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Prevention of Surgical Skill Decay
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ABSTRACT The U.S. military medical community spends a great deal of time and resources training its personnel to
provide them with the knowledge and skills necessary to perform life-saving tasks, both on the battlefield and at home.
However, personnel may fail to retain specialized knowledge and skills if they are not applied during the typical periods
of nonuse within the military deployment cycle, and retention of critical knowledge and skills is crucial to the successful
care of warfighters. For example, we researched the skill and knowledge loss associated with specialized surgical skills
such as those required to perform laparoscopic surgery (LS) procedures. These skills are subject to decay when military
surgeons perform combat casualty care during their deployment instead of LS. This article describes our preliminary
research identifying critical LS skills, as well as their acquisition and decay rates. It introduces models that identify
critical skills related to laparoscopy, and proposes objective metrics for measuring these critical skills. This research will
provide insight into best practices for (1) training skills that are durable and resistant to skill decay, (2) assessing these
skills over time, and (3) introducing effective refresher training at appropriate intervals to maintain skill proficiency.

INTRODUCTION

Prevention of skill decay is and should be a high priority for

any training organization. Skill decay is the partial or full loss

of trained or acquired skills and knowledge following periods

of nonuse.1 Loss of critical skills and knowledge is of great

concern, and is problematic in situations in which medical

personnel receive initial training but may not have an oppor-

tunity to use these skills or knowledge for extended periods

of time. Arthur et al1 in a meta-analysis examining the results

of 53 articles within the skill decay and retention literature,

found that after 365 days of nonuse or nonpractice, the aver-

age participant’s performance was reduced by almost a full

standard deviation (d = −0.92). There is evidence that declar-

ative knowledge (e.g., facts, principles, and concepts) decays

at a slower rate than procedural knowledge (e.g., multiple

steps that must be performed in a specified order to solve a

problem or complete a task).2 Psychomotor skills also appear

to be more resistant to skill decay than cognitive tasks, in the

absence of mental rehearsal.1 Although the research literature

on skill decay is comprehensive and extensive, this is not true

of the literature specifically pertaining to laparoscopic surgi-

cal (LS) skill decay. One study that did focus on these skills

was conducted by Brunner and Korndorffer3; they examined

skill decay of LS skills, echoing the findings by Arthur and

his colleagues, demonstrating that LS skills could be trained

in a virtual reality learning environment and that nonuse

exhibited the same pattern of skill decay reported in the

meta-analysis conducted by Arthur et al1 Despite this specific

conclusion, a primary limitation within this area is the lack of

research examining the acquisition and retention of the cogni-

tive skills of LS (e.g., decision making and problem solving).

Within the domain of general surgery, Jacklin et al4 studied the

effects of providing cognitive feedback to surgical trainees in

an attempt to improve their risk assessment of surgery (i.e.,

judgment of postoperative mortality risk). They found that

the use of cognitive feedback improved the accuracy of

trainees’ estimates of postoperative mortality risk. However,

very little research has been conducted to examine the skill

decay of these critical cognitive skills, and similar research

has not been conducted within the LS domain.

Section 1 of this article reviews skill acquisition and reten-

tion research related to general skills, military skills, and LS

skills. Section 2 introduces models that identify critical skills

related to laparoscopy, and Section 3 proposes objective metrics

for measuring these critical skills. Section 4 addresses the devel-

opment of skill decay curves, and Section 5 proposes a model

that examines refresher training of laparoscopic skills. The

article concludes with a summary and conclusions that include

future areas of research. This article includes two perspectives

and approaches to addressing the issues surrounding LS skill

assessment, training, and sustainment: (1) the development and

use of a Laparoscopic Surgery Training System (LASTS)

prototype for learning, refreshing, and assessing LS skills and

(2) the design, development, and validation of a portable, open

architecture Surgical Skills Training and Assessment Instru-

ment (SUSTAIN) to support acquisition and retention of fun-

damental psychomotor, perceptual, and cognitive laparoscopic

skills. Both systems seek to leverage the development and

validation of an empirical model of skill acquisition and decay.
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SECTION 1: BACKGROUND

