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Abstract

Despite substantial progress towards establishing virtual reality (VR) simulators as a replacement for physical ones
for skill training, its effect on the brain network during skill acquisition has not been well addressed. In this study, we
employed portable optical neuroimaging technology and Granger causality approach to uncover the impact of the two
medical simulation technologies on the directed functional brain network of the subjects with two different skill levels.
The mobile brain-behavior relantionship was evaluated using functional near-infrared spectroscopy (fNIRS) while
right-handed subjects performed well-established fundamentals of laparoscopic surgery (FLS) pattern cutting task. A
multiple regression path analysis found that the cognitive-action information flow from the right prefrontal cortex to
the supplementary motor area statistically significantly predicted the FLS task performance. Here, the skill level
(expert vs novice) affected the cognitive-action information flow from the right prefrontal cortex and the efference
copy information flow from the left primary motor cortex via supplementary motor area as hub to the cognitive-
perception at the left prefrontal cortex, i.e., the action-preception link. The simulation technology (physical vs VR
simulator) affected solely the cognitive-action information flow from the right prefrontal cortex to the left primary
motor cortex; however, the interaction between the medical simulation technology) and the skill level affected the
efference information flow from the left primary motor cortex to the right prefrontal cortex and from the
supplementary motor area to the left prefrontal cortex. These discriminative findings are crucial since our VR
simulator had face and construct validity. Therefore, our study highlighted the importance of efference information
flow within the framework of the perception-action cycle when comparing medical simulation technology for
visuomotor skill acquisition.
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Introduction

Virtual Reality (VR) technology is increasingly being used for motor skill training in medicine !; however, the
investigation of the perception-action cycle 2 in the VR compared to physical simulators is lacking. Specifically, there
is a need to study the directional information flow that creates the sensorimotor mapping during motor skill acquisition.
Here, the novice brain builds a multimodal cognitive-perceptual model 3# under perceptual load ° to learn a goal-
directed action during skill acquisition *. Under the forward model concept &7, the central nervous system internally
simulates the motor behavior in planning, control and learning such that the prediction of the sensory input is compared
with the reafferent sensory input to determine discrepancy, e.g., at the frontal eye field for the visuosaccadic system
8, Christensen et al. ° investigated the action-perception coupling based on the effect of action execution on action-
perception that is postulated to be crucial for motor skill training *. So, action for perception ° that facilitates the
closure of the perception-action cycle may be necessary during skill acquisition compared to learned skill performance
by the experts. Then, the development of the sensorimotor mapping during skill acquisition is usually under variability
"for all sets or series of observations that are non-constant and ... non-stationary” 1* including brain activation *2. Here,
the inference about the state of the tool and the environment under noisy feedback will be made using a cognitive-
perceptual that novices will develop for the closure of the perception-action cycle leading to a subjective sense of
control %3, So, the understanding the variability in the brain and behavior in the structural and dynamic context of the
perception-action cycle 2 can provide additional insights into skill acquisition. Here, the brain-behavior relationship
in novices will differ from experts who have the cognitive-perceptual and may also have achieved certain motor skill
“automaticity” 4. To investigate the brain-behavior relationship in the context of the perception-action cycle 2,
investigation of the directional information flow in the novice brain when compared to the expert brain may provide
insights into the motor skill acquisition with various simulation technologies *. For example, the dependence of
perception on action ° for motor skill acquisition may differ between the VR versus physical simulators. Such mobile
brain-behavior investigation is now feasible due to the recent developments in portable brain imaging technologies *°,
e.g., Nemani et al. 1 assessed bimanual motor skills using functional near-infrared spectroscopy (fNIRS) during
laparoscopic surgery training.

Laparoscopic surgery training following the Fundamentals of Laparoscopic Surgery (FLS) is a common education
and training module designed for medical residents, fellows, and the physician to provide them a set of basic surgical
skills necessary to conduct laparoscopic surgery successfully. The FLS training is a joint education program between
the Society of American Gastrointestinal Endoscopic Surgeons and the American College of Surgeon to establish box
trainers (physical simulators) in standard surgical training curricula 7. FLS certification in general surgery in the USA
uses five psychomotor tasks with increasing task complexity: (i) pegboard transfers, (ii) pattern cutting, (iii) placement
of a ligating loop, (iv) suturing with extracorporeal knot tying, and (v) suturing with intracorporal knot tying. It was
introduced to systemize training and evaluation of cognitive and psychomotor skills required to perform minimally
invasive surgery. FLS is being used to measure and document those skills for medical practitioners where the
understanding of the brain-behavior relationship is crucial for informed training and assessment 18, especially in the
context of perception-action coupling *° in physical versus VR simulators during laparoscopic surgery training °. For
example, surgeons rely on two-dimensional (2D) visualization of the three-dimensional (3D) surgical field at a reduced
depth and tactile perception 2 where 3D vision has been shown to speed up laparoscopic training 22 possibly by
reducing perceptual load ® that is difficult to establish without the investigation of the information flow in the brain.
Moreover, VR-driven sensorimotor stimulation may have harmful aftereffects 23 that need investigation of the brain-
behavior relationship in the context of sensation weighting in the perception-action cycle *°. Furthermore, the
understanding of the perception-action cycle in terms of differential sensation weighting can help in improving the
design of the VR simulators in medicine in terms of not only visual and auditory but also kinesthetic and tactile
feedback *,24.

