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Background: Expert performance is characterized by consistency. The degree of variability of perfor-
mance from repetition to repetition during proficiency-based simulator training could potentially indi-
cate acquisition of expertise. We hypothesized that learners with less variability in performance during
simulator training would achieve greater performance at the end of training and improved transfer of
skills to a live, anesthetized, porcine model.
Methods: The performance of 93 subjects (surgery residents and medical students) who had participated
in 3 randomized controlled trials was analyzed for variability. All participants had trained in laparoscopic
suturing on the Fundamentals of Laparoscopic Surgery (FLS) simulator. Their performance had been
assessed on the simulator before (baseline) and after training (posttest) and on a live, anesthetized,
porcine model (transfer test). We computed the coefficient of variations of suturing scores during
training for each participant. Linear regression was used to assess whether variability in performance
during training predicted posttest and transfer-test scores.
Results: Decreased practice variability in performance was associated with greater scores in posttests
and transfer tests. For each percent decrease in variability performance, posttest scores increased by 3.8
points (P < .001) and transfer-test scores increased by 3.0 points (P < .001). Greater mean scores during
practice were associated with greater scores on the transfer test (P < .001).
Conclusion: Decreased variability in performance during practice on simulators is associated with
improved performance at the end of training and during transfer to a live, anesthetized, porcine model.
These findings suggest that variability in performance during simulator training may be used to track the
progress and readiness of a trainee for the clinical environment. Further studies are needed to verify the
robustness of this potentially new metric of performance.

© 2019 Elsevier Inc. All rights reserved.

Introduction recognized the need to identify additional, reliable measures of

expert performance for simulator training.® 12

Despite the proven efficacy of proficiency-based simulator
training for improving operative performance, simulator-trained
learners have failed to attain expert levels of operative perfor-
mance in the operating room during transfer tests.' © As a potential
explanation for this finding, we speculated that the metrics of
simulator performance may be insufficient to reliably determine
when simulator learning is complete.” Other authors have also
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Bryan and Harter'® of Indiana University first described con-
sistency as a mark of expert performance in 1897 while studying
skill acquisition among telegraph operators. They measured vari-
ability in performance across multiple transmissions of the same
message by an operator and made the following observation:
“Variation is an inverse measure of skill. An operator can repeat the
same action more exactly the more expert he is.”> Subsequent
studies of motor learning conducted in the twentieth century
observed task-specific association between the improvement in
skill and a decrease in variability of performance.*'® This associ-
ation was more pronounced when learners engaged in deliberate,
distributed practice.’”’” In more recent times, Ericsson'® and
others'??? have elaborated on the importance of deliberate practice
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in skill acquisition and mastery learning and the decreased vari-
ability in performance observed among experts.

For surgery trainees, the degree of variability of performance
from repetition to repetition could serve potentially as an indicator
of expert performance during proficiency-based simulator training.
The model of Fitts and Posner?' describes the acquisition of tech-
nical skill in three sequential stages and provides a framework for
understanding the development of consistent performance that is
characteristic of expertise.”>> The first stage is the cognitive stage,
during which learners gain knowledge of the steps and mechanics
of a task. The second stage is the associative stage, during which
learners translate the knowledge of a task into the physical
execution of a task. The associative stage involves performing
motor actions and experiencing and interpreting sensory feedback
to refine subsequent motor actions. We would expect the variability
of performance to be greater during this stage, when musculo-
skeletal movements are initially erratic. With refinement of motion
that comes with deliberate practice, learners may progress even-
tually to the final stage, the autonomous stage, in which psycho-
motor movements become consistent, automatic, and require
minimal attention to execute. According to The Cambridge Hand-

book of Expertise and Expert Performance®’:

The lower variability of experts is consistent with the literature
on motor-skill acquisition and deliberate practice. As individuals
refine their skills over time, their coordination improves,
significantly reducing the variability with which an action is
executed, allowing performance to be more reliably reproduced
with greater control.

It is also known that individual trainees make progress in skill
acquisition at different rates.'??* Therefore, we hypothesized that
trainees who demonstrate less variability in performance while
engaging in deliberate practice on a surgical simulator would
achieve greater performance at the end of an allowed training
period and would demonstrate improved transfer of skills to a live,
anesthetized, porcine model.

