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Abstract

Background Neurobiological feedback in surgical training could translate to better educational outcomes such as measures
of learning curve. This work examined the variation in brain activation of medical students when performing laparoscopic
tasks before and after a training workshop, using functional near-infrared spectroscopy (fNIRS).

Methods and procedures This single blind randomised controlled trial examined the prefrontal cortex activity (PFCA)
differences in two groups of novice medical students during the acquisition of four laparoscopic tasks. Both groups were
shown a basic tutorial video, with the “Trained-group” receiving an additional standardised one-to-one training on the tasks.
The PFCA was measured pre- and post-intervention using a portable fNIRS device and reported as mean total oxygenated
hemoglobin (HbOpm). Primary outcome of the study is the difference in HbOum between post- and pre-intervention read-
ings for each of the four laparoscopic tasks. The pre- and post-intervention laparoscopic tasks were recorded and assessed
by two blinded individual assessors for objective scores of the performance.

Results 16 Trained and 16 Untrained, right-handed medical students with an equal sex distribution and comparable age dis-
tribution were recruited. Trained group had an attenuated left PFCA in the “Precision cutting” (p=0.007) task compared to
the Untrained group. Subgroup analysis by sex revealed attenuation in left PFCA in Trained females compared to Untrained
females across two laparoscopic tasks: “Peg transfer” (p =0.005) and “Precision cutting” (p =0.003). No significant PFCA
attenuation was found in male students who underwent training compared to Untrained males.

Conclusion A standardised laparoscopic training workshop promoted greater PFCA attenuation in female medical students
compared to males. This suggests that female and male students respond differently to the same instructional approach.
Implications include a greater focus on one-to-one surgical training for female students and use of PFCA attenuation as a
form of neurobiological feedback in surgical training.

Keywords Functional near-infrared spectroscopy (fNIRS) - Laparoscopic skill - Prefrontal cortex - Cortical activation - Sex

differences - Medical education

With technological advances, minimally invasive surgery  laparoscopes have 2-dimensional imaging. The surgeon

has since become the preferred surgical approach due to
reduced surgical trauma by using smaller incisions. Unlike
open surgical approaches, laparoscopic surgery is consid-
ered technically difficult due to its learning curve. Although
3-dimensional imaging is available, most commonly used
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has poorer depth perception from 2-dimensional images
produced by the laparoscope and manipulation of tissue
involves the use of tools that are difficult to handle and pro-
vide poorer tactile feedback. Consequently, the acquisition
of laparoscopic skills is considered to be more challenging.

Historically, the evaluation of surgical skill is assessed by
quantitative and qualitative feedbacks which can be subjec-
tive. The lack of neurobiological understanding of the effects
of surgical training provided the impetus for this study.
The prefrontal cortex is responsible for various cognitive
processes including: executive functions, motor planning,
decision-making, judgment, working memory and ability to
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sustain attention [1]. It has also been implicated in the ability
to utilise feedback and to deal with novelty [2]. We elected
to use the Functional Near-Infrared Spectroscopy (fNIRS),
which is a novel non-invasive optical brain imaging tool, to
study hemodynamic changes within the prefrontal cortex.
Based on neurovascular coupling, local neuronal activa-
tion can be inferred from increased blood flow to activated
regions of the brain. This allows us to measure the activation
of prefrontal cortex during the performance of various motor
tasks. Its portability allows the participants to be scanned
in standing or sitting position, facilitating the assessment
of the participants’ prefrontal cortex function while doing
laparoscopic tasks.

While the prefrontal cortex is known to be vital for acqui-
sition of visuomotor skills, its role in the attainment of com-
plex technical skills which comprise both perceptual and
motor components, such as those associated with laparo-
scopic surgery, remains poorly understood. The literature has
shown differences in PFC activity patterns between surgeons
of varying skills [3-5]. In a previous study which was based
on simple suturing, Leff et al. [3] demonstrated that simi-
lar prefrontal cortex hemodynamic responses were found in
registrars and consultants, in whom technical performance
could not be discriminated. In contrast, distinctly different
patterns of cortical hemodynamics and significantly poorer
knot-tying performance were observed in surgical novices.
Shetty et al. [4] examined prefrontal cortex engagement of
participants during laparoscopic tasks and found superior
technical performance in experts compared with residents,
who in turn outperformed novices. An inverse association
was also noted between the grade of surgeon and prefrontal
cortex attenuation. Apart from attenuation of the PFC with
mastery, Andreu-Perez et al. [6] also demonstrated a dispar-
ity in frontal lobe connectivity during complex bimanual
motor task aids, with novices depending on the interactions
between associative and motor cortical networks more so
than experts.

