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a b s t r a c t

Background: Using functional near infrared spectroscopy, a noninvasive, optical brain imaging tool that
monitors changes in hemodynamics within the prefrontal cortex (PFC), we assessed performance and
cognitive effort during the acquisition, retention and transfer of multiple simulated laparoscopic tasks by
novice learners within a contextual interference paradigm.
Methods: Third-year medical students (n ¼ 10) were randomized to either a blocked or random practice
schedule. Across 3 days, students performed 108 acquisition trials of 3 laparoscopic tasks on the LapSim®

simulator followed by delayed retention and transfer tests. Performance metrics (Global score, Total
time) and hemodynamic responses (total hemoglobin (mm)) were assessed during skill acquisition,
retention and transfer.
Results: All acquisition tasks resulted in significant practice schedule X trial block interactions for the left
medial anterior PFC. During retention and transfer, random performed the skills in less time and had
lower total hemoglobin change in the right dorsolateral PFC than blocked.
Conclusions: Compared with blocked, random practice resulted in enhanced learning through better
performance and less cognitive load for retention and transfer of simulated laparoscopic tasks.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Dramatic changes in health care and surgical training require
novel, evidence-based methods to teach and assess procedural
skills in and outside the operating room. The American College of
Surgeons (ACS), the Association of Program Directors in Surgery
(APDS) and Association of Surgical Education (ASE) have jointly
developed skills curricula for medical students and surgical
r, Room 382, Parkway Build-
, PA 19102, USA.
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ersity of Florida College of
est 8th Street, FC12, Jackson-
residents.1e3 However, the optimal method of skill acquisition us-
ing these national curricula remains to be defined. Recently the ASE
simulation committee identified “defining the best methods/met-
rics to assess technical and nontechnical skills” as a top research
priority.4 The committee suggested that technical skills can be
measured with simple metrics such as time and dexterity, through
the use of error-based checklists and global rating scales as well as
with higher cognitive function tests such as functional brain
imaging.

Functional near infrared spectroscopy (fNIR) is a noninvasive,
optical brain imaging tool that monitors changes in total hemo-
globin within the prefrontal cortex (PFC) in response to cognitive,
motor and sensory activation (Fig. 1).5e13 The PFC is responsible for
motor planning, organization and regulation. It controls cognitive
function and action, and works with other cortical circuits with
executive functions including attention and working memory.14

Current fNIR systems are the size of a smartphone, run on battery
power and wirelessly transfer immediate data, enabling
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assessment of brain activation in everyday settings and evaluation
of training.15

An important concept related to practice schedules and motor
skill acquisition is contextual interference. Contextual interference
is a learning phenomenon impacting how practice is organized
when acquiring multiple similar tasks. Low contextual interference
(blocked practice) is created when the tasks are presented in a
sequential order while high contextual interference (random
practice) occurs when the tasks are presented in a nonsequential
order.16e19 Laparoscopic curricula utilize blocked ordered practice
where learners perform the same task for a fixed number of times,
or until a predefined proficiency level is achieved, beforemoving on
to the next task.20 The assumptions for contextual interference
studies are: 1) the acquisition of multiple, similar tasks/skills; 2) an
equal numbers of trials per task are practiced, and 3) the only
change in the design is how practice is scheduled or ordered.18,19

Based on the application of the assumptions, the following pre-
dictions are made: 1) during acquisition, learners who acquired the
tasks in a blocked order would perform better than those acquiring
the tasks in a random order; 2) At the end of acquisition, blocked
and random practice orders would perform similarly; and 3) during
retention and transfer tests, learners who acquired the tasks in a
random practice order would perform better than those learners
who practiced the tasks in a blocked order.18,19

Within surgical simulation training and testing, typically two
aspects of motor learning practice parameters are combined, part
and whole practice with contextual interference.4,17 The combina-
tion of the two practice parametersmay be due to the complexity of
surgical skills which necessitates the breakdown of tasks.16,17 Since
2005, several studies have implemented contextual interference
paradigms for the assessment of surgical skill training.20e24 These
studies assessed orthopedic bone-plating,20,21 laparoscopic
inguinal hernia repair,22 suturing skills,23 intracorporeal laparo-
scopic suturing and knot-tying5 and several Fundamentals of
Laparoscopic Surgery (FLS) tasks.24 These studies had various
amounts of practice ranging from 4 to 12 trials on the FLS tasks24 or
9 trials on a peg transfer task22 through 15 trials of suturing tasks,23

60 min of the bone-plating orthopedic surgical task21 and 8 h of
training on the intracorporeal laparoscopic suturing and knot-tying
task.5 In the design of our study, we implemented varying degrees
of task complexity (Fig. 2) together with an increased number of
trials during the training/acquisition phase and fNIR monitoring
during performance of all trials.

Using a contextual interference paradigm, we examined com-
mon behavioral performance metrics and brain-based biomarkers
of prefrontal activation during novice acquisition, retention and
transfer of selected simulated laparoscopic tasks performed on a
Fig. 1. Functional Near Infrared Spectroscopy sensor overlayed on a brain image with the se
covers forehead of surgeon (right).
virtual reality (VR) simulator. We hypothesized that during skill
acquisition there will be higher global scores, lower total time and
lower hemodynamics (i.e., cognitive effort) for the blocked relative
to random order practice schedules. Also, during the acquisition
phase we anticipate lower total time, higher global scores and
attenuated cortical hemodynamics across the training sessions
with random asymptoting to blocked at the end of acquisition.
During retention and transfer, we hypothesize that random will
have higher global scores, lower total time and lower mean change
of total hemoglobin relative to blocked for each task. These hy-
potheses are based on the assumptions and predictions of
contextual interference for behavioral measures17e19 while the
cortical hemodynamics are based on the role and influence of the
prefrontal cortex during motor skill learning.29e33

2. Materials and methods

2.1. Participants

Fifteen third year medical students with no previous laparo-
scopic surgery volunteered for the study. Due to missing sessions
and technical issues during fNIR recording, the data from five stu-
dents was not analyzed. The remaining ten medical students were
randomly assigned to either a blocked (n¼ 2 F; n¼ 3 M) or random
(n ¼ 2 F; n ¼ 3 M) practice order. The medical students were
medication-free, had normal or corrected-to-normal vision and
provided written informed consent for participation in the study
(Drexel University Institutional Review Board approved protocol #
1312002473).