The FLS task performance (see Figure 1A) is graded based on the speed and accuracy related to psychomotor skills
2. however, not everyone can achieve proficiency 26. Here, we postulate that successful skill acquisition leads to an
internal forward model ' that can simulate the perceptual consequences of planned and executed motor commands.
An intact action-perception coupling that is relevant for surgical skill acquisition has been shown to depend on the
integrity of the cerebellum ° that underpins the internal model 2. Then, the hierarchy of cognitive control during skill
learning shows a rostrocaudal axis in the frontal lobe 2°, where a shift from posterior to anterior is postulated to mediate
progressively abstract, higher-order control expected in the experts. Here, the dorsolateral and ventrolateral prefrontal
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cortex (PFC) can be related to attention control, cognitive control, feature extraction, and formation of first-order
relationships 3°,,%2 3 relevant in novices. Specifically, dorsolateral PFC of the dorsal stream is more involved in the
visual guidance of action while the ventrolateral PFC of the ventral stream is more involved in the recognition and
conscious perception 34 Then, the supplementary motor area (SMA) and the premotor cortex are crucial for the
coordination of bimanual movement 3 where SMA is crucial for complex spatiotemporal sequencing of movements
36,37 necessary in FLS tasks. Numerous functional magnetic resonance imaging (fMRI) and fNIRS studies have been
published on skill learning 2.38:39.4041,42.43.44.45. however, they have not systematically investigated the information flow
4647 and its variability between experts and novices during surgical skill acquisition in physical versus VR simulators.
Here, dynamic functional brain connectivity *® can elucidate time-varying changes in brain activation and their
dynamic reconfiguration *°. Specifically, the directed functional brain connectivity based on time-varying Granger
causality analysis %° can elucidate the directional information flow across brain regions in the context of perception-
action coupling *°. Although fMRI studies have shown that the motor learning and transfer of learning from past
experiences can be encoded by a large-scale brain network 552; however, fMRI is not suitable for mobile brain-
behaviour studies. In this study, we used portable braim imaging with fNIRS that has limited spatial and depth
sensitivity . Published fNIRS studies showed the involvement of the inferior parietal cortex, PFC, occipital cortex,
and the sensorimotor areas, including premotor and primary motor cortex (PMC). In contrast, the fMRI studies showed
additional activation of deeper brain structures, including the basal ganglia and cerebellum 2.

In this study, we investigated the information flow 3* across the following brain regions, right PFC (RPFC), left PFC
(LPFC), SMA, right PMC (RPMC), left PMC (LPMC) — see Figure 1B, based on the sensitivity profile of our optode
montage (Figure S1 in supplementary materials). Figure 1B also shows the perception action link where our optode
montage captured the dorsal stream for action starting from action selection in dorsolateral PFC to action sequencing
in the SMA to action performance in the PMC. Then, the efference copy information from PMC is transmitted to the
SMA and PFC while the corollary discharge from SMA is transmitted to the PFC. Here, we distinguished between
efference copy versus collateral discharge based on whether motor action was transmitted versus motor plan for action-
perception % in the PFC %8, Then, the action selection at the dorsolateral PFC and any conflict with the sensory
reafference are monitored by the angular gyrus for a subjective sense of control ** in the simulation environment. The
ventral stream for perception of the sensory feedback from the environment at the primary sensory cortex flows to the
sensory association cortex and then to the posterior association cortex (e.g. supramarginal gyrus) leading to conscious
perception in the ventrolateral PFC. Here, PFC interacts through reciprocal and reentrant connections with different
areas of posterior association cortex %7, including supramarginal gyrus, to integrate the information from sensory inputs
and the actions %8 for action-perception 5. We found that the directed functional brain connectivity based on Granger
causality (Figure S2 in supplementary materials) from the RPFC to SMA, LPMC to SMA, and SMA to LPFC during
FLS task performance mediated the difference between experts and novices, as shown in Figure 1C alongwith the
automated anatomical labelling (AAL) %° of the brain regions with Montreal Neurological Institute (MNI) coordinates
(see Table S1 in supplementary materials) based on the sensitivity profile (Figure S1 in supplementary materials).
This presented SMA as the key junction % for the information flow that differentiated skill level (experts versus
novices). Then, the difference between physical and VR simulators was captured by the directed functional brain
connectivity from RPFC to LPMC mediated cognitive control that differentiated medical simulation technology
(physical versus VR simulator). Also, an interaction between the medical simulation technology and the skill level
was captured by the directed functional brain connectivity from LPMC to RPFC and SMA to LPFC (see Figure 1D)
that can be related to efference copy and collateral discharge, respectively. Moreover, an interaction effect between
the skill level and the simulator technology was found for the coefficient of variation (CoV) across trials of the directed
functional brain connectivity from LPMC to RPMC. However, only the skill level and not the simulation technology
was found to have a significant effect on the FLS task performance score and its CoV that highlighted the importance
of portable brain imaging for capturing the perception-action cycle to evaluate medical simulation technology. Our
prior work found wavelet coherence-based interhemispheric primary motor cortex connectivity and its CoV to be
different between physical and VR simulators in the novices . In the current study, Granger causality and multiple
regression approach identified directed information flow related to efference copy and corollary discharge linked to
predictive internal signaling %2 within the framework of the perception-action cycle 2 that mediated the interaction
between skill level and medical simulation technology.
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Figure 1: (A) Subject performing the bimanual FLS task while a continuous-wave spectrometer is used to
simultaneously measure functional brain activation via functional near-infrared spectroscopy to capture the
perception-action link to the surgical training. (B) Perception action link to surgical training in the physical and VR
simulator environments. Our portable neuroimaging allowed investigation of the dorsal stream of action at the
following brain regions, right PFC (RPFC), left PFC (LPFC), SMA, right PMC (RPMC), left PMC (LPMC) based on
the sensitivity profile of our optode montage (Figure S1 in supplementary materials). (C) Automated anatomical
labelling (AAL) of the brain regions (see Table S1), Supp_Motor_Area_R (SMA), Supp_Motor_Area_L (SMA),
Frontal_ Mod_R (RPFC), Frontal_Mod_L (LPFC), Precentral R (RPMC), Precentral_L (LPMC) based on the optode
sensitivity profile (Figure S1). Also, significant inter-regional directed functional brain connectivity are shown with
colored arrows for the factors, the skill level (expert, novice), simulator technology (physical simulator, VR simulator),
and their interaction.