Foregoing studies did not compare the prefrontal cortex
activation patterns of male and female medical students who
underwent laparoscopic surgical training to those without
training. The changes in various areas of prefrontal cortex
activation between Trained participants and Untrained par-
ticipants could reveal how surgical training streamlines the
learning process and causes activation of specific areas that
may correlate with learning pathways.

The aim of our study herein was to examine the neu-
rophysiological basis underlying these learning processes
which may spark more rigorous refinement of the cur-
ricula in medical surgical education with the assistance of
functional neuroimaging. We hypothesised that the group
of students who underwent an additional surgical training
workshop would have a greater attenuation in PFCA after
training.

@ Springer

Methods

This is a prospective, parallel randomised controlled pilot
study examining the effects of how laparoscopic workshops
changes areas of brain activation using fNIRS brain imag-
ing in medical students. Approval was obtained, National
University of Singapore’s Institutional Review Board (NUS
IRB No: S-18-140). We adhered to principles of reporting
of results as suggested by the CONSORT 2010 Statement.

Study participants

The study recruited 32 first to fourth year medical students
from the Yong Loo Lin School of Medicine (Singapore)
from June to August 2018. Only right-handed individuals
with no previous laparoscopic surgery experience were
included in the study. Participants were healthy, with no
psychiatric or neurological medical history and were not on
any chronic medication. They also had normal or corrected
to normal vision and were able to provide written consent
prior to participation in the study.

Study interventions

All participants were shown a short 20-min video tutorial on
how to perform the 4 basic laparoscopic tasks (Peg transfer,
Precision cutting, Suture insertion and Intracorporeal knot-
ting) and were given 5 min to familiarise themselves with
the laparoscopic simulator (Endo Trainer).

Following which the participants began their pre-inter-
vention assessment. PFCA was recorded using a fNIRS
device, the “NIRSIT” model from OBELAB (Korea), as
seen in Fig. 1. There was a mandatory 2-min resting period
before each laparoscopic task, in which the participants were

Fig. 1 A participant wearing the OBELAB NIRSIT device
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instructed to regard a cross on the wall while repeating the
phrase “ABCDE” in their heads. The resting period gives
participants adequate rest and reduces cognitive activity in
the prefrontal cortex to a baseline before each task begins.
Participants were then given 3 min to complete each of the 4
tasks in a sequential order as demonstrated by Fig. 2. Partici-
pants were only required to complete one trial for each task.

The start and end of each task corresponded to time syn-
chronisation markers for each task, helping to extract fNIRS
data accurately.

Participants were then randomly assigned to either inter-
vention groups.

In the “Trained” group, participants were randomly
assigned to receive one-to-one training by either of two
consultants of general surgery (1 male and 1 female tutor)
for 45 min. During the training workshop, participants were
given the opportunity to clarify any questions that they had
and could practice all 4 tasks again under supervision.

In the “Untrained” group, participants were given a
45-min break and were prohibited from practicing with the
Endo Trainer and from watching any laparoscopic related
videos or materials.

Following the intervention, participants from both groups
completed their post-intervention assessment (identical to
pre-intervention assessment) while the NIRSIT device
recorded their fNIRS data.

During the laparoscopic tasks, to ensure uniformity
amongst participants, the camera’s field of vision was cen-
tred and fixed, participants were not allowed to move the
camera during the various trials. A Prolene 4-0 suture was
used for the Suture insertion and Intracorporeal knotting
tasks.

Laparoscopic tasks

In Peg transfer (Task 1) participants used 2 graspers to per-
form a mid-air transfer of 6 pegs, placed on the left side
of the pegboard, onto the corresponding right side of the
pegboard. The task was considered complete when partici-
pants finished transferring all 6 pegs from left to right. Any
pegs which fell out of the field of view resulted in a penalty
and the task was not considered to have been completed.
This exercise tests eye-hand coordination, ambidexterity and
depth perception.

In Precision cutting (Task 2), a 7.5 cm X 7.5 cm non-
woven, 4 ply gauze swab had a circle pattern marked out on

it with a black marker and positioned pattern face up, such
that the open edge of the gauze is secured in the clip. Partici-
pants had to use a grasper and scissors to cut out the black
circle as quickly and precisely as possible. The task was
considered complete when the entire circle was cut out from
the gauze swab. This exercise requires one to use both hands
in a complementary manner, using one hand to resent the
other hand in the best possible way for the other hand to cut.