Methods

The data concerning laparoscopic suturing performance of
trainees who had participated previously in 3 randomized
controlled trials were analyzed to detect the variability of
their performance.”> 2’ Overall, 38 surgery residents and 55
medical students from 2 training institutions had enrolled volun-
tarily in the same proficiency-based laparoscopic suturing-skills
curriculum.?8%°

Participants completed a baseline questionnaire, detailing their
demographic information and laparoscopic and simulator experi-
ence, and underwent a baseline performance assessment of lapa-
roscopic skill, using the Fundamentals of Laparoscopic Surgery
(FLS) peg transfer, pattern cut, and intracorporeal suturing tasks.>°

Trainees then attended weekly, small group (n = 2 or 3) training
sessions during a period of 3—5 months, depending on the partic-
ipants’ clinical availability. During these sessions, all participants
received 45 minutes of FLS proficiency-based training on peg
transfer, pattern cut, and intracorporeal suturing tasks. To reach
proficiency on these tasks, participants were asked to meet pub-
lished levels of expert performance (ie, 48 seconds without errors
for the peg transfer task on 2 consecutive repetitions followed by 10
nonconsecutive repetitions; 98 seconds without cutting more than
2 mm outside of the marked circle for pattern cut task on 2
consecutive repetitions followed by 10 nonconsecutive repetitions;
and 112 seconds without errors of accuracy or knot security for
intracorporeal suturing on 2 consecutive repetitions followed by 10

nonconsecutive repetitions).>~>?° The performance of the partici-
pant on a task of laparoscopic simulator suturing was assessed at
baseline (pretest) and at the end of the training period (posttest).
Trainees were asked to place a suture and tie a surgeon’s knot
followed by 2 square knots. Two blinded raters assessed the per-
formance of the participant during every testing session. Knots
were tested for accuracy and security, and an objective perfor-
mance score for each repetition was calculated using the following
published formula: Performance score = cutoff time (600 s) — task
completion time (in seconds) — [10 x accuracy error (mm outside
the marked targets on Penrose)] — [10 x security error (where knot
slippage = 1 and knot breakage = 2)].>~>?° A greater score indicates
a better performance. Given the published expert performance
level of 112 seconds without errors of accuracy or knot security,
according to this score formula, a score of 488 points or greater was
set as the expert-derived proficiency goal.

At the conclusion of the training period and after the posttest on
the simulator, trainees were then assessed in a transfer test of
intracorporeal suturing on a live, anesthetized, porcine model of
fundoplication. The porcine models were prepared by an expert
laparoscopic surgeon (D.S.) according to a standardized model for
testing, which has been described elsewhere.” Trainees were asked
to create a fundoplication laparoscopically by placing three inter-
rupted, gastrogastric sutures at premarked target locations on the
porcine stomach. Trainees were asked to secure these sutures in the
same fashion as in the pretest and posttest by tying a surgeon’s
knot followed by 2 square knots. The same two blinded raters again
assessed the performance of the participant according to the
objective score formula for laparoscopic suturing described earlier
in this report. Accuracy error for placement of the suture was
measured in millimeters outside the marked targets.

Given that the training and testing protocols were the same
across the three independent studies, data were pooled in an effort
to increase sample size and evaluate the effect of variability of
practice performance on skill transfer to a live, anesthetized,
porcine model. Coefficient of variation (C,) was used to determine
the variability in practice performance for each trainee, as observed
across all of an individual’s practice repetitions during the training
sessions. Cy is a ratio of standard deviation (o) to mean () and was
calculated by dividing the standard deviation of the complete set of
practice scores of each trainee by the mean of those practice scores
(Cy = o/u x 100). For this study, C, therefore represents a global
measure of the variability of practice performance for each trainee.
Linear regression analysis was carried out to determine whether a
decrease in the variability of practice performance from the
training sessions was associated with increased posttest and
transfer test scores. In stratified analysis, linear regression was
performed separately for the medical student group and the resi-
dent group to account for any effects related to participant
differences.