Skill Acquisition and Decay

To analyze skill decay, we must first examine the process by

which knowledge and skills are acquired. The rate of skill

acquisition depends on many factors; however, there is evi-

dence that rates of learning tend to follow a logarithmic

or exponential function, rather than a linear relationship

between the time to perform a task and the number of prac-

tice attempts.5,6 There are typically three stages of skill

development: a cognitive stage, associative stage, and an

autonomous stage; it is during the autonomous stage that

expertise is achieved.7 Research has shown that the major

factors influencing skill decay and retention include the

length of retention (nonuse) interval, degree of overlearning,

task characteristics (e.g., closed loop versus open loop, phys-

ical versus cognitive), methods of testing for initial learning

and retention, conditions of retrieval (recognition versus recall),

instructional strategies or training methods, and individual

differences in trainees.2

Skill Acquisition and Decay Within Military Tasks

The rate of skill decay within military tasks has been

researched extensively in the past. For example, Wisher

et al2 investigated the decay of skills and knowledge with

20,000 reservists, and found that gross motor skills decayed

after approximately 10 months, whereas cognitive skills,

such as recall of procedures, decayed within approximately

6 months. Thus, while both motor and cognitive skills are

subject to decay with nonuse, the respective rates of decay

differ. The Naval Education and Training Command devel-

oped a categorization of navy tasks on a scale of proneness to

decay; tasks most prone to decay included recalling procedures

and voice communications tasks, whereas those least prone

to decay included gross motor skills and attitude learning.

Wisher et al2 also conducted an extensive review of gen-

eral skill acquisition and retention/decay literature. Based on

this review, they categorized military tasks into 3 compo-

nents: (1) knowledge, (2) decision, and (3) execution. The

knowledge category is based on the recall of domain-specific

information; the decision category depends on cognitive

processing of the domain-specific information; and the exe-

cution category refers to both the perceptual and motor

requirements of a task. Wisher et al2 also identified specific

task factors that affect skill acquisition and decay, such as

task complexity and task demands. Other factors identified as

affecting decay included task time pressure, whether or not

job aids were used (job aids decreased decay), and the quality

of job aids used (higher quality job aids decreased decay).

Although past research efforts have provided a greater

understanding of the mechanisms underlying skill acquisition

and decay, including the relative rates of decay of various

types of skills, there are no detailed models and skill decay

curves of military medical tasks. A need exists for validated

models and skill decay curves within the context of specialized

military medical skills, such as LS skills, because these

specialized procedures are not usually performed during

deployments, and are therefore susceptible to decay. Validated

LS skill decay models would support the development of

guidelines for accurately timed refresher training to prevent

LS skills decay.

Skill Acquisition and Decay Within Laparoscopic

Surgical Tasks

Over the past decade, attempts have been made to establish

standards for laparoscopic surgical skills training and evalua-

tion. The McGill Inanimate System for Training and Evaluation

of Laparoscopic Skills (MISTELS) has been shown to be reli-

able and valid as an educational tool.8 This method of assess-

ment has been incorporated into the manual skills training

practicum portion of the Society of American Gastrointestinal

and Endoscopic Surgeons’ (SAGES) Fundamentals of Lapa-

roscopic Surgery (FLS) training program, and includes a

portable video trainer box for rehearsal of five basic manual

skills tasks: peg transfer, pattern cutting, endo-loop place-

ment, extracorporeal suturing, and intracorporeal suturing

(see Fig. 1).

FLS trainer scores have been shown to be predictive of

intraoperative laparoscopic performance as measured by the

Global Operative Assessment of Laparoscopic Skills (GOALS)

manual assessment framework,9 making the FLS training

program the current “gold standard” in laparoscopic training,

and resulting in its rapid adoption as a primary component

of many general surgery residency programs.10,11

FLS manual skills training results in laparoscopic manual

skills that have shown to be durable for up to 11 months,12

and skill retention has been demonstrated for three tasks

similar to FLS tasks for up to one year.13 However, these

studies relied only on time to complete the specified manual

skills tasks, and retention of the cognitive components of LS

training was not considered. Also, although maintenance of

laparoscopic manual skills through rehearsal and retraining

has been shown to prevent decay,12 no standards currently

exist for retraining, and few deployable systems exist that can

be used where they are most needed—in far forward military

FIGURE 1. FLS box trainer.
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medical facilities—to provide critical skills refresher training

during long deployments.

Stefanidis et al14 provided preliminary evidence that a

visual–spatial secondary task assessing spare attentional

capacity may help distinguish among individuals of variable

laparoscopic expertise when standard FLS performance

measures fail to do so, and that automaticity metrics may

improve current simulator training and assessment methods.

