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Endoscopic surgery requires skilled bimanual use of complex instruments that extend the peri-personal work-
space. To delineate brain structures involved in learning such surgical skills, 48 medical students without surgical
experience were randomly assigned to five training sessions on a virtual-reality endoscopy simulator or to a non-
training group. Brain activity was probed with functional MRI while participants performed endoscopic tasks.

Repeated task performance in the scanner was sufficient to enhance task-related activity in left ventral premotor
cortex (PMv) and the anterior Intraparietal Sulcus (aIPS). Simulator training induced additional increases in task-
related activation in right PMv and aIPS and reduced effective connectivity from left to right PMv. Skill
improvement after training scaled with stronger task-related activation of the lateral left primary motor hand area
(M1-HAND). The results suggest that a bilateral fronto-parietal grasping network and left M1-HAND are engaged
in bimanual learning of tool-based manipulations in an extended peri-personal space.

Sensorimotor learning is fundamental to adapting our behavior to a
changing environment since it allows updating our interpretation of
sensory information and to adjust our motor response (Makino et al.,
2016). Learning a new motor skill, like manipulating a novel tool, is a
special form of sensorimotor learning. It is behaviorally defined by the
repetition-dependent increase in movement speed and accuracy for a
given task (Diedrichsen and Kornysheva, 2015) and follows a distinct
temporal pattern of fast initial improvements (early learning) and slower
incremental gains (late learning) (Dayan and Cohen, 2011).

Neuroimaging has provided valuable insights into neural changes
associated with sensorimotor skill learning (Hardwick et al., 2013) and
most studies indicate that both cortical and subcortical motor areas
(Primary Motor and Sensory Cortex (M1/S1), Premotor Cortex (PMC),
Supplementary Motor Cortex (SMA), Cerebellum (CB), and Basal Ganglia
(BG)) modulate their activity across training stages, often showing an
initial increase in activity followed by a ‘pruning’ of activity during later
learning (Dayan and Cohen, 2011; Doyon and Benali, 2005; Hardwick
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et al., 2013; Makino et al., 2016; Penhune and Steele, 2012; Steele and
Penhune, 2010; Wymbs et al., 2012). Most studies that have traced skill
learning-dependent plasticity have relied on simple, unimanual se-
quences instead of complex tool-based skills (Floyer-Lea and Matthews,
2004; Karabanov et al., 2009; Karni et al., 1995; Lehericy et al., 2005;
Penhune and Doyon, 2002; Puttemans et al., 2005; Steele and Penhune,
2010; Wymbs et al., 2012). Simple tasks lend themselves to the MRI
environment but do not allow investigating finer grained training im-
provements on the continuum from novice to expert since behavioral
improvements in these simple tasks plateau quickly. When investigating
more complex sensorimotor skills involving elaborate bimanual manip-
ulation of tools, functional brain mapping studies have often compared
individuals with different experience levels (Doyon and Benali, 2005;
Pinho et al., 2014). Tool manipulation activates a specific subset of
cortical motor regions, also known as the ventrolateral grasping-network,
consisting of the ventral Premotor Cortex (PMv), anterior Intraparietal
Sulcus (aIPS), and primary motor hand area (M1-HAND) (Binkofski et al.,
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1998, 1999; Davare et al., 2011). While there is some evidence for a
dominance of the left-hemispheric grasping network (Butler et al., 2004;
Johnson-Frey et al., 2005; Stone and Gonzalez, 2014, 2015; Tsuda et al.,
2009), inter-hemispheric interactions, especially during the acquisition
of bimanual interactive skill with complex tools, are not well understood.

Learning to use endoscopic instruments for minimally invasive surgery
is a bimanual skill uniquely suited to study novice-to-expert transitions:
Endoscopy requires the surgeons to grasp and manipulate delicate tissue
structures by coordinated use of two elongated instruments, one operated
by each hand. Hence endoscopic tools extend the peri-personal workspace
and have to be used in a spatially restricted intra-operative setting.
Appropriate use of these instruments requires finely tuned, visually and
haptically guided bimanual movements in a technologically defined
workspace (Louridas et al., 2016). Uncovering the neural correlates of
surgical endoscopic skill improvement may aid the improvement of cur-
rent training curricula. Evidence from earlier motor learning studies
suggests that M1-HAND may be especially relevant. In healthy human
volunteers, early learning-related activity in contralateral M1-HAND
predicted improved skill consolidation in a wunilateral temporal
sequence-learning task (Steele and Penhune, 2010) and has also been
shown to increase during early learning of bimanual coordination tasks
(Debaere et al., 2004; Puttemans et al., 2005). In monkeys, the lateral area
in M1-HAND was identified to contain neuronal-subpopulation that are
specialized for bimanual hand movements similar to those found in sec-
ondary motor areas (Aizawa et al., 1990).

To delineate the neural underpinnings of surgical endoscopic skills,
several studies have attempted to map task-related brain activity during
surgical laparoscopy in cross-sectional designs comparing different levels
of expertise (Andreu-Perez et al., 2016; Duty et al., 2012; Leff et al., 2008;
Ohuchida et al., 2009; Zhu et al., 2011). They found patterns of cortical
activation consistent with the known pattern of early training activity
expansion and late training activity pruning. Many functional mapping
studies used near infrared spectroscopy (NIRS) focusing on prefrontal
cortex, probably reflecting attentional control rather than aspects of
sensorimotor control (Andreu-Perez et al., 2016; Leff et al., 2008; Ohu-
chida et al., 2009; Shewokis et al., 2017). The limited brain coverage and
spatial resolution of NIRS precluded the investigation of especially
relevant sensorimotor networks. We hypothesize that a ventral fronto-
parietal network, activated by both grasping movements (Binkofski et al.,
1998, 1999) and tool use (Andres et al., 2017; Jacobs et al., 2010), and
consisting out of the ventral premotor cortex (PMv) and the aIPS (Andres
et al., 2017; Binkofski and Buxbaum, 2013), may play a critical role in
acquiring endoscopic skills.

To trace brain correlates of endoscopic skill acquisition in the
sensorimotor system, a MR-compatible version of a surgery box trainer
has been developed and validated (Bahrami et al., 2011, 2014). In this
study, we use an adapted version of that setup to trace functional plas-
ticity within tool-use related brain networks in a group of task-naive
medical students across a 5-day training regime of basic endoscopic
surgery skills on a virtual-reality (VR) simulator. The aim of our study as
twofold: First, we wanted to investigate functional plasticity within
tool-use relevant ventral frontoparietal network during acquisition of a
complex bimanual skill like surgical endoscopy. Second, we wanted to
identify neural markers of training success within these networks.

Methods
Participants

Fifty-seven endoscopy inexperienced Danish medical students were
recruited for the study and randomly assigned into training group (5 days
of simulator training and 3 fMRI exams) or control group (3 fMRI exams
only). Five participants were excluded due to incomplete data sets, one
was excluded due to a technical failure leading to behavioral data not
being recorded during the fMRI task, and three participants were
excluded due to mistakes in fMRI image acquisition. Hence, the final
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sample for the fMRI analysis included 24 participants in the Training
Group (mean age 24.0 +1.8; 10 females) and 24 participants in the
Control Group (mean age 22.6 +2.21; 14 female). Participants were
recruited by ads in a local student magazine and on university campus.
All participants’ handedness was assessed by using a handedness ques-
tionnaire adapted from the short Edinburgh Handedness Inventory
(Veale, 2014) (85-90% right-handers), they were currently enrolled in a
Danish Medical Program, had no previous experience with performing,
assisting or training endoscopic procedures, had no personal history of
brain injury or illness and were not taking any neuroactive medication.
All participants received detailed information and instructions about the
experiment, signed informed consent and were reimbursed for their
participation. The study was approved by the Regional Committee on
Health Research Ethics of the Capitol Region in Denmark in accordance
with the declaration of Helsinki.

Experimental procedure

Members of the Training Group trained once daily over five consec-
utive days on a standard, commercially available laparoscopy simulator
outside the MR-scanner, completing a series of increasingly complex
endoscopic excises for 40-50 min. Endoscopy-related brain activity was
probed before, during and at the end of the 5-day training period by
activating the task-relevant networks in the MR-scanner via two simple
exercises on an MR-compatible endoscopic box trainer (Fig. 1A). The in-
scanner box performance was intended to activate the laparoscopy-
related networks without providing the same complex learning experi-
ence as the VR-simulator. A demographically similar control group
completed the MR-laparoscopy sessions without further training (de-
mographics in Table 1). Between-group comparison of brain activity
during the in-scanner fMRI sessions enabled us to isolate training-
induced changes in brain activity in the simulator-trained group from
changes caused by repeated task performance during in-scanner fMRI-
sessions. At the beginning of the study all participants also completed a
set of questionnaires concerning handedness, experience with a range of
manual motor actions (sports, instrument playing, video gaming, hand-
crafting) and future medical specialization goals to ensure that the
groups were evenly distributed on these parameters (See Table 1). A
visualization of the entire experimental design can be seen in Fig. 1.

VR-simulator training

Each VR-training session comprised a fixed training program based of
9 different exercises taken from the simulators basic tasks repertoire: We
included right hand transfer, left hand transfer, bimanual transfer,
grasping, lifting and grasping, cutting, fine dissection, precision and
speed and suturing tasks in our training sequence as described in details
elsewhere (see (Palter et al., 2012) for full list of LapSim tasks). Trained
participants had to complete all exercises in the listed order and tasks
were increasing in difficulty. Each of the tasks recorded a wide range of
movement parameters monitoring performance speed, smoothness and
accuracy (see (Woodrum et al., 2006) for more details on task metrics).
All tasks, except for suturing were self-paced and ended upon task
completion. Due to the difficulty of the final suturing task we set a per-
formance limit of 3 min to complete the required two knots. During the
first training session all training group participants received a thorough
introduction to the training program and were instructed on how to
complete all 9 exercises with a short demonstration and a trial run for
each task under the supervision of an investigator. During all the recor-
ded training sessions the participants were navigating through the
training program themselves with an investigator in the room in case
they had questions or technical problems. The investigator did however
not provide feedback on their individual task performance. Performance
during VR-training was quantified by generating an average performance
score averaged over all tasks and task metrics. To be able to average each
participant's performance across different task metrics, the single
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Neurolmage 189 (2019) 32-44

B) Outside -Scanner Setup

C) Experimental Design

Day 0 Day1 Day 2
Training m VR- m VR-
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Fig. 1. Experimental procedures. A) Endoscopic setup inside the scanner: Al displays the participant lying on the scanner bed with the Endoscopic box trainer and
instruments in place before the start of the experiment. A2 shows the same participant after having reached the final experimental position inside the scanning bore.
A3 illustrates the endoscopic workspace seen from the top and A4 the endoscopic workspace seen from the participants' perspective via a camera placed inside the
endoscopy box. In this image the participant can be seen performing the ‘endoscopic Transfer’ task. B) Endoscopic setup for VR-training on an endoscopic simulator.
B1 shows a participant training on the simulator. B2 displays a simple training task, similar to the in-scanner exercise and B3 displays a more complex training task,
simulating endoscopic vessel cutting. C) Timeline of the experimental design. The training, displayed in 1B, is represented by the grey-white box, with the dashed line

indicating that only the ‘Training Group’ (n = 24) took part in these sessions.

Table 1
Sample demographic.

N Women (%) Age M(SD) Right handedness (%) Semester Medicine M(SD) Interested in surgical career (%) Musical instrument(%)
fMRI
Training group 24 41.67 24.00(1.87) 94.58 6.67(3.15) 29.16 41.67
Control group 24 58.33 22.62(2.12) 85.20 5.58(2.94) 37.50 16.67

M(SD) — Mean (Standard deviation).

performance indicators were normalized and then averaged to one score
per person. Normalization was done by subtracting the smallest value of
the particular performance indicator in the whole group from each raw
value and then dividing it by the metric's range. Performance metrics
with very low variability (less than a total of 5 non-zero values across
days and individuals were excluded from the average rating. This mainly
concerned a specific category of errors, measuring how often the in-
strument was outside of the camera view, which rarely happened.
Removal of these measures was done because normalization would have
artificially increased the weighting of these rare errors and these ‘artifi-
cially inflated’ normalized values would have contributed to the total
score with the same weighting as variables with broad variance.

In-scanner training

During the fMRI protocol, subjects of both groups completed 4 task
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intervals of approximately 8 min each. In a block-design, participants
alternated between 40-s blocks of three different tasks: a) Simple
Pointing, b) bimanual Endoscopic Transfer or c¢) rest. During ‘Simple
Pointing’ the participants were instructed to alternatingly point the left
instrument to the right rod and the right instrument to the left rod at a
relatively steady pace that felt comfortable to them. During ‘Endoscopic
Transfer’ participants were instructed to pick up a ring (with a ring
diameter of 1 cm diameter) placed on one of the rods with one endo-
scopic instrument, transfer it to the other contralateral instrument/hand
and place it on the second rod, once the ring was placed on the second rod
it had to be moved back. One pickup-transfer-return movement sequence
was defined as one cycle. Participants were instructed to complete as
many correct cycles as possible within one 40-s loop. While movement
instructions were different between tasks (comfortable pace for pointing
vs. as many correct cycles as possible), the difference in task complexity
level meant that the overall speed of movement was comparable. A
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transfer cycles consist of 4 separate movement trajectories (pick up (hand
1) — move to middle (hand 1) - move towards rod (hand2) — put down
(hand 2)) while pointing consisted of a single movement trajectory
(move towards rod). This means that very similar numbers of movement
trajectories were executed in both conditions (pointing: 31.8 +2.9
(mean =+ std) vs. transfer: 8.17 + 5.31cycles, the cycle number multiplied
by four resulted in 32.7 individual movement trajectories per transfer
block. To further control for a possible confound of movement speed both
intra- and inter individually we included the number of movements as a
regressor in both our first and second level analysis (see Analysis of task-
related fMRI data for details). During “rest”, participants were instructed
to keep the endoscopic instruments steady in their hands without any
movement while keeping their eyes on the screen. The start of each block
was indicated by written instructions in the middle of the screen
informing the participant about the next upcoming condition (‘Pointing’,
‘Transfer’, ‘Rest’). In each session, the conditions were repeated 4 times.
The order of task presentation was pseudo-randomized between sessions
but stayed the same within a session. On Day 1 all participants were
instructed both outside and inside of the scanner and instructed in how to
perform all tasks with minimal arm movements. For the other scans
participants received a short task and movement reminder before scan
onset. Placement and fixation procedure was the same as for Scan 1.

Apparatus

VR-training: The training outside the scanner was done on a Surgical
Simulator (LapSim Haptic System, Surgical Science, Gothenburg, Swe-
den; http://www.surgical-science.com). During training sessions partic-
ipants' were standing upright in front of the stimulator and were
manipulating a laparoscopic grasper comparable to the MR-compatible
laparoscopic grasper in size, shape and function. Their actions were
displayed in a ‘virtual-reality’ setting on the screen in front of them; they
also received haptic feedback by the simulator when their instrument
made contact with objects inside the virtual workspace. The out-of-
scanner setup can be seen in Fig. 1B.

In-Scanner training: In-scanner training was conducted on a custom-
made MR-compatible endoscopic box trainer (Bahrami et al., 2011).
The participants were placed in supine position on the scanner bed with
the box trainer placed on their lap at hip-height. A surgical (laparoscopic)
instrument (40 cm long) was controlled by each hand. Participants were
instructed to move the instruments with minor wrist and elbow move-
ments exclusively in order minimize in-scanner movement. Supportive
padding was placed under the participants’ upper arms and elbows.
Additionally, bandaging was placed around the upper arms and further
restrained movement above the elbow. The workspace inside the box
trainer contained a black platform (7 cm x 7 cm) with two white rods
(4 cm apart) with a red ring on each rod (2 cm in diameter). The platform
and the rings were placed in the middle of the box, well reachable for the
surgical instruments. The box workspace and all instrument movements
were projected to a screen at the back of the scanner via a camera and a
projector. The screen was visible to the participants via a mirror placed
on top of the head coil. A visualization of the in-scanner setup is shown in
Fig. 1A. Performance was also monitored on a screen in the scanner
control room and was video recorded for later behavioral assessment.

Differences between in-scanner and VR-training: Both tasks where
designed to train tool-based grasping and tool-based object manipulation
skills required in endoscopy and activate the brain networks associated
with these skills. However, tasks were not identical in terms of body
position (supine vs. upright), movement-range (restrained vs. free), task-
complexity (select basic movements vs. full training program) and visual
environment (fixed vs. changing dependent on task). The modification of
VR-training during scanning was necessary to allow for the acquisition of
BOLD data but limits measurable performance transfer between in-
scanner and VR-training session. While we expected both tasks to acti-
vate the same tool-based grasping network, we did not expect to measure
strong skill transfer from the VR-training to the scanner-sessions. In fact,
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were hoping for comparable in-scanner performance in the VR-training
group and the control group as comparable behavioral performance
would allow to interpret possible training-depended group differences in
the BOLD data without considering the possible confound of group-
specific differences in movement speed or accuracy.

Analysis of behavioral data

VR-behavioral data: For the training group a wide range of perfor-
mance variable measuring speed, movement accuracy and movement
smoothness were recorded for the left and the right hand for each task
during VR-training. To compute an overall mean performance score for
each individual training session, the individual score for each perfor-
mance variables was normalized by subtracting the minimum value of
that variable in the task category (across days and subjects), the value
was then divided by the standard derivation of the given variable such
that all values were between 0 and 1. Following within-variable
normalization all measures were summed and divided by the total
number of measures. This normalization allowed creating a combined
‘session score’ including information about movement smoothness, ac-
curacy and speed for each task. Group data was checked for normality
and after that a repeated measure ANOVA with the factor Time (Training
Day 1-6) was calculated.

To compute an overall mean performance score for each training was
normalized such that values were between 0 and 1. Following normali-
zation all measures were summed and divided by the total number of
measures. This normalization allowed creating a combined ‘session
score’ including information about movement smoothness, accuracy and
speed. Group data was checked for normality and after that a repeated
measure ANOVA with the factor Time (Training Day 1-6) was calculated.

In-scanner behavioral data: For all participants the performance during
the task-related fMRI session was video recorded. Performance during
scanning sessions was visually scored for speed (number of correct ring
transfers for transfer and number of left-right pointing for pointing) and
accuracy (number of drops — accuracy measure for transfer only), leaving
each participant with three performance measures per day (pointing -
speed, transfer speed, transfer acc). Group data was checked for
normality and after that mixed-measures ANOVAs with the factors Time
(Scan1-3) and Group (Training vs. Control) were calculated for each
dependent measure (resulting in three separate ANOVAs investigating
pointing speed, transfer speed and transfer accuracy). These ANOVAs
used the raw scores for in-scanner behavior. To additionally investigate
transfer between in-scanner and out-of scanner improvement in the VR-
group speed and accuracy during in-scanner transfer were combined to
the inverse efficiency score (IES) (Townsend and Ashby, 1978) and
correlated with both the overall improvement of performance during VR
training and with the transfer specific improvement during VR training
using Pearson's product-moment correlations. For the IES, the improve-
ment in transfer speed and accuracy (A Last Session — First Session) was
standardized (z-scored). The standardized transfer speed was divided by
one (to reverse the scale) and subtracted by the standardized transfer
accuracy.

Image acquisition

Data acquisition was performed at the Danish Research Centre of
Magnetic Resonance, Hvidovre Hospital, Copenhagen, Denmark on a 3T
Achieva scanner (Philips). A scanning session consisted of a structural T1-
weighted sequence (MPRAGE; FOV: 245 mm,; 245 slices, TR/TE: 5.9/2.7;
resolution 0.85 x 0.85 x 0.85 mm3; flip angle: 8 deg.; TI: 747.6 ms), one
resting-state T2*-weighted fMRI sequence (EPI; FOV: 192 mm; 32 slices:
TR/TE: 2000/30; in-plane resolution: 3 x 3 mm?, 3 mm slice thickness,
1 mm slice gap, flip angle: 90 deg.), four task-related T2*-weighted fMRI
sessions (EPI; FOV: 192 mm; 32 slices: TR/TE: 2000/30; in-plane reso-
lution: 3 x 3 mm?, 3 mm slices, 1 mm slice gap, flip angle: 90 deg.) and
three diffusion-weighted sequences FOV: 224 mm; 61 directions; TR/TE:
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10710/85; resolution: 2.3 x 2.3 x 2.3 mm>, flip angle: 8 deg. b = 2000s/
mm? (62 directions), b = 1000 s/mm? (62 directions), b= 300 s/mm? (6
directions). A bipolar gradient scheme was used to allow for model-based
eddy current correction. Additional by references for each sequence were
acquired with both A-P and P-A phase encoding for correction of sus-
ceptibility artefacts (topup in FSL), up to 62 directions.

Image data analysis

Pre-processing

The fMRI data were analyzed using Statistical Parametric Mapping
(SPM12; Wellcome Trust Centre for Neuroimaging, London, UK) imple-
mented in MATLAB 8.3.0 (MathWorks).

First, both the MPRAGE and the EPI sequences were manually reor-
iented according to the location and orientation of the anterior/posterior
commissures. After that, all EPI images were slice time corrected using
the temporal centre slice as reference and realigned to the mean EPI
image (within every session) to correct for small head movements using a
two-step procedure. The resulting images were normalized to a standard
EPI template based on the Montreal Neurological Institute (MNI) refer-
ence brain using an affine 12-parameter transform and a discrete-cosine
based nonlinear transformation. Images were then resampled to 2 mm?®
voxels, and smoothed with an isotropic 6 mm full-width half-maximum
Gaussian kernel to decrease residual inter-subject differences and to in-
crease the signal-to-noise ratio.

Analysis of task-related fMRI data: The statistical analysis of task-
related fMRI data was performed using the mass-univariate general
linear model (GLM). The design matrix was generated with a synthetic
hemodynamic response function and a set of 24 motion regressors
modeled using an expansion of the estimated movement parameters from
the rigid body realignment procedure (six parameters) and motion pa-
rameters from the previous volume, squared motion parameters, and
squared motion parameters from the previous volume (Friston et al.,
1996). Additionally, a high-pass filter for removal of low-frequency
trends originating from scanner drift and three performance regressors
coding for movement speed (for pointing and transfer separately) and
ring drops (for endoscopic Transfer) were included as parametric mod-
ulations in order to model low-level effects of movement speed or errors.
The two regressors of interest modeled in each session were the Simple
Pointing task (functioning as a high-level motor control) and the complex
bimanual endoscopic Transfer. The rest condition was not modeled
directly but included as an indirect baseline. The effect of Transfer
(Transfer > 0), Pointing (Pointing > 0) and the effect of Transfer against
Pointing (Transfer > Pointing) were analyzed by computing the respec-
tive contrasts on the first level for each participant and scan session
independently. Since the complex bimanual transfer is reminiscent of the
exercises from the VR-training, the contrast Transfer > Pointing for each
scanning session and subject was used in a summary statistic random
effects factorial design with the factors Group (assumed independence,
unequal variance) and Time (assumed dependence, unequal variance)
that allowed us to test for main effects of Time and Group, non-spherical
errors were handled by pre-whitening through the restricted maximum
likelihood procedure implemented in SPM12. To remove any possible
movement-induced confounds across subjects, time or group, the indi-
vidual number of pointing movements and transfer cycles during each
scanning session were included in the design as two separate regressors
of no interest when comparing experimental groups directly. To localize
regions in which Time led to a BOLD signal modulation specifically for
the Training Group, we also used contrasts assuming a linear signal
change in the training group with a stationary signal in the control group.
We pre-defined the PMv and AIP bilaterally as regions of interest (Rols),
because these regions have been previously identified as core regions of a
ventral fronto-parietal grasping loop (Binkofski et al., 1999). The Rols
were defined as 35-mm spheres centred on the PMv and AIP coordinates
as reported in (Binkofski et al., 1999). For these ROIs, we applied small
volume correction using the family-wise error correction method as
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implemented in SPM12 (threshold set at p < 0.05).

To check if the BOLD signal could either predict or explain the results
from the VR-behavioral data for the training group (see Results), we then
conducted correlational analysis using either final performance on the
box trainer, the individual improvement in out-of-scanner training
(Training day 5 — day 1) or the final score during out-of-scanner per-
formance as a co-regressor and correlating those with either with indi-
vidual BOLD during the Training-Pointing contrast at baseline or with
individual BOLD change (Scan 3 — Scan 1) in the same contrast. For the
correlational analysis we applied small volume correction before family-
wise error correction based on our a-priori hypothesis on the importance
of M1 (Aizawa et al., 1990; Steele and Penhune, 2010). Small volume
correction was done using a 35-mm sphere around the M1 coordinates
[-42 —25 65]) implicated in retention by earlier work (Steele and
Penhune, 2010).

Dynamic Causal Modelling: Dynamic causal modelling (DCM) was
applied to assess directed changes within the bilateral ventrolateral
network revealed to be training sensitive in our multivariate analysis.
DCM models hidden dynamics underlying changes in fMRI signal based
on differential equations, comprising an A-matrix (baseline coupling), a
B-matrix (contextual modulation of the connections; Time), and a C-
matrix (direct inputs to the system; here Tasks (Friston et al., 2003);).
Based on the local activation peaks from the fMRI contrast ‘Linear
Training Increase’ we constructed a DCM including the bilateral PMv and
alPS activation peaks implicated by the GLM analysis (PMv MNI: 54, 8,
29; —54, 5, 35; alPS MNL: 63 -19 37, —54, —25, 35; all p uncorrec-
ted < 0.001). The first eigenvariate representing the fMRI time series
were extracted from all voxels within a 6 mm radius of these coordinates
from each subject. We included a direct reciprocal connection
inter-hemispherically between left and right PMv and aIPS (Boussaoud
et al., 2005; Manzoni et al., 1989) as well as interhemispheric connec-
tions between PMv and aIPS on each side (Dancause et al., 2006; Ghar-
bawie et al., 2011; Ghosh and Gattera, 1995). Input (C-matrix) was set to
alPS, because it is assumed that for conscious intentional movements,
alPS activity precedes activation of the PMv (Desmurget and Sirigu,
2009). We created and compared several alternative models (Fig. 4).
Their critical difference lay first in whether training, task, or both
modulated fronto-parietal connectivity and second in whether intra-
hemispheric connections, interhemispheric connections, or both were
modulated. We also included a null model, which postulated that there
was no modulation of connectivity. This resulted in 8 different models for
each participant. To model Training as a modulatory input to the DCM,
fMRI data of all three days were concatenated in a new GLM and all
models were then fitted to the fMRI data for both the training and control
group. The model included the same conditions as the first level GLM
described above. The eigenvariate for the conditions pointing and
transfer was extracted from the Volumes of Interest in the coordinates
described above and adjusted for the overall main effect. Bayesian model
selection (BMS) was used to detect the model that best explained the data
taking into account model complexity (Penny et al., 2004) where dif-
ferences in free energy (F) indicate evidence for a given model (Friston
etal., 2007). After having identified the most likely model for each group
(training/no-training), the connectivity parameters (B-matrix) of the
winning model were extracted to test whether modulation of bilateral
parieto-frontal connectivity showed a significant Time modulation.

Results
Behavioral performance

Five-Day endoscopic training program on simulation trainer: The aver-
aged, daily performance score for each individual in the training group
showed that the group steadily increased their performance during the
training sessions (Fig. 2; F(4) =53.8; p <0.0001; repeated-measures
ANOVA; repeated factor: performance index, Training Session 1-5).
Post-hoc tests (Fisher's least significant difference (LSD)) confirmed a
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Outside-Scanner Performance: Training Group

0.2

0.1

Improvement in VR-performance
(z-scored)

Dayl Day2 Day3 Day4 Day5

Fig. 2. Overall endoscopic performance in the training setting. Group data are
given as mean and standard deviation of mean showing the relative mean
improvement across all tasks over the 5-day VR-training relative to baseline
performance for the training group. To compute an overall mean performance
score each individual score was normalized such that values lay between 0 and
1. The data obtained at day 2-5 are calculated by subtracting the individual
performance value on training day 1 from the performance values recorded on
subsequent days.

significant day-to-day increase throughout the first 4 sessions (D1-D2,

D1-D3, D1-D4, D1-D5 all p < 0.0001; D2 - D3, p = 0.027; D2-D4, D2-D5

both p < 0.0001; D3-D4, p = 0.023, D3-D5, p = 0.001; D4-D5, p = 0.2).
Endoscopic Performance during fMRI: For the pointing task,
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performance was indexed by the mean number of left-right pointing
movements (speed measure) per task block. Task performance for
transfer was approximated by the mean number of transfer cycles (speed
measure) and mean number of ring drops (accuracy measure) per task
block. The ANOVAs for both, pointing speed and transfer speed showed
that both groups improved their performance speed during pointing and
transfer (F(2,47) =34.8; p<0.0001 and F(2,47)=43.8; p < 0.0001
respectively; mixed-effects ANOVAs). For transfer the increase in speed
was not accompanied by an drop in accuracy as the ANOVA testing ac-
curacy during transfer did not show a main effect of time (F(2, 47) = 2.6;
p=0.08). None of the three ANOVAs did show a significant effect for
group or a Group x Time interaction (all values p > 0.2; Fig. 3) indicating
that both groups performed comparable throughout scanning sessions.

Relationship between simulator training and inside scanner performance:
While a Pearson's product-moment correlation between the total
Improvement Score on the VR-Simulator (A Last Session — First Session)
and improvement during in scanner performance, estimated by the in-
verse efficiency score (IES) combining standardized speed and accuracy
during in-scanner transfer (Townsend and Ashby, 1978), was
non-significant (p>0.2), a planned correlation between the
VR-Improvement Score for Transfer alone and the IES did show a mod-
erate correlation (r = 0.39; p = 0.05) (Supplementary Figure 1a). We also
asked a sub-set (N = 13) of control participant to take part in a session of
the VR-simulator training after they had completed all three scanning
sessions. Comparing the performance during the single training session in
this sub-group to the first session performance of the training group
showed that performing the simple laparoscopy exercises during scan-
ning did not result in improved VR-simulator performance. Simulator
performance in the sub-sample of the control group was significantly
worse than the performance of the training group both when compared
to the final performance score obtained in the 5th training session
(t(35) =—6.13; p<0.0001) and when compared to the first training
session (t(35) = —2.61; p=0.01) (Supplementary Figure 1b).

C) Within Scanner Performance:
Error Number

{ relative to Dayl)

MNr. Of Errors in Transfer

Day0 Dayl  Days

Dayl Day5

Fig. 3. Endoscopic performance within the MRI scanner. Group data are given as mean and standard deviation. A) Performance speed during the ‘Simple Pointing’
fMRI task reflected by the average number of completed ‘pointing cycles’ (e.g. left-right pointing) within one 40 s task block. B) Performance speed for the complex
‘Endoscopic Transfer’ fMRI task during a 40 s task block indicated as number of completed ‘transfer cycles’ (e.g. Pick up - Transfer - Place down). C) Accuracy during
the complex task reflected by the average number of the ring being dropped in a 40 s task block. For all measures, the data obtained during the second and third fMRI
session at day 2 and 5 are calculated by subtracting the individual performance value during the first fMRI session at day 1 from the performance values recorded at

day 2 and 5.
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B) Day 1 > Baseline

Q) Day 6 > Baseline
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Fig. 4. A) Colour-coded statistical parametric maps (SPMs) showing group-independent effect of performing the complex endoscopic task relative to the pointing task
during the baseline scanning session. The colour coding reflects the voxel-specific Z-score and the cluster extent of the SPMs are thresholded at FWE = 0.05 voxel-level.
B) SPMs displaying the group-independent increase in left putamen. In the right PMd and bilaterally in the border zone between left PMv and IFG during the complex
‘Endoscopic Transfer’ task, occurring from the first to the second scanning session. C) SPMs showing the group-independent increase at the border of left PMv and IFG
and in the left aIPS during the complex ‘Endoscopic Transfer’ task observed from the first to the third scanning session. Yellow colours activations indicate that SPMs
were thresholded at FWE = 0.05 voxel-level, orange colour coding indicate at a threshold of FWE = 0.05 small volume corrected for the grasping network (Binkofski
et al., 1999). The activation maps are superimposed on a SPM template image (avg305T1.img).

Laparoscopy-related brain activity

To reveal the whole-brain network activated by typical endoscopic
movement sequences at baseline, voxel-wise activation patterns were
compared between the bimanual ‘Endoscopic Transfer’ task and the
Simple Pointing’ task within the initial fMRI exam (Baseline Scan). Both
groups were included in this analysis, because all participants (training/
control group) were equally naive to endoscopic procedures at baseline.
Endoscopic transfer manipulations, relative to simple pointing, activated
bilateral clusters of parietal and occipital regions related to visuo-motor
coordination including a cluster including the occipital portion of the
fusiform gyrus and the inferior occipital gyrus spanning into the middle
temporal gyrus and motion area in V5 as well as a cluster in the superior
parietal lobule (Fig. 4A; Table 2). Somatosensory areas subserving haptic
processing during tool manipulation (primary sensory cortex (S1)) were
also activated. The activation map also revealed a large bilateral cere-
bellar cluster and bilateral clusters in frontal motor areas, including
primary motor cortex (M1) and dorsal premotor cortex (PMd). The in-
verse analysis revealed that bilateral regions of the angular gyrus, medial
frontal and prefrontal cortex, hippocampus and anterior cingulate cortex
were more activated during simple unimanual pointing compared to
bimanual transfer (See Supplementary Table 1). These areas are usually
associated with memory, higher cognitive functions and pace keeping
and may be explained by the fact that participants were asked to keep a
steady pace during pointing. At baseline there were no significant dif-
ferences in the activation maps of the two groups (F-test, highest acti-
vation peak at 0.001 uncorrected: 9 voxels at x = —27; y =14, z=65;
FEW-corrected p-value = 0.94).

Time-dependent change in task-related activity independent of simulator
training

Both groups performed the in-scanner endoscopic task blocks during
three fMRI examinations. To delineate general changes in task-related

Table 2

Complex Task activations during the first fMRI session (baseline scan). Correc-
tion for multiple comparisons used the FWE method at the voxel level applying a
corrected p < 0.05.

Region BA MNI coordinates Cluster Size t-value
X y Z
SPLL 7a -15 70 53 413 8.92
7p -27 —59 64
SPLR 7a 18 —67 53 383 8.20
Fusiform G L 7P 21 —61 59
Inf. Occipital G R 18 39 85 2 354 7.93
Lateral Occipital G L 51 61 16
39 92 11
Inf. Occipital G L 18 -36 88 11 413 7.63
Lateral Occipital G L —51 -73 —4
—45 73 19
Cb. Vermis 7 3 -76 -19 354 7.18
Cb. Vermis 10 0 -52 —22
Lobule VIII 0 -73 -37
Thalamus 0 —-25 —4 87 6.94
-9 —64 -4
12 31 3
Premotor R 6 33 7 71 58 6.42
Cb. VIII L —24 —43 —43 36 5.56
S1/M1 R 3a 63 -16 41 23 5.88
1 57 -19 50
Premotor L 6 —24 -1 71 16 5.06
S1/M1 L 2 45 -37 56 12 5.04

activity during repeated within-scanner endoscopic performance, we
contrasted voxel-wise activation maps (Endoscopic Transfer — Simple
Pointing) over scanning sessions for both groups to identify clusters
where task-related brain activity changed over time. Voxel-wise activa-
tion (B) patterns were compared between Scan 1 (baseline) and Scan 2
(day 2) and between Scan 1 (baseline) and Scan 3 (day 6) using family-
wise error correction (voxel-wise; p < 0.05). During early training (Scan
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2 - Scan 1), we observed 4 distinct clusters showing a relative increase in
activation with bimanual transfer. These clusters were located in the left
anterior putamen [t =5.11; x = —15; y =5, z = - 4], and bilaterally at the
border between ventral premotor cortex (PMv) and the inferior frontal
gyrus (IFG) [t=4.82; x=—-54; y=5,2=20 and t =4.29; x=54; y =5;
z = 20] (Fig. 4B) and in the right dorsal premotor cortex [t = 4.22; x = 30;
y = —7; z= —47]. The comparison between baseline and the third fMRI
session showed that the full left grasping pathway, cluster in left PMv
[t=5.17; x=—48; y =1, z=26] and a cluster in the left aIPS ([t = 4.66;
x=—57; y=—25 z=29], displayed significant increase over time. No
brain region showed decreasing activity with bilateral transfer over the
three scanning sessions. In summary, the results show that short periods
of skill exercise during fMRI was sufficient to engage the left-hemispheric
ventral fronto-parietal grasping network along with the anterior puta-
men. (Fig. 4b).

Time-dependent change in task-related activity specific to simulator training

To test how five-day VR-simulator training, in addition to task per-
formance during the three fMRI sessions, altered task-related brain ac-
tivity we compared voxel-wise activation maps using a contrast defining
a linear increase across days in the training group and steady activation
in the control group. Two right-hemispheric areas in ventral frontopar-
ietal cortex showed an increase in task-related activation in the training
group relative to the control group (Fig. 5). The first cluster was located
at the border between right PMv and IFG (BA44) [t =4.69; x =54;y =8,
z =29]. The second cluster was located at the border between ventral
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primary sensory cortex (S1) and alPS [t=4.20; x=63; y=—19, z=37].
Both clusters were part of the ventral frontoparietal grasping network
(Binkofski et al., 1999). Interestingly, the location of the two
right-hemispheric clusters showing a training-specific increase in acti-
vation precisely matched the locations of the two left-hemispheric clus-
ters which increased their task-related activations in both groups due to
repeated task performance in the MR scanner. Together, the task-related
fMRI activation data show a bilateral involvement of the ventral
PMv-alPS network during the acquisition of surgical endoscopic skills
with right-hemispheric recruitment being specific during VR-based skill
training (Fig. 5).

Training-related change in effective connectivity

To model the network dynamics underlying the changes in fMRI
signal over time, Dynamic Causal Modelling (DCM) was performed. We
specified and compared eight different models (Fig. 5A), which differed
in terms of time-dependent modulation of functional connectivity be-
tween the four included areas. First, BMS (Baysian Model Selection)
(Penny et al., 2004) was used to compare models with different con-
nectivity profiles and to find the model that best explained the observed
data. Since the GLM analysis indicated a different modulatory effect of
time between the groups, model selection was run separately for the
training and control group. While both models agreed on choosing the
same family of inter-hemispheric models, two different interhemispheric
network models best explained the data for the control group and the
training group. For the control group a model with connections between

Time-dependent Increase in Task-Related Activity :
Training Group = Control Group

1l

0.6 il il
0.2 'LI

-0.2

Baseline Dayl Day5

p < 0.05 // FWE- corrected

y =-20

p < 0.05 // FWE - small volume

Fig. 5. Significant increases in task-related activity (bilateral transfer minus simple pointing) over time in the training group only (red) and with a significant increase
over time in both groups (yellow). The statistical activation maps on the left are FWE-corrected at p < 0.05 and bar graphs show the relative (%) signal change in the
left and right PMv and IFG region respectively (bilateral transfer minus simple pointing). The maps presented on the right have been FEW-corrected for small volume at
p < 0.05 (see text for details). Darker colouring (dark red and orange) indicates that an area was significant at a threshold of FWE > 0.05 small volume correction for

the grasping network.
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left and right aIPS best explained the data (Fig. 6B, Model 3), while a
model with connections between left and right PMv and between left and
right alPS best explained the data for the training group (Fig. 6B, model
4). The posterior probability of the winning model was >99.8% with a
Bayes Factor above 10 for the training group and above 99.9% with a
Bayes Factor above 10 for the control group. Since the same model did
not best explain effective connectivity patterns of the two groups, we
based further analysis of the modulatory effect of training on the training
group alone and the corresponding network parameters of model 4. A
repeated-measures ANOVA of the connectivity values of coupling mod-
ulation by training revealed a significant decrease of coupling from the
left to the right PMv (Fig. 4C; F (2) = 3.2 p < 0.047; repeated factor:
Scanning Session 1-3). Also, for the other three connections (right PMv
— left PMv, right aIPS — left alIPS, left aIPS — right aIPS a nominal, but
not statistically significant decrease in coupling over fMRI sessions was
observed (p=0.12, p=0.21 and p = 0.25 respectively). The change in
coupling values did not correlate with individual performance gains over
the training period.

Relationship between training-related performance gain and task-related
activation

Using multiple regression analysis, we tested which voxel-wise acti-
vation patterns were predictive of training success in the training group.
Task-related activation maps at baseline did not scale with performance
improvement or absolute final performance. In contrast, we identified
one cluster where individual time-dependent changes in task-related

A) Model Selection

B) Model Comparison
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activation from pre-to post-training changed in proportion with perfor-
mance improvement during simulator training. In the lateral and anterior
portion of left M1-HAND, a discrete cluster showed an increase in task-
related activation for bilateral transfer (relative to pointing) from base-
line scan 1 to scan 3 in proportion with the individual performance
improvement during the simulator training (r = 0.72, p < 0.001; Cluster:
x=-42; y=-25,z=65 and t =4.97, Fig. 7).

Discussion

Here we combined state-of-the VR-based simulator training in the
laboratory with task-related fMRI in a simplified endoscopic set-up to
study experience-dependent plasticity in the human grasping network.
Endoscopic surgery requires finely tuned bimanual manipulation of
surgical tools in a highly constrained workspace. A particular feature of
endoscopic surgical training is that the tools are elongated, significantly
expanding the peri-personal workspace. This functional extension of the
upper limbs alters the body schema, defined as the pragmatic sensori-
motor representation of the body's spatial properties. When naive in-
dividuals became acquainted with the bimanual use of endoscopic
surgical tools, the grasping network, most notably the PMv, underwent
an experience-dependent shift. While simple task-repetition during
scanning was sufficient to increase activity in the left (dominant)
ventrolateral grasping pathway, including PMv and alPS, a five-day
course of simulator training prompted a bilateral increase in functional
engagement of this pathway along with a down-regulation of inter-
hemispheric coupling from left to right PMv. While the grasping
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Fig. 6. Effective connectivity analysis using DCM. A) The left panel gives the selected model parameters, including the A- and B-matrixes. B) Panel B gives the results
of Bayesian model comparison indicating the winning models for each of the two experimental groups. C) Illustration of the modulatory effect of time on the left-to-

right PMv connection in the training group as revealed by DCM.
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Fig. 7. Cluster in left M1-HAND showing a positive linear relationship between task-related activation for bimanual transfer (relative to pointing) and individual
improvement in endoscopic skills over the entire training period. A) Relative performance improvement during VR-training in the training group (mean change from
baseline + SD). B) SPM of voxels showing a linear positive relationship between change in task-related activity within left M1-HAND and individual training benefit
(small volume corrected FWE at p < 0.05). C) Corresponding scatter plot and regression line (blue).

network displayed consistent training-dependent activity changes, it was
task-related activity in a lateral cluster of the left M1-HAND, which
scaled with the individual improvement in endoscopic surgical skill.

Five-day training versus repeated task exposure in the MRI scanner

Our task design allowed us to differentiate between training-induced
sensorimotor plasticity induced by a five-day VR-simulator training and
alterations in sensorimotor activity induced by the repeated performance
of simple endoscopic tasks in the fMRI sessions. On a neural level, both
groups showed increasing task-related activity in the left PMv and alPS,
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but only the training group also showed increasing task-related activity
right hemispheric homologous areas implicating the bilateral ventrolat-
eral grasping pathway (Binkofski and Buxbaum, 2013; Rizzolatti and
Matelli, 2003). The ventrolateral grasping pathway is involved in the
abstract representation of action goals and has been shown to decode
goal-directed object manipulation irrespective of whether a hand or a
tool was used as end-effector in both, monkeys and humans (Arbib et al.,
2009; Gallivan et al., 2013; Garcea and Mahon, 2014; Martin et al., 2011;
Ochiai et al., 2005). To the best of our knowledge, we are the first to show
that learning novel hand-to-tool transformations is accompanied with
bilaterally increasing activity in the ventrolateral grasping pathway over
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the course of training but many studies have reported activity of the
left-hemispheric ventrolateral grasping pathway in a single scanning
session. These studies have reported a left-dominant tool-use activation
pattern independent of handedness and activated hand (Frey, 2008; Ja-
cobs et al., 2010; Martin et al., 2011) though some research suggest that
left-handers may activate a bilateral network during tool-based grasping
(Martin et al., 2011). The current study suggests that already repeated
exposure to a novel tool-dependent skill in the neuroimaging sessions is
sufficient to engage this left-dominant network, indicating that some
aspects of hand-to-tool transformation become quickly represented
within the left-sided network (Brozzoli et al., 2011; di Pellegrino and
Ladavas, 2015; Sengul et al.,, 2012). The effects related to repeated
task-exposure revealed by the current study emphasize the importance of
adequate non-training control groups when evaluating training in-
terventions on task-related activity as a simple within-subject compari-
sons would have not been able to differentiate between VR-related and
task-repetition related effects. The use of movement regressors in both
individual GLMs and in the summary statistics has also allowed us to
exclude that the observed effects were due to the amount of movement
rather than training-dependent changes in BOLD signal.

Only the training group showed an additional engagement of the
right-sided PMv and alPS areas. Literature on predominantly right-sided
activation of the ventrolateral grasping pathway is scarce, but there is
evidence for predominantly right-sided activations during haptically
guided grasping movements (Marangon et al., 2015). Speculatively, this
may indicate that VR-training aided the participants to better integrate
haptic feedback on positioning (e.g. whether instruments are touching
each other, the rings, the environment ect.) into their action plans.
Anecdotal self-report from the training group, where some participants
reported that they where starting to rely more on proprioceptive feed-
back over the course of training supports this hypothesis.

Behaviorally, we were able to see that improvements during the
transfer task in the VR-environment were predictive of transfer im-
provements in the MR-environment. However, general improvements
across the full VR-training battery were not predictive of the in-scanner
performance and VR-training did not result in a significantly better in-
scanner performance in the training group. As the VR-training did not
lead to a general improvement of behavioral output in the scanner the
observed, training-associated changes in the bilateral grasping network
indicate that the observed network effect of VR-training may reflect
modulations in task ‘framing’ (e.g. changed weighting of sensory infor-
mation or of dominant/non-dominant effector) or effort that are inde-
pendent of direct behavioral output and similar intrinsic chances in
cerebral activating patterns have also been found in other studies
investigating visually guided bimanual training (Remy et al., 2008).
Together this data suggests that skill improvements may be highly task
specific and further studies should investigate inter-task transfer and the
role of task framing more closely. Additionally it is possible that the
constraints necessary to enable task performance in the scanner (supine
positioning, movement restraints) may have affected task transfer and
future studies, interested in transfer, may consider keeping such variables
identical across within and out-of scanner settings.

While discovering time-dependent increases in task-related activa-
tions, we were not able to observe any brain regions where task-related
activation decreased over time. A gradual pruning of activity, indi-
cating more efficient sensorimotor processing and increased automation,
is often observed when healthy individuals acquire a novel sensorimotor
skill. Of note, performance in the endoscopic surgical task did not reach a
performance plateau. Therefore, we attribute the absence of any de-
creases in task-related activity to the fact that participants did not reach
skill automatization during the course of the study.

Inter-hemispheric interactions within the grasping network

Effective connectivity analysis was applied to further investigate
effective coupling in the bi-hemispheric ventrolateral grasping network.
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DCM analysis was able to show that functional impact of the left PMv on
to the right PMv significantly decreased over time in the training group.
For the control group, the winning model did not include coupling be-
tween PMv nodes and hence modulation over time was not investigated
in this group. Structurally, direct inter-hemispheric connections of the
left and right PMv have been demonstrated both in monkeys (Dancause
et al., 2006) and humans (Park and Hallett, 2015). Functionally, TMS
investigations suggest that activating the contralateral PMv can weaken
the influence the ipsilateral PMv has on M1-HAND (Park and Hallett,
2015). We hypothesize that, in the context of bilateral training, a reduced
drive from the left to the right PMv ‘released’ the right PMv from the
inhibitory influence exerted by the left PMv on its right hemispheric
counterpart, facilitating the functional engagement of the
right-hemispheric grasping pathway.

Recruitment of left M1-HAND scales with performance improvement

Several studies have implicated the importance of M1-HAND in
unimanual skill improvement and consolidation (Muellbacher et al.,
2002; Steele and Penhune, 2010). Yet, for bimanual skills, the predom-
inant view has been that the supplementary motor area (SMA) rather
than M1-HAND is critical for optimal coordination of hands (Halsband
and Lange, 2006; Jancke et al., 2000). This view has been challenged by
several neurophysiological studies showing the existence of large pop-
ulations within M1-HAND that are specific to bimanual movements
(Aizawa et al.,, 1990; Donchin et al.,, 1998; Gribova et al., 2002).
Extending these findings, we identified a lateral cluster in the human
M1-HAND where task-related activity scaled with the individual
improvement in the acquired surgical skill. The anatomical location of
this lateral cluster in the anterior bank of the left M1-HAND is in good
agreement with the reported location of bimanual sensitive M1 neurons
in monkey and with the location shown to predict unimanual training
outcome in humans (Aizawa et al., 1990; Steele and Penhune, 2010). It is
possible, that bimanual control in M1 is stronger for arm than for finger
movements as several studies on trans-callosal projections between
motor cortices have found that areas for arm representation are much
stronger connected than areas of hand representation (Jenny, 1979;
Muakkassa and Strick, 1979; Rouiller et al., 1994).

Task-related activation of other brain areas

A bilateral dorsal fronto-parietal network associated with visual
guidance of actions including the SPL and PMd was activated in all
participants throughout all fMRI sessions. These areas are activated by a
range of sensory-guided motor tasks, and adjust force based on object
features during grasping movements (Binkofski and Buxbaum, 2013;
Brandi et al., 2014; Davare et al., 2011; Rizzolatti and Matelli, 2003; van
Nuenen et al., 2012; van Polanen and Davare, 2015). As sensorimotor
integration was a constant requirement throughout all training sessions,
activity in these areas remained high throughout the entire study. Par-
ticipants also showed robust cerebellar activity from the first endoscopic
performance indicating the importance of error-based feedback during
the task (Diedrichsen et al., 2010; Makino et al., 2016). We hypothesize
that these areas show gradual attenuation in task-related activation with
more prolonged training along with increasing automatization of endo-
scopic surgical skills.

We observed transient task-exposure related activity increase in the
left anterior putamen and the right PMd. In both groups, activity in these
regions transiently increased during the second exposure to in-scanner
laparoscopy, but had returned to baseline levels at the time of the third
fMRI session. The short-term modulation of the putamen and PMd may
indicate that associative sensorimotor learning, primarily mediated via
the cortico-striatal motor loop connecting premotor areas with the
anterior putamen (Seger, 2006) already took place during the first
training sessions. Many theories on the neuroplasticity sub-serving motor
learning emphasize learning related activity in- and decreases (Dayan
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et al., 2013), yet we have not been able to find any learning-related ac-
tivity decreases in the current study. We believe this can be explained by
the relative complexity of the task: Performance in neither in-scanner not
VR-training reached an improvement plateau, characteristic of the end of
the early learning phase. In this sense the time course of the present study
is different when compared to a row of studies investigating much sim-
ple, rhythmic, bimanual coordination tasks, where asymptotic behavior
is typically reached within a single training session (Debaere et al., 2004;
Puttemans et al., 2005). It is worth noting that these studies consistently
reported the dorsal premotor cortex to display decreasing activity in
bimanual training. Our own neuroimaging work has also consistently
shown an engagement of the dorsal premotor cortex in visually guided
unimanual hand movements, especially in a non-routine context (Hart-
wigsen et al., 2012; van Eimeren et al., 2006; van Nuenen et al., 2012;
Ward et al., 2010). In the present study, the dorsal premotor cortex was
part of the general task-related network at Dayl and also showed a
transient increase in task-related activation from Day1-2. It is possible to
assume that continuation of training would reveal a decrease in that area
beyond the level recorded at baseline once the endoscopic skills becomes
automatic.

Implications for surgery training

One of our experimental hypotheses was that skill improvement could
be predicted by BOLD activity during the baseline scan but prediction of
behavioral improvement, was not possible when using only the initial
scans. While our work suggests that fMRI at pre-training baseline cannot
be used to predict endoscopic training success, interesting conclusions
may be drawn from uncovering brain activity over the course of learning.
Our work suggests that already short periods of endoscopic task exposure
are enough to extend the peri-personal space by incorporating the
endoscopic instruments and engage the left-hemispheric grasping
network. However, additional VR-training was required to produce a
balanced bilateral increase of the grasping network during the perfor-
mance of basic movement components. The balanced activation may aid
bimanual control of the dominant and non-dominant hand during real-
life endoscopic task performance.

Conclusions

Endoscopic training induces experience-dependent shifts in the
bilateral grasping network. Repetition of simple endoscopic exercises
increased activity in the left, tool-use dominant, PMv while five addi-
tional training sessions on a VR simulator led to bilateral PMv activity
increase and down-regulated interhemispheric PMv coupling. This
pattern also extended to the aIPS and thereby implicated the entire
ventrolateral grasping pathway. While task-related activity during initial
task-exposure was not predictive of improvement, we located a cluster in
the left M1-HAND where activity across training sessions scaled with
individual improvement.
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