In Suture insertion (Task 3), participants used a needle
holder to hold onto the suture thread before inserting it into
the Endo trainer box. Within the Endo trainer, participants
had to ensure proper holding of the needle (one third from
the end where the suture is attached) using the needle holder
before driving the needle through two “black dots” marked
on either side of a slit made longitudinally on a Penrose
drain. The task was considered complete once the partici-
pant was able to insert the suture through both sides of the
Penrose drain. This exercise requires proper holding of the
needle in the needle holder, needle transferring and suture
insertion precision.

In Intracorporeal knotting (Task 4), the suture is already
inserted through the longitudinally slit Penrose drain for
them and participants had to use 2 needle holders to per-
form an intracorporeal knot. The participants needed to per-
form a “surgeons knot” first followed by 2 square knots. The
task was considered complete once all three throws were
achieved. This exercise is complex requiring several skills
such as depth perception, eye-hand coordination, ambidex-
terity and transferring skills.

The order of the tasks was arranged in an ascending order
of technical difficulty level, loosely based off the Fundamen-
tals of Laparoscopic Surgery (FLS) program. The Intracor-
poreal suturing task in the FLS program was divided into 2
tasks in our study; Suture insertion and Intracorporeal knot-
ting. This was due to concerns that medical students may not
be able to complete the entire Intracorporeal suturing task
within the 3-min time limit.

Randomization

Upon recruitment of participants, a quick eligibility screen
was done. Participants received verbal and written informa-
tion regarding the study as approved by NUS IRB. After
obtaining informed written consent, the participant was then
randomly assigned a unique randomization code obtained
from a randomization schedule. The randomization schedule

Task 1:

Pegs transfer
(3min)

Task 2:
Precision
cutting (3min)

Resting period
(2min)

Resting period
(2min)

Resting period
(2min)

Task 3:

Suture
insertion
(3min)

Task 4:
Intracorporeal
knotting
(3min)

Resting period
(2min)

Resting period
(2min)

Fig.2 Example of pre/post-intervention assessment (total time 22 min)
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was created prior to study activation using a random number
generator. As sex differences in response to various surgi-
cal teaching approaches were noted in prior studies [7, 8],
the randomization schedule was also stratified by sex with
a 1:1 allocation using fixed block sizes of 6 and 10. Within
each fixed randomisation block, participants were allocated
unique randomisation codes sequentially. The intervention
status of the participants was only revealed by an investiga-
tor with no direct contact with participants after complete
recruitment of a block to prevent allocation bias. As the pri-
mary outcome is entirely assessed by the fNIRS machine,
only the data analysts were blinded to the allocation. All
investigators, staff and participants were kept masked to out-
come measurements and trial results.

Signal processing and study outcomes

To determine differences in prefrontal cortex activation
between Trained and Untrained groups, the fNIRS device
used was of the “NIRSIT” model from OBELAB (Korea),
which obtained medical device approval from the Korea
Food and Drug Administration in April 2017. The ability to
transfer fNIRS data wirelessly to laptops facilitated ease of
access for analysis and feedback on training.

The NIRIST device has a comprehensive 48 channel sys-
tem which allows the mapping of each channel to the various
Brodmann areas. The main regions of prefrontal cortex ana-
lysed were the Dorsolateral prefrontal cortex, Ventrolateral
prefrontal cortex and Frontopolar cortex.

The fNIRS data for each laparoscopic task were
extracted wirelessly, using time synchronisation markers
during the experiment. This system utilises 24 laser source
(780/850 nm; maximum power under 1 mW) and 32 photo
detectors [9]. The detected signals were filtered by low pass
filter (DCT 0.05 Hz) and high pass filter (DCT 0.005 Hz) to
minimise ambient light noise and motion artefact. The bad
quality channels decided by signal to noise ratio as 30 dB

1 — 2 — 3 — 17 — 18
| | | | |
4 — 5 — 6 — 7 — 8 — 21 — 22
| | | | | | |
9 — 10 — 11 — 12 — 13 — 25 — 26

| | | I |
4 — 15 — 16 — 29 — 30

Right Region

— 27 — 28 — 41 — 42 — 83 — 4 — 45

—31—32—46—47—48J

Center Region

are rejected before further analysis. Hemodynamic changes
for each of the 48 channels during each trial and task were
calculated separately using the Modified Beer Lambert
Law (MBLL) [10]. The individual results are block aver-
aged by multiple trials in each task and grand averaging was
conducted to calculate representative result in each group.
These data times were baseline corrected with respect to the
start of the trial. The final output of each optode was then
reported as mean total oxygenated hemoglobin (HbO pm).