Stefanidis et al15 tested this theory further, demonstrating that

after approximately 10 hours of training (average of 84 trials)

on the FLS intracorporeal suturing task with concurrent per-

formance of a visual–spatial secondary task, novices demon-

strated improvements in both suturing and secondary-task

performance compared with baseline scores; however, none

of the subjects achieved expert level secondary task profi-

ciency. Recently, Stefanidis et al11 demonstrated that training

to automaticity (overlearning) on the FLS intracorporeal

suturing task while concurrently performing a visual–spatial

secondary task resulted in improved operating room perfor-

mance on a porcine model as compared to training to profi-

ciency without the secondary task. This level of training

required, on average, 163 trials, and nearly half of the partic-

ipants assigned to the automaticity training group were

unable to achieve expert performance levels on the secondary

task. Therefore, while superior training and skill transfer was

demonstrated, the training costs are high in terms of time and

resources. Also, the secondary task used was unrelated to

surgical tasks. It is possible that by incorporating a secondary

task that addresses interoperative skills, including cognitive

skills, training would be enhanced further, providing justifi-

cation for the extended time associated with training to auto-

maticity. This article not only explores the impact of

automaticity on the acquisition and durability of an LS skill

but also raises a number of questions, such as: (1) How much

training is actually necessary to competently perform LS?;

(2) Do fundamental LS skills that become automated gener-

alize to other minimally invasive surgery skills and specific

procedures?; and (3) What is the impact of automaticity on

the training of cognitive LS skills?

Recent research has sought to develop a deeper understand-

ing of the cognitive factors involved in training. For example,

Park et al16 have attempted to understand the role of declara-

tive memory processes during psychomotor skills learning

using a cognitive simulation based on the Adaptive Control of

Thought—Rational model. However, they did not directly

assess the role of decision making involved in surgical proce-

dures. Palter,17 in a review of training curriculum for Minimally

Invasive Surgery (MIS), suggests that MIS training should

include cognitive teaching to compensate for knowledge gaps.

Finally, given that LS tasks require surgeons to rely heavily

on 2-dimensional visual cues and haptic cues to perform

complex tasks within a 3-dimensional space, visual–spatial

skills are likely to play an integral role in the performance

of these tasks. Visual–spatial skills involve the perception

and processing of spatial relationships, such as mental trans-

formation (e.g., mental rotation) and relative distance percep-

tion. Hassan et al18 found that among novices, visual–spatial

perception is associated with manual skills performed on a

laparoscopic skills virtual reality (VR) simulator; novice par-

ticipants with a high degree of spatial perception performed

laparoscopic VR tasks faster than those who had a low degree

of spatial perception and also scored better for economy of

motion, tissue damage, and total error. Ritter et al19 demon-

strated that spatial perceptual abilities correlated well with

duration of the learning curve (i.e., number of trials required

to meet the specified proficiency criterion) on a validated VR

flexible endoscopy simulator. Visual–spatial ability assess-

ments included determination of the 3-dimensional orienta-

tion of a 2-dimensional grayscale cube via the pictorial

surface orientation (PicSOr) test and the Cube Comparison

test, which involves mental rotation of an object about its

center. The PicSOr test was also shown in three studies by

Gallagher et al20 to consistently predict performance on the

FLS circle cutting task, as well as significantly predicting

laparoscopic surgeons’ performance. Keehner et al21 also

examined changes in performance as novices learned to use

an angled laparoscope within a virtual environment; initial

performance showed considerable variability among novices,

with performance related to both general, nonverbal reason-

ing ability (assessed via the abstract reasoning task of the

Differential Aptitude Test battery) and spatial abilities

(assessed using the Mental Rotation Test and Visualization

of Views Test). As learning progressed, the correlation of

performance with general reasoning ability diminished after

the first few sessions, whereas by contrast, the significant

correlation with spatial ability persisted even after the group

variance had diminished. This finding provided further sup-

port for a previous study by Keehner et al,22 which found a

significant correlation between spatial ability and interoperative

videoscopic skills performed on animals for a novice group;

however, no significant correlation was found within a group

of experienced surgeons. Thus, the importance of spatial

ability in performance of laparoscopic skills seems to diminish

with experience.

SECTION 2: CRITICAL SKILLS

The first step in creating a system to train and refresh LS

skills is to identify and model the critical underlying skills.

Currently, no standard method exists for identifying critical

skills related to laparoscopy. Current understanding is also

limited on how best to refresh decayed skills, and no standard

refresher training currently exists. Previous task analyses of

(MIS) procedures have focused on psychomotor skills.23

However, the psychomotor ability to operate the laparoscopic

tools represents only a portion of the skills needed to success-

fully perform MIS. Visual–spatial skills are needed to orient

within the abdomen and recognize structures such as tissue,

organs, ducts, and blood vessels. Cognitive skill is needed to

maintain proper situational awareness, understand the ramifi-

cations of observations, make the correct decisions, and act in
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the best interest of the patient and the operation. In addition,

different surgeons perform procedures with different tech-

niques, based on varying degrees of expertise and experience,

as well as training background. For example, establishing

initial laparoscope and instrument access during LS chole-

cystectomy can be performed using the Hassan technique or

using the Veress needle technique, and expert opinions differ

on which is optimal. Therefore, the model of skills must

account for both normative errors and actions that are not

correct in any of these techniques, as well as quasinormative

errors, which consist of actions that are correct for some

techniques but not others.24 The following details two com-

plementary approaches to identifying and modeling the crit-

ical skills underlying LS proficiency, with the goal of

developing improved training, assessment, and maintenance

of these skills.

