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Background:A reliablemetric of technical proficiency is indispensable to the training of fellows and residents. The
purpose of this study was to determinewhether cumulative sum (Cusum) has predictive validity in laparoscopic
training.We hypothesized that Cusumwould be a better predictor of technical ability in fundamentals of laparo-
scopic surgery (FLS) than traditional practice volume metrics.
Methods: Twenty medical students were recruited to practice three FLS tasks: peg transfer, circle cut, and
intracorporeal knot tie. Up to 7 hours of self-directed practice was allotted to each participant. Practice attempts
were scored by standard FLS criteria and monitored via Cusum. Each participant’s terminal Cusum performance
was analyzed retrospectively. Posttests were conducted by faculty blinded to practice performance.
Results: Eighteen participants completed the study (90%). Median adjusted posttest scores were 102.3, 84.1, and
78.6 for peg transfer, circle cut, and knot tie, respectively. For the knot tie task, participants who exceeded the
Cusum decision interval during their final practice attempts performed significantly higher on posttesting
(81.2 vs 71.5, p = 0.015). Knot tie terminal Cusum score was positively associated with posttest performance
after adjusting for practice volume (p = 0.031). Total practice volume and practice time were not significantly
associated with posttest performance for any FLS task.
Conclusion: Cusum score is a more valid representation of FLS proficiency than practice volume or practice
time. Incorporating Cusum in a clinical setting may promote more efficient allocation of time resources
and operative volume.

© 2016 Elsevier Inc. All rights reserved.

Today’s surgical trainees are educated within an environment of
diminishing financial and time resources [1]. Residents and fellows are
required to fill often competing roles as learner, clinician, teacher, men-
tor, and researcher. Fulfilling these roles in the setting of work hour re-
strictions is a persistent challenge [2]. Compounding this challenge is
the need to deliver hands-on operative experiences to residents and fel-
lows while maintaining healthcare quality and patient safety. Pediatric
surgery experienced a rapid expansion of training programs during
the first decade of the 21st century. With national index case volumes
stagnant, this growth introduced variability in the operative experi-
ences of graduating fellows [3,4]. As a result, a number of fellowship

programs have since reduced enrollment in an attempt to bolster the
operative experiences of trainees.

In addition to responsible management of trainee recruitment, a
thoughtful reevaluation of the practice volume paradigm is indicated.
When it comes to surgical training, volume-based metrics such as prac-
tice time or number of cases are frequently adopted because of their
simplicity and objectivity [5]. However, universal volume metrics fail
to account for learning rate variability. Ideally, a trainee should advance
from simple to complex cases based on demonstrated proficiency in an
adaptive manner. Training adequacy should not rely on universal vol-
ume criteria, but rather on a longitudinal demonstration of proficient
performance. Cumulative sum (Cusum) is a promising metric that is
competency based and independent of practice volume. Originally de-
signed as a dichotomous monitoring tool for quality control purposes
[6], Cusum has recently seen increasing application in medical simula-
tion [7,8]. In the clinical setting, Cusumhas been used to track proficien-
cy in procedures ranging from bronchoscopy to epidural placement
[9–12]. Cusum differentiates slow from fast learners, and can allow
training protocols to conform to individualized learning rates [13].

Before Cusum can be adopted in the clinical setting, its utility as an
adaptive training tool requires validation in a learning environment.
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Surgical simulation is suitable for this purpose, and there is perhaps no
more extensively tested and validated simulation platform than the
fundamentals of laparoscopic surgery curriculum (FLS). Comprised of
low-fidelity tasks performed on a laparoscopic simulator, FLS boasts ex-
cellent interrater reliability and correlates with intraoperative ability
[14]. Training in FLS is typically conducted independently by surgery
residents, with little feedback on learning progress until the testing
phase. As a result, many residents erroneously allocate valuable time
to overtrain on simple FLS tasks. It stands to reason that an accurate
predictor of training adequacy would streamline the learning process.

The purpose of this studywas to determine if Cusum analysis of self-
directed FLS training is a valid predictor of technical proficiency.We hy-
pothesized that Cusum would be a stronger predictor of performance
than traditional metrics such as practice time and practice volume.
Through this study, we hope to provide proof of concept that Cusum
could beuseful formonitoring training progress in the operative setting.

1. Materials and methods

1.1. Participants

Twenty second-year medical students without prior clinical experi-
ence volunteered for practice in three laparoscopic simulation tasks
based on the McGill Inanimate System for the Training and Evaluation
of Laparoscopic Skills (MISTELS): peg transfer, circle cut, and
intracorporeal knot tie [15]. Participants were chosen based on schedule
availability and in the order of response. A recruitment questionnaire
determined that none of the participants had prior exposure to laparo-
scopic surgery or the FLS curriculum; thus, formal pretesting for baseline
proficiency was not performed.