Results
1.1 Inter-regional directed functional brain connectivity:

Repeated-measure two-way multivariate analysis of variance (two-way MANOVA) found a statistically significant
effect of the skill level (expert, novice) on the inter-regional directed functional connectivity, RPFC to SMA
(F(1,15)=6.045, p = .027; partial n2 = .287), LPMC to SMA (F(1,15)=7.892, p = .013; partial n2 = .345) and SMA to
LPFC (F(1,15)=6.591, p = .021; partial n2 = .305). Also, two-way MANOVA found a statistically significant effect
of the simulator technology (physical simulator, VR simulator) on the inter-regional directed functional connectivity,
RPFC to LPMC (F(1,15)=6.002, p = .027; partial n2 = .286). Then, two-way MANOVA found a statistically
significant effect of the interaction between the skill level and the simulator technology on the inter-regional directed
functional connectivity, LPMC to RPFC (F(1,15)=8.523, p = .011; partial n2 = .362) and SMA to LPFC
(F(1,15)=6.824, p = .02; partial n2 = .313). The details of the between-subject effects are presented in the Table S2 in
supplementary materials.

Figure 2 shows the mean response for each factor (shown with colored arrows), adjusted for other variables in the
model, i.e., the plot of estimated marginal means of the significant inter-regional directed functional brain
connectivity. Figures 2(A), 2(B), 2(C) show the plot of estimated marginal means of the inter-regional directed
functional brain connectivity affected by the skill level (expert, hovice) where efference copy information flow from
LPMC to SMA and the attentional control from RPFC to SMA is higher in expert than novices across both simulators.
Then, Figure 2(D) shows the plot of estimated marginal means of the inter-regional directed functional brain
connectivity affected by the simulator technology (physical simulator, VR simulator). Here, the higher inter-regional
directed functional brain connectivity, RPFC to LPMC, in the VR simulator than physical simulator may be related to
increased attentional processes ® (or, attentional control) for fine motor control by the LPMC of the right-handed
subjects since the RPFC optodes were over the right middle frontal gyrus (see Table S1 in supplementary materials).
However, the inter-regional directed functional brain connectivity, RPFC to SMA, trended towards lower (Figure 2B)
in the VR simulator than physical simulator that may underpin lesser attentional control of SMA. Also, the inter-
regional directed functional connectivity, LPMC to SMA, trended towards higher (Figure 2A) in the VR simulator
than physical simulator that may underpin stronger efference copy to SMA for modulating motor task. Then, the inter-
regional directed functional connectivity, SMA to LPFC, considered the corollary discharge for action-perception *°
in PFC %6 trended towards lower in the VR simulator than the physical simulator for novice and attained a similar level
as that of the expert — see Figure 2C. Here, VR simulator was novel for both the expert and the novice since experts
were experienced with the physical simulator and human surgery. Therefore, an interaction between the skill level and
the simulator technology was expected for the inter-regional directed functional connectivity, SMA to LPFC, as shown
in Figure 2D. Moreover, the inter-regional directed functional connectivity, LPMC to RPFC, considered the efference
copy for action-perception  in PFC %6, decreased in the VR simulator than the physical simulator for novice and
attained a similar level as that of the expert — see Figure 2E. This may underpin similar level of internal forward model
for expert and novice in the VR simulator.
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Figure 2: Plots of the estimated marginal means of the significant inter-regional directed functional brain connectivity.
Error bars show standard error. (A) Significant (p=0.013) effect of the skill level (expert, novice) on LPMC to SMA
directed functional connectivity. (B) Significant (p=0.027) effect of the skill level (expert, novice) on RPFC to SMA
directed functional connectivity. (C) Significant (p=0.021) effect of the skill level (expert, novice) as well as (E)
significant (p=0.02) effect interaction between skill level and the simulator technology on SMA to LPFC, directed
functional connectivity. (D) Significant (p=0.027) effect of the simulator technology (physical simulator, VR
simulator) on RPFC to LPMC directed functional connectivity. (F) Significant (p=0.011) effect of the interaction
between skill level and the simulator technology on LPMC to RPFC directed functional connectivity.