2.2. Experimental protocol

We used a repeated measures study design in which each stu-
dent performed 36 trials each of three simulated laparoscopic tasks
(LapSim® VR simulator) across three days, in either a blocked or
random order, for the acquisition phase. Approximately 72 h
following skill acquisition, 6 retention (2 each of the acquisition
tasks) and 6 transfer trials (3 trials of two new transfer tasks). fNIR
monitoring of PFC activity occurred during all phases for the 16
optode sites (Fig. 1).

2.3. Laparoscopic simulation tasks

During the acquisition phase of the study (Day 1 to Day 3), stu-
dents practiced three skills (CameraNavigation, Lifting andGrasping
and Fine Dissection) on a LapSim® VR simulator. These tasks corre-
spond with basic laparoscopic skills on a task difficulty schematic of
nsor configuration of light sources, detectors and optodes (left) and sensor (head band)



Fig. 2. Continuum of task difficulty for Simulated Surgical Laparoscopic Procedures, comparing Fundamentals of Laparoscopic Surgery (FLS) tasks with LapSim® used in this study.
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selected LapSim® and FLS tasks (Fig. 2). Camera navigation reflected
the skill of pointing a camera to a target at a correct angle and
holding it steady (low on task difficulty); Lifting and grasping
mimicked grasping a structure with an instrument, lifting and ori-
enting it in a direction as instructed (slightly increased task diffi-
culty). Fine dissection involved grasping a bloodvesselwith thenon-
dominant hand and bluntly dissecting the surrounding tissue with
the dominant hand (much higher task difficulty). Two additional
taskswere used to assess generalization in the skill transfer phase of
the study. Simulated coordination involved pointing a camera at a
targetwith the non-dominant hand and this taskwas used to test for
near transfer or interpolation. Simulated Laparoscopic Cholecys-
tectomy was used to assess far transfer or extrapolation.

2.4. Signal processing

The anterior prefrontal cortex of each participant wasmonitored
using the fNIR 1100 system (fNIR Devices LLC; Potomac, MD; http://
www.fnirdevices.com). The fNIR system is composed of three
modules: a flexible headpiece sensor pad (Fig. 1), which holds the
light sources and detectors in a fixed integrated pad that facilitates
placement; a control box for hardware management; and a com-
puter for data acquisition.25

The positioning of the light sources and detectors on the sensor
pad, anatomical landmarks for sensor placement consistency, data
acquisition and visualization specifics and data processing details
have been described.5,11,25 fNIR data epochs for each surgery
simulation trial were extracted using time synchronizationmarkers
received through a serial port during the experiment. Hemody-
namic changes for each of the 16 optodes during each trial were
calculated separately using the Modified Beer Lambert Law. These
data times were baseline corrected with respect to the start of the
trial. To enhance spatial specificity, the final output of each optode
was reported as the mean total hemoglobin (DHbT
mm ¼ deoxygenated hemoglobin þ oxygenated hemoglobin).15,26

2.5. Statistical analyses

Dependent measures included relative changes in mean DHbT
for four regions of interest within the anterior PFC (Right
dorsolateral ¼ RDLPFC, Right medial ¼ RmidPFC, Left
medial ¼ LmidPFC and Left dorsolateral ¼ LDLPFC), total time and
global score performance metrics. We assessed if the acquisition
data met the assumptions of normality, homogeneity of variance
and sphericity for all dependent measures. For task acquisition, all
dependent measures and tasks, separate 2 � 2 mixed-model
ANOVAs with Practice Schedule (blocked versus random) as a be-
tween factor and Trial Block (1, 2, 3) as a repeated measure were
calculated. Post-hoc comparisons of significant interactions were
computed using Tukey multiple comparison tests. Participants
were considered a random-effect factor in this repeated measures
design, whereas Practice Schedule and Trial Block factors were
considered fixed-effects. Each Trial Block was comprised of 12 tri-
als. To test a fixed-effect with one random effect in the model, the
appropriate denominator term for the F-statistic was determined
by limiting the error term for the interaction of the fixed and
random factors to zero.27 The significance criterion for the tests was
set at a ¼ 0.05. In addition to the primary acquisition analyses, a
separate set of analyses was conducted on the blocked data for each
task. Average total hemoglobin change between blocked and
random groups was compared using two-tailed independent t-
tests for each simulated laparoscopic task.

For retention and transfer, we assessed if the data met the as-
sumptions of normality and homogeneity of variance for all
dependent measures. Independent t-tests were used to determine
if there were differences between blocked versus random practice
orders for each task separately. If the data were non-normally
distributed, we used a Mann-Whitney U non-parametric test. Ef-
fect sizes (Cohen's d) were calculated and used to aid in interpre-
tation of the data. As a general rule for effect size interpretation, we
used d ¼ 0.2, 0.5 and 0.8 >, to reflect small, medium and large ef-
fects, respectively. The significance criterion for all tests was set at
a ¼ 0.05. Number Cruncher Statistical Software (NCSS ver. 9; www.
ncss.com) was used for all the analyses.