As all participants included in the study were right-hand
dominant with a presumed left sided cerebral dominance,
the Left region channels (#33—48) were the focus of analysis.
Grouping of the NIRSIT channels is illustrated in Fig. 3.
This correlates anatomically to the left anterior PFC contain-
ing the Dorsolateral PFC cortex, Ventrolateral PFC cortex
and Frontopolar cortex. The Centre region (#17-32) was
omitted from analysis as previous literature has shown the
medial PFC to be commonly engaged by social and emo-
tional processes in adolescents aged up to 23 years old
[11]. As the mean age of our participants fell within the
adolescent category, the activation of the medial PFC due
to adolescent-motivated social behaviour lacked relevance
in this study.

The PFCA recorded during the pre-intervention assess-
ment serves as a baseline to which the PFCA recorded
during the post-intervention assessment can be compared
against. The primary outcome of the study is therefore the
difference in HbOpm between post- and pre-intervention
readings (AHbOum = (Post-intervention HbOum) — (Pre-
intervention HbOum)) for each of the four laparoscopic
tasks.

To demonstrate the differences in PFCA, prefrontal topo-
graphical maps are used to represent the various areas of
prefrontal cortex activation during task performance. The
intensity of red colour represents increased oxygenated
hemoglobin levels detected in that region of the prefron-
tal cortex, and thus correlates with increased activation and

—19—20—33—34—35—‘
| | | | |

— 23 — 24 —_ 36 —_ 37 —_ 38 __ 39 __ 40

Left Region

Fig.3 48 Channels and the manner of grouping during data analysis. Left region channels (#33-48.)
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cognitive effort. The converse holds true with a dark blue
colour representing reduced oxygenated hemoglobin levels

and hypo-activation of the region.

The participants’ performance during each of the
four tasks pre- and post-intervention were recorded into
a video. The video recorded only the hand movements
and manipulation of the laparoscopic simulator to allow

Table 1 Objective structured
assessment of technical skills
scores

blinding of the assessors to the identities of the partici-
pants. The videos was assessed in a random order by two

independent consultants that were not involved in the

training of the intervention group. The pre- and post-inter-
vention performance was graded using a Likert scale on a
originally designed marking scheme (Objective Structured
Assessment of Technical Skills Scores) (Table 1).

Part A—Objective structured assessment of technical skills scores (first assessment)

Domain 1: Time and motion

1 \ 2

3 | 4 | 5

6 | 7

Many unnecessary moves

Efficient time/motion but some
unnecessary moves

Clear economy of
movement and maximum
efficiency

Domain 2: Knowledge and handling of instruments

1 \ 2

3 4 | 5

6 | 7

Repeatedly awkward and
unsure, inappropriate use

Occasionally stiff and awkward, mostly
appropriate choice and use of

Fluid moves and obviously
familiar with the

of instruments instruments instruments
Domain 3: Flow of operation

1 \ 2 3 4 5 6 7
Frequently stopped Demonstrated forward planning with Obviously planned course

operating and seemed
unsure of next move

reasonable progression of the operation

of the operation with
effortless flow from one
move to the next

Domain 4: Duration of exercise

1 \ 2

3 4 5

6 7

Unable to complete
within specified time

Able to complete within specified time

Completed well before
specified time

Domain 5: Overall judgeme

nt—assessor

1 | 2

3 | 4 | 5

6 | 7

Below expectation

According to expectation

Above expectation

Part B—Objective structure

d assessment of technical skills scores (second assessment)

Domain 1: Time and motion

1 | 2

3 | 4 | 5

6 | 7

Many unnecessary moves

Efficient time/motion but some
unnecessary moves

Clear economy of
movement and maximum
efficiency

Domain 2: Knowledge and handling of instruments

1 2

3 | 4 | 5

6 | 7

Repeatedly awkward and
unsure, inappropriate use

Occasionally stiff and awkward, mostly
appropriate choice and use of

Fluid moves and obviously
familiar with the

of instruments instruments instruments
Domain 3: Flow of operation

1 \ 2 3 | 4 | 5 6 | 7
Frequently stopped Demonstrated forward planning with Obviously planned course

operating and seemed
unsure of next move

reasonable progression of the operation

of the operation with
effortless flow from one
move to the next

Domain 4: Duration of exercise

1 \ 2

3 4 | 5

6 | 7

Unable to complete
within specified time

Able to complete within specified time

Completed well before
specified time

Domain 5: Overall judgement—assessor

1 \ 2

3 | 4 | 5

6 | 7

Below expectation

According to expectation

Above expectation
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Sample size and statistical analysis

