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ABSTRACT
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Background: Structural learning theory suggests that experiencing motor task
variation enables the central nervous system to extract general rules regarding tasks
with a similar structure — rules which subsequently can be applied to novel situations.
Complex minimally invasive surgery (MIS) requires different port sites, but switching
ports alters the limb movements required to produce the same end-point control of the
surgical instrument. The purpose of the present study was to determine if structural

learning theory can be applied to MIS to inform training methods.

Methods: A tablet laptop running bespoke software was placed within a laparoscopic
box trainer and connected to a monitor situated at eye-level. Participants (right-
handed, non-surgeons, mean age = 23.2 years) used a standard laparoscopic grasper to
move between locations on the screen. There were 2 training groups: the M-group (n
= 10) who trained using multiple port-sites, and the S-group (n = 10) who trained
using a single port-site. A novel port-site was used as a test of generalization.
Performance metrics were a composite of speed and accuracy (SACF), and

normalized jerk (NJ; a measure of movement ‘smoothness’).

Results: The M-group showed a statistically significant performance advantage over
the S-group at test as indexed by improved SACF (p < 0.05) and NJ (p < 0.05).

Conclusions: This study has demonstrated the potential benefits of incorporating a
structural learning approach within MIS training. This may have practical applications

when training junior surgeons and developing surgical simulation devices.
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Introduction

Humans show a remarkable capacity for complex movement. The motoric ability of a
two year old surpasses that of the most sophisticated man-made robots. However,
certain tasks push our abilities to their limits. Minimally invasive surgery (MIS) is
challenging because the brain must control complex movements using extremely

limited sensory information obtained from a rapidly changing environment. Recent



advances in psychology, neuroscience and machine learning have started to explain
the amazing capacity that humans show for learning to move within sparse
environments [1-3]. Here we demonstrate how our theoretical understanding of motor
learning makes predictions that can be usefully exploited to inform surgical training

and safety.

First let us consider a laparoscopic gastric bypass or laparoscopic surgery for
colorectal malignancy. Typically, four to six ports are required to gain adequate
access to the target structures and the surgeon will switch between ports throughout
the surgery. The physical properties of laparoscopic tools mean that switching ports
changes the relationship between the surgeon’s hand movements and the movement
of the tool (a relationship known as the visual-motor mapping). For example,
switching to a port which is closer to a target structure means smaller movements of
the tool handle are required to create the desired movement of the tip, the force
requirements change, and disparate arm movements recruiting different joints and
muscle groups are needed. Heuer and Sulzenbruck [4] studied the trajectories of the
hand and of the tip of a handheld sliding lever in aiming movements. They observed
that the movement of the effective part of the tool is the primary kinematic variable in
motor planning and control even in the absence of continuous visual feedback. If the
surgeon’s visual-motor system is unable to estimate these new task parameters, the
accuracy and/or speed of movement will be impaired, increasing the risk of direct
harm (such as inadvertent perforation of an organ) and indirect harm (prolonged

general anesthesia [5, 6]) to the patient.

A novel theory of motor control suggests that it may be possible to minimize the
deleterious consequences of port switching through certain training regimes. To
conceptualize this theory it is useful to consider a familiar occurrence of learning a
new visual-motor mapping - driving a new car with different steering characteristics
and new braking and acceleration capabilities. While a novice driver may find it
difficult to switch from the car they have always driven (and that they used to pass
their test), an experienced driver who has driven many vehicles adapts to a new car
quickly and easily. This phenomenon can be explained by structural learning theory,
which suggests that experience can provide the human brain with exposure to a wide

variety of conditions so that the underlying structure of the task can be learnt [2]. A



structure is a set of rules which describes how task parameters co-vary (i.e. how a set
of forces applied to the brake results in different stopping times depending on the
vehicle). Once the driver has discovered the structure, the problem of learning a
related task (driving a new car) becomes much simpler [7].