3. Results

3.1. Performance metrics

3.1.1. Acquisition
Performance metrics descriptive statistics and p-values from all

the effects in the mixed model ANOVAs are reported in Table 1aec
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for the camera navigation, lifting and grasping and fine dissection
simulated laparoscopic tasks. The lifting and grasping Global Score
(%)was significantwith randompractice (M± SD; 94.9± 8.8) scoring
higher and it was less variable than blocked practice (91.3 ± 10.0).
Overall both practice schedules exhibited high competence with
scores over 10% greater than minimal competency of 80%. Blocked
practice reached higher global scores faster than randompractice for
the camera navigation task (Table 1a and Fig. 3a). There were sig-
nificant differences for all tasks representing improvements in per-
formance across time (Table 1 aec, respectively).
3.1.2. Retention and transfer
For the simulated laparoscopic tasks, the t-tests between

random and blocked practice groups for the global score and total
time performance metrics along with descriptive statistics, p-
values and effect sizes are reported in Table 2.

Analyzing total time, the random practice group consistently
performed faster than blocked practice across camera navigation,
lifting and grasping and the coordination tasks with medium to
large effects (d ¼ 0.59e1.18). During retention, for the camera
navigation and lifting and grasping tasks, random practice per-
formed the tasks faster and with less variability than blocked
practice. In addition, the fine dissection simulated laparoscopic task
showed a floor effect (blocked ¼ 29.5 ± 1.7 versus
random ¼ 28.2 ± 2.6 s; p ¼ 0.210). For transfer, the coordination
task showed trends (p ¼ 0.055 and p ¼ 0.098) for total time and
global scores, respectively. For the cholescystectomy task there was
a trend for global score (p ¼ 0.068). In both transfer tasks, random
practice had global scores greater than 80% proficiency, with lower
variability relative to blocked practice (Table 2).
3.2. D HbT (change total hemoglobin mm)

The optodes of the anterior PFC were averaged across the
LDLPFC (average of optodes #1 - #4), the LmidPFC (average of
optodes #5 - #8), RmidPFC (average of optodes #9 - #12) and
RDLPFC (average of optodes #13 - #16) regions (Fig. 1) with mean
values (mmolar) assessed for all acquisition main effects and in-
teractions for camera navigation, lifting and grasping and fine
dissection simulated laparoscopic tasks (Table 1 aec, respectively).
For the retention and transfer simulated laparoscopic tasks, the
results of the t-tests between random practice and blocked practice
groups for D HbT along with descriptive statistics, p-values and
effect sizes are reported in Table 3.
Table 1a
Acquisition camera navigation performance metrics and prefrontal cortex hemodynamic

Dependent measures Practice schedule Trial block 1
(M ± SD)

Trial block 2
(M ± SD)

Tri
(M

Total Time (s) Blocked 14.40 ± 10.90 11.90 ± 9.30 9
Random 15.20 ± 11.50 9.60 ± 5.00 9

Global Score (%) Blocked 88.20 ± 14.30 88.30 ± 14.90 93
Random 85.20 ± 17.70 91.80 ± 8.70 93

LDLPFC
D HbT (mm)

Blocked 1.36 ± 2.05 2.16 ± 2.23 0
Random 0.50 ± 1.98 2.20 ± 2.32 3

LmidPFC
D HbT (mm)

Blocked 0.33 ± 4.53 -0.39 ± 6.11 0
Random 0.17 ± 1.90 2.36 ± 2.18 3

RmidPFC
D HbT (mm)

Blocked �0.82 ± 4.36 0.00 ± 5.51 0
Random 0.37 ± 2.61 2.54 ± 2.70 3

RDLPFC
D HbT (mm)

Blocked 0.63 ± 2.79 1.07 ± 3.42 �0
Random 1.02 ± 2.42 2.22 ± 2.62 2

Note: M e mean, SD e standard deviation; LDLPFC e left dorsolateral prefrontal cortex,
prefrontal cortex, RDLPFCe right dorsolateral prefrontal cortex; DHbT (mm)e change in t
F test degrees of freedom were F(2, 277) while Practice Schedule was [F(1,277)]. Bolded
3.2.1. Acquisition
For the simulated laparoscopic camera navigation task, there

were significant interactions and main effects of Trial Block for all
regions of interest (i.e., LDLPFC, LmidPFC, RmidPFC and RDLPFC for
the mean DHbT between the random practice and blocked practice
groups (Table 1a). Mean DHbT was higher for random practice
versus blocked practice across the trial blocks (Fig. 3a). Fig. 4 de-
picts three topographical PFC maps. The left topographical map
illustrates the contrast t-tests for mean DHbT between blocked
practice and random practice calculated for each of the 16 optodes.
Teal through dark blue colors on the topographical map indicate
random practice having increased effort relative to blocked prac-
tice, while orange and red colors indicate blocked practice having
exerted more effort than random practice. For camera navigation,
the RDLPFC and portions of the RmidPFC and LmidPFC show these
random-blocked practice differences. The regions in which blocked
practice exerted more effort than random practice are opposite of
our predicted differences and they are seen in portions of the
LmidPFC and RmidPFC.We expected random practice to exert more
effort in the anterior medial prefrontal cortex regions because this
region of the prefrontal cortex is associated with the maintenance
of multiple items in working memory.43 Maintaining multiple
items in working memory is characteristic of a random practice
schedule.