2.2 FLS task performance score and coefficient of variation (CoV) of FLS task performance score:

Repeated-measure two-way analysis of variance (ANOVA) found a statistically significant effect of the skill level on
the FLS score (F(1,20)=12.786, p = .002; partial 2 = .39). Table S4 in supplementary materials presents the tests of
between-subject effects. Two-way ANOVA also found a statistically significant effect of the skill level on the CoV
of the FLS score (F(1,21)=4.370, p = .049; partial n2 = .172). Table S5 in supplementary materials presents the tests
of between-subject effects. Figure 3A shows that the FLS score of the expert decreased in the VR simulator than the
physical simulator since experts were experienced only with the physical simulator and human surgery. Then, Figure
3B shows that the CoV of the FLS score of experts increased in the VR simulator compared to the physical simulator.

2.3 Coefficient of variation (CoV) of inter-regional directed functional brain connectivity:

Two-way MANOVA found a statistically significant effect of the interaction between the skill level and the simulator
technology on the CoV of the inter-regional directed functional connectivity, LPMC to RPMC (F(1,21)=8.561, p =
.008; partial n2 = .29). Table S3 in supplementary materials presents the tests of between-subject effects. Figure 3C
shows that the CoV of the inter-hemispheric directed functional connectivity, LPMC to RPMC, increased in the VR
simulator than the physical simulator in novice while decreased in the expert. Here, CoV of the FLS score of experts
increased in the VR simulator than the physical simulator (Figure 3B) so a decreased interhemispheric inhibition from
LPMC to RPMC may underpin an increased CoV in performance in expert and vice versa in novice.
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Figure 3: Estimated marginal means of (A) Significant (p=0.002) effect of skill level on FLS performance score and
(B) Significant (p=0.049) effect of skill level on coefficient of variation (CoV) in FLS performance score. (C)
Significant (p=0.008) effect of the interaction between skill level and the simulator technology on the coefficient of
variation (CoV) of LPMC to RPMC directed functional connectivity. Error bars show standard error.

2.4 Brain-behavior relationships:

Although the directed functional brain connectivity from the RPFC to SMA, LPMC to SMA, and SMA to LPFC
mediated the difference between experts and novices while the difference between physical and VR simulators was
captured by the directed functional brain connectivity from RPFC to LPMC (see Figure 2); however, the link between
the directed functional brain connectivity and the FLS performance score can be elucidated based on multiple
regression and path analysis (SPSS Amos, IBM, USA). Multiple regression (with backward elimination) analysis
found that the FLS score was statistically significantly related to the inter-regional directed functional connectivity,
RPFC to SMA, with F(2, 114) = 9, p < 0.001, R? = .136 — see Figure 4A. Here, a significant partial regression (R? =
.136) of dependent variable, FLS score, with predictor, RPFC to SMA directed functional connectivity was found.
Table S6 in supplementary materials presents the ANOVA results. Then, the regression weights from the path analysis
(Figure S3 in supplementary materials) from factors (expert vs novice, physical vs VR simulator) to the directed
functional brain connectivity (RPFC to LPMC, RPFC to SMA, LPMC to RPFC, LPMC to SMA, SMA to LPFC) to
the FLS performance (FLS score) are shown in Table 1.

Table 1: Regression weight estimates for path analysis of FLS score (p<0.05 significant, grayed). Standard Errors
(S.E.) and Critical Ratios (C.R.) are also shown besides p-value (P)

Dependent var. Independent var. Weight Estimate S.E. C.R. P

RPFC to LPMC <--- expert vs novice 0.02 0.12 0.13 0.89
RPFC to SMA <--- expert vs novice -0.23 0.08 -2.94 0.00
LPMC to RPFC <--- expert vs novice 0.15 0.11 1.47 0.14
LPMC to SMA <--- expert vs novice -0.21 0.09 -2.45 0.01
SMA to LPFC <--- expert vs novice 0.22 0.09 2.32 0.02
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RPFC to LPMC <---  physical vs VR simulator 0.23 0.12 1.93 0.05
RPFC to SMA <---  physical vs VR simulator -0.13 0.08 -1.63 0.10
LPMC to RPFC <---  physical vs VR simulator -0.09 0.11 -0.84 0.40
LPMC to SMA <---  physical vs VR simulator 0.06 0.09 0.64 0.52
SMA to LPFC <---  physical vs VR simulator -0.12 0.09 -1.26 0.21
FLS score <--- RPFC to LPMC -7.11 5.83 -1.22 0.22
FLS score <--- RPFC to SMA 21.01 8.43 2.49 0.01
FLS score <--- LPMC to RPFC 3.66 6.50 0.56 0.57
FLS score <--- LPMC to SMA 3.13 7.89 0.40 0.69
FLS score <--- SMA to LPFC -1.16 7.15 -0.16 0.87

When investigating brain-behavior relationships in terms of CoV, multiple regression (with backward elimination)
analysis found that the CoV of the FLS score was statistically significantly related to the CoV of the inter-regional
directed functional connectivity, RPMC to LPMC, LPMC to LPFC, with F(2, 22) = 3.912, p = 0.035, R? = .262 — see
Figure 4B. Table S7 in supplementary materials presents the ANOVA results. Table S7 in supplementary materials
presents the ANOVA results. Then, the regression weights from the path analysis (Figure S4 in supplementary
materials) from factors (expert vs novice, physical vs VR simulator) to the CoV of the directed functional brain
connectivity (RPFC to LPMC, RPFC to SMA, LPMC to RPFC, LPMC to SMA, SMA to LPFC) to the CoV of the
FLS performance (FLS CoV) are shown in Table 2. Here, the regression weight estimates for CoV of the RPMC to
LPMC was 0.21 and for the CoV of the LPMC to LPFC was -0.30, where they both were statistically significant, p <
.05.