As this is a pilot study, a sample size of 30 or more is
deemed adequate [12]. To investigate the PFC hemody-
namic changes, the representative value (AHbO,pm) was
extracted by averaging the block averaged HbO2um in each
channels depending on individual left and right separation.
The right region refers to channels 1-16 and left region
channels 33-48, as shown in Fig. 3. Since the specific loca-
tion of each channels in MNI coordinates are different within
subject, regional grouping can robustly calculate regional
representative value at left and right region. The Kolmogo-
rov—Smirnov test and the Shapiro—Wilk test was used to test
normality of (AHbO,pm) Trained and Untrained groups and
tasks as well as each sex. Between-groups differences were
evaluated using unpaired ¢ tests. We also conducted pre-
specified subgroup analyses by sex. All statistical analyses
were performed using IBM SPSS Statistics 21 (SPSS Inc.,
Chicago, Ill., USA). The criterion for statistical significance
was set at p <0.05.

The CONSORT diagram for randomization is illustrated
in Fig. 4.

Results

32 participants were assessed for eligibility and all con-
sented to participate. They were randomised to ‘Trained’
and ‘Untrained’ group, with 16 participants in each group.
Data from 1 male participant in the ‘Untrained’ group was
excluded due to technical issues during the fNIRS record-
ing. A total of 15 participants from the ‘Untrained’ group
and 16 participants from the ‘Trained’ group were studied,
and the results were analysed. Participant baseline demo-
graphic information studied showed no significant difference
(Table 2).

No significant statistical difference was noted upon anal-
ysis of the right region channels (#1-16) across all tasks
between Trained and Untrained and on subgroup analysis.

Fig.4 CONSORT diagram of

prospective, parallel ran- Enrolment

Assessed for eligibility (n=32)

domised controlled trial to
compare PFCA attenuation
between “Trained-group” and
“Untrained-group”

Declined to participate (n=0)

A4

Randomization (n=32)

A

Trained by surgeon (n=16)

A4

Analyzed (n= 16)

\4
Allocation
Untrained (n=16)
Data rejected due to fNIRS
technical issue (n=1)
Analysis Analyzed (n=15)

Table 2 Participant baseline

o A Trained (n=16) Untrained (n=15) p value
demographic information
Number of males 8 7 p=0.853
Number of females 8 8
Mean age of participants 21.73 (19-25) 21.50 (19-24) p=0.685
Number of students in year of medical study p=0.122
Year 1 3 1
Year 2 3 5
Year 3 5 2
Year 4 4 8
Number of participants with previous suturing 11 15 p=0.252

experience
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This is in keeping with the participant’s right-hand domi-
nance and presumed left sided cerebral dominance.

Figure 5 shows the statistical difference in AHbOum
between Trained and Untrained individuals during Preci-
sion cutting (p =0.007). During the Precision cutting task,
Trained individuals demonstrated an attenuation in left
PFCA, whereas Untrained individuals had a greater increase
in left PFCA.

Fig.5 Difference in PFC
activation (HbOum) between
post- and pre-intervention read-
ings of Trained and Untrained
individuals during the Precision
cutting task

Fig. 6 Difference in PFC activa-
tion (HbOum) between post-
and pre-intervention readings of
Trained and Untrained females
during the Peg transfer task

Fig. 7 Difference in PFC activa-
tion (HbOum) between post-
and pre-intervention readings of
Trained and Untrained females
during the Precision cutting task

Trained Group

Trained Group

No statistically significant difference was observed
between the 2 groups during Peg transfer, Suture insertion
and Intracorporeal knotting.

Subgroup analysis by sexes showed statistically signifi-
cant differences in AHbOum between Trained and Untrained
females during the first two tasks: Peg transfer (p =0.005)
and Precision cutting (p=0.003). Figure 6 and Fig. 7 shows
Trained females consistently demonstrating an attenuation in

Untrained Group

<10°*
5

x10%
5
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left PFCA, whereas Untrained females had a greater increase
in left PFCA while performing Peg transfer and Precision
cutting, respectively. No statistically significant difference
was observed during Suture insertion and Intracorporeal
knotting.

No statistically significant difference in AHbOum was
observed between Trained and Untrained males during all
four tasks.

Table 3 demonstrates a summary of the significance
testing on the Objective Structured Assessment of Techni-
cal Skills Scores. Across all 4 tasks, there was significant

improvement in objective scores amongst Untrained par-
ticipants during their post-intervention performance as
noted during the assessment of the videos (p <0.05). In
Trained participants, an increase in objective scores dur-
ing their post-intervention performance was only observed
across the first two tasks: Peg transfers (p =0.002) and
Precision cutting (p < 0.000), However, there is no sta-
tistically significant difference observed between Trained
versus Untrained participants in their objective scores for
their performance. We also did not observe a difference of
scores between Trained versus Untrained females.