The mean DHbT differences for blocked versus random practice
differences plotted across trial blocks for the lifting and grasping
simulated surgical task are shown in Fig. 3b (left). During acquisi-
tion of the lifting and grasping task, blocked practice exerted more
effort across trial blocks than random practice. Table 1b, Figs. 3b
and 4 (center) illustrate that effort exerted by blocked practice
was higher than random practice across trial blocks for lifting and
grasping that is a somewhat more complex task than camera
navigation (Fig. 2).

For the simulated surgical fine dissection task, the results were
more pronounced than seen in the camera navigation and lifting
and grasping tasks. Fig. 4 (right) shows a topographical map of the
contrast t-test of the mean DHbT blocked-random differences
calculated for each of the 16 optodes for the fine dissection task.
As noted in Table 1c, Figs. 3c and 4 (right), there were differences
in the mean DHbT for the LmidPFC. Similar to camera navigation,
the effects for the LmidPFC in mean DHbT were in the predicted
direction. Thus, random practice used more cognitive effort than
blocked practice to perform the fine dissection simulated surgical
task.
change results.

al block 3
± SD)

Practice schedule X trial block
p-value

Trial block
p-value

Practice schedule
p-value

.80 ± 5.00 0.210 <0.001 0.856

.30 ± 4.20

.30 ± 7.00 0.067 <0.001 0.954

.60 ± 7.10

.91 ± 1.88 <0.001 <0.001 0.642

.14 ± 2.34

.83 ± 3.20 <0.001 <0.001 0.398

.71 ± 3.11

.02 ± 1.71 0.008 <0.001 0.123

.86 ± 3.23

.36 ± 4.08 <0.001 0.011 0.367

.93 ± 3.13

LmidPFC e left anterior medial prefrontal cortex, RmidPFC e right anterior medial
otal hemoglobin (micromolar). For the Practice Schedule X Trial Block and Trial Block
p-values are significantly different.



Table 1b
Acquisition lifting and grasping performance metrics and prefrontal cortex hemodynamic change results.

Dependent measures Practice schedule Trial block 1
(M ± SD)

Trial block 2
(M ± SD)

Trial block 3
(M ± SD)

Practice schedule X trial block
p-value

Trial block
p-value

Practice schedule
p-value

Total Time (s) Blocked 38.9 ± 17.2 23.8 ± 8.2 24.7 ± 9.5 0.181 <0.001 0.337
Random 33.1 ± 12.1 22.3 ± 6.9 20.0 ± 6.9

Global Score (%) Blocked 86.0 ± 13.5 95.7 ± 5.1 92.2 ± 10.0 0.381 <0.001 0.046
Random 90.3 ± 12.7 97.4 ± 4.7 97.0 ± 4.7

LDLPFC
D HbT (mm)

Blocked 1.66 ± 1.81 3.46 ± 2.81 3.87 ± 3.09 0.610 <0.001 0.432
Random 0.59 ± 1.85 2.14 ± 2.24 2.94 ± 2.32

LmidPFC
D HbT (mm)

Blocked 2.05 ± 1.89 3.15 ± 1.79 3.71 ± 2.45 <0.001 <0.001 0.394
Random 0.17 ± 2.26 2.47 ± 2.23 3.76 ± 2.98

RmidPFC
D HbT (mm)

Blocked 1.59 ± 1.68 3.44 ± 2.92 3.97 ± 3.01 0.218 <0.001 0.623
Random 0.44 ± 2.63 2.71 ± 2.74 3.73 ± 3.19

RDLPFC
D HbT (mm)

Blocked 1.33 ± 3.05 3.04 ± 4.44 3.07 ± 4.18 0.493 <0.001 0.924
Random 1.44 ± 2.46 2.55 ± 2.77 2.86 ± 2.78

Note: M e mean, SD e standard deviation; LDLPFC e left dorsolateral prefrontal cortex, LmidPFC e left anterior medial prefrontal cortex, RmidPFC e right anterior medial
prefrontal cortex, RDLPFCe right dorsolateral prefrontal cortex; DHbT (mm)e change in total hemoglobin (micromolar). For the Practice Schedule X Trial Block and Trial Block
F test degrees of freedom were F(2, 277) while Practice Schedule was [F(1,277)]. Bolded p-values are significantly different.

P.A. Shewokis et al. / The American Journal of Surgery 213 (2017) 336e345340
3.2.2. Retention and transfer
For retention tasks, significant differences in the RDLPFC were

detected for the mean DHbT between the random and blocked
practice groups for the camera navigation, lifting and grasping and
fine dissection simulated surgical tasks. For the simulated surgical
tasks, blocked practice used more mean HbT than random practice
with very large effects (d > 1.77; Table 3). This translates to the
random practice group using less cognitive effort in the RDLPFC for
these tasks. Fig. 5 depicts three topographical maps of the contrast
t-tests for mean DHbT between blocked and random practice
calculated for each of the 16 optodes for camera navigation, lifting
and grasping and fine dissection simulated VR tasks.