Table 2: Regression weight estimates for path analysis of CoV of the FLS score (p<0.05 significant, grayed).
Standard Errors (S.E.) and Critical Ratios (C.R.) are also shown besides p-value (P)

Dependent var. Independent var. Weight Estimate S.E. C.R. P
RPMC to LPMC <--- expert vs novice 0.05 0.11 0.47 0.64
LPMC to LPFC <--- expert vs novice -0.03 0.10 -0.34 0.74
RPMC to LPMC <---  physical vs VR simulator 0.05 0.11 0.43 0.67
LPMC to LPFC <---  physical vs VR simulator -0.02 0.10 -0.19 0.85
LPMC to RPMC <--- expert vs novice -0.02 0.13 -0.17 0.87
LPMC to RPMC <---  physical vs VR simulator 0.08 0.13 0.60 0.55

FLS CoV <--- RPMC to LPMC 0.21 0.08 2.82 0.01

FLS CoV <--- LPMC to LPFC -0.30 0.08 -3.74 <0.001

FLS CoV <--- LPMC to RPMC -0.05 0.06 -0.78 0.44

Discussion

Our prior work found coupling between the PFC and the SMA using wavelet coherence-based functional connectivity
metric that distinguished experts from novices during FLS pattern cutting in a physical simulator %4; however, the
directionality of the information flow was not investigated. Since the brain-behavior relationship in terms of the
directionality of the functional brain connectivity and its CoV was not investigated across physical and VR simulators;
therefore, we applied spectral Granger causality *° to determine the directional information flow in the brain networks
and its CoV in physical and VR simulators in this study. Specifically, the SMA region was considered a key structure
8 for directed information flow from the LPFC, RPFC, LPMC, RPMC brain regions during the bimanual sequence
operations task 85376667, a5 shown in Figure 1, illustrating the perception-action link to FLS surgical training. SMA is
a crucial region for interlimb coordination as well as eye-hand coordination 527071 that is critical for perception-
action coupling of the temporal organization and bimanual movement execution 376667 Sg, the top-down executive
control of the SMA is expected to differ 14 between experts and novices, where PFC 72 is known to have higher
relevance in novices in facilitating training-induced task performance 6. Therefore, we applied a directed functional


https://doi.org/10.1101/2021.09.19.460954

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.19.460954; this version posted September 21, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

connectivity approach “8 to the fNIRS time series to capture the cascading directional processing of the goal-directed
action 73, as shown by the dorsal stream of action in the Figure 1B. Here, sliding-window Granger causality provided
a tool for identifying directed functional interactions from the fNIRS time series data that did not assume a static
functional brain network across the whole FLS task, so also captured the CoV across repeated trials of the FLS task.

In this study, we found that portable brain imaging for brain-behavior modeling can evaluate medical simulation
technology in terms of its interaction with the skill level within the context of the perception-action cycle 2.
Specifically, prior work 7 had established the face and construct validity of the VR simulator used in this study;
however, our investigation of the directed information flow of the brain regions relevant in perception-action coupling
revealed the difference between physical and VR simulators. This difference was captured by the directed functional
brain connectivity from RPFC to LPMC during FLS task performance that was higher in VR simulator than physical
simulator for both expert and novice where PFC subserves cognitive control 7 and attentional processes ® that are
necessary for fine motor control. However, the distinguishing directed information flow for skill level as a predictor
of FLS performance was found to be from RPFC to SMA (see Figure 4A) that trended towards lower in VR simulator
than physical simulator (see Figure 2B). Jenkins et al. 76 have shown that PFC activation is associated with the learning
of new sequence tasks while the lateral premotor cortex is more activated during new learning and the SMA is more
activated during the performance of pre-learned sequence. Therefore, descent of the information flow from PFC to
premotor/motor cortex 77,78 is expected in VR simulator that was novel for both the expert and the novice. Then, an
interaction between the medical simulation technology (physical vs VR simulator) and the skill level (experts vs
novices) was captured by the directed functional brain connectivity from LPMC to RPFC and SMA to LPFC (see
Figure 2F and 2E) that are related to efference copy and corollary discharge information flow respectively (see Figure
1B). Here, SMA is known to contribute to the prediction of the sensory consequences of movement 7°, which is
expected when the internal forward model is available (e.g., in experts in the physical simulator). Therefore, corollary
discharge ® from SMA to the PFC is expected in the experts who have experienced physical simulators and human
surgery for the cognitive control of bimanual movement %37, However, the VR simulator was novel for both the
experts and the novices so the corollary discharge & from SMA to the PFC was found to drop from physical to VR
simulator in the experts and was found comparable to the novices in the VR simulator (see Figure 2E). Furthermore,
the efference copy from the LPMC to RPFC is postulated to be related to the functional coupling of the prefrontal and
the premotor/motor areas that are expected during cognitive manipulation 8. Here, an increased cognitive
manipulation 8 is postulated in the VR simulator when compared to the physical simulator due to the changes in the
sensory signals * for both the experts and the novices (both inexperienced in VR), i.e., an increased information flow
from RPFC to LPMC in the VR simulator (see Figure 2D). Also, the efference copy from the LPMC to RPFC was
found to drop from physical to VR simulator in the experts due to a lack of internal model and was found comparable
to the novices in VR (see Figure 2F).
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Figure 4: Brain-behavior relationships for FLS score and the coefficient of variation (CoV) of FLS score. (A) Inter-
regional directed functional brain connectivity, RPFC to SMA, as a significant (p=0.01) predictor of the FLS score
where RPFC to SMA functional connectivity is significantly (p<0.05) affected by the skill level (Expert vs Novice).
The plot shows the partial regression of the inter-regional directed functional brain connectivity, RPFC to SMA, as a
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predictor of the FLS score. (B) CoV of the inter-regional directed functional brain connectivity, RPMC to LPMC
(p=0.01) and LPMC to LPFC (p<0.001), as significant predictors for the CoV of the FLS score. CoV of the LPMC to
RPMC functional connectivity is significantly (p<0.05) affected by the interation between the skill level and the
simulation technology. The plots show the partial regression of the CoV of inter-regional directed functional brain
connectivity, RPMC to LPMC and LPMC to LPFC, as a predictor of the CoV of the FLS score.