Table 3 Summary of objective structured assessment of technical skills scores (OSATS)

OSATS All Trained

All Untrained

Trained vs
Untrained, dif-
ference between

“Change in Pre-
and Post- inter-
vention”
Task Pre-interven-  Post-interven- Change in P value Pre-interven-  Post-interven- Change in P value P value
tion tion Pre- and Post- tion tion Pre- and Post-
intervention intervention
1 3.667 4.833 +1.167 0.000  3.700 4.667 +0.967 0.002  0.302
2 1.533 2.467 +0.933 0.007 1.625 2.667 +1.042 0.000  0.398
3 1.733 2.833 +1.100 0.011  2.156 3.133 +0.977 0.062  0.481
4 1.633 2.133 +0.500 0.048 1.844 2.433 +0.590 0.060  0.445
OSATS All Trained females All Untrained females Trained vs
Untrained, dif-
ference between
“Change in Pre-
and Post- inter-
vention”
Task Pre-interven-  Post-interven- Change in P value Pre-interven-  Post-interven- Change in P value P value
tion tion Pre- and Post- tion tion Pre- and Post-
intervention intervention
1 3.125 4.875 +1.750 0.000 3.438 4.563 +1.125 0.014  0.123
2 1.375 2.438 +1.063 0.015 1438 2.625 +1.188 0.000 0.393
3 1.813 2.375 +0.563 0.187 2313 2.938 +0.625 0.245 0477
4 1.813 2.000 +0.188 0.339  1.563 2.313 +0.750 0.052 0.178
OSATS All Trained males All Untrained males Trained vs
Untrained, dif-
ference between
“Change in Pre-
and Post- inter-
vention”
Task Pre-interven-  Post-interven- Change in P value Pre-interven-  Post-interven- Change in P value P value
tion tion Pre- and Post- tion tion Pre- and Post-
intervention intervention
1 4.286 4.786 0.500 0.019  4.000 4.688 +0.688 0.060 0.337
2 1.714 2.500 +0.786 0.114 1.813 2.688 +0.875 0.008  0.447
3 1.643 3.357 +1.714 0.012  2.000 3.188 +1.188 0.080 0.294
4 1.429 2.286 +0.857 0.019 2.125 2.563 +0.438 0.253  0.281
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Discussion

The purpose of the study was to examine the effects of
a one-to-one laparoscopic surgical training workshop
on student’s PFC cortex activity. Using an Endo Trainer
with a fixed set of laparoscopic tasks and fNIRS device to
record cortical hemodynamic activity. Secondary objec-
tives included examining any sex differences that might
be present.

The underlying basis of measuring PFCA during each
laparoscopic task is based on the premise that with suffi-
cient practice and attainment of proficiency, a motor task
would require progressively less cognitive load (visuomo-
tor integration, visuospatial working memory, performance
monitoring etc.). Correspondingly, PFC activation would
decrease as the actions becomes more “automatic” to the
participant. This is based on previous studies where expert
surgeons were found to have a significantly attenuated
PFCA levels as compared to novice surgeons performing
simple suturing [4]. Leff et al. [3] examined cortical cor-
relates of technical skills acquisition and found that PFC
processing across five knot-tying trials is influenced by the
level of experience on a task, with relative decreases in
HBO, with successive trials. After getting participants to
perform simple tasks like sequence keypresses and go-no-
go key pressing tasks, Lage et al. [13] similarly observed
that “the consecutive repetition of a motor task resulted
in decreased DLPFC (Dorsolateral PFC cortex) activity”.
Thus, these studies have observed predictable attenuation
in PFC response alongside improvement in technical per-
formance; and we seek to examine if a similar effect is
seen in students acquiring laparoscopic skills.

Difference between Trained and Untrained
individuals and sexes

We report that a one-to-one laparoscopic workshop
appears to cause a significant PFC attenuation in the Pre-
cision cutting task only, compared to Untrained individu-
als. While this is in line with our hypothesis that increased
training would lead to automation of task and decreased
PFC activation, it was unusual that amongst the four
tasks completed, only the second task yielded significant
results. We expect the least cognitively challenging task,
Peg transfer, to have yielded significant results instead.
This, along with differences between sexes noted in prior
studies, prompted a subgroup analysis on sexes and led to
further insight into our preliminary results.

Here, for the first time, we report that one-to-one lapa-
roscopic training results in significant differences in PFC
attenuation between female and male medical students.