LASTS Critical Skills

The LASTS uses models of surgical skill acquisition and

decay, objective methods of surgical skill assessment, and

individual skill and training models to maximize training

effectiveness and minimize skill decay by creating training

curricula customized to each surgeon’s knowledge and skills.

The LASTS skill model design goals are detailed enough to

represent the skills needed for surgical procedures, moment-

by-moment, and are sufficiently powerful to support an assess-

ment of the skills that will differentiate experts from novices.

The model accounts for variations in the skills required by

different procedures by expanding on previous hierarchical

models of LS skills23 and representing the skill hierarchy of

each procedure. Surgical procedures are decomposed into a

tree of steps, tasks, subtasks, and where appropriate, into

motions. The tree describes a choreographed sequence of

motions, views, information elements, and decisions, as well

as deviations for nonstandard anatomy, emergencies, or repairs

for adverse events. The skill model includes psychomotor,

visual–spatial, and cognitive skills, and uses annotations

to represent the goals, dangers, techniques, expectations, infor-

mation requirements, and situational awareness needed by

the step, task, or subtask.23 In addition to the base actions of

the procedure, there may be a need to perform optional and

repair actions, which are not necessary in every case. For

example, a small amount of bleeding often occurs when

detaching the gallbladder from the liver in LS cholecystec-

tomy, and this may require cauterization or other repair at any

point during the removal step. These action specifications also

include annotations that indicate when the action should

be performed.

Figure 2 shows a portion of the skill tree for the “Remove

Gallbladder” step of a cholecystectomy procedure. Our skill

tree graphics include the set of steps for the procedure (each

page is one step, so this figure shows a single step), as well as

the tasks (the black boxes) and subtasks (the white boxes) of

each step. Tasks and subtasks are linked via decomposition

links (solid lines) and ordering links (dotted lines with

arrows). Not depicted in these graphics are the possible

deviations and repair steps. Because of the diagram’s space

constraints and because these visualizations are meant as

an overview of the procedure only, we do not show the

annotations in this graphic. However, the model could

be presented with an overlay of the cognitive complexity,

motor complexity, or danger ratings to show how specific

conditions or complications can affect the skills needed by

the procedure.

SUSTAIN Critical Skills

In our ongoing research and development effort, we are

supplementing the LASTS cognitive task analysis with

empirical skill acquisition and retention data to inform the

LASTS skill models, as well as developing and validating

a SUSTAIN that includes novel, objective assessment met-

rics and training modules within a modular design to sup-

port training within a variety of environments, including

deployed settings.

We focused initially on identifying assessment metrics

that could assess LS skill acquisition, proficiency, and decay.

Our initial investigations have focused on assessment of the

current tasks and metrics used to train and assess LS psycho-

motor skills. Later investigations will leverage the outcomes

of the LASTS cognitive skills identification.

The manual skills testing component of the FLS training

curriculum is intended to train and measure psychomotor skill

performance during basic laparoscopic surgical maneuvers;

however, some visual–spatial skills are involved as well.

Figure 3 provides a task description and decomposition

of the constituent psychomotor and visual–spatial skills

involved in each of the FLS manual skills tasks. Additionally,

the most challenging aspect of each task and common strate-

gies used were identified based on expert interviews and

are included in Figure 3. Currently, the cognitive skills associ-

ated with laparoscopic surgery are trained separately within

the FLS didactic program, and are assessed via a written test.

Based on skill decay literature, it is cognitive skills

that decay most rapidly and therefore are most susceptible to

decay during periods of nonuse, whereas psychomotor skills

decay at slower rates. Therefore, it is not surprising that the

FLS manual skills retention studies have shown little decay

over long periods of retention. However, the current metrics

for assessing the FLS psychomotor skills are limited primarily

to time to complete each task, and secondarily to overt errors.

Some research within the domain of robot-assisted laparo-

scopic surgery has begun to examine novel and objective

metrics for assessing similar skills.25,26 We suggest that more

sensitive metrics may identify early indications of skill

decay, and provide a means for assessing and refreshing

training during and following deployments.

