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Identifying the learning curve through objective measurement of skill
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Abstract
Background: The incorporation of new devices into
surgical practice often requires that surgeons acquire
and master new skills. We studied the learning curve for
intracorporeal knot tying in robotic surgery.
Methods: We developed an objective scoring system to
evaluate knot tying and tested eight attending surgeons
during 3 weeks of training on a surgical robot. Each
performed intracorporeal knot tying tasks both before
and after robotic skills training. These performances
were compared to their laparoscopic knots and analyzed
to determine and define skill improvement.
Results: Baseline laparoscopic knot completion took 140
sec (range, 47–432), with a mean composite score of 77
(100 possible), whereas robotic knot tying took 390 sec,
with a mean composite score of 40. After initial robotic
training, times decreased by 65% to 139 sec and scores
increased to 71. With more training, completion times
and composite scores were improved and errors were
reduced.
Conclusion: Like any new technology, surgical robotics
requires dedicated training to achieve mastery. Initially,
even experienced laparoscopists may register an inferior
performance. However, after adequate training, sur-
geons can exceed their laparoscopic performance, com-
pleting intracorporeal knots better and faster using
robotics.
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Modern laparoscopic surgery was made possible by the
advent of the miniature computer chip television camera

and the development of high-intensity light sources,
which improved the visualization of the surgical field
through enhanced illumination and better resolution.
Once the advantages of minimally invasive surgery be-
came apparent, laparoscopy became the preferred ap-
proach for many operations, including cholecystectomy
and antireflux surgery [6]. However, for several reasons,
the use of standard endoscopic technology has not been
widely adopted in all areas of surgical practice. Ac-
cording to Ballantyne [1], the pitfalls of laparoscopic
surgery include an unstable camera platform, the loss of
degrees of freedom, two-dimensional imaging, and poor
ergonomics for the surgeon. To overcome these limita-
tions, computer-controlled robotic actuators are now
being used as aids in surgical procedures, enabling
greater accuracy, camera stability, and improved visu-
alization, as well as better dexterity than can be achieved
with conventional endoscopic surgery. Operations that
were once not amenable to the standard hand-controlled
endoscopic technique are currently being performed
with computer-assisted robotic surgery.

By interposing a computer between the surgeon and
the instrument, the surgeon’s movement can be trans-
lated electronically into the appropriate motion of the
instrument. Motion scaling can amplify the surgeon’s
movements or, conversely, minimize them as needed for
very fine, detailed work. Although human hands tend to
falter over time due to fatigue and tremor, computers
can correct for these slight oscillations to filter tremor
from the surgeon’s movements resulting in a steady ro-
botic maneuver. Computers also remain steady for op-
timal camera positioning and control. Thanks to high
resolution and digital enhancement, visualization is
improved. Moreover, computers can help the surgeon to
regain additional degrees of freedom through joint ar-
ticulations that are lost with traditional endoscopic in-
struments. This provides increased dexterity while
operating within a limited space. The potential for ro-
botic surgery to retain all the advantages of minimally
invasive surgery while mitigating the shortcomings of
laparoscopy is evident.
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As with any new device or technology, an initial
learning curve must be overcome to achieve competence
and mastery. Although this learning curve has been re-
peatedly described in laparoscopy [7, 10], it has not been
well-defined for robotic surgery. Because laparoscopic
intracorporeal knot tying is a complex, discrete task that
requires training, practice, and skill [12, 14], we used this
task to define an objective scoring system that would
measure skill and assess the learning curve for robotic
technique.

Materials and methods

Over a 3-week period, eight attending surgeons with varying laparo-
scopic expertise and no experience with clinical robotic surgery un-
derwent ‡5 h of individualized training in surgical robotics using the
ZEUS Surgical Robotic System (Computer Motion, Goleta, CA,
USA). Each training session was supervised by a clinical instructor and
lasted 2–3 h, with no more than one session per day. All surgeons had
at least two sessions within the 3-week period. During the initial
training session, each surgeon was taught how to use the system and
given a didactic lesson on intracorporeal knot tying with instruction on
the appropriate steps and potential errors. As part of this study, all
surgeons tied an intracorporeal knot using laparoscopic techniques
(without the robot) at the first session. This performance was used as
the benchmark against which the robotic knots were compared. After
the didactic session, but before any hands-on robotic skills training, an
intracorporeal knot was tied using robotic techniques. After each
training session, the robotic knot-tying task was repeated. All knot-
tying tasks were recorded by digital video for analysis.

Laparoscopic knot-tying

The laparoscopic intracorporeal knots were tied in a training box with
three preset ports sites. A standard 10-mm 30� two-dimensional tele-
scope was used in the middle port site for visualization and controlled
manually by an assistant. The same assistant was used for all laparo-
scopic knots. Each surgeon used 5-mm right- and left-curved needle
drivers in each hand to approximate two sides of a rubber tube using a
2-0 silk suture on a V-20 needle (US Surgical Corporation, Norwalk,
CT, USA) precut to 4 in in length.