Significant PFC attenuation was observed amongst female
medical students for the first two laparoscopic tasks. On
the contrary, this phenomenon was not observed in the
Trained male students for any of the four tasks. There-
fore, sex is a confounder in our analysis of Trained versus
Untrained individuals and may explain the initial paucity
of statistically significant results observed.

In female medical students the surgical training workshop
caused a comparatively lower absolute activation of the Left
PFC for the first two tasks, which are found to be less techni-
cally challenging and easier to complete. This is in keeping
with our hypothesis, as these motor tasks would be easier to
master, and hence Trained participants would require lesser
activation of the PFC during the completion of each task
during their post-intervention assessment.

The lack of decreased PFC activation found in the Suture
insertion and Intracorporeal knotting task is expected. These
tasks requires the participant to attain proficiency in depth
perception, eye-hand coordination, ambidexterity and trans-
ferring skills. A tall task to ask of a novice medical student.

The literature explains this pattern of attenuation. Firstly,
laparoscopic tasks are generally considered to be more
technically challenging than simple knot tying or sutur-
ing. Ohuchida et al. [5] demonstrated that without training,
novices failed to exhibit PFC responses during challenging
laparoscopic tasks, affording them a pattern of brain acti-
vation similar to experts. Tasks that are too difficult may
preclude novices from developing a cognitive strategy for
successful motor performance, requiring them to rely more
on luck rather than skill during initial attempts. Secondly,
while the laparoscopic surgical training was provided by an
expert consultant with individual attention granted, 45 min
might have been too short of a duration. Previous stud-
ies had a greater amount of time dedicated to training or
greater number of practice trials, e.g. Crewther et al. [14]
had novices practice set sequences of intracorporeal sutur-
ing and knot tying for a baseline of 120 min, Shewokis et al.
[15] had participants perform 108 acquisition trials using
a laparoscopic simulator over 3 days (acquisition phase of
60—-90 min of training) and Shetty et al. [4] had participants
practice suturing skills for 2 h on the first session. The com-
bination of technical complexity and insufficient training
time might have resulted in the failure of participants to gain
“automaticity” in intracorporeal knotting. Philipp Romero
et al. had students and surgical residents undergo a 3 h train-
ing session for intracorporeal knot tying (ICKT) and that
while students and residents improved in all categories for
both ICKT techniques after training, they did not achieve
expert level for task times and accuracy [16]. Felix Nickel
et al. similarly found that medical students assigned to the
simultaneous learning arm required approximately 91.1 min
to obtain proficiency in laparoscopic suturing and knot tying
with the C-loop technique [17].
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Crewther et al. [14] observed no significant difference
in PFC activation for intracorporeal knot tying, even after
8hrs of training and attributed the consistent PFC response
to “The greater complexity of the laparoscopic tasks.” Shetty
et al. [4] similarly observed a lack of attenuation in a group
of novice surgeons despite progression towards near expert
levels of suturing skill, noting that additional training failed
to lead to progressive PFC attenuation.

The 4 tasks can be broadly grouped into 2 categories:
Tasks 1 & 2(Peg transfer and Precision cutting) are consid-
ered “technically easy” while Tasks 3 & 4 (suture insertion
and intracorporeal knotting) are considered “technically
challenging”. Hence with the time constraints of a single
training workshop, the benefits of basic skills (grasping and
simple maneuvering) acquired in the completion of the vari-
ous laparoscopic tasks, would feature more prominently in
Tasks 1 & 2. Task 2 may seem to have a more significant dif-
ference between the “Trained” and “Untrained” group as the
additional skills taught during the training workshop might
have a greater value add in the completion of the 2nd task
compared to the Ist task.

Interestingly, the Untrained group showed a slight
increased HbO level in PFC in their post-intervention tri-
als for the above-mentioned tasks. As the Untrained group
would not be expected to obtain mastery without training,
one would expect the pre- and post- intervention PFC activa-
tion levels to be similar. This could be explained by the fact
that for tasks which are challenging, but achievable, i.e. Peg
transfer and Precision cutting, Untrained participants had
to struggle more to develop a cognitive strategy, requiring
them to recruit more heavily from the PFC initially, whereas
Trained participants had the experience required for relative
attenuation of PFC compared to their counterparts [18]. Leff
et al. [19] showed during intraoperative decision-making,
novices had increased activation of PFC during “unprimed”
intraoperative decisions”, where solutions were not apparent
and they had to use effortful decision-making processes that
require increased attention and concentration. While PFC
was deactivated during “primed” intraoperative decisions,
with acceptance of the observed decision and prefrontal dis-
engagement. Such a pattern was similarly not observed in
expert surgeons.