We propose that additional research is needed to examine

the retention of the relevant perceptual and cognitive skills,
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and also to explore potential novel objective metrics related

to psychomotor skill acquisition and decay.

SECTION 3: OBJECTIVE METRICS

To develop, validate, and effectively use models of surgical

skill for training and refreshing, objective metrics are needed

that can determine a surgeon’s level of expertise with respect

to the identified critical surgical skills. The surgical skill

assessment must reliably differentiate expert surgeons from

novices. An assessment that cannot make this distinction is

not valid as a tool for understanding, training, and certifying

surgical skills. The skill assessment metrics must provide

measures of the trainee’s skill level on the spectrum from

novice to expert to enable the selection of training materials

and practice tasks for an individual profile. Ideally, these

materials and tasks will meet the surgical trainee at his or

her current skill level and provide an opportunity to improve.

Metrics must also effectively measure the underlying psycho-

motor, visual–spatial, and cognitive skills associated with LS

proficiency, both independently and in conjunction with one

another. Finally, the established metrics must be objective

and empirically validated.

LASTS Objective Metrics

LASTS’s design builds on the FLS skill measurement

approach and leverages measures recorded automatically in

simulation, such as speed, accuracy, or smoothness of motion

based on tracking instruments and task outcome.27,28 For

example, to assess psychomotor skills, the surgeon performs

FIGURE 2. Illustration of a portion of the LASTS skill tree for a single variation of a laparoscopic cholecystectomy procedure.
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a physical task, such as suturing, using a virtual trainer. To

provide a comprehensive view of surgical skills, LASTS is

designed to assess not only psychomotor skills but also

visual–spatial and cognitive skills (yet to be determined)

as well. Visual–spatial tasks include manipulating a virtual

laparoscope to obtain the proper view on an organ; finding

structures, such as a gallbladder, from video of LS; and rec-

ognizing abnormal conditions, such as cirrhosis of the liver,

from video of LS. Cognitive knowledge can be assessed via

test questionnaires, such as the multiple choice questions

used by the FLS didactic exam.29 A number of decision tasks

can be derived from the model of surgical skills for the proce-

dure, such as where to place trocars for patients of varying

body habitus (i.e., overweight, underweight, or normal weight)

or whether to convert to open surgery after watching a video

of a complication event. These measures of decision tasks

can be formatted into multiple choice or select-on-a-diagram

forms, or the measures may occur during a training procedure

within the context of a simulated scenario.

In addition to assessing individual skill performance,

LASTS’s design also assesses performance of combined

skills through tasks that incorporate two or more skills simul-

taneously. An example of a combined psychomotor and cog-

nitive task is dissecting the gallbladder from the liver during

a simulated LS cholecystectomy procedure. LASTS specifies

that the surgeon must understand the cognitive elements of

FIGURE 3. FLS manual skills task decomposition.
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the task—the goals, risks, techniques, expectations, and situ-

ational awareness—and use those elements to modulate the

psychomotor movements of the task. For example, in some

cases during a specific step, the surgeon must be careful not

to unintentionally puncture the gallbladder or the liver caus-

ing excessive bleeding. Finally, LASTS’s design assesses

combined psychomotor, visual–spatial, and cognitive skill

by simulating multiple steps within a procedure. During the

simulation, LASTS uses the skill tree to assess the perfor-

mance of each step, task, and subtask independently. Specific

scoring mechanisms are in development, which will take into

account correlations between both individual and combined

skills with task performance outcomes.

SUSTAIN Objective Metrics

Several objective metrics have been identified that may

support effective assessment of LS skills acquisition, profi-

ciency, and decay, including simulator-based metrics, motion-

and vision-tracking metrics, and cognitive assessment metrics.

For example, laparoscopic virtual environment training sys-

tems have incorporated a number of automated performance

assessment metrics, such as task completion time, economy of

motion, instrument collisions, peak instrument force, and peak

strain. While further validation of such metrics is needed,

including demonstration of predictive validity within live

tissue and cadaveric models, these metrics may provide use-

ful objective assessment and tracking tools if integrated into

the FLS video trainer and/or curriculum. Laparoscopic simu-

lation trainers can detect various motions as part of their

mechanical input and visual feedback systems; however, the

current FLS trainer boxes are relatively low-tech and do not

include instrumentation tracking capabilities. Although the

low-tech nature of the current FLS training system supports

low-cost training, the goal of the SUSTAIN research and

development effort is to investigate potential objective metrics

that might provide insight into FLS skills acquisition, profi-

ciency, and decay, including more sensitive metrics of psycho-

motor skills to enable detection of skill decay despite slower

decay rates of these skills as compared to cognitive skills.