For the simulated surgical coordination transfer task, the results
were comparable to those found in the retention tasks (Table 3).
Fig. 6 (left) shows a topographical map of the contrast t-test of the
mean changes in the total hemoglobin calculated for each of the 16
optodes for the coordination transfer task. As noted in Table 3 and
Fig. 6a, there were differences in the mean DHbT for the RDLPFC.
The cholescystectomy simulated transfer task also had significant
differences between blocked and random practice groups in the
RDLPFC (Table 3 and Fig. 6 (right)). Similar to the retention tasks,
the effects for the regions of interest in mean DHbT were large to
very large. Thus, random practice used less cognitive effort than
blocked practice to perform the coordination and cholescystectomy
simulated surgical tasks. Overall, the expectation is that random
practice will exert more effort during acquisition with the benefits
Table 1c
Acquisition Fine Dissection Performance Metrics and Prefrontal Cortex Hemodynamic Ch

Dependent measures Practice schedule Trial block 1
(M ± SD)

Trial block 2
(M ± SD)

Tri
(M

Total Time (s) Blocked 29.80 ± 0.60 29.20 ± 2.20 29
Random 30.00 ± 0.30 29.90 ± 0.60 29

Global Score (%) Blocked 96.20 ± 13.10 98.00 ± 3.30 97
Random 94.20 ± 8.60 98.60 ± 3.20 98

LDLPFC
D HbT (mm)

Blocked 0.82 ± 1.74 1.64 ± 1.89 2
Random 0.50 ± 1.96 2.10 ± 2.02 2

LmidPFC
D HbT (mm)

Blocked �0.27 ± 2.30 0.86 ± 2.61 1
Random 0.29 ± 2.41 2.34 ± 2.40 3

RmidPFC
D HbT (mm)

Blocked 0.69 ± 1.89 2.87 ± 1.87 4
Random 0.40 ± 2.76 2.48 ± 2.70 3

RDLPFC
D HbT (mm)

Blocked �0.25 ± 1.70 0.88 ± 2.11 1
Random 1.13 ± 2.41 2.40 ± 2.69 2

Note: M e mean, SD e standard deviation; LDLPFC e left dorsolateral prefrontal cortex,
prefrontal cortex, RDLPFCe right dorsolateral prefrontal cortex; DHbT (mm)e change in t
F test degrees of freedom were F(2, 277) while Practice Schedule was [F(1,277)]. Bolded
shown in retention and transfer where random practice will
perform better while using less cognitive effort than blocked
practice.

4. Discussion

The purpose of this study was to examine contextual interfer-
ence effects with simulated laparoscopic tasks during acquisition,
retention and transfer phases using performance and cortical he-
modynamic measures. Standard behavioral performance metrics
(i.e. global scores and total time to task completion) were obtained
from a LapSim® VR simulator, while cortical hemodynamic re-
sponses were measured by a wearable headband optical brain
imaging device that was worn by participants for all trials. We will
discuss the effects of contextual interference during acquisition,
retention and transfer phases with a focus on the influence of
cortical hemodynamics and task difficulty on learning.

4.1. Acquisition e performance metrics

A primary feature of contextual interference is that a blocked
practice order facilitates performance during acquisition relative to
a random practice order.17e19 Our results indicate differential pat-
terns for the performance metrics across the different practice
schedules and tasks. Across the three acquisition tasks (camera
navigation, lifting and grasping and fine dissection) there were no
ange Results.

al block 3
± SD)

Practice schedule X trial block
p-value

Trial block
p-value

Practice schedule
p-value

.40 ± 1.50 0.702 0.014 0.293

.40 ± 1.60

.40 ± 4.20 0.225 0.001 0.876

.00 ± 4.10

.46 ± 2.69 0.098 <0.001 0.856

.90 ± 2.32

.20 ± 2.23 <0.001 <0.001 0.237

.90 ± 3.25

.53 ± 2.47 0.780 <0.001 0.733

.87 ± 3.67

.37 ± 2.46 0.938 <0.001 0.169

.92 ± 2.94

LmidPFC e left anterior medial prefrontal cortex, RmidPFC e right anterior medial
otal hemoglobin (micromolar). For the Practice Schedule X Trial Block and Trial Block
p-values are significantly different.



Fig. 3. Practice Schedule by Trial Block Interactions for the Mean Total Hemoglobin (Dm molar) for the Left Anterior Medial Prefrontal Cortex and Global Score (%) for the Camera
Navigation (a) and Lifting and Grasping (b) Simulated Laparoscopic Simulated Surgical Tasks. Mean Total Hemoglobin (Dm molar) and Total Time (s) for the Fine Dissection (c)
Simulated Laparoscopic Task. (Brain surface images are from the University of Washington Digital Anatomist Project. MATLAB® was used to create the topographic image with
shape-preserving piecewise cubic interpolation.
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practice schedule differences for the total time performancemetric.
The composite global score, reflecting performance accuracy,
speed, instrument trajectories and so forth, had a significant effect
for blocked and random practice schedules for the lifting and
grasping task (see Table 1b). The findings are in the opposite di-
rection of the hypotheses. The lifting and grasping task
incorporates several steps, involves some degree of bimanual co-
ordination with manipulation of the laparoscopic instruments as
well as an increased degree of task difficulty. A possible explanation
for the reversal effect for random over blocked practice during
acquisition may be explained by our design. Upon closer inspection
of Table 1b, both blocked and random practice orders have levels of



Table 2
Descriptive Statistics, P-values and Effect sizes for Performance Metrics (Global Score and Total Time) Comparisons Between Blocked (BL) and Random (RA) Practice Orders
Across the Retention and Transfer Tasks.

