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Abstract

Surgical techniques are becoming more complex and require substantial training to master. The development of
automated, objective methods to analyze and evaluate surgical skill is necessary to provide trainees with reliable and
accurate feedback during their training programs. We present a system to capture, visualize, and analyze the movements of
a laparoscopic surgeon for the purposes of skill evaluation. The system records the upper body movement of the surgeon,
the position, and orientation of the instruments, and the force and torque applied to the instruments. An empirical study
was conducted using the system to record the performances of a number of surgeons with a wide range of skill. The study
validated the usefulness of the system, and demonstrated the accuracy of the measurements.
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Introduction

Surgical techniques are becoming less invasive and
more difficult to master. In particular, laparoscopic
techniques are more difficult than open surgery for a
number of reasons. The instruments are quite long,
causing movements made at the handle to be
amplified at the tool tip with distorted haptic
return. The movements are also reversed due to
the lever effect of the trocar: moving the handle to
the left moves the tool tip to the right within the
surgical field. The surgical instruments are also
limited to five degrees of freedom, thus restricting
the movements of the surgeon. In addition, the
operating field is shown on a monitor that is
typically placed high above the patient, making it
difficult to watch the surgical field and monitor
hand position at the same time. Laparoscopic
techniques thus require substantial manual dexterity
and a lengthy training process.

Training for laparoscopic surgery is typically
performed by having trainees practice on synthetic
box trainers (e.g., performing suturing on rubber
tissue), live pig models, or more recently, virtual

reality (VR) training systems [1]. Virtual reality
trainers hold the most potential for future training
methods, as they are not as expensive as porcine
models and, unlike synthetic box trainers, do not
require the presence of an expert surgeon to
evaluate the performance. However, VR trainers
are currently unable to provide accurate, meaning-
ful feedback to surgeons, and more work is needed
to determine how to best provide an automated
analysis of surgical movements.

Accurate skill evaluation is needed not only to
provide feedback to surgeons during training, but
also to ensure that expert surgeons maintain their
high skill level. Current methods of evaluating
surgical dexterity are quite subjective, relying on
an expert’s judgment. The expert typically watches a
surgeon perform a number of maneuvers and
assigns the surgeon a proficiency score. These
scores can vary widely between experts and are
thus unreliable. Checklists and scoring sheets, such
as the Objective Structured Assessment of
Technical Skill (OSATS) rating system [2], repre-
sent attempts to remove this subjectivity by provid-
ing a standardized scoring sheet for surgical tasks.
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However, this still requires an expert to assess a
surgeon’s movement, interpret the scoring sheet,
and assign a relevant score.

In recent years, technology has been adopted
to address the problem of evaluating surgical
dexterity [3]. Motion capture and force-sensing
devices allow a computer to record and analyze the
surgeon’s movements. By relying solely on the data
from the sensors, the computer can produce an
evaluation of surgical skill that is free from human
subjectivity. This method of evaluation has the
possibility of being more reliable and accurate than
an evaluation by an expert surgeon, but further
research is needed before it can replace the expert
evaluator. Current research in this area focuses on
developing systems to record the movements of the
surgeon, and on processing the data to determine
how measurements correlate with skill.

In this article, we present a novel recording
system that is capable of monitoring the movements
of the surgeon, as well as the force and torque
applied to the surgical instruments. Our system
produces minimal interference with the surgeon’s
movements, adapts to many contexts, and is
designed using several generalizable elements that
can be leveraged in other system designs.
In addition, our approach enables us to use sensor
fusion to compute the total mechanical work done
by the surgeon, which we find correlates negatively
with surgical skill, and offers unique information not
present with other kinematic measures. Our results
were validated in an empirical study in which
participants performed three separate tasks on a
bench-top laparoscopic simulator.

Related work

Several types of recording systems have been used
to capture the movements of a surgeon.
Electromagnetic (EM) tracking has been used in
numerous studies of surgical movement, both out-
side and within controlled operating room (OR)
environments [4—7]. EM tracking systems emit an
EM field using orthogonal coils, and use a set of
sensors whose position and orientation is deter-
mined by the relative strength of the EM field. One
of the most popular EM tracking systems for
surgical environments is the ICSAD system [8],
which uses Polhemus Isotrak II sensors placed on
the back of the surgeon’s hands. EM sensors are
quite small, hence they can be attached to a variety
of existing surgical tools as well as to the surgeon.
Unfortunately, the magnetic field used by all EM
systems is heavily distorted by ferromagnetic
objects, often resulting in noisy and distorted
measurements in a clinical environment.

Optical motion capture systems track objects in
3D space by locating markers in video streams.
Emam et al. used a set of reflective markers placed
on the upper body to monitor the motions of the
shoulders and elbows of novices and experts and
analyze ergonomic factors in laparoscopy [9, 10].
Optical tracking has also been combined with EM
tracking to add redundancy and improve the quality
of data, as in the study by Hwang et al. [11]. While
precise data on the actual tracking accuracy in an
OR setting was not provided, the system was able to
distinguish between novices and experts using a
number of features derived from the measurements.