This effort seeks to develop metrics based on instrument

tracking, as well as metrics that are novel within this domain,

such as motion tracking via wearable instruments (i.e., gloves),

and additional metrics to support assessment of perceptual

and cognitive skills, both independently and in conjunction

with the FLS psychomotor skills tasks.

A wide variety of motion-tracking technologies, such as

instrumented gloves, currently exist for applications ranging

from graphical animation to recognition of sign language. Data

that may be extracted from these technologies include hand

tremors, tool grip, and tool state (e.g., activating tool, rotating

tool), as well as movement certainty. Instrumentation of the LS

surgical tools may provide valuable data, such as time metrics,

efficiency metrics, and task-specific metrics (e.g., object grasp-

ing, transfer, and placing times), as well as efficiency metrics,

such as overall efficiency (left hand, right hand, average), pick-

up efficiency (left hand, right hand, reverse, average), passing

efficiency (left to right, right to left, average), and placing

efficiency (left hand, right hand, average).

Vision tracking technologies are used in a variety of

domains to provide insight into human–computer interaction,

perceptual processing, and cognitive process. Vision tracking

technologies have become increasingly affordable and unob-

trusive, and their use has increased in both research and

operational applications as a result. Vision tracking enables

researchers to identify visual scan and fixation patterns dur-

ing perceptual–cognitive and perceptual–motor tasks, provid-

ing insights into learning. In addition to enabling researchers

to study learning patterns to develop more robust models of

skill acquisition and decay, vision tracking can also enable

surgical instructors and training proctors to see where trainees

are focusing their visual attention during task completion in

real time.

A variety of cognitive assessment technologies and strate-

gies exist that incorporate indicators of cognitive workload

and learning, such as concurrent performance of a secondary

task.11,14,15

A subset of the metrics identified, such as hand and instru-

ment tracking, are currently being empirically tested, and

will be considered for inclusion in the SUSTAIN prototype

system. In addition, we will consider cognitive assessment

metrics such as assessing the ability to concurrently perform

a secondary task more effectively as performance on the

primary task of interest becomes more automated. While

Stefanidis et al11,14,15 demonstrated that secondary task per-

formance provides a means for differentiating between indi-

viduals of variable LS expertise when standard performance

measures fail to do so, and that training to automaticity using

a secondary task correlates to improved intraoperative per-

formance, the secondary task used in these studies was not

directly related to surgical skills. It is possible that by incor-

porating a secondary task that addresses intraoperative skills,

including cognitive skills, training would be enhanced fur-

ther, providing justification for the extended time associated

with training to automaticity.

SECTION 4: SKILL DECAY CURVES

Reviews of the skill decay literature have identified a core set

of factors that influence the decay of trained skills. These

factors include (a) length of the nonuse interval, (b) degree

of overlearning (training beyond mastery), (c) task character-

istics (e.g., psychomotor versus cognitive, number of steps

involved), (d) method of assessing original acquisition and

retention (i.e., type of test), (e) condition of retrieval (e.g.,

recall versus recognition), (f) instructional strategies and train-

ing methods, (g) individual differences (e.g., spatial ability),

and (h) motivation.1,2 Modeling these factors within skill

decay curves helps to predict skill degradation over time and

introduce refresher training at appropriate intervals.
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Skill acquisition curves have been developed, for exam-

ple, based on the relationship between the time to perform a

task and the number of practice attempts.5,6 Ebbinghaus30

proposed the first formal decay curve, which he called the

“forgetting curve.” This model, shown in Figure 4, demon-

strates that the rate of forgetting depends on several factors,

but that typically single trial learning results in exponential

skill decay, with each additional learning trial resulting in

increased retention. The solid line indicates the rate of forget-

ting for a single learning trial; each dashed line to the right

represents the rate of forgetting for additional learning trials

on subsequent days.