Laparoscopic simulated skills Dependent measure BL (n ¼ 5) M(SD) RA (n ¼ 5) M(SD) p-value Effect size (d)

Camera navigation Total Time (sec) 16.0 (7.3) 8.9 (6.9) 0.012 0.75
Global Score (%) 88.0 (11.8) 90.8 (6.6) 0.579 �0.29

Lifting & grasping Total Time (sec) 31.5 (8.0) 22.3 (7.6) 0.018 1.18
Global Score (%) 89.0 (17.4) 94.0 (6.6) 0.398 �0.38

Fine dissection Total Time (sec) 29.5 (1.7) 28.2 (2.6) 0.210 0.59
Global Score (%) 99.6 (1.0) 96.4 (4.8) 0.210 0.92

Coordination Total Time (sec) 25.4 (8.1) 20.3 (5.3) 0.055 0.75
Global Score (%) 77.3 (12.6) 84.7 (11.0) 0.098 �0.63

Cholecystectomy Total Time (sec) 136.8 (90.6) 117.7 (65.5) 0.514 0.24
Global Score (%) 76.6 (14.3) 81.8 (13.7) 0.068 �0.37

Note: Effect sizes (d) reflect BL-RA differences/pooled SD. A positive value indicates an advantage for RA for themeasures inwhich a lower score indicates a better performance
(e.g., total time). A negative effect size represents an advantage for RA for the measures in which a higher score illustrates a better performance (e.g., global score). All d's are in
standard deviation units. Bolded p-values are significantly different.
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performance >80% which is the minimum competency on the
global scores. The blocked group practiced the same task for 36
trials in a single day, while the random group practiced 12 trials of
each task each day. Perhaps there was a small amount of fatigue
influencing the blocked group as evidenced by the slight drop in
their scores of 95.7%e92.2% from trial block 2 to trial block 3. In
addition, blocked practice showed an increase in variability from
trial block 2 to trial block 3. The tasks and performance metrics
findings are similar to those of Brydges et al.20 with no acquisition
blocked versus random practice differences for several of their
tasks (reduction and application of a bone plate, bone-tapping and
the insertion of screws). They found predicted acquisition blocked
practice advantage for the simpler skills of drilling and depth
measurement. Another consideration for the lack of differences in
the global scores across the tasks and practice schedules may be the
initial competency level of the medical students on the virtual re-
ality simulated tasks. If the medical students all had high perfor-
mances on the tasks from the beginning of practice (as evidenced
by high global scores for the first trial blocks regardless of practice
schedule), then we may not find differences in the performance
metrics. Consequently, this would be a limitation in our work. To
overcome a limitation of this type in the future, we would need to
structure some screening tests on basic laparoscopic, spatial e

manipulative and virtual reality tasks so that we can have a more
rigorous assessment of the baseline performance levels of the
learners.

Although our findings are mixed relative to our hypotheses and
the predictions of contextual interference during acquisition, the
results help us to understand more about the role of practice or-
ganization, task difficulty and cognitive effort when novices acquire
surgical skills. Contextual interference, or practice organization,
based on our findings show that during the acquisition of simulated
laparoscopic skills of varying levels of difficulty, random practice
trended in high levels of competency (global score) across the trial
blocks relative to blocked practice. Both practice orders were above
the 80% minimum competency level. Other contextual interference
applications of surgical skills like FLS skills,24 peg transfer task,22
Table 3
Significant Differences in Total Hemoglobin (change in micromolar units (DHbT mm)) Betw

Laparoscopic simulated skills Dependent measure BL (n ¼ 5

Camera navigation RDLPFC (D HbT mm) 1.21 (1.54
Lifting & grasping RDLPFC HbT (D HbT mm) 0.93 (1.68
Fine dissection RDLPFC HbT (D HbT mm) 1.38 (1.43
Coordination RDLPFC HbT (D HbT mm) 1.99 (1.60
Cholecystectomy RDLPFC HbT (D HbT mm) 2.50 (3.13

Note: HbT¼ Total Hemoglobin (HbT); RDLPFC¼ Right Dorsolateral Prefrontal Cortex; Lmi
SD. A positive value indicates an advantage for RA for HbT in which a lower D HbT indic
and suturing tasks,23 had fewer trials or time to complete the
tasks across the acquisition phase. Our findings during task acqui-
sition for total time and global score on the high fidelity laparo-
scopic simulator are similar to the findings of Dumbrowski and
colleagues20,21 with a low fidelity simulated bone-plating surgical
task. The amount of practice time in these studies was similar to our
acquisition phase of 60e90min of training. Given the complexity of
laparoscopic surgical skills, it is essential to have a necessary
amount of practice time to allow the learner to sufficiently perform
the task. Previous work by Crewther et al.6 had novices practice set-
sequences of intracorporeal suturing and knot tying for a baseline
of 120 min. Taken together, when training novice surgeons a
baseline training duration of 90e120 min is recommended.

Task difficulty is another primary factor that influenced our
results. Fig. 2 depicts a schematic of estimated task difficulty of
several simulated tasks on the LapSim® VR simulator and the FLS
tasks. These simulated laparoscopic task classifications were veri-
fied by expert surgeons and based on the number of task compo-
nents, estimated time to task completion, use of the task or
components in an actual surgery and the possibility for error on
completion of the task. The three surgical tasks in the study;
camera navigation, grasping and lifting and fine dissection, were
clearly in the lower half of the task difficulty continuum. These
tasks are similar in difficulty to two of the FLS tasks, peg transfer
and precision cutting. We may have found no acquisition differ-
ences between blocked and random practice groups with our tasks
because of the fact that we had longer practice with the tasks than
Rivard et al.24 who practiced the FLS tasks with a small and varying
number of trials or Hernandez-Irizarry et al.22 with the peg transfer
task as a preliminary task in mastery learning of a laparoscopic
inguinal hernia surgical task. We also consider another aspect of
practice conditions, part practice and whole practice of a number of
skill components or a skill. Although relatively simple on the task
scale (Fig. 2), camera navigation and grasping lifting tasks involves
multiple components to successfully complete each task. It may be
that each task would benefit from additional breakdown of sub-
skills, where practice could be organized so that the sub-skills
een Blocked (BL) and Random (RA) Practice Orders for Retention and Transfer Tasks.