Surgical motions can also be tracked using instru-
mented mechanical links attached directly to surgical
tools. The joints of the mechanical links are fitted
with angle encoders, usually rotational potentiome-
ters or optical encoders. The nature of these systems
makes them cumbersome and difficult to use in an
OR environment. To date, no systems with mechan-
ical motion capture have been used in operations on
humans, but the Blue DRAGON system was used to
record movements during laparoscopic operations
on animal models [12]. Mechanical motion capture
devices most commonly appear as part of a virtual
reality training package, such as the LapSim
(www.surgical-science.com). The workspace for
these virtual trainers is inherently small, instruments
do not need to be interchanged, and the mechanical
linkages allow for force feedback to the user.

The forces and torques that surgeons generate
during procedures have been recorded using strain
gauges. These are small electronic sensors that
modify their voltage output based on the mechanical
strain applied to them. By combining and calibrating
several strain gauges, one can design a sensor capable
of measuring the forces and torques in multiple axes.
Most force and torque sensors are mounted on the
shaft of the laparoscopic instrument to capture the
dynamics between the surgeon’s hand and the tool
tip [13-15]. The majority of these sensors are 6-DOF
force and torque sensors from ATI Industrial
(www.ati-ia.com). In other approaches, force and
torque sensors are placed underneath the tissue that
is being operated on [16]. This configuration is easier
to construct as the laparoscopic instruments do not
need to be modified. Such a configuration is,
however, impossible to use in the OR as sensors
would have to be implanted in the patient. The data
recorded from such sensors is a combination of both
the left and right instruments, which makes it more
difficult to analyze.

From the recorded data, movement measures are
computed and their relation to skill is analyzed.
Measures of movement quantity tend to be corre-
lated negatively with surgical skill. For example, the
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Figure 1. Overview of system components.

total rime taken to complete a task is often the most
reliable discriminator of surgical skill. Intuitively,
the total time to completion is higher in novices, as
they make more errors, perform more inefficient
movements, and are generally more hesitant than
experts. Total time has been shown to correlate
negatively with expertise in virtual reality, box
trainers, and in the OR [8, 17]. The total path
length of the instruments’ motion has also been used
in surgical skill quantification. This measure is highly
correlated with total time, as a longer completion
time tends to involve longer movements of the
instrument. Similar measures, such as the number
of movements, or the amount of movement along the
main axis of the shaft, have also been found to
correlate negatively with surgical skill [8, 18].
Measures of movement quality have also been
analyzed, but do not tend to correlate with surgical
skill as strongly as measures of movement quantity.
Some studies have found that experts tend to have
smoother motions than novices [18, 19]. This could
be caused by novices making hesitant movements,
having shaky hands, or by a number of other factors.
Another formulation of motion smoothness is
defined as the ‘“‘number of changes in velocity”
[20], and has also been found to correlate with
surgical skill. Dubrowski et al. [16] found that
experts apply significantly higher average forces than
novices. A higher average force may be explained by
the fact that experts make contact with the tissue
and thus apply force for a greater proportion of the
time, as it has been shown that novices spend more

time in an idle state [21]. Trejos et al. found that
novices apply a higher average force, but this claim
was substantiated only by a plot of a single stitch
from a novice and an expert [22]. These findings are
in contradiction to the study by Hwang et al. that
found no significant difference between experts and
novices in the mean force recorded from a 3-axis
sensor mounted in line with the surgical
instrument [11]. Attempts to discriminate skill
levels using global measures of force have met
with little success.

Materials and methods
Recording system

The capture system (Figure 1) records data from an
active motion capture system, force and torque
sensors, video streams, and an audio microphone.
The central component of the system consists of a
Windows XP PC with 4 GB of RAM and a quad-
core CPU. A multi-threaded C++ program inter-
faces with all the devices and sensors. A separate
thread is created to record each video stream, the
motion data, the force data and audio. This allows
the large quantity of data, to be processed efficiently
on the multi-core machine without introducing
significant lag in the system.

Synchronization of the data across the threads is
achieved through the use of the Windows system
time as a global clock. This is a system-level clock
available to all threads and processes. The clock has
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Figure 2. Endo-trainer from 3D-Med used in the studies.

a resolution of 15ms, which is not sufficient for
directly time-stamping all the force measurements,
but is sufficiently fine for interpolation of the values
for intermediate samples. As the recorded physical
movements are relatively slow (a few centimeters
per second), this synchronization method is suffi-
cient for an accurate reconstruction of movement.
The configuration of the system is such that it can
be easily adapted to nearly any task by using the
instrumented needle drivers and deploying the
motion capture system in the surgical environment.
In the evaluation of our system, an Endo-trainer
from 3D-Med (www.3-dmed.com) (Figure 2) was
used as the surgical environment. This trainer
simulates a laparoscopic surgery environment with
a small movable camera to simulate a laparoscope,
and rubber holes that simulate the trocars used in
real laparoscopy. Synthetic tissue or other items are
placed inside the Endo-trainer to be manipulated by
the surgeon using laparoscopic instruments. This
system is typically used for training residents in
laparoscopic skills, as it provides a low-cost, low-risk
environment for practicing tool manipulation and
suturing techniques. The only modification to the
Endo-trainer was the placement of a video splitter
on the camera output to allow for video recording.