A similar principle could apply to performing a surgical task through multiple ports. If
surgeons are able to learn general rules about how port properties vary this may
alleviate the negative consequences associated with port switching. Experimental
findings show that training regimes in which task parameters are randomly or
gradually varied provide support for the extraction of structural rules [2, 7-9]. Even
when the structural rules are not extracted, motor task variation can improve future
performance through other mechanisms [10-13]. Despite this, current training
systems offer little opportunity for variability and many focus on improving
performance metrics under constant task parameters. Given that the fundamental
assumption of surgical training systems is that any performance benefits will transfer
to the operating room, it seems essential to determine whether training regimes which
vary task parameters (i.e. providing experience with different port conditions) would

be better preparation for a novice surgeon.

To examine this problem in a controlled way we tested whether training for minimally
invasive surgery using varying ports would improve performance using a novel port.
Traditional motor learning theory suggests that constant training conditions (i.e. using
a single port) would allow participants to best improve their performance as the
participants can consolidate their skill levels using feedback mechanisms on a task
with stable ‘identical elements’ [14]. In contrast structural learning theory would
suggest that multiple port training should result in optimum training outcomes via the

learning of general task structures.



Materials and Methods

Participants

Participants (N=20; 10 male, 10 female) were recruited from the University of Leeds
(age range 16-31 years, mean age 23.2 years, SD 3.3 years). Given the difficulty in
recruiting surgeons with a similar level of experience we recruited only participants
with no surgical background. We previously conducted a pilot study which revealed
no differences between surgeons and non-surgeons when performing novel motor
tasks. Thus our sample allows us to reliably estimate group differences with sufficient

statistical power and extrapolate our results to surgical trainees.

No participants had any known neurological conditions/deficits and all had
normal/corrected to normal vision. All participants completed the task with their right
hand, and all were right handed as indexed by the Edinburgh Handedness Inventory
[15] except for two who were classified as ambidextrous. One participant in the
multiple port site group showed exceptionally poor performance at test and was
identified as an outlier (Z-score on SACF = 2.37) and was subsequently excluded
from further analysis. Ethical approval was granted by the University of Leeds, in line

with the declaration of Helsinki.

Figure 1: a) The experimental set up consisted of a laparoscopic training box with a
touch screen laptop placed inside. Participants moved an onscreen cursor representing
the tool end point to sequentially appearing targets. b) The M group performed each
training trial through ports P1, P2 or P3. The S group performed all training trials
through port P2. At test both groups completed the task through port T1. c) A total of
20 movements were made during each learning and test trial.



Apparatus

A laparoscopic box trainer (Ethicon Endo Surgery and Stryker) measuring 390 mm x
265 mm x 180 mm was positioned 700 mm above the floor and rotated 90°
anticlockwise with the shorter sides orthogonal to the supporting table. The box
trainer had seven entry ports positioned in a ‘H’ configuration. Only the three
proximal (P1, T1, P3) and a central port (P2) were used in the study (Figure 1c). The
ports had a diameter of 40 mm and had a soft rubber entry in a cross hair shape. An
ENDOPATH® XCEL™ Dilating Tip 12 mm trocar was fully inserted through each
port with the gas valve facing away from the participant. A 73 mm x 60 mm x 15 mm
section of soft foam was used as a collar between the port and trocar to allow free
range of movement. A 330 mm long laparoscopic grasper with plastic tip was then

inserted through the trocar and placed on the kinematic recording device (Figure 1a).

A Toshiba Portege M700-13P tablet PC (screen: 257 x 160 mm, 1280 x 800
resolution, 120 Hz refresh rate) running bespoke software (Kinematic Assessment
Tool [15]) was used to record endpoint position at 120 Hz. The tablet was placed
inside the box trainer at the distal right corner and the built-in touch screen acted as an
input device (Figure 1a). Visual stimuli were presented on a Dell 1708FP monitor
(screen 339 x 270 mm, 1280 x 1024 resolution, 75 Hz refresh rate) positioned behind
the box trainer. The lowest point of the screen was 580 mm above the table. The
rubber endpoint of the laparoscopic grasper was represented by an onscreen cursor
and controlled by moving across the touch screen. Black markers were placed on the
floor to indicate where the participants should stand in order to ensure a consistent

viewing distance of approximately 800 mm.

