consistency of an expert sur-
geon over three trials

the peak force by taking into account its duration
as well. Peak forces that are only applied for a
brief time period (e.g. less than 0.5 s) might not
inflict any damage, whereas a relative high force
that is applied for a prolonged time period could
cause tissue damage. As indicated before, the
aptness of this measure compared to other safety-
related performance measures depends on the
task to be trained.

11.4.9 Volume of Force

The volume of force (V},..) is defined as the vol-
ume of a 3-dimensional ellipsoid spanned around
the standard deviations of force (STDIy,..,
STD2,., and STD3;,..) along the three main
directions of motion (Horeman et al. 2012a)
(Fig. 11.8):

Vv

Sforce

= i7'L'(STD1 « STD2 * STD3fm‘ce)
3

force Sforce

This definition as setup analogous to the metric
‘volume of motion’ as the same mathematical
procedure (principal component analysis) can
be applied to the x, y and z components of
the force (Chmarra et al. 2010; Horeman
et al. 2012a).
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Volume of force is a measure for the forces
required by a trainee to complete the task. Similar
as for the volume of motion, an ‘ideal volume of
force’ should be defined to compare trainee’s per-
formance with expert performance, as the smallest
volume of motion does not necessarily reflect the
optimal performance. The discriminative power of
volume of force was determined in a study by
Horeman and co-workers for an endoscopic suture
task and confirmed (Horeman et al. 2012a).

11.5 Metrics Summary

Figure 11.9 shows how time, motion and force
metrics inform about efficiency and safety per-
formance. In endoscopic surgery, efficiency is
reflected most strongly by task time, followed by
the metrics task repetition and idle time. These
three added with economy of movement indicate
how fast the trainee adapts to a new situation
when training. Another time-based parameter,
out-of-view time, reflects safety performance.
Distance metrics can inform both on efficiency
performance (e.g. large or short path length to
complete a task) and on safety performance
(e.g. tip-to-tip distance). Force metrics measur-
ing interaction forces during tissue manipulation
can exclusively be associated to tissue damage

Time parameters

High

Motion parameters

Force parameters

Inform about efficiency

Low

Low High

Inform about safety

Fig. 11.9 The solid fields indicate the information that
time and motion metrics can contain about efficiency and
safety of a surgical action. The hatched field indicates the
potential information that force metrics contain

Table 11.1 Categorization of metrics
Performance
Performance efficiency safety
Direct Task time Collision
feedback  Tdle time Tip-to-tip distance
Path length Motion speed
Force magnitude
Force direction
Post-task  Task repetitions Collision
feedback  Task errors Out-of-view time
Task time Tip-to-tip distance
Idle time Motion speed
Path length Smoothness

Economy of movement Force magnitude

Volume of motion Force direction
Task errors Force area

Task time Volume of force

(e.g. peak force, force threshold, force direction),
but cannot inform on safe instrument handling
if there is no interaction with the tissue. Since
the above mentioned metrics are composed of
single parameter measurement and need no post-
calculation with mathematical procedures, they
qualify to be used for direct feedback on perfor-
mance (Table 11.1).

For other tasks, it can be helpful to use a met-
ric that combines several parameters (Table 11.1).
The combined information of time and motion is
reflected by the metrics motion speed, motion
smoothness and volume of motion. The com-
bined information of time and force is reflected
by the metrics force area and volume of force.
These metrics of combined parameters tend to
inform on safety performance (Table 11.1). The
combined parameter metrics require post-
processing or give a summary of the entire task
performance, which makes them more suitable to
use for post-task feedback.

11.6 Discussion

11.6.1 From Measuring Metrics
to Training

Direct feedback on performance is probably most
relevant to apply in training, when on aims to
learn A) how to follow a protocol or a certain



11 What Measures Represent Performance?

137

Fig. 11.10 (a) Arrow representation of the force magni-
tude and direction. The femoral condyle is pushed upward
by the hand encircled in the right part of the picture; a
resulting arrow is depicted on the interface screen to give
visual feedback. (b) Textual guidance in PASSPORT user

sequence of manual actions and B) how to per-
form safe tissue manipulation (Table 11.1). For
example, Horeman and co-workers have shown
that novices can learn to endoscopically connect
artificial tissue with less manipulation force by
providing direct feedback of the force magnitude
and direction (Horeman et al. 2012b).

When offering direct feedback, care has to be
taken on how to inform the trainee and how to
prevent mental overloading. The former depends
on proper composition of the task and on defining
the critical steps upon which should be reflected.
Little to no literature on this aspect is available,
other than general human factors and educational
theories. For the latter, it should be noticed that
people have three learning styles to receive and
process information: oral, proprioceptive and
visual (i.e. objects and text). Thus, all these type
can be applied to give direct feedback. For oral
feedback, an example was indicated for the col-
lision metric where a buzz sound is given upon
unallowed instrument tissue contact (Meyer et al.
1993; Tuijthof et al. 2003). Oral feedback in the
form of alarms or buzzes is a common way to
warn people that a dangerous situation is happen-
ing. This immediately poses a drawback to use
in early learning stages of novices, as they are
expected to make mistakes or errors at a frequent