LASTS Skill Decay Model

The skill decay models used in LASTS predict how surgical

skills change over time and practice sessions, in relation to

specific learning and decay factors. These models have three

related parts: (1) how skills are initially acquired through

training, including factors such as the order, duration, and

repetition of training, as well as individual trainee differ-

ences, such as skill level and experience; (2) how skills decay

over time through nonuse; and (3) how skills are reacquired

through refresher courses. It is important to note that

reacquisition is different from the initial acquisition because

of previous exposure to the skills.12 The model includes three

skill curves for each skill assessed: (1) learning, (2) decay,

and (3) relearning. The learning and relearning curves mea-

sure skill level against training attempts (i.e., number of times

performing the training task). LASTS includes these factors

because they have been shown by Arthur et al to modulate

performance.1 A learning curve shows how a surgeon’s skill

improves with each attempt.12,31 The decay curves measure

skill level over time.11

Learning curves for LS are typically defined in terms of

the time it takes to complete a task versus how many sessions

have been trained. LASTS extends the task completion time

measure to all of the factors that comprise the assessment

methodology to create a unique set of learning curves for

each procedure, step, and task. A key contribution of LASTS

is the ability to combine these curves across skills. We expect

that initial learning rates (i.e., time to reach proficiency) will

decrease and decay rates will increase when the surgeons

are assessed on multiple skills simultaneously. Based on our

initial understanding of the literature on multiple learning

curves,28 our hypothesis is that the curves will all have a

similar shape because proficiency at a given skill will

increase with each trial until a plateau is reached. The exact

values of the curves are dependent on the skill as well as the

student’s experience level and past performance. On average,

decay curves show decreasing proficiency over time, as the

skill decays.11

SUSTAIN Skill Decay Model

The skill decay model proposed for SUSTAIN is both theo-

retical and empirical, and will provide input to the LASTS

computational decay models. To begin developing an empir-

ical model of LS skills that includes novel metrics, we

conducted a pilot study32 in which both traditional (i.e., time

and error) and novel (i.e., instrumented gloved hand motion

tracking) FLS assessment metrics were collected for 11 med-

ical students with no prior exposure to the FLS training curric-

ulum and one expert laparoscopic surgeon. FLS manual skills

performance data were collected for the novice participants

before training (pretest), following completion of training to

proficiency (post-test), and following an 8- to 10-week reten-

tion period (follow-up). Novice spatial abilities were also

measured via three validated computer tests that assessed

egocentric spatial ability, allocentric spatial ability, and men-

tal rotation. Despite a small sample size, based on traditional

FLS scores, novice performance was shown to be signifi-

cantly higher at post-test, as compared to pretest; FLS scores

decreased at follow-up, but did not differ significantly from

post-test scores. A significant difference was also found

between the novice pretest and expert’s scores for the five

tasks, but not between the novice post-test and expert’s

scores, or between the novice follow-up and expert’s scores;

however, the novice post-test and follow-up scores would

likely be significantly differentiated from expert’s scores

with a larger sample population. These pilot data are indic-

ative of skill acquisition and decay trends, providing the

basis for an initial empirical skill model. We also established

initial technical feasibility for the use of instrumented glove

motion tracking to assess smoothness of surgeon hand

motions, and for the incorporation of these novel metrics

within a skill decay model. Although limited by the small

sample size, this pilot study provided a basis for an initial

model of laparoscopic surgical skill acquisition and decay

that incorporates a variety of metrics, which will be further

refined and expanded to include cognitive, perceptual, and

psychomotor aspects, and will be validated under ongoing

empirical research efforts.

FIGURE 4. Representation of forgetting curve proposed by Ebbinghaus
(1885).
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SECTION 5: DESIGN OF REFRESHER TRAINING

Stefanidis and Heniford33 suggest that a successful laparo-

scopic skills curriculum should “encompass goal-oriented

training, sensitive and objective performance metrics, appro-

priate methods of instruction and feedback, deliberate, dis-

tributed, and variable practice, an amount of overtraining,

maintenance training, and a cognitive component” (p. 77).

The LASTS approach includes a curriculum generator,

which will use the LASTS and SUSTAIN assessment

methods, learning curves, and decay curves to create a cur-

riculum of refresher training for a specific surgeon based on

that surgeon’s initial skill level across various tasks and the

length of retention interval for various skills and tasks. At this

time, we have designed the framework of the curriculum

generator, which we describe here, but we have not yet

implemented its components. The curriculum generator will

leverage the skill decay curves developed, which predict the

rate at which various skills will decay, and will be designed

to use a surgeon’s training history, history of procedures

performed, and skills assessments to determine which skills

are most likely to require refreshing for a specific procedure.

The curriculum generator then creates a curriculum to refresh

these skills. Because the curriculum focuses on refreshing

the skills that have decayed for the surgeon (and not all skills),

it decreases retraining time and addresses potential problems

proactively. This curriculum may then be used as one part of

a surgical training, certification, and recertification program.

By addressing the factors of the skill decay curves that most

influence decay, the curriculum generator may be able to train

new surgeons and retrain experts to build robust skills that

decay slowly, if at all.

For each student, the curriculum generator creates a training

regimen and keeps a profile of the trainee to assess progress.