Task and Procedure

Participants were given standardized instructions at the start of each experimental
block to perform the task as ‘quickly and accurately as possible’ using their right hand
throughout.

The participants were randomly assigned to one of two groups: a single port-site
group (S-port, N=10) or a multiple port-site group (M-group, N=10). All groups

completed an identical baseline trial in which they made 60 consecutive aiming



movements to sequentially appearing targets (green circles, 4 mm diameter, 115 mm
apart), keeping the end of the laparoscopic grasper in contact with the touch screen at
all times. All baseline trials were performed through port P2. The trial was initiated by
moving the cursor over the starting position (a target labeled °S’), after which the next
target appeared. Targets were presented in a pentagram orientation, disappearing after

the next target was reached.

The M and S groups then completed a training block consisting of 30 trials. Similar to
the baseline trial, participants made aiming movements to sequentially appearing
targets. Each trial was made up of 20 targets (approximately between 18 — 22 mm
apart) while a straight black line connected the visible targets indicating the most
direct path (Figure 1c). During all learning trials a 40° visuo-motor rotation was
applied with an origin at the “S” start symbol such that the cursor moved away from
the origin at a 40° angle relative to the laparoscopic endpoint position. The M group
performed each trial through port P1, P2 or P3 in a pseudo random, non-repeating
order. The S group performed all 30 trials through port P2.

The following day the participants in both groups completed a test block, consisting
of 14 trials identical to those in the training block. However, both groups then
completed the test trials through the novel port-site T2.

Measures
Performance was characterized by examining four separate measures (see [16]):

(1) Movement Time (MT), the time taken to move from one target to the next
in seconds.

(i) Path Length (PL), the distance taken to move between one target to the
next in millimetres.

(ili)  Speed Accuracy Composite Function (SACF), is a measure that accounts
for both the speed and accuracy of each movement (slower movements are
usually more accurate, and vice versa). This was calculated as follows:
SACF=MT x PL.

(iv)  Normalised Jerk (NJ) is the time derivative of acceleration normalised
over distance and time to allow for comparison between trajectories of

different lengths and durations. NJ provides an index of “smoothness”.



Analysis

The mean scores for movements within and across all trials were calculated for each
participant. This was performed on SACF, MT, PL and NJ measures of movements.
Independent t-tests to compare SACF and NJ between both M and S groups were then

carried out.

Results

Baseline Performance

Baseline visual-motor performance was calculated from the first 50 movements for
each individual. There were no differences between the S and M groups on measures
of SACF (t(17)=-0.67, p > 0.05), MT (t(17)=-0.31, p > 0.05), PL (t(17)=-0.35, p >
0.05 or NJ (t(17)=0.37, p > 0.05). Participants across groups were, therefore,

considered to have similar levels of visual-motor ability at baseline.
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Figure 2. Performance for the two groups: training with a Single port (S, white bars)
or Multiple ports (M, grey bars). Different panels indicate performance as measured



by: a) Speed Accuracy Composite Function (SACF), b) Normalized Jerk (NJ), c¢) Path
Length (PL) and d) Movement Time (MT). All error bars = Standard Error.

Performance at Test

At test the M group showed a statistically significant performance advantage over the
S group as indexed by SACF (t(17)=2.23, p < 0.05; Figure 2A). In order to explore
the performance advantage further, the component measures (MT and PL) were
examined. Mean MT was shorter for the M group than the S group (t(17) = 2.29, p <
0.05; Figure 2C), however, no differences in mean PL was found between groups
(t(17)=.29, p > 0.05; Figure 2D). This suggests that the S group were able to achieve
similar accuracy to the M group but there was an added cost in terms of slower
movement speed. In addition to exhibiting shorter MTs, the M group also
demonstrated significantly reduced NJ compared to the S group (t(17)=2.23, p < 0.05;
Figure 2B).