interface to guide a trainee to the next anatomic landmark.
(¢) Colouring red of the image in the SIMENDO arthros-
copy, when tissue contact is too high. In all cases, the
objects are displayed as an overlay on top of the arthroscopic
image (© GIM Tuitjhof, 2014. Reprinted with permission)

pace, which will set off the alarm signal many
times during a task. If that happens, one tends
to ignore such a signal and it no longer serves
as adequate feedback signal. In multiple stud-
ies, researchers experimented to improve the
sensation of the operating surgeons or to warn
them if mistakes were made with haptic systems
based on sensors, vibrating elements, motors
and hydraulics (Westebring-van der Putten
et al. 2008). For example, in the Daum-Hand
(EndoHand) (Jackman et al. 1999; Melzer et al.
1997), the contact forces on the grasper were
detected by membranes, amplified and transmit-
ted hydraulically to membranes connected to the
surgeon’s fingertips to feel the average grasping
force. A drawback of implementing such haptic
way of giving feedback is that adding mass to the
instrument handles or making modification to the
instruments alters the instrument handling sensa-
tion which in itself is not ideal for training.
Visual or written feedback has also been imple-
mented in arthroscopic simulators (Fig. 11.10).
This is given in the form of object or text with
or without colouring. In the study by Horeman
and co-workers, the force direction and magni-
tude were simultaneously indicated by an arrow
indicating the direction, its length, the size and
its colour correct loading (Horeman et al. 2012b).
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The real-time visual feedback in this study helps
novices to choose the correct strategy on a skills-
and knowledge-based level with information
provided on a rule-based level (Dankelman et al.
2004; Wentink et al. 2003). This and other stud-
ies suggest that the human mind is capable of
using additional visual information such as object
colour and shape to improve tissue handling to
some degree (Horeman et al. 2012b; Triano et al.
2006). Therefore, it seems that extra-visual infor-
mation in the field of view of the trainee is easy to
observe. On the other hand, if the visual feedback
is given aside from the task area as presented on
the screen, it can distract the trainee from the task
or block other areas of interest. This aspect needs
to be considered when simulating design, as dur-
ing live surgery continuous focus is required on
the surgical action. Thus, the manner in which
feedback is given to the trainee is crucial to facili-
tate the training process.

So far, metrics have been presented that are
more or less suitable for all or at least part of
training tasks and can cover a wide range of dif-
ferent surgical actions. Concrete examples on
how to use these for training arthroscopic skills
are discussed.

The task time, tip-to-tip distance, motion
smoothness and peak force can be applied in
exercises where joint inspection is trained or tis-
sue probing, and loose body removal. When
punching or shaving meniscus tissue or executing
meniscal suturing, the force area and volume of
force can be applied, additionally. However,
training of specific skills and tasks require addi-
tional performance assessment. For example,
when performing a meniscectomy, it is highly
relevant to measure the smoothness of the rim
and the relative amount of removed tissue vol-
ume. This is possible but requires specific sen-
sors (e.g. camera screenshots) and data
processing. The last example is the training of
drilling the holes in femur and tibia to prepare
them for a cruciate ligament reconstruction. For
this exercise, the direction of drilling is crucial.
This could be measured by the direction of force,
but in this case, the direction of the drill bit itself
could indicate performance efficiency. This
might be reflected by the sum of all angular
rotation round the instrument’s shaft length

(called angular path). Conclusively, the learning
goals per task or exercise need to be clearly
defined and the task needs to be clearly described,
before choosing the proper metrics that reflect
the performance.

11.6.2 Learning from Feedback

It is evident that not all metrics used for per-
formance monitoring can be used for educa-
tional purposes. Trainees that receive feedback
about their ‘volume of force’ or ‘economy of
motion’ during a training session are not likely
to transform this kind of information into bet-
ter performance. Therefore, it is recommended
to translate those metrics into constructive (task
dependent) oral or written feedback to be under-
standable for the trainee. Table 11.2 shows how
post-task feedback can be provided in between

Table 11.2 Metrics-based comprehensible feedback

Metric Informative instruction to trainee

Task time Task time is high; more practice is
needed

Part length ~ Try to minimize unnecessary instrument
movements

Speed Slow your pace; decrease your
instrument motion

Motion Try to minimize unnecessary instrument

volume movements

Tip-to-tip Keep the instrument in sight. This

distance avoids unintended damage to
surrounding tissue

Out-of-view Keep the instrument in sight. This avoids

time unintended damage to surrounding tissue
and speeds up your efficiency

Max force Forces are too high. Minimize pushing
or pulling during manipulation
Avoid high insertion forces; your
instrument is probably directed in a
wrong manner

Mean force ~ Too much contact between instruments
and tissue. Watch out for unintentional
contact with tissue

Force Too much jerks or collisions during

Volume manipulation. Lower your instrument
speed during manipulation

Max force Lower your force during insertion and

area tissue manipulation
Keep your instrument tip in sight to

avoid unintended tissue damage
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trials. This schedule can truly lead to autonomous
learning without the need to have a supervising
surgeon standing next to the trainee.
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