The assistant introduced the needle and suture into the training
box. The task began when the surgeon loaded the needle onto the
needle driver. The needle had to enter on one side of the cut Latex tube
and exit out the other side. The first knot was a surgeon’s knot, fol-
lowed by two additional square knots, each in the opposite direction to
the last.

Robotic knot-tying

The robotic intracorporeal knots were tied using the ZEUS Surgical
Robotic System in the same training box used for the laparoscopic
knots. A 10-mm 30� three-dimensional (3-D) endoscope (Vista Medi-
cal Technologies, Carlsbad, CA, USA) was used in the middle port site
for visualization. This unique 3-D endoscope attaches to a twin
(stereo) endoscopic camera that acquires left- and right-eye images for
viewing stereoscopically. The 3-D image was displayed at the surgeon’s
center monitor at the console and could be visualized with special
glasses. The scope was voice-controlled by the surgeon using the AE-
SOP system (Computer Motion). The dominant hand controlled a 5-
mm Micro-Joint heavy needle driver, while the nondominant hand
controlled a 5-mmMicro-Joint fenestrated grasper. Both robotic arms
with the aforementioned instruments were placed in the training box.
The surgeon was seated at the console with hand controls for both
robotic arms and instruments, 3-D visualization, and voice control of
the endoscope positioner.

The assistant introduced a 2-0 silk suture on a V-20 needle precut
to 4 ins into the trainer box. Motion scaling was not used in this task.

Using robotics, the surgeon performed the same intracorporeal knot-
tying task as described for the laparoscopic technique. Robotic knot
tying was performed and recorded prior to training and then at varying
intervals throughout training.

Objective scoring system

An objective scoring system was developed by task deconstruction and
analysis based upon a set of predetermined task goals [9]. The essential
steps required to complete an intracorporeal knot successfully were
identified. Each step was assigned relative value based on the com-
plexity of the step. Steps were counted as either completed or not
completed. The total possible raw score for the successful completion
of every step was 100 points. Next, after reviewing 30 archived re-
cordings of intracorporeal knot tying, six common, discrete errors that
were made during the completion of this task were identified. Each was
assigned a relative value based on the severity of the error. If the same
error occurred more than once, the frequency of the error was multi-
plied by the relative value of the error. The final composite score was
calculated by subtracting the error score from the raw score (Fig. 1).
This score could be a positive or negative value. The maximum pos-
sible points for a successfully completed knot without any errors was
100. Each laparoscopic and robotic knot was evaluated using this
objective scoring system.

Interrater reliability assessment

Task videos were analyzed by two different surgeon-observers using
our objective scoring system. Results from each observer were com-
pared to determine interobserver agreement of raw, error, and com-
posite scores.

Data analysis

All digital videos were reviewed and scored by a single observer, who
was blinded to the surgeon performing the task. The composite score
and the knot completion time were used to objectively demonstrate
surgical skill. Statistical analysis was performed using the Student t-est
with SPSS 11.0 for Windows (SPSS, Chicago, IL, USA).

Results

Prior to the initiation of robotic skills training, the
completion of an intracorporeal knot using standard
laparoscopic techniques took 140 sec (range, 47–432),
which is significantly shorter than the average time of
390 sec (range, 201–603) for robotic knot tying without
training (p< 0.05). Similarly, the mean composite score
of the initial robotic knot was 40 (100 total points
possible)—worse than the average laparoscopic com-
posite score of 77. However, after only 4–6 h of robotic
training, the average time to knot completion using ro-
botics decreased by 65% to 139 sec (p < 0.05) and
composite scores increased to 71. Times and scores at
this point in training are similar to those recorded for
the laparoscopic knot-tying task (NS). With even more
training, in the range of 8–10 h, mean scores further
increased to 94, while completion time dropped to 105
sec (p < 0.05), surpassing the baseline laparoscopic
knots. This improvement continued after 14 h of train-
ing, when the mean composite score was 99 and time to
completion was 82 sec (Figs. 2 and 3).

For each surgeon, the raw scores were 100 for nearly
all knots. Error scores for robotic knots decreased with
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training (Fig. 4) and were highly correlated with com-
pletion time, with a Pearson’s coefficient of 0.93. The
longer it took to complete the intracorporeal knot, the
higher the error score (Fig. 5). Composite scores im-
proved for each surgeon, except for one subject whose
error score increased despite shorter completion times.
All laparoscopic knots were performed faster than each
surgeon’s respective pretraining robotic knot, except for
one surgeon who had no experience in laparoscopic
knot tying. In addition, the composite scores tended to
be higher or equivalent for the laparoscopic technique.
As the surgeons proceeded with the robotic skills
training, the robotic knot completion time improved for
all surgeons, eventually surpassing the laparoscopic
knot completion time even for the two surgeons who
had the least experience in intracorporeal knot tying.

After a review of several videos by two separate
observers, the raw, error, and composite scores were
compared. Interrater reliability was found to be high,
with a p value >0.80.

Fig. 1. Objective scoring system for
intracorporeal knot tying.

Fig. 2. The learning curve for completion time shows improvement in
the mean time needed to complete the robotic intracorporeal knot-
tying task after skills training with reference to the baseline mean time
to complete the laparoscopic knot.

1746



Discussion

Laparoscopic intracoporeal knot tying is a complex,
discrete task that has been validated in previous studies
as an accurate test of skill [2]. It requires video–eye–
hand coordination and bimanual dexterity. Although
speed has traditionally been used as an objective meas-
ure of skill, we recognize that many other factors con-
tribute to good technical ability. Therefore, we designed
an objective scoring system for intracorporeal knot tying
to assess skill. This score takes into account the com-
pletion of correct steps in knot tying as well as errors.
Similar objective scoring systems have been described
[3]. Completion times, as well as knot-tying scores, were
used in this study to identify the learning curve for ro-
botic surgery.

The analysis of the learning curves for robotic knot
tying showed that the initial performance using the ro-
botic system was inferior even for experienced laparos-
copists. But after only 4–6 h of robotic skills training,
robotic surgical performance in intracorporeal knot ty-
ing was comparable to that of standard laparoscopy.
The greatest improvement was seen in the two surgeons
who had the least experience in laparoscopic knot tying.
Their completion times, composite scores, and error
scores all quickly surpassed their laparoscopic per-
formance after just minimal training. However, for
surgeons who did have experience with intracorporeal
knot tying, the robotic completion times matched but
never superceded those for the laparoscopic knots.

One possible explanation for this result is that the
lack of tactile feedback in the robotic systems results in
dependence on visual cues to assess knot tension and
tissue resistance. For subjects with no experience in
reading these visual cues, errors such as suture breaking
are more frequent, as are missed attempts to penetrate
tissue with the needle. Operative times are therefore
slower and composite scores are lower. As surgeons gain
more experience and haptic technology improves, these
limitations will be eliminated in succeeding generations
of robotic systems.

Another potential reason why the robotic knot-tying
times fell short of the laparoscopic times for experienced

surgeons may be the choice of task. We opted to use 2-0
silk with a moderately sized needle for the intracorpo-
real knot. This task and suture is ideal for laparoscopy
and does not require motion-scaling, which would likely
not be of benefit in this task. In contrast, the reported
advantages of robotic assistance are more appropriate
for microsurgery. These include improved visualization,
surgical stability, and dexterity, all of which are essential
for fine surgical technique. In fact, Garcia-Ruiz et al.
found that operative times for robotic suturing and ty-
ing decreased as suture size decreased from 2–0 to 7–0
suture while operative times actually increased in the
same setting using laparoscopy [4].

In studies of surgically naı̈ve subjects, the improve-
ment in the learning curve has been shown to be more
significant when robotics is used than with laparoscopy,
suggesting that basic skills can be learned more quickly
using robotics [13, 15]. Moreover, when Nio et al.
studied the efficiency of manual laparoscopy vs robotic
surgery in standardized tasks, including bead dropping,
rope passing, needle capping, suturing, and cholecys-
tectomy, they found that tasks using robotic assistance
required fewer actions to complete [8]. This finding may
have significant import for the future of surgical train-
ing, since there is growing public concern about the need

Fig. 3. The learning curve for the composite score shows improvement
in the mean composite score for the robotic intracorporeal knot-tying
task after skills training with reference to the baseline mean composite
score for the laparoscopic knot-tying task.

Fig. 4. The learning curve for the error score shows improvement in
the mean error score for the robotic intracorporeal knot-tying task
after skills training with reference to the baseline mean error score for
laparoscopic knot tying.

Fig. 5. Correlation between error score and completion time demon-
strates a Pearson’s correlation coefficient of 0.93.
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for hands-on operative experience. As technology ad-
vances, these robotic systems will be used to comple-
ment box trainers and virtual reality simulators in the
training of surgeons.

Interestingly, and perhaps most importantly, our
study demonstrates that as surgeons progress through
robotic skills training, not only do composite scores
improve, but errors in intracorporeal knot tying are also
decreased. In a report from the Institute of Medicine of
the United States entitled, ‘‘To Err Is Human,’’ it was
suggested that improved training and objective assess-
ment would result in the reduction of errors, which
would have a significant impact on patient safety [5].
Seymour et al. have also shown that technical training
can reduce performance time and minimize errors,
which subsequently translates into improved perform-
ance in the operating room [11].

In our study, errors in knot tying were identified,
with the aim of developing an objective scoring system
to assess surgical skill. With robotic training, our sur-
geons improved their skills by reducing both perform-
ance time and errors. This reduction in errors likely
derives from the improved visualization and dexterity
afforded by the robotic system. And ultimately, fewer
errors means greater safety for our patients.
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