Motion tracking. A Visualeyez II VZ3000 optical
motion tracker from PTI Phoenix (www.ptiphoe-
nix.com) captures the surgeon’s movements. The
system uses three CCD cameras arranged linearly
on a tripod to locate the position of each of the
infrared markers. The VZ3000 is able to uniquely
identify up to 64 points at 20 Hz by sequentially
flashing each marker so that the cameras only

capture a single marker in each frame. The markers
are tracked with a precision of 0.7 mm RMSE. The
tracking volume is defined by a horizontal and
vertical angle of 45°, extending out approximately
7m. Though the tracking volume can be increased
through the use of multiple camera units, a single
unit is preferred for portability to an OR environ-
ment where space is limited. The VZ3000 software
provides access to the motion data through the
C++ API provided by PTI Phoenix. After each data
frame is retrieved through the API, the marker
positions are written to a flat text file along with the
system time-stamp.

The positions and orientations of the needle
drivers are computed from the locations of the
markers fixed to each tool. Twelve markers are
attached to an aluminum collar (32 mm in diameter,
48 mm in height) (Figure 3) in two equally spaced
rings. Each of the two rings contains six markers,
spaced 11 mm apart; the rings are 16 mm apart.
The collar is attached to the shaft of the needle
driver using plastic screws. This marker
configuration allows the instrument to be reliably
tracked as it is moved through the tracking volume,
as only three markers need to be visible in a given
frame to accurately determine the tool tip location
using the template-matching algorithm described
below.

Force and torque data. The force and torque
applied to the needle driver are recorded using the
Mini40 sensor from ATI Industrial. This sensor
contains six strain gauges that respond to the force
and torque applied to the sensor. The sensor is
mounted in line with the shaft of the needle driver to
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Motion Collar

Force Sensor

Figure 3. Aluminum collar with markers and force sensor mounted on needle driver.

capture the forces and torques between the sur-
geon’s hand and the tissue being manipulated. The
sensor provides accurate force sensing in the range
of £35N in the x and y axes, and £106 N in the z
axis, with less than 0.3N error in all axes. The
torque is calibrated to a range of +1.5Nm in all
axes, with less than 0.008 Nm error in all axes.
The z axis is aligned with the instrument shaft; the x
and y axes are perpendicular to this axis and to each
other.

The data from the Mini40 is logged using the
NI-PCI 6224 data acquisition card from National
Instruments (www.ni.com), at a rate of 1000 Hz.
Using the NI-DAQmx C interface provided, the
data is read into the CPU 100 samples at a time.
To provide accurate synchronization, the force
recordings are time-stamped using a linear interpo-
lation algorithm. While a higher-order model could
be use to interpolate the time-stamps, the linear
model was sufficient to reconstruct and accurately
synchronize the movements.

Video and audio recording. Two separate video
streams are captured to provide a reference for
high-level analysis. Videos are captured using the
OpenCV library (opencv.willowgarage.com),
encoded using the DivX encoder (www.divx.com).
In addition, a flat text file is created that stores the
time-stamp for each frame to provide a means to
synchronize the video with the motion and force
data. Both video streams are recorded and
processed on the same thread in the CPU.

One video stream is recorded using a standard
web camera, the Logitech QuickCam Orbit
MP (www.logitech.com). This camera records
video at 30 frames per second with a resolution of

320 x 240 pixels. The camera focuses on the
surgeon’s upper body and hands. This information
is useful for the expert surgeon in order to evaluate
the performance of the trainee surgeon, and can also
be used as a reference when comparing the move-
ments to the recorded trajectories. The second
video stream records the view from the laparoscopic
camera located in the Endo-trainer. This is accom-
plished by splitting the signal from the laparoscopic
camera and routing it to a Syntek STK 1135 USB
capture card (www.stk.com.tw). The use of the
splitter allows the video to be captured by the PC
while still being displayed on the screen of the
Endo-trainer. The USB capture card generates
video at a resolution of 640 x 480 pixels at 30
frames per second.

Audio of the recording events is captured using a
standard desktop microphone and the LiveInCode
program (www.liveincode.rm.pp.ru). The audio is
not significant to the automated analysis of the
surgical performance, but is captured to provide
context for the recorded data.

Data processing

Various data processing steps are required before
the recorded movements can be used to assess
surgical skill. First, occlusions of the instrument
collar need to be compensated for. Once all the
missing data are removed, the motion of
the instruments can be reconstructed. To locate
the instrument in each frame, a template of the
instrument is built prior to the surgical perfor-
mance. This template associates the location of the
markers on the collar with the tool-tip position.
Next, the coordinate systems of each system need to
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for i = ws/2 to N —ws/2 do

window = p(i —ws/2 i+ ws/2)[1 : 3]

error < 0
for k=1 to 3 do

s < sort(pli — ws/2 : 1 + ws/2][k])
if I(s[|ws/2] —1]) < (p(i)[k] < s[[ws/2]] + 1)) then

error < error + 1
end if
end for
if error == 2 then
p(i)[1: 3]+ NULL
end if
end for

Figure 4. Median discard filter

be unified, so that the position measurements and
force and torque measurements can be analyzed in
the same coordinate system.