Discussion

A lifetime of experience interacting with the world leads humans to develop finely
tuned visual-motor maps used to help carry out skilled actions. One reason that
minimally invasive surgery is such a challenging task is that it suddenly alters the
relationship between a motor action and the outcome (as perceived visually), which
requires a new mapping to be learnt (or existing mappings to be adjusted). Further
complexity arises from the fact that these mappings may vary depending upon which
tool and port site is being used. As such, it is not straightforward to determine the

optimal training regime for learning to perform laparoscopic surgery.

In the present study we examined whether our theoretical understanding of how the
central nervous system “learns to learn” could be used to inform laparoscopic
training. For these purposes we chose the particular problem of how best to prepare an
individual to use a familiar laparoscopic instrument through a completely novel port
site. We trained one group with multiple port sites and compared their performance to
another group which was trained using a single port site. While both groups
experienced the same number of training trials, the single port site group experienced
far more consistent conditions. Our results show, however, that performance at the
novel port site was best after training using multiple port sites. This result is predicted
by structural learning theory, which states that motor task variation can allow the

central nervous system to learn general rules about how task parameters co-vary [2].

While the beneficial properties of motor task variation have been known for some
time [10, 17], structural learning was only recently proposed as a mechanism by
which “learning to learn” could occur in the motor system [2]. Several studies have
now demonstrated the ability of the central nervous system to learn task structures
which facilitates the acquisition of new but similar skills [3, 7-9, 18, 19]. To our
knowledge, the present study is the first to demonstrate that surgical training could
usefully exploit the concept of structural learning to improve outcomes. For the case
of a box-trainer with multiple port sites, these data have relatively straightforward
consequences. Our data align well with structural learning theory, indicating that

surgical trainees should be encouraged to introduce variability into their practice.



Specifically, training boxes and virtual reality trainers should be designed with motor

task variation in mind.

In this paper we have examined one set of conditions that could impact on the
performance of a surgeon during MIS. But there are a number of other potential
conflicting/distorted sources of information in the surgical environment. In normal
laparoscopic practice, frequent repositioning of the laparoscope (the camera) is
required in order to view different areas of operative space. For example, in gastric
bypass surgery it is sometimes necessary to divide adhesions in the pelvis. This
seemingly simple task is made difficult as the ‘set-up’ of the procedure is altered
when operating switches to the pelvis, movements are ‘inverted’ and the surgeon
needs to reverse his/her movements. This can lead to a change in the alignment
between the camera-axis and surgeon’s body-axis (and their motor-axis) which results
in slow and inaccurate movements [20-22]. While the visual properties of the tools
could provide a useful cue as to the nature of the camera-axis, that information could
also have negative consequences for certain forms of learning [23]. Similar
misalignments between the motor-axis of the surgeon and the visual display can occur
depending upon the monitor position and misalignments are exacerbated by surgeons

choosing monitor orientations that optimize comfort over performance [24-26].

It is tempting to try to extrapolate from our findings further guidelines for training to
cope with various variables present in the surgical environment. It seems reasonable
to suggest that varying the relationship between body-axis and camera-axis (and/or
the display-axis) during training would help attenuate any adverse effects in terms of
surgical performance. What is crucial, however, is ensuring the right balance between
varying task parameters and allowing consolidation and improvement (i.e. repeating
similar conditions). While previous studies demonstrate that both random and gradual
variation of task parameters improve future learning [18], rapid changes in the
environment may result in reduced retention rates [27]. In essence while variability in
practice should improve the ability of a surgeon to cope with a changing surgical
environment, they still need some consistent performance feedback to hone their
skills.



In conclusion, we believe this is the first study to show that surgical training can be
improved by exploiting the nervous system’s ability to learn task structures. This
simple evidence based exercise shows the potential to reduce the risk of human error
in MIS while decreasing the time required for novice surgeons to reach proficiency.
This has practical applications for trainers of junior surgeons and also for the
development of surgical simulation devices that may need to incorporate greater
variability into future training programs. One prediction of structural learning theory
Is that training regimes which promote the discovery of task structures should
augment transfer from simulator training to the operating room. Our results provide
indirect evidence to this effect, but testing this hypothesis in situ is a priority for

surgical training.
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