The trainee can be tracked through the training program to

recommend when they are ready for operating room experi-

ence, and to test this recommendation at computed intervals

in collaboration with attending surgeons’ review. The system

first determines the trainee’s skill levels using our assessment

methods. It then selects training elements, such as didactics

and tasks, from a library and generates new simulation train-

ing scenarios as needed. For a deploying surgeon, the system

takes a last predeployment reading on skill level, and then

receives the record of procedures performed during deploy-

ment. Additional information such as a surgeon’s training

and individual competency as rated by supervisors is collected

and inputted into the curriculum generator. With this infor-

mation, the curriculum generator develops a refresher course.

For example, a surgeon that performed few procedures, had

little access to refresher material, and had long periods of

time without operations will require more extensive refresher

training than a surgeon that performed many operations,

refreshing their skills with related procedures.

Psychomotor and visual–spatial skills are modeled by con-

tinuous values along multiple skill dimensions, and training

elements are selected to challenge the surgeon at his current

estimated skill levels using item response theory. Cognitive

skills are modeled as knowledge bases of correct and incor-

rect rules, and training elements are selected that extend these

knowledge bases using intelligent tutoring systems tech-

niques. Finally, the curriculum generator generates surgical

scenarios for practice on surgical simulators. It uses narrative

generation techniques34–36 to present realistic scenarios that

also accomplish training goals. LASTS determines which

skills need refreshing by using the decay curves and continu-

ous skill assessments.

To augment the individual training elements, LASTS

uses a scenario-based training methodology, where surgical

situations are presented to the trainees instead of abstract

tasks. This approach is designed to enable a higher level of

skill acquisition and decrease decay. Techniques in search-

based interactive narrative and narrative planning models are

particularly suited for this type of generation, since they can be

used to generate a sequence of realistic scenarios (the narrative

content) while optimizing the ability for the student to learn

the content. Narrative planning approaches provide this func-

tionality.32 The role of the narrative planning model is to

create realistic, scenario-based training sessions that cover

the skills in the necessary quantity and order.

The LASTS computational models and curriculum gener-

ator will be incorporated into the SUSTAIN prototype, which

includes a modular design to support training within a variety

of environments, including deployed settings.

SUMMARY AND CONCLUSIONS

Although the research literature on skill acquisition and

decay is comprehensive and extensive, this is not true of the

literature that pertains specifically to LS skill decay. Based on

the current research literature, it is evident that a wide variety

of factors related to task and training characteristics, reten-

tion intervals, and transfer task environments impact the rate

of decay of various skill sets, and that subcomponents of skill

sets decay at different rates. However, relatively little is

known about the nature of LS skill retention. Empirical

research is needed to develop and validate predictive skill

decay models related to these highly specialized skills. This

research will help provide guidelines for efficient and effec-

tive refresher training that can be implemented within stan-

dardized medical training curricula, particularly for military

surgeons, to prevent laparoscopic skill deterioration during

long deployment cycles.

The research questions yet to be addressed in this area are

many: Are there different decay rates for different types of

learning? Which instructional methods/strategies are the

most effective for skill/knowledge acquisition to prevent skill

decay? What are the most effective strategies for refresher

training (reacquisition)? How do individual factors, such as

spatial ability and handedness, impact skill decay?

Studies assessing decay of LS skills often do not assess

cognitive skills or knowledge, which predicts decay. Also,

the studies that address skill acquisition and decay suffer
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from a lack of objective, reliable, and valid measures of skill

level and decay, as well as a lack of data on reacquisition

of LS skills. When acquisition is studied, assessments are

usually in relation to new training techniques compared to a

traditional method, and it is difficult to interpret and draw

conclusions from these studies without objective, reliable,

and valid metrics. Further, many of the studies assessing

acquisition and retention are based on psychomotor tasks,

and do not address cognitive or perceptual skills. To remedy

this situation, we suggest the following approach: (1) develop

and identify assessment metrics that are objective, reliable,

and valid to assess these skills over time; (2) acquire a com-

prehensive understanding of the nature of laparoscopic surgi-

cal skill acquisition and decay, including identification of

the requisite critical skills; (3) report skill decay curves that

enable prediction of which critical skills decay and at what

rate; (4) develop training strategies for simulation-based

training that support rapid acquisition and long-term retention;

and (5) develop retraining for sustainment of these critical

and perishable skills.

An ongoing research and development effort has been

funded by the Office of Naval Research and the Telemedicine

and Advanced Technology Research Center to further the

development and empirical validation of novel objective

metrics for laparoscopic surgical skill acquisition, decay,

and reacquisition model; design, develop, and validate a pro-

totype simulation-based assessment and training module; and

develop curriculum recommendations for the prevention of

LS skills decay. The goal of this effort is to conduct research

on LS to develop generalized methods, procedures, and train-

ing methods that could be used to prevent decay of other

critical medical skills and knowledge.
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