Processing incomplete dara. Missing data from the
optical tracker stems from two sources. First, large
spikes in position occasionally appear in the data
when the wired connection to the active markers is
temporarily disrupted. These errors manifest them-
selves as large changes in the reported position of
the marker, sustained over one to five frames. To
remove this erroneous data, a modified version of a
median filter with a window size (ws) of 19 samples
is used. In contrast to a standard median filter, the
median discard operation does not replace the target
sample with the median of the surrounding samples;
it simply discards the sample if it is not near the
median of the window for all three axes. Pseudo-
code for this operation is found in Figure 4.

The second type of incomplete data stems from
occasional occlusions that occur during the surgical
performance. In these cases, less than three markers
are visible, three being needed to compute the
proper correspondence to determine the tool-tip
position, and the frames are therefore marked as
having no data. To generate a continuous signal for
analysis (i.e., one without missing data), data for
missing positions were imputed using linear inter-
polation between the nearest visible points. For this
operation, and other operations using linear inter-
polation, a second-order model could be used, but
considering the slow speed of the movements, linear
interpolation has been shown to be sufficient.

Instrument template tracking. Prior to recording
surgical performances, a template is created that
relates the positions of the markers on the collar to

the position of the tool tip. The resulting template
has a total of 13 positions: 12 for the collar and one
for the tool tip. In order to track the tool tip relative
to the collar when building the template, an addi-
tional marker is required on the tip. The instrument
is then moved around the tracking volume and
rotated to ensure that all markers are made visible to
the camera tracking unit. During this process, all
position data are recorded for off-line processing.
To construct the template from the recorded
data, the template is first initialized with the frame
that has the most visible markers. Then, additional
markers are added from other frames by registering
corresponding points in the template with those in
the frame. This registration is similar to an Iterative
Closest Point approach [23], but since the motion
capture system identifies each marker uniquely, the
correspondences are known, which makes the reg-
istration problem simpler. To register each frame,
our method finds a rotation R and translation t that
minimizes the error function €. Each of the N
markers in the frame or template has a position (fp;

or tp):
1 N
— e
= N2 o Ref (1)

The optimal transform (R, t) is found using the
least squares quaternion method described in [23].
Once the transform is found, it is used to map the
marker location into the template space. A pseudo-
code description of our template-matching algo-
rithm can be seen in Figure 5.

Calibration of coordinate systems. There are three
separate coordinate systems that need to be unified
in order to provide a complete analysis of the data:
those for the tracking system, template, and force
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Template < {}
Unseen <+ AllMarkers

initFrame < findFrame(maz(isVisible).markers)

add(Template, init Frame)
remove(Unseen, init Frame)

while Unseen # {} do

f= findFrame(max(inTemplate) && unseen > 0)
R, t] < findCorrespondence(Template, f))

for marker in f do

if isUnseen(marker) then
push(Template, R marker.p + t)
remove(Unseen, marker)

end if
end for
end while

Figure 5. Template construction algorithm.

sensor. The tracking coordinate system is the native
reference frame of the motion capture system; it has
its origin at the center of the camera unit and
measures the 3D position in centimeters. The
template coordinate system is similar to the tracking
coordinate system, but the location of the origin
varies with the data used to construct the template.
In this coordinate system, only the relative positions
between the markers are important. The force
sensor reference frame is centered around the tip
of the instrument with forces measured in three
dimensions in Newtons (N). The torque around
these axes is measured in Newton-meters (Nm).

The common coordinate system is selected as the
tracking coordinate system. To unify all the coor-
dinate systems, the template of the instrument is
first aligned with the force and torque coordinate
system following template construction. To trans-
form the forces, torques and positions from the
template space into the tracker coordinate system, a
rigid body transform is computed for each frame
and applied to the recorded data.

(1) Alignment of template with force and torque. To
align the force and torque with the template
coordinate system, only the orientations of the
axes are considered since the measurements use
different units. As the force reported in the z axis is
already calibrated to respond to force along the
instrument’s shaft, only the x and y axes need to be
aligned. Aligning the two coordinate systems
involves translating the tool-tip position to the
origin and aligning the z axis with the shaft of the
instrument. Alignment of the z axis is achieved by
rotating the instrument about the origin such that

the centroid of all of the markers on the collar is in
line with the positive z axis, i.e., the x and y
components of the centroid are zero.

To complete the alignment, the instrument tem-
plate needs to be rotated around the z axis to line up
the x and y axes. The angle of rotation is found by
securing the instrument parallel to the ground,
recording the force measurements in this position,
and then hanging a weight on the tool tip, as
depicted in Figure 6. Subtracting the initial mea-
surement from the measurements while the force is
applied gives the direction of the force in the force
reference frame (fg..). The instrument, as well as the
position of the weight, is motion captured during
this procedure, providing the direction of the force
applied in the tracker space (fu4). The dot product
of fi,1 and fg.. represents the angular offset between
the force sensor and instrument template. By
rotating the template around the z axis by the
resulting angle, the axes of the instrument
coordinate system become aligned with the force
coordinate system.