The difference in PFC responses to one-to-one laparo-
scopic training between males and females, is a phenom-
enon observed by other studies such as that of Donnon et al.
[7] who studied the impact of cognitive imaging and sex
differences on the development of laparoscopic suturing
skills. While obtaining feedback on the preferred instruc-
tional approaches of teaching, one-to-one instruction was
the preferred and only instructional technique ranked higher
by female than male medical students. Strandbygaard et al.
[8] also determined instructor feedbacks to have increased
the efficiency regarding the amount of time and number of
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repetitions needed to reach a predefined proficiency level
by medical students for a complex simulated operation.
An additional sex specific difference includes the greater
influence feedback had on women’s performance than that
of men. Males outperformed females when instructor feed-
back was not given, while both males and females performed
equally when instructor feedback was given.

Our study sheds light on the differing neurobiological
responses during laparoscopic skill acquisition in females
compared to males. It has also reaffirmed the significant
benefits of a personal one-to-one laparoscopic tutorial in
female medical students. The growing emphasis on laparo-
scopic proficiency, prompts us to acknowledge sex specific
differences in laparoscopic education, to refine the current
surgical education curriculum and give personalised train-
ing opportunities to each student. In addition, this study has
shown that analysis of left region channels would be suf-
ficient for right-handed individuals.

Our study also suggest that one-to-one laparoscopic train-
ing may improve performance as supported by the improve-
ment seen in the objective scores from the assessment of
the individual videos of the participants pre- and post-inter-
vention performances; however, this was not statistically
significant. We assume that this is likely due to the limited
training time allocated during the study.

One could explore the use of a fNIRS device as a learn-
ing aid in assessing a student’s progress in the acquisition of
laparoscopic technical skills, with an increased PFC attenu-
ation possibly reflecting the extent of a student’s increased
proficiency. This prospect is bolstered by Nemani et al. [20]
study, which used fNIRS results to successful distinguish
Trained and Untrained subjects in motor skill transfer from
simulation to ex vivo environment, proving that fNIRS met-
rics are an objective means of classifying different levels of
surgical motor skill transfer more accurately than alternative
metrics such as checklists and task completion times.

There were several limitations in this study: First, the
intervention group did not have any rest after their training.
This may result in higher PFC baseline due to residual cog-
nitive activity from the training. Second, there were limita-
tions due to the nature of the fNIRS device used. PFC activa-
tion is inferred based on hemodynamic coupling and blood
flow to various regions of the PFC. Blood flow is affected
by gravity and despite instructions to keep their head level,
participants inevitably tilted their heads during performance
of each laparoscopic task, potentially affecting the record-
ing of data. Third, while our study has proven that analy-
sis of the left region channels is sufficient for right-handed
individuals, our study did not include left-hand dominant
individuals with possibly varied PFCA patterns. Fourth,
the laparoscopic training provided was not standardised
and instead tailored to each individual. While this improves
external validity, with tutors commonly teaching students
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according to their varying aptitudes, individualised train-
ing makes it difficult to pinpoint which aspect of training
resulted in the decreased cognitive load. Fifth, the training
was conducted in only 45 min which may be insufficient
for training a novice laparoscopic surgeon to perform four
different laparoscopic tasks. Sixth, the assessment was also
done in an artificial simulated environment such that the
laparoscopic camera’s field of vision was fixed and centred
within the Endo trainer. This prevented participants from
adjusting the camera and reduces the generalizability of our
results to surgical tasks in the operating theatre. Lastly, this
is a pilot study with a small sample size of 32 participants,
making the results susceptible to Type I error. While the
absolute number is small, the sample size of this study is
comparable to similar published studies [3-5, 7, 14-17].
This study nonetheless provides a foundation upon which
future studies can be built upon, with the authors of this
paper intending for a follow up study including surgical resi-
dents with a larger sample size.

Implications

The application of fNIRS devices as an adjunct tool in surgi-
cal laparoscopic education of medical students could prove
beneficial. fNIRS devices may be used as a measure of pro-
gress in a student’s acquisition of laparoscopic technical
skills, with attenuated PFC levels a reflection of mastery
and an indicator for tutors to move onto the next skill. An
observation of real time PFCA during laparoscopic tasks
could also allow tutors to give immediate feedback to stu-
dents, based on aspects of the surgical task student may find
most cognitively challenging. Female medical student would
also benefit from personalised one-to-one surgical training,
which allows us to maximise the potential of each surgical
trainee. Future studies should be performed to examine the
relationship between repeated training sessions on medical
student’s PFCA levels and its correlation to objective surgi-
cal performance. This could provide greater insight into the
degrees of PFC attenuation and its correspondence to objec-
tive surgical clinical outcomes.
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