Our study established a brain and behavior relationship based on fNIRS data that provided a portable, low-cost brain-
imaging tool to compare task-related brain activation and functional brain networks in ambulant subjects for validating
medical simulation technology for laparoscopic surgical tasks. Such validation based on the brain and behavior
relationship is crucial since psychomotor skill learning or adjusting to changes in the environment, e.g., physical versus
VR environment, requires the activation of brain regions and brain networks related to the perception-action cycle
8273 Here (see Figure 3A and 3B), only the skill level and not the simulator technology was found to have a significant
effect on the FLS score and its CoV (across trials), which aligns with the prior work 7 that established the face and
construct validity of the VR simulator. Specifically, the expert had higher FLS score (Figure 3A) and lower CoV
(Figure 3B) than novice in the physical simulator; however, in the VR simulator the expert without VR experience
trended towards similar level as the novice. Motor skill learning requires sensory processing and transduction into a
series of goal-directed actions where motor variability influencing task performance can shape motor learning 884 and
motor variability typically tends to decrease with practice . So, subjects are expected to learn to avoid the influence
of motor variability on goal-directed task performance 8,3 as observed in the experts with smaller CoV in the task
performance (FLS score) in the physical simulator than novice while having similar CoV in the inexperienced VR
simulator (Figure 3B). Then, the variability (CoV) in the task performance (FLS score) was significantly related to
the variability (CoV) in the directed functional brain connectivity from RPMC to LPMC and LPMC to LPFC, as
shown in the Figure 4B. Here, increase in the CoV of the RPMC to LPMC and decrease in the CoV of LPMC to LPFC
was related to an increase in the CoV of the FLS score. Also, an effect of the interaction between the skill level and
the simulator technology was found on the CoV of the directed functional brain connectivity from LPMC to RPMC
as shown in Figure 3C. Here, experts adept at bimanual FLS task performance in physical simulator reduced the CoV
of the information flow from LPMC to RPMC in VR simulator compared to physical simulator possibly due to
switching to independently controlled bimanual task 8 in the unfamiliar VR environment. In contrast, novices were
likely performing an independently controlled bimanual task in both the physical and the VR simulators, so an increase
in the CoV of the information flow from LPMC to RPMC in the VR simulator may be related to the greater variability
of sensory input 8 in VR than the physical simulator. Therefore, portable brain imaging provided insights into the
effect of interaction between the skill level and the simulator technology related to the interhemispheric inhibition for
motor control.

We also found hemispheric lateralization in our right-handed subjects where the coupling between the LPMC and the
RPFC (see Figure 2D and 2F) may be related to the detection (efferent copy LPMC to RPFC) and response (cognitive
control RPFC to LPMC) to unexpected stimuli & in the VR environment. Here, higher involvement of RPFC in VR
simulator may be related to higher demands on monitoring and checking &. In contrast, the involvement of LPFC (see
Figure 2) as the recipient of the corollary discharge information from SMA may be related to its role in analyzing
external information during planning goal hierarchy 8. Then, any conflict between the efferent information and the
sensory reafferent information can lead to a loss of subjective sense of control in the angular gyrus 3 (see Figure 1B)
that is relevant to evaluate the design of simulator technology. It is postulated that the interaction between the angular
gyrus (AG) and the middle frontal gyrus (MFG) is underpinned by the dorsal superior longitudinal fascicle (SLF I1)
% where the subjective sense of control may be facilitated by neuroimaging guided transcranial electrical stimulation
% of the AG-MFG interactions . The dorsal branch of the superior longitudinal fasciculus, responsible for
visuospatial integration and motor planning, is found linked to the lateralized hand preference and manual
specialization %. Here, the right MFG has been proposed to be a site of convergence of the dorsal and ventral attention
networks 8 for cognitive control that is relevant in the perception-action cycle. The ventral superior longitudinal
fascicle (SLF I11) % is postulated to be more relevant in perception (see Figure 1B) from supramarginal gyrus (SMG)
where left MFG and left inferior frontal gyrus (IFG) are more involved in more perceptually demanding FLS tasks,
e.g., FLS suturing with intracorporal knot tying %. Here, the ventral stream of perception can be facilitated by
neuroimaging guided transcranial electrical stimulation °* of the SMG-IFG interactions °2. Then, the coupling between
the SMA and LPFC may be related to patterns of pre-learned behavior performed in familiar environments  in the
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case of experts in the physical simulator. Here, it is postulated that the interaction between the preSMA/SMA and the
PFC/IFG is underpinned by the extended frontal aslant tract (exFAT) % of the short frontal lobe connections % that
has a role in executive function/ability °”. The exFAT may be left lateralized % that aligns well with left lateralized
activation for more complex bimanual FLS tasks, e.g., FLS suturing with intracorporal knot tying %. Although FLS
pattern cutting task is also a bimanual task but we only investigated the first sliding window of 54 sec across five
repeated trials of FLS tasks when the cutting is with the right hand for all right-handed subjects (cutting direction and
sometimes the hand switched at different timepoints after 54 sec due to the surgical field constraints; see FLS pattern
cutting video in the supplementary materials). So, we aimed to capture the initial step in FLS pattern cutting skill
acquisition to investigate the action-perception link 5 when the cognitive-perceptual model * is developed that is
postulated to be lateralized where action=>perception has left hemispheric lateralization while perception=>action has
right hemispheric lateralization. We found that the cognitive-action information flow from the right PFC and the
efference copy from the left PMC (right handed subjects) was transmitted to the left PFC via SMA as the hub —
postulated to underpin action=>perception — that was affected by the skill level (Figure 1C). However, the simulation
technology solely affected the cognitive-action information flow from the right PFC to the left PMC while the
interaction between the simulation technology and the skill level affected the efference information flow from the left
PMC to the right PFC and from the SMA to the left PFC — postulated to capture efference copy and corollary discharge
respectively (Figure 1C), which may be related to predictive internal signaling 2.