(2) Alignment of template with tracker. After the
template has been constructed, it can be used to
locate the position of the tool tip and the orientation
of the instrument in every frame. The application of
the template to compute the tool-tip position uses a
process similar to the template construction.
On every frame, correspondences between the
visible instrument markers and the markers in the
force-aligned template are found. A rigid body
transform T i = [Rips e - p+ tins o] that min-
imizes the distance between these corresponding
markers is computed using the same least-squares
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Figure 6. Needle driver, string, and weight used during the calibration procedure to align the template and force
coordinate systems. Orange ellipses indicate the location of optical markers.

method presented earlier. If fewer than three
markers are visible in a given frame, it is marked
as having no data and an interpolation operation
is used.

To compute the tool-tip position in the tracker
coordinate system, the transform 7;,_, . is applied
to the tool-tip position in the force-aligned template.
To compute the force in the tracker coordinate
system only, R;,_ ., is applied to the force and
torque recordings. The translation is omitted, as the
force and position are aligned only in the orientation
of their reference axes, not in the scale or units of
the axes. The resulting rotation matrix (R,,,_, ,») can
also be used to analyze the orientation of the
instrument as well. A sample of the resulting tool-
tip trajectory, with the instrument axis overlaid to
indicate orientation, is shown in Figure 7.

Position and force sensor fusion

The unification of the instrument kinematics and
dynamics in our system allows the computation of
the measure of mechanical work. This is a novel
measure which is used to estimate the movement
economy of the surgeon. Additionally, we provide
the computation of several other measures which
have been used to analyze surgical skill, as the
details of their computation are often left ambigu-
ous. These measures are used as a comparison for
the newly proposed mechanical work measure.

Mechanical work. The measure of mechanical work
combines the force and position information to
estimate the energy used by the surgeon during the
tasks. It should be noted that this measure of
mechanical work does not represent all energy
expended by the surgeon, as only the work mea-
sured at the instrument is considered, not the
kinetic energy of movement through free space, or
other body movements. This measure is meant
to capture the movement economy of a surgeon as
well as the care with which the tissue is handled, as

peaks in the energy used may damage delicate
tissue.

Studies in motor learning have demonstrated that
experts in various motor skills show decreased
energy use stemming from more economical move-
ment [24]. A study by Sparrow and Newell [25]
shows that physiological measures of energy use,
such as heart rate and oxygen consumption, tend to
decrease as a person becomes more proficient in a
complex motor skill. Additionally, Heise and
Cornwell [26] demonstrated that mechanical effi-
ciency increased as participants developed skill in a
ball-throwing task. Our approach to assessing
movement economy was to measure the mechanical
work at the tool tip, rather than use somewhat
intrusive sensors to measure heart rate and respira-
tion rate to estimate energy consumption.

Mechanical work was computed from the force
and tool-tip position value in the tracker coordinate
system. For each position measurement p(z), the
corresponding force measurement F(z) was located
by finding the force measurement with the nearest
time-stamp to z. Before computation, the position
data was smoothed with a Gaussian filter with a
standard deviation of 0 =20mm to remove mea-
surement noise. The change in energy between
sample points was computed as

E(@) = @) -1z - 1)) - (p() —pt = 1)). (2

The position and force measurements from a
randomly sampled segment are shown in Figure 8,
along with the resulting computed work values.
A similar process can be applied to the torque and
instrument orientation to analyze the work being
done to rotate the instrument, such as during needle
insertions that involve a strong rotational compo-
nent around the instrument shaft.

The total mechanical work measured should
reflect the efficiency of the surgeon’s movements,
not only with respect to minimizing the path length,
but also to the application of force. As with the other
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Figure 7. Sample trajectory recorded from the system, with instrument orientation axes overlaid at constant time
intervals. The black line represents the 3D trajectory taken by the instrument, while the red, green and blue lines
(terminated by an X, triangle and star, respectively) represent the local x, y, and z axes of the instrument.

quantitative measures, total mechanical work tends
to increase as task duration increases. The calcula-
tion for this measure is as follows:

T
W=7 (f(0)—fc—1)-(p(&) —pz—1). (3

Additionally, we examine the use of energy as a
movement quality parameter. Similar to previous
approaches for force information, we compute the
mean and maximum value of the work signal:

— W
and
Winax = max( W) (5)

Global skill indicators

(1) Total time. The time required to complete a
task has been shown to be a reliable measure of skill.
Novices take more time than experts as they are
more hesitant, less efficient, and are forced to repeat
more movements due to errors. This metric is
applicable to nearly all surgical tasks, and can be
computed without sophisticated measuring equip-
ment. A drawback of this measure is that it is a very
general assessment of skill, giving no feedback on
how a surgeon can improve other than to ‘“go
faster™.

(2) Cumulative path length. The cumulative path
length represents the distance that a tool tip travels
through space as the task is performed. This measure
can reflect the movement efficiency of the surgeon, as
shorter paths indicate more economical movements.
It can also reflect mistakes that are made, as repeating
a number of movements substantially increases the
path length. The cumulative path length for each task
is independently computed from the positions of
each tool tip as the cumulative sum of the Euclidean
distances between sample points:

1= "lIp®) —p(— DII. (6)

(3) Global motion smoothness. Motion smoothness
is derived from the curvature of the trajectory over
time, which is a 1D signal that describes how the
trajectory changes direction in space over time. The
curvature value, «, is used to provide a global
measure of motion smoothness and is calculated as
the natural logarithm of the median curvature
signals for each trajectory. The logarithm function
is used to normalize the unbounded values of «:

9 &
1952 > 2

B e I (7)

k = In Median B3
(15511

Since the trajectory is initially parameterized by
time, a stationary tool tip will have a first derivative
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g of zero, resulting in a division by zero operation in calculations. The resulting arc-length domain
£
3 the curvature calculation. To avoid this problem, signals are then re-sampled at a uniform interval
the path can be parameterized by the cumulative arc of 5mm using linear interpolation.
length, s, allowing trajectories of identical paths to The derivatives of the instrument trajectory are
be represented identically, even if executed at calculated and low-pass filtered in a single
different speeds. This new representation of the operation. The 2ﬁltered derivatives of the trajec-
trajectory, p(s), can be calculated with the following tories a‘;—(j) and 2 ;;gf) are calculated by convolving
mapping from time to cumulative arc length: each of the dimensions (x, vy and z) with the first
. ) X ) and second derivatives (respectively) of a
_ x()” @) | 2@) (8) Gaussian kernel with a standard deviation
o dt dt dt of 0=45mm, as shown in Equations (9)
and (10):
This parameterization produces a non-uniform ap(s) ps?
sampling in the arc-length domain, so uniform s p(s) * x - 202, 9

sampling is required for the derivative
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— —

Figure 9. View from the laparoscopic camera for (a) the FLS pegboard task and (b) the simple interrupted suturing task.

#p(s) _
0s2

(4) Global force features. The mean and peak values
of the applied force have previously been used in the
surgical skill evaluation analysis. It is believed that
the mean and peak force reflect the delicacy with
which the tissue is being handled. However, this can
be confounded by novices applying higher forces
then spending time in the idle state, thinking about
their next movement. In our analysis, the mean and
peak force are computed as the mean and maximum
values of the magnitude of the force. Computation
is identical to the method used to compute mean
and maximum of the work signal in Equations (4)
and (5).

2 _ 52 2
p(s)*"(s)—4”.ez‘?f,%_ (10)
(o2

Experimental design

An empirical study was conducted to validate the
reliability and effectiveness of the system. Ten
subjects participated in the experiment, which
consisted of a series of laparoscopic tasks tradition-
ally used in laparoscopic surgery. All subjects were
right-handed males, and all received monetary
compensation for their participation. Participants
represented a wide range of skill levels, including
one staff surgeon, two surgical fellows, and seven
general surgery residents from all five years of the
residency program.

The first task performed was the pegboard task
from the Fundamental Laparoscopic Skills (FLS)
program (Figure 9a). This task consists of moving a
number of colored rubber collars from one side of
the board to the other using laparoscopic instru-
ments. This is a standardized task used to evaluate
general laparoscopic dexterity, and all participants
were familiar with this task.

Task 2 required participants to place a series of
five simple interrupted sutures in a piece of syn-
thetic bowel tissue. Participants were asked to close

a small hole that had been cut in the bowel by
inserting five simple interrupted sutures at marked
points around the hole. The marked points were
5 mm from the edge of the hole and 1 cm away from
the neighboring holes. A template was used to mark
the points and the hole. All participants performed
one warm-up suture before completing the five test
sutures. Figure 9b shows the synthetic tissue with
the markings before and after the simple interrupted
sutures were inserted. This task is more difficult
than the FLS pegboard, and all subjects were
familiar with this task.

Finally, Task 3 required participants to perform a
continuous running suture. The continuous run-
ning suture is used to close a hole using a single
thread and is quite difficult for a number of reasons.
The longer thread (30 cm instead of 15 cm) is more
difficult to manipulate laparoscopically, and
participants must also plan their stitch more
carefully, ensuring that there is enough thread left
at the end to complete the final knot. This was the
most difficult task performed by participants,
and some of the novice participants reviewed a
video of the task being performed prior to beginning
the trial.

Results

Correlations were calculated between the measures
and the expert-assessed ranking of the participant.
An expert surgeon (D.W.B.) with many years of OR
and teaching experience assessed the performance
of the participants following the experiments. The
ranking was based solely on the videos, and no
information that could identify the participants was
shown to the expert. A positive but not significant
correlation was found to exist between the expert’s
rank and the participant’s training level (p=0.23,
p=0.44). Correlations between expert ranking and
skill measure were computed using Spearman’s
rank correlation coefficient for non-parametric data.
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Table I. Significance of correlations between each
measure and each task. (1: fundamental laparoscopic
skills; 2: simple interrupted suture; 3: continuous running
suture) for non-dominant (N) and dominant hand (D).
* indicates significant correlation (p < 0.05); — indicates
non-significant or no correlation.

IN 1D 2N 2D 3N 3D

Total time * * * * *

Path length - * * * - x
Total energy * - * - - -
Curvature - - - - - -

F/T mean, peak - - - - — _
Work mean, peak - - - - — _

A summary of the significance of the various
measures can be found in Table I.

Completion time correlated significantly with
expert-assessed skill (p<0.05) on all three tasks.
The strongest correlation was with the simple
interrupted sutures (o =—0.84, p=10.01), the weak-
est with the FLS tasks (o =—0.74, p=0.02). These
results are consistent with other studies of surgical
skill evaluation. The strong correlation suggests that
the expert evaluations of the participants are accu-
rate, and that skill on the simple interrupted suture
task is indicative of skill on the other tasks.