) M(SD) RA (n ¼ 5) M(SD) p-value Effect size (d)

) �1.42 (1.41) 0.001 1.77
) �1.08 (1.37) 0.009 1.90
) �1.09 (1.11) <0.001 1.93
) �0.95 (1.45) <0.001 1.79
) 0.68 (2.36) 0.036 0.82

dPFC¼ Left Medial Prefrontal Cortex. Effect sizes (d) reflect BL-RA differences/pooled
ates less cognitive effort expended in standard deviation units.



Fig. 4. Topographical maps of the Contrast t-test (t(8) ¼ 2.306, p < 0.05, 2-tailed) of the overall acquisition mean changes in the Total Hemoglobin (Dm molar) measured for
calculated for each of the 16 optodes for Camera Navigation (left), Lifting and Grasping (center) and Fine Dissection (right) Tasks. Contrasts represent average blocked (BL) e random
(RA) differences. (Brain surface images are from the University of Washington Digital Anatomist Project. MATLAB® was used to create the topographic image with shape-preserving
piecewise cubic interpolation.
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were practiced in a progressive part practice manner and compare
this practice order to whole practice to facilitate acquisition.20,21,28

As well, performance at the end of acquisition is not the best in-
dicator of learning. Learning is best illustrated by retention and
transfer tests.17,21,22,24,27 We present our retention and transfer re-
sults later in the discussion.

4.2. Acquisition e changes in cortical hemodynamics

Including a neurophysiological assessment of cognitive effort
was an important aspect of our study and our unique contribution
to the literature as our work helps to illustrate some of the differ-
ences in prefrontal cortex activation during surgical skill perfor-
mance using different practice schedules. Regardless of the practice
schedule for skill acquisition, prefrontal cortex activation is
necessary in the early stages of learning motor skills especially for
complex, attention-demanding tasks like surgical skills.29e33,38

Other investigations of surgical techniques have used a single
task, e.g., knot tying,8 endoscopic suturing and knot-tying,9 lapa-
roscopic intracorporeal suturing and knot-tying in a set sequence6

and a laparoscopic suturing drill,14 that was performed in either a
constant or blocked practice order. Our findings clearly illustrate
(Table 1 aec; Fig. 3aec) how there is additional effort expended by
random practice in the prefrontal cortical regions during the
acquisition of simulated surgical tasks. This finding is expected as
reported by neural correlates of motor skill practice order reviews
by Lage et al.32 and Wright et al.38 using either functional magnetic
resonance imaging, diffusion magnetic resonance imaging or
transcranial magnet stimulation. Although there are few motor
Fig. 5. Topographical maps of the contrast t-tests (t(8) ¼ 2.306, p < 0.05, 2-tailed) of the me
Grasping (center) and Fine Dissection (right) Simulated Laparoscopic Tasks performed dur
ferences. (Brain surface images are from the University of Washington Digital Anatomist
piecewise cubic interpolation.
learning studies that have investigated neurobiological measures,
the prefrontal regions of activation are an important starting point
for understandingmotor skill acquisition and the stages of learning.
Lage32 reported that the RDLPFC showed increased activation for
random practice at the end of acquisition as well as demonstrating
increased DLPFC activation across acquisition. Our results for the
simulated laparoscopic surgical tasks in acquisition show mixed
results to those reported by Lage.32 This finding may be a result of
the fact that the tasks reported in Lage were very simple tasks like
sequence keypresses and go-no-go key pressing tasks. Laparoscopic
tasks are more complex and consequently additional practice may
be needed to clearly determine the impact of the practice schedule
during learning. Perhaps a two or three-fold increase in the amount
of practice of these simulated surgical skills is needed so that
automaticity or close to automaticity may be attained andwould be
comparable to the training durations incorporated by Shetty and
colleagues.10

We tested novices in our study and showed some different he-
modynamic patterns during acquisition than others who have
tested novices on simulated surgical tasks.8e10 Shetty et al.10 had a
group of novice surgeons complete 8 h of training with a simulated
laparoscopic surgical suturing skill. At the end of training, the
novices performed the suturing task at an expert level while their
prefrontal oxygenated hemoglobin activation was 4e5 times
greater than expert laparoscopists. Using the same task in a lon-
gitudinal investigation of skill acquisition and stress adaptations in
laparoscopic surgery training and detraining, Crewthers et al.6 also
reported no attenuation of prefrontal cortex activity at the end of
the acquisition training (300 min of training). Other applications of
an change in total hemoglobin (Dm molar) for the Camera Navigation (left), Lifting and
ing the retention phase. Contrasts represent average blocked (BL) e random (RA) dif-
Project. MATLAB® was used to create the topographic image with shape-preserving



Fig. 6. Topographical maps of the contrast t-tests (t(8) ¼ 2.306, p < 0.05, 2-tailed) of the mean change in total hemoglobin (Dm molar) for the Coordination and Cholecystectomy
Simulated Laparoscopic Tasks. Contrasts represent average blocked (BL) e random (RA) differences. (Brain surface images are from the University of Washington Digital Anatomist
Project. MATLAB® was used to create the topographic image with shape-preserving piecewise cubic interpolation.
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frontal lobe imaging of surgical performance involved endoscopic
suturing and knot tying, where Ohuchida et al.9 found novices and
surgical trainees showed increased prefrontal activation relative to
expert surgeons. In summary, incorporation of prefrontal cortex
activation measures is another component of training to assist
program directors with assessment of the level of learning of their
trainees and residents.