Limitations of this study include the spatial resolution of fNIRS and the optimality of the parameter of the sliding
window method for measuring dynamic functional connectivity *¢. The smallest window greater than 50 sec was found
by running stationarity tests on fNIRS time series. Here, a tradeoff was made; on the one hand, the width must be long
enough to provide good frequency resolution, while on the other hand, the width must be short enough to satisfy the
condition of stationarity. So, instead of an ad-hoc window size *, we searched for an optimal® sliding window
pertinent to our data. Also, due to limitations with the spatial resolution of our fNIRS device, we investigated only
five brain regions, including LPFC, RPFC, LPMC, RPMC, SMA. Here, the premotor and motor areas were combined
in the PMC (see Table S1) and fNIRS optode montage could not distinguish SMA proper from preSMA brain regions
that may be important to better assess the temporal structure 1% of the perception-action coupling link 5. Also, we did
not investigate all the subregions of PFC, e.g., ventrolateral PFC and IFG, that may have essential functional
interactions during FLS surgical skill acquisition °* where the feasibility of fNIRS’s temporal resolution needs to
shown in the future to capture the fast interactions that are expected via shorter frontal lobe connections .

Material and Methodology

4.1 Subjects and experimental design

The human study was approved by the Institutional Review Board of the Massachusetts General Hospital, University
at Buffalo, and the Rensselaer Polytechnic Institute, USA. Seven experienced right-handed surgeons (experts, 5th-
year residents, and attending surgeons) and six right-handed medical students (novices, 1st- to 3rd-year residents)
participated in the study. The subject details are provided in Table 1. Only right-handed subjects were selected to
avoid dominant hemisphere-related inter-subject variability.

Table 1: Subject demographics

Physical simulator
Novice
Subject Age Gender Specialization

N1 32 M General Surgery
N2 31 F General Surgery
N3 30 M General Surgery
N4 33 M General Surgery
N5 32 F General Surgery
N6 30 M Orthopedic Surgery

Expert
El 38 F General Surgery
E2 49 F General Surgery
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E3 30 M General Surgery
E4 30 F General Surgery
E5 37 M General Surgery
E6 32 F General Surgery
E7 31 M General Surgery

VR simulator

Novice

Subject Age Gender Specialization

N1 31 F General Surgery
N2 30 M General Surgery
N3 33 M General Surgery
N4 32 F General Surgery
N5 30 M Orthopedic Surgery
N6 26 M General Surgery

Expert
El 38 F General Surgery
E2 49 F General Surgery
E3 30 M General Surgery
E4 30 F General Surgery
E5 37 M General Surgery
E6 34 M General Surgery

Written consent was obtained from each subject before starting the study. All the subjects were instructed verbally
with a standard set of instructions on how to complete the FLS pattern cutting task on the FLS-certified physical and
the VR simulator 1°%. For the completion of the FLS pattern cutting task, the right-handed subjects were asked to grasp
the gauze using the left grasper (for traction) and cut along (and within) the circular stamp with the right laparoscopic
scissors (for cutting). The trial time starts when the subject touches the gauge and ends when the circular cut piece is
removed from the gauge frame, and the participants were asked to cut the marked piece of gauze as quickly and as
accurately as possible. The data collection was performed with a block design of rest and stimulus period (pattern
cutting task) where after a rest period of 1 min (baseline data), the FLS pattern cutting task had to be completed or
stopped within 5 min (task data). This was repeated five times (5 trials) for each participant in the repeated-measure
study. The performance score for each trial was recorded based on the FLS metrics.