A significant correlation was found between
cumulative path length of the instrument in the
dominant hand and expert-assessed skill for all tasks
(p<0.05). The path length of the instrument in the
non-dominant hand was found to be significant only
for the simple interrupted suturing task, not for the
FLS pegboard or the continuous running suture.
This is consistent with other studies (e.g., that by
Cristancho et al. [6]) that have shown that measures
of skill computed from the dominant hand are
generally more discriminatory. The strongest corre-
lation was found in the path length of the instrument
in the dominant hand during the simple interrupted
sutures (p=—0.84, p<0.01).

Contrary to most other measures in the literature
and those analyzed in this study, total mechanical
work had a greater correlation with skill when
analyzing the non-dominant hand, rather than the
dominant hand. Both the FLS task and the simple
interrupted sutures showed a significant negative
correlation (p=-0.79, —0.68, p<0.05) between
expert-assessed skill and total mechanical work for
the non-dominant hand. A negative correlation was
also found when analyzing the continuous running
suture, as well as the dominant hand on all tasks,
but these correlations were not significant. Total
mechanical work may not have the same discrimi-
natory power as the other quantitative measures, but
it appears to have some unique information not

captured by the path length measure. Further tests
with a larger sample size may reveal a stronger
relationship.

No correlation was found between expert-
assessed skill and the calculated motion smoothness
for either hand. These findings are contrary to prior
studies that did find a relation between assessed skill
and motion smoothness from curvature in the
dominant hand for some tasks [19]. Both the
mean and maximum of the magnitude of the force
and torque values are computed. No correlation was
found between expert-assessed skill and the mean or
peak force for each hand. Similar results are found
in the torque values. The forces applied by the
participant can vary widely depending on the
particular movements being executed: low forces
may be applied when manipulating tissue and high
forces when tightening a suture. This variation
makes it difficult to extract a reliable global measure
that accurately reflects surgical skill. The results
demonstrate the difficulty in extracting global mea-
sures from the complex force data.

To analyze the applied energy as a global measure
of skill quality, the mean and peak of the energy
signal were computed. Similar to the motion
smoothness and force measurement, no correlation
was found between expert-assessed skill and the
mean and peak of the energy signals. This does not
indicate that the measures of motion quality are of
no use, but it is likely that the small sample used in
the study was not sufficient to validate these skill
measures. Further studies with a large sample
including more expert surgeons would be beneficial
in assessing the utility of these methods.

Discussion

The presented system offers several advantages over
existing systems that are able to record surgical
movements. The design of the system minimizes
interference with the surgical performance while
providing reliable, accurate measurements. In addi-
tion, the fusion of force and position measurements
allows for new measures that show strong potential
in assessing surgical skill. Below we outline some of
the successful features of the system, including
those elements that are generalizable to other
surgical recording systems.

One successful design aspect of our system was
the use of a single PC for recording all of the data.
With this configuration, all measurements are easily
synchronized with a common clock and the set-up
and configuration time for a single experiment was
minimal. Multi-PC set-ups were considered to
reduce the load on a single machine, but the

RIGHTS



Computer Aided Surgery Downloaded from informahealthcare.com by University of Albertaon 11/07/12
For personal use only.

Sensor fusion for laparoscopic surgery skill acquisition 281

additional software (and hardware) complexity was
not worth the minor improvement in performance.
As everything is on a single machine, difficulties in
communication over a network, compensation for
network lag, and inter-process communication can
be avoided, which simplifies the development. The
system is capable of effectively combining the
recorded data, specifically the kinetic and kinematic
information. Calibration procedures for unifying
several coordinate systems (force/torque, tracker
and template) proved successful in reconstructing
the complete movement of the surgeon. These
procedures can be easily generalized and applied in
other systems to unify the recordings from separate
sensors.

In contrast to systems that record movements
using rigid mechanical links, our system is portable
and can be adapted to numerous situations. The use
of optical tracking and the instrument template
matching method allows a wide range of instru-
ments to be tracked, not just the instruments that
are fixed to the system. Additionally, the surgeon
has more freedom to move the instruments natu-
rally, as they are not constrained to a pre-defined
workspace. This also enables the system to record in
different scenarios with little set-up time, as there is
only a single tripod to mount in the workspace and a
short calibration procedure to perform. The use of
the video splitter ensures that the surgeon’s primary
task is not interfered with, and that the task can be
completely captured. These features are crucial in
developing a robust system for recording in-vivo
measurements.

The use of the aluminum collar provides several
benefits over other tracking techniques such as
attaching a three-marker rigid body to the instru-
ment. First, the collar is lightweight, and the weight
is evenly distributed around the instrument’s shaft.
This minimizes any interference by the recording
system with the surgeon’s performance. Second, the
distribution of markers within the collar is quite
compact, ensuring that markers will be visible to the
recording system regardless of the tool’s orientation.
Finally, the aluminum collar is easily attached and
detached from the instrument using plastic screws,
allowing it to be readily used on any number of
laparoscopic instruments.