1.2. Simulation protocol

Enrolled students initially underwent a 3-hour group orientation ses-
sion during which instrument handling and proper laparoscopic tech-
niques were introduced. Subsequently, participants each underwent
repetitive practice for up to 7 combined hours, distributed more than
two months. During practice sessions, participants dictated the practice
order and volume of the three FLS tasks. This participant-driven training
protocol was designed to emulate laparoscopic simulation training
during residency, in which a limited amount of time is self-allocated
for independent practice outside of the operating room. All sessions
were proctored one on one by trained assistant instructors (TAI). Each
practice attempt at a given task was scored using previously reported
grading criteria [15,16]. Raw scores were normalized based on calcula-
tions reported by Fraser and colleagues [17]. Feedback was permitted
in between attempts. However, to maximize repetitive practice,
demonstrations by TAIs were discouraged. Participants were
assigned to TAIs on a rotating schedule, such that exposure to each
TAI was equivalent across participants. After a maximum of 7 hours
of practice, participants underwent posttesting by a surgical faculty
member experienced in laparoscopic surgery who was blinded to
participants’ practice performance. Posttests were comprised of
three attempts at each FLS task; scores across the three attempts
were averaged and normalized.

1.3. Cumulative sum

The normalized score for each practice attempt for each taskwas first
compared against “competent” score thresholds: 82.5 for peg transfer,
69.5 for circle cut, and 76 for intracorporeal knot tie. The protocol for cre-
ating Cusum learning curves using continuous data was based on
methods as described by Montgomery [18]. The guiding principle of
this method is to compare the standardized score of each consecutive
task attempt (x) against a reference standard – in this case, the task-

specific competent score thresholds – in order to assess whether a
participant is performing below, on parwith, or above this standard (μ0).

We first proposed that scoring more than 5 points above or below
the reference standard would be considered a meaningful difference.
A reference value (K) was then set at half this value (K = 2.5). For
every practice attempt performed, the participant’s positive and nega-
tive Cusum scores (C+ and C−, respectively) would then accumulate
based on deviations from μ0 greater than this reference value. In this
way, for each practice attempt, a participant’s task-specific Cusum
scores would accumulate based on the following equations:

Cþ
1 ¼ max 0; x1– μ0 þ Kð Þ þ Cþ

0

h i

C−
1 ¼ max 0; μ0−Kð Þ–x1 þ C−

0½ �

For example, a score of 90 on the peg transfer task would
cause the corresponding participant’s C+ score to increase by 90 −
(82.5 + 2.5) = 5 points, while the C− score would remain unchanged.
In order to simplify comparative and associative statistical analyses be-
tween Cusum performance and posttest score, we assigned a single
overall Cusum score (Ci) to be the difference between C+

i and C−
i.

When a participant’s task-specific overall Cusum score is plotted
throughout the course of practice, a learning curve is generated in
which negative deflections indicate subpar performance and positive
deflections indicate superior performance (Fig. 1A).

We separately assessed Cusum performance over each participant’s
final few practice attempts in order to represent learning status at the
end of practice. The length of this terminal performance snapshot was
determined by calculating the average run length (ARL), which is a
function of K, the aforementioned meaningful difference in perfor-
mance (in this case 5 points), the participant’s standard deviation in
performance, and the decision interval (H) beyond which a participant
is considered to be performing out of control — either exceeding or
deficient compared to the reference standard. For this study, we calcu-
lated each participant’s ARL based on Siegmund’s approximation [19],
setting the decision interval to be four times the standard deviation
based on preexisting recommendations [18]. In this way, we captured
learning performance by calculating each participant’s task-specific
Cusum score during his or her terminal ARL (Fig. 1B). If a participant’s
ARL Cusum score surpassed the decision interval (C NH), we considered
the participant to be significantly exceeding the reference standard. A
participant whose ARL Cusum score was lower than the negative deci-
sion interval (C ≤ H) was considered to still be in the learning phase of
practice. Finally, if a participant’s Cusum score was within the decision
interval (C ≤ |H|), then his or her performance was considered to be
on par with the reference standard.

As a secondary analysis, we fit natural cubic splines to each subject’s
terminal ARL Cusum performance. We then used the fitted spline to
estimate the derivative of the Cusum score at the final repetition. This
derivative represents the rate of Cusum change relative to the reference
standard when the subject finishes their training. A derivative of zero
indicates stable performance equivalent to the reference standard; a
positive derivative indicates superior performance, and a negative
derivative indicates subpar performance.

1.4. Analysis

Participants who significantly exceeded the reference standard on
ARL Cusum score (C N H) were compared against participants
performing equivalent to or below the reference standard (C ≤ H)
using Student’s t test because of normal data distribution. The relation-
ships between four independent variables – total number of practice
repetitions, total practice time, ARL Cusum score, and ARL derivative –
and posttest performance were assessed using Spearman correlation
coefficients. To assess the impact of ARL Cusum while controlling for
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