A 32-channel continuous-wave near-infrared spectrometer (CW6 system, TechEn Inc., USA) was used for the optical
brain imaging using infrared light at 690nm and 830nm. The optode montage consisted of eight long-distance and
eight-short distance sources coupled to 16 detectors. Twenty-five long-distance (30-40mm) channels and eight short-
distance (~8mm) channels measured brain activation and systemic physiological signals, respectively (brain regions
listed in Table S1 in supplementary materials) that were assessed using the photon migration simulation in the
AtlasViewer software 1°2. Here, the photon migration forward matrix represents the sensitivity profile. We selected
the average functional near-infrared spectroscopy (fNIRS) signal of the left and the right middle frontal gyrus for the
prefrontal cortex activation, i.e., LPFC and RPFC, the left and the right precentral gyrus for the premotor/motor cortex
activation, i.e., LPMC and RPMC, and the bilateral supplementary motor area complex for the supplementary motor
area activation, i.e., SMA. Table S1 in supplementary materials provides the Montreal Neurological Institute and
Hospital (MNI) coordinates. The optical fibers were duly arranged in a cap so that they do not obstruct the free
movement of the participant during FLS task performance.

4.2 fNIRS data processing for the oxyhemoglobin time-series

Motion artifact detection and correction were performed using Savitzky-Golay filtering 1 and band-pass filtering
(0.01-0.1Hz) in HOMERS software (https://github.com/BUNPC/Homer3). Then, modified Beer-Lambert law was
used to convert detectors' optical signals into changes in the oxyhemoglobin (HbO2) concentrations for the partial
path-length factors of 6.4 (690nm) and 5.8 (830nm). The short separation channels (inter-optode distance of 8mm)
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captured the systemic physiological signals originating from non-cortical superficial regions. The averaged signal
from the long separation channels (inter-optode distance of 30-40mm) measured the HbO2 changes at each of the
following brain regions, LPFC, RPFC, LPMC, RPMC, SMA. Figure S5 in the supplementary materials shows an
illustrative plot of the HbO2 time series.

4.3 Granger Causality analysis

Granger causality measured the directed functional connectivity that provided the strength and direction of cortical
information flow >* between a pair of brain regions from LPFC, RPFC, LPMC, RPMC, SMA 1%, Granger causality is
grounded upon the postulate that one “causally” connected region would leave a component of its signal on another
region with some latency, i.e., an autoregressive model (Granger Causality Description provided in the supplementary
materials). Here, Short-Time Fourier Transformation (STFT) was employed for nonparametric spectral Granger
causality to estimate sliding-window pairwise measures of Granger causality, thereby eliminating the need of explicit
autoregressive modeling %*. The lowest frequency of 0.02Hz was found from the fNIRS power spectral density (after
0.01-0.1Hz band-pass filtering), so a non-overlapping fixed window size of 54 sec (greater than 50 sec) was selected
heuristically 1%,

4.4 Directed functional brain network

Granger causality in the neurovascular frequency range of 0.01 Hz to 0.07Hz % was used to obtain directed
connectivity for each pair of regions (total 20 connections). Figure S1 in the supplementary materials shows an
example of 20 inter-regional directed connections for an illustrative time window. The directed connectivity between
each pair of brain regions was used to form the directed functional brain network at each time window. Here, selecting
the neurovascular frequency range of 0.01 Hz to 0.07Hz ® acts as a filter for systemic and physiological noise like
heartbeat and respiration 1%,

4.5 Statistical analysis:

The Shapiro-Wilk test was used to test normality for each of the dependent variables (i.e., inter-regional directed
functional connectivity metric). Table S8 in the supplementary materials shows the results from Shapiro-Wilk’s test
of normality for the Granger causality measure of all each pairs of brain regions in expert and novice while performing
FLS task in the physical and virtual simulators across five trials. Then, the directed functional connectivity (Granger
causality) between each pair of brain regions for the first window (54 sec) of each trial was used to conduct a repeated-
measure two-way multivariate analysis of variance (two-way MANOVA) in SPSS version 27 (IBM, USA) to
determine whether there is a significant difference in the inter-regional directed functional connectivity based on the
skill level (expert, novice), simulator technology (physical simulator, VR simulator) and their interaction. We
conducted two-way MANOVA in SPSS version 27 (IBM, USA) to determine whether there is a significant difference
in the coefficient of variation (CoV) of inter-regional directed functional connectivity across trials based on the skill
level, simulator technology, and their interaction. We conducted a repeated-measure two-way analysis of variance
(ANOVA) in SPSS version 27 (IBM, USA) to determine whether there is a significant difference in the FLS score
based on the skill level, simulator technology, and their interaction. We also conducted a repeated-measure two-way
analysis of variance (ANOVA) in SPSS version 27 (IBM, USA) to determine whether there is a significant difference
in the CoV of FLS score based on the skill level, simulator technology, and their interaction. The Levene test was used
to test the homogeneity of variance. All the significance levels were set at alpha=0.05. To determine how the
dependent variables (i.e., inter-regional directed functional connectivity) differ for the independent variables — the
skill level, simulator technology, and their interaction, i.e., the tests of between-subjects effects, alpha with multiple
comparison correction (False Discovery Rate) and partial eta squared effect size were used. Then, we conducted brain-
behavior analysis via multiple regression (backward elimination with a probability of F for removal > 0.1) in SPSS
version 27 (IBM, USA) to find the relationship of the inter-regional directed functional brain connectivity with the
FLS score. Then, in SPSS Amos (IBM, USA), the path analysis was performed from the the skill level (expert, novice)
and simulator technology (physical simulator, VR simulator) to the dependent variables, inter-regional directed
functional brain connectivity leading to the dependent variable, FLS score.
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