The template matching procedure and dense
placement of tracking markers proved to be an
effective technique for tracking the instrument. This
approach allowed us to track the instrument from
cameras clustered around a single position, which is
an essential feature for developing systems for ORs.
In the OR, space is limited and people often
surround the patient, with the only available view-
point being above the patient. This template

matching technique can easily be generalized to
other systems, as well as to the tracking of other
objects. While not presented in this article, we have
successfully used this technique to track a user’s
wrist by placing several markers around the wrist
and building a template on the fly.

In the early development stages of our system, an
EM-based tracking system (Polhemus Ultratrak)
was used; however, the measurements were found
to be too noisy to be useful during simple testing.
In contrast, our final system is robust to EM
interference and noise, which increases the effective
tracking range and the accuracy of the
measurements. In a typical OR there is a substantial
number of electronic devices and ferrous objects
that distort the field used by EM systems.
In particular, the electro-cautery tools in use
today emit an incredible amount of EM radiation
that will severely impact EM-based systems.
In contrast, our optical system is robust to
EM interference and provides reliable, precise
measurements in a much greater workspace than
EM-based systems allow.

The effectiveness and usefulness of the system is
demonstrated in the empirical study. The measure-
ments provided by the motion capture equipment,
as well as by the force and torque sensors, are
accurate and reliable enough to be used to analyze
skill. Established measures of motion quantity, such
as total time and total path length of the dominant
hand, were found to correlate negatively with
surgical skill for all of the tasks described in the
Materials and methods section.

From the fusion of the instrument position and
the recorded force, we computed a measure of total
energy. This is a measure of movement quantity,
and was found to correlate negatively with surgical
skill for the non-dominant hand. The correlation is
stronger than with motion quality measures, indi-
cating that the measure is fairly robust. However,
this is a weaker correlation than the path length and
total time, indicating that it may not be as reliable.
The correlation of total energy with surgical skill is
stronger when analyzing the non-dominant hand,
which indicates that the measure is complimentary
to existing measures that tend to correlate more
strongly on the dominant hand. From conversations
with surgeons, some believe that the non-dominant
hand begins to take on more and different functions
as the skill of the surgeon progresses, which could
lead to different patterns of ‘“‘work™.

The measure of work requires both position and
force sensors to be used simultaneously, which can
be seen as a disadvantage. While this is true, the
most widely used application of these measures is in
virtual surgical trainers. The majority of such
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training systems already have instruments outfitted
with these sensors, and thus no additional overhead
is required. It is also foreseeable that sensors will
become smaller and less intrusive in the future. In
recent years, there has been significant progress
made in passive and markerless motion capture,
which leaves the force sensor as the only significant
burden on the surgeon. In many systems, we foresee
the utility of the energy measure outweighing any
costs associated with collecting the separate data
streams.

All measures of motion quality did not correlate
with surgical skill. This is not a surprising finding as
measures of motion quality tend to be correlated
with surgical skill less reliably than measures of
motion quantity, and the study was conducted with
a small number of participants. However, this does
not mean measures of motion quality are of no use:
it is possible that they provide unique information
that can help discriminate between two subjects that
otherwise look similar. For instance, if a novice
performs a fast, low-quality stitch, it may be
indistinguishable from an expert’s fast, high-quality
stitch in terms of time or path length. However,
the two stitches will likely have very different force
and smoothness patterns. Additionally, motion
quality measures may help distinguish between
similar levels of skill, for instance, among different
experts, but our limited data set prevents this
analysis.

Conclusions

We have developed a system for recording the
movement of a laparoscopic surgeon and the surgi-
cal instruments, and the forces and torques applied
to the instruments. This system has the potential to
be implemented in an OR setting, providing a rich,
accurate data set for use in analyzing surgical
movements. We have described the system in
detail, allowing parts or the whole design to be
recreated in another setting, thereby facilitating
future research in the area. An empirical validation
was performed with the system, demonstrating its
effectiveness and the utility of the fusion of force and
position information. The measure of total mechan-
ical work is complementary to existing measures,
and can be used to improve the accuracy of the
assessment of surgical performance. This system
and measure can be used to better understand
surgical dexterity, conduct further research in the
area, and develop new methods of evaluating the
surgical technique.

While the developed system and measures were
able to discriminate skill at a coarse level, we believe

that to fully analyze complex surgical tasks,
sensor-based data is not sufficient and must be
linked to high-level knowledge. The link between
behavioral data and sensor data in complex human
activities is rarely straightforward. There are many
sources of behavioral data, ranging from verbal and
nonverbal communication between a surgeon and
his team to high-level identification of the gesture by
highly skilled surgeons. The synchronized visual
and audio recording with the tool tracking informa-
tion will become critical for this analysis and will be
the subject of our next investigation.

We are also currently exploring the deployment of
this system in an OR environment. Challenges in
this environment include more complex variable
tasks, as well as logistical issues in the deployment.
One of the major challenges involves tracking the
instruments without impacting the performance of
the surgeon. To that end, passive motion capture
markers (that is, reflective markers that do not have
wires) and a smaller force and torque sensor will
greatly improve the usability of the system. Sterility
may be an issue, but many of the smaller compo-
nents (e.g., the instruments and sensors) can be
sterilized using gas sterilization. One challenge that
remains without a clear solution is mitigating the
impact of occlusion in crowded OR environments,
which is currently one of the largest problems in
capturing accurate, robust data from n-vivo
operations.
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