Results

All trainees included in the analysis completed the baseline
evaluation (pretest), posttest, and transfer test and participated in
the training sessions. In addition, all trainees demonstrated
improvement in their laparoscopic suturing performance from
baseline to posttest and transfer test by participating in this cur-
riculum, as reported elsewhere.?” The total number of completed
practice repetitions for the intracorporeal suturing task varied
substantially from trainee to trainee (range = 17 to 63 repetitions,
mean = 40 repetitions). Although 58 of 93 trainees (62%) (16 res-
idents and 42 medical students) achieved the expert-derived
intracorporeal suturing score at least once, only 15 trainees (16%)
(4 residents and 11 medical students) reached the expert-derived
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proficiency goals (2 consecutive + 10 nonconsecutive) for intra-
corporeal suturing during the allowed training period. The mean G,
was 21.3 + 3.2 in this cohort compared with 28.77 + 1.7 among
trainees who did not reach the expert-derived proficiency goals
(P = .043). Trainees who reached expert-derived proficiency goals
during practice also scored greater on average on the posttest
(429.2 + 32.0 points) compared with trainees who did not achieve
proficiency (320.1 + 21.5 points; P =.018), but did not score greater
on the transfer test. After controlling for differences in Cy, the au-
thors observed that, as the number of practice repetitions
completed during the training sessions increased, the more likely a
trainee was to score better on the posttest. Each completed practice
repetition was associated with a 2.9 + 1.3 point increase (P =.025)
in the posttest score; however, increasing the number of completed
practice repetitions did not predict improved score on the transfer
test.

Of note, for each percent decrease in variability in performance
during practice, intracorporeal suturing scores increased by 3.8 +
1.1 points (P < .001) on the posttest and by 3.0 + 0.6 points (P <
.001) on the transfer test. Among the residents, for each percent
decrease in practice performance variability, intracorporeal sutur-
ing scores increased by 2.0 + 0.7 points (P =.009) on the posttest
and increased by 2.6 + 0.7 points (P < .001) on the transfer test. In
contrast, the variability in practice performance of the medical
students did not demonstrate a predictive association with posttest
or transfer test scores (1.0 + 3.3; P =.755 and 0.8 + 1.3; P = .541,
respectively).

Among all trainees, those whose overall mean score from the
training sessions was greater tended to score greater on the post-
test and on the transfer test as well. For each unit increase in the
mean practice score, the posttest scores were greater by 1.1 + 0.3
points (P < .001) and the transfer-test scores were greater by 0.9 +
0.2 points (P < .001). For each unit increase in the mean practice
score, the mean posttest scores of the residents were greater by 0.6
+ 0.2 points (P = .024) on the posttest and greater by 0.6 + 0.3
points (P =.027) on the transfer test.

Discussion

In this study, decreased variability in performance during
simulator training was associated with better performance at the
end of the practice period and during transfer to a live, anes-
thetized, porcine model. This finding was true among surgery
residents and among all trainees combined (surgery residents and
medical students). These findings suggest that the variability in
practice performance during simulator training could be used
potentially to track trainee progress as trainees ascend their
learning curve and as an indicator of trainee readiness to transition
to the operating room. Although proficiency-based training should
only allow trainees to advance once they have achieved proficiency
goals, the use of scores from posttests and transfer tests adminis-
tered before all trainees reaching proficiency was purposeful and
served to cross-cut individual learning curves—regardless of
experience—and capture differences in variability in practice per-
formance that might not have been seen had every trainee been
allowed sufficient time to reach proficiency. Similarly, baseline
differences among participants are problematic in case-control
studies of the effectiveness of proficiency-based training, but the
variability in practice performance is an individual-level metric.
The aim of this study was to capture those individual-level differ-
ences and determine their association with posttest and transfer-
test performance.

Detection of increased variability in practice performance early
in training may help identify learners in need of more intense
training and closer monitoring of their progress toward achieving

proficiency. To achieve this, one proposal the authors of this study
considered was to calculate C, on a rolling basis during training for
a most-recent set of practice repetitions. This proposal that needs
further implementation and study.