These differential findings provide an important foundation for
additional studies to incorporate functional neuroimaging along
with practice organization so that a better understanding of how to
structure educational training of surgeons may occur.

4.3. Retention and transfer e performance metrics

The counterintuitive outcome of contextual interference is
manifested during the assessments of learning that occur during
the retention and transfer phases. In our work, we had two groups
acquire the simulated laparoscopic tasks in either a blocked or
random practice order. After a 72-h rest period, all medical students
returned for an additional testing session that involved retention of
the three acquired tasks and transfer of two novel tasks. The
retention testing order was random while the transfer order was
blocked. During retention, for two of the three acquired tasks,
random practice resulted in lower performance times to complete
the camera navigation and lifting and grasping simulated laparo-
scopic tasks as compared to the blocked practice group (Table 2).
Our findings are supported by Dubrowski et al.21 who tested a
bone-plating task and found that during retention their random
and whole practice groups performed better than their blocked
group during a retention test. The fine dissection task, which was
more difficult than camera navigation and lifting and grasping,
found no blocked versus random practice differences which was
similar to Rivard et al.24 findings with selected FLS tasks during
immediate and delayed retention tests.

In addition, for the coordination simulated surgical transfer task,
the same benefits of random practice training were found, lower
total time and a global score above the minimum competency of
80% compared to blocked practice training. Although significance
was not attained in the coordination task for both variables (Table 2
e p ¼ 0.055 and p ¼ 0.098 for total time and global score, respec-
tively), the scores were in the predicted direction. In this paper, we
focused on only the medical students who completed all of the
phases of the study. We reported a significant reduction (p¼ 0.023)
for random practice relative to blocked practice in the coordination
task with an increase in the sample size of one subject (N-11) who
completed the tasks (Table 1aec, and Fig. 6).39 The choles-
cystectomy transfer task had no significant differences for both
total time and global score. We attribute no differences to the
increased task difficulty, novice experience level as well as the low
sample size.

4.4. Retention and transfer e changes in cortical hemodynamics

Our results indicate differential patterns for performance met-
rics and optical imaging results for the distinctive practice orders
and tasks. Although there were no retention practice schedule
differences for several of the performance metrics measures, we
did detect differences between the blocked and random practice
schedules for the mean DHbT measure of cognitive effort. For all
retention and transfer simulated laparoscopic tasks, the RDLPFCs
showed random practice had lower total hemoglobin values, which
means that the learners performed the task with less cognitive load
(lower effort) than those learners who acquired the tasks in a
blocked practice order (Table 3 and Figs. 5 and 6). In their review,
Lage and colleagues32 noted that the DLPFC is attenuated in the
random practice group relative to the blocked practice group.
Essentially, random practice during the skill acquisition training
forced the learners to use more effort to acquire the tasks. This
additional effort benefitted the random practice group during
retention and transfer for the simulated laparoscopic tasks.
Acquiring tasks (camera navigation, lifting and grasping, fine
dissection) under a random practice order facilitated the same
cognitive and behavioral processes that were needed to perform
the coordination task in transfer, which resulted in higher perfor-
mance and lower cognitive effort relative to blocked practice.
Although considered a basic laparoscopic skill, the fine dissection
surgical skill was more difficult than the camera navigation and
lifting and grasping simulated skills. Perhaps, one of the other basic
laparoscopic surgical skills such as cutting, clip application or in-
strument navigationwould have beenmore similar to the cognitive
and psychomotor demands of the camera navigation and lifting and
grasping tasks. Our findings support our hypothesis that random
practice facilitates enhanced memory and generalization by better
performance and lower neural demands (i.e., cognitive effort)
during the retention and transfer of simulated surgical laparoscopic
tasks.

Our results provide preliminary information about optical im-
aging measures of the DLPFCs and anterior PFC hemodynamic re-
sponses and its relationship to the acquisition, memory tests and
generalizations of skill learning or transfer of simulated surgical
laparoscopic tasks. These findings are comparable to those noted by
Shewokis and colleagues25,40 using functional optical imaging and
3-D spatial navigation tasks and 3-D unmanned aerial vehicle
piloting tasks.5 In addition, using functional magnetic resonance
imaging,Wymbs and Grafton41 reported that the left inferior frontal
gyrus (optode #2 e Fig. 1 left) was differentially activated during
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late learning as a function of practice schedule for the sequence
execution of a go/no-go task. Shewokis et al.40 showed transfer re-
sults illustrating that there is a differential relative mean oxygena-
tion of the left inferior frontal gyrus region (optode #2 - Fig. 1 left)
for random compared to blocked practice orders for virtual spatial
navigation tasks. These results help to extend our understanding of
the contextual interference effect regarding the influences of the
practice order and task type on neural function.11,25,32,35,37,38,40,41

fNIR, because it is non-invasive, portable, small and mobile, has
the potential to be used in future learning/training environments to
provide objective, task related brain-based measures for assessing
cognitive effort and neural processing during the learning process.
Our findings support Seymour and colleagues4,42 and set the stage
for additional learning scenarios using applications of simulation
and practice organization within surgical training and medical
education.4,6,10,11,20e24,33e35,36,42

In conclusion, we demonstrate that novice learners practicing in
a random practice order will learn multiple simulated laparoscopic
tasks more efficiently and effectively than learners practicing in a
blocked practice order. Our results indicate that optical imaging can
be used to capture learning effects in a simulated laparoscopic
environment. By incorporating optical imaging during practice and
testing assessments, surgical skills curricula can be designed and
personalized to the individual learner. Furthermore, given fNIR's
portability and safety, this optical imaging modality is well suited
for constructing learning assessments and protocols that meet the
current demands of surgical training.
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