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Abstract
Purpose Smaller incisions and reduced surgical trauma made minimally invasive surgery (MIS) grow in popularity even
though long training is required to master the instrument manipulation constraints. While numerous training systems have
been developed in the past, very few of them tackled fetal surgery and more specifically the treatment of twin-twin transfusion
syndrome (TTTS). To address this lack of training resources, this paper presents a novelmixed-reality surgical trainer equipped
with comprehensive sensing for TTTS procedures. The proposed trainer combines the benefits of box trainer technology and
virtual reality systems. Face and content validation studies are presented and a use-case highlights the benefits of having
embedded sensors.
Methods Face and content validity of the developed setup was assessed by asking surgeons from the field of fetal MIS
to accomplish specific tasks on the trainer. A small use-case investigates whether the trainer sensors are able to distinguish
between an easy and difficult scenario.
Results The trainer was deemed sufficiently realistic and its proposed tasks relevant for practicing the required motor skills.
The use-case demonstrated that the motion and force sensing capabilities of the trainer were able to analyze surgical skill.
Conclusion The developed trainer for fetal laser surgerywas validated by surgeons from a specialized center in fetalmedicine.
Further similar investigations in other centers are of interest, as well as quality improvements which will allow to increase
the difficulty of the trainer. The comprehensive sensing appeared to be capable of objectively assessing skill.

Keywords Fetal minimally invasive surgery ·Mixed-reality trainer · Face validation · Content validation

Introduction

Found in monochorionic twins, TTTS causes an unbalanced
blood flow due to undesired vascular anastomoses on the pla-
centa. One of the fetuses, referred to as the donor, transfers
his nutrition to the other fetus, the recipient. When untreated,
perinatal death happens in 90% of the cases, while there is
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as much as 50% chance of neurological impairment in case
of survival [18]. Minimally invasive fetal surgery leads to
improved survival rate and does not increase the risk for
preterm birth as much as open surgery would [1]. Neverthe-
less, as in all MIS procedures, instrument handling requires
significant skill.

As illustrated in Fig. 1, the intervention is performed using
a thinflexible cannula inserted through thematernal abdomen
allowing the surgeon to access the recipient’s amniotic sac
with a fetoscope. The latter is an endoscope used within a
sheath protecting the scope but also providing an additional
port [10] giving the possibility to equip fetoscopes with an
instrument such as a therapeutic laser fiber. The surgeon then
sweeps the placental surface by delicately manipulating the
fetoscope and coagulates specific targets by actuating the
therapeutic laser by pressing a foot pedal. To avoid preterm
premature rupture ofmembranes (PPROM), one can only use
small diameter scopes (< 3 mm) [6], implicating a limited
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Fig. 1 Two fetuses are represented in a womb. A flexible cannula is inserted through the maternal abdomen allowing surgeons to access the placenta
with a fetoscope equipped with a scope and laser to coagulate specific targets (courtesy of UZ Leuven)

image quality. Because of poor illumination and the turbidity
of the amniotic fluid through which one operates