One explanation for why variability in performance of a task
decreases as trainees ascend their learning curve may be that as
learners discover and accrue successful strategies to accomplish the
task—they tend to experiment less with alternative strategies.>!
Therefore, increased variability in the early stages of skill acquisi-
tion may be a good thing for learning, but may also signify delayed
recognition of the most effective and efficient strategies to
accomplish the task. The results of this study appear to support the
latter supposition because those whose practice performance
variability was decreased at the end of the study period were able
to reach greater performance levels in the posttest and on the
transfer test. Further study will be needed to determine the optimal
cutoffs in variability in practice performance that indicate pre-
paredness to advance to the operating room and to know how such
variability practice performance might be interpreted in conjunc-
tion with other performance metrics.

In proportion, more medical students than residents were able
to achieve expert-derived proficiency goals during training. Surgery
residents have claimed elsewhere that their clinical duties and lack
of protected time are barriers to full participation in simulation
training, which would limit opportunities for deliberate practice.>?
These claims may well have been the case in this study because the
mean number of practice repetitions was only 29.5 among the
resident group vs 47.1 repetitions among the medical student
group. Despite these differences, increasing the number of
completed practice repetitions was not associated with a greater
score on the transfer test, nor was achieving proficiency associated
with a greater score on the transfer test. It has been postulated that
current metrics of performance are insufficient to detect when
learning is complete, and for this reason, other studies have
observed a decline in performance on transfer—the more
demanding environment of the transfer test exposes incomplete
learning.” The results of this study further support these claims.

Of note, in the stratified analysis, the variability in practice per-
formance was not predictive of posttest or transfer test among
medical students. In addition, although the mean practice scores
were predictive of posttest and transfer-test scores for the resident
group and for all trainees when grouped and analyzed together, this
observation did not hold true for the medical students when
analyzed separately. Medical students are in an earlier phase of
training than surgery residents, and thus as a cohort, medical stu-
dents may represent a more novice moment along their learning
curve or different learning curves altogether. In addition, at their
given stage of training, medical students may have undergone less
self-selection than surgery residents, based on their innate or
perceived technical abilities, although the authors must note that
earlier research questions this notion of self-realized “weeding-out”
among prospective surgery trainees.>> In our study, given that the
relationship of the mean practice score with the performance on the
transfer test of medical students approached but did not reach sig-
nificance (P =.06), the possibility of a type-II error is also entertained.

Repeated achievement of expert level performance across time
has been shown to prevent skill decay, and successful
proficiency-based curricula have relied on the concept of over-
training to maximize skill retention."** The recognition of this
requirement of expertise is reflected in the authors’ own chal-
lenge to trainees to meet expert-derived benchmarks in 2
consecutive + 10 nonconsecutive repetitions. Yet, the authors
also acknowledge that this recommended number of repetitions
is arbitrary. The 2 + 10 paradigm does not account for the
considerable variation in psychomotor abilities among individual
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trainees. For example, Grantcharov and Funch-Jensen'? tested 37
surgery trainees on a laparoscopic, virtual-reality trainer. Trainees
repeated 6 basic skills during 10 distributed repetitions. From the
performance data, the authors described 4 groups of trainees:
those who were innately proficient, those who improved to
achieve proficiency, those who improved but did not achieve
proficiency, and those who performed poorly and failed to
demonstrate improvement. It remains unresolved whether this
last subset of trainees is indeed untrainable or whether this
subset requires a more substantial or dedicated investment in
training. In either case, looking at the plots of the learning curves
from the study of Grantcharov and Funch-Jensen,'? the greatest
variability in performance for the repetition to repetition for
“error score” and “economy of motion score” appeared to occur
within the poorest performing group.

Limitations of our study include its retrospective nature and the
combination of data from multiple studies occurring during
different timeframes. Although training and testing protocols were
the same across studies, other unknown and unaccounted factors
may have influenced participant performance.

In conclusion, the findings of this study suggest that the vari-
ability in scores of practice performance could be used to track
trainee progress and readiness for transfer from the simulator.
Additional studies are needed to further validate these findings and
to determine whether the variability in practice performance is
associated with readiness to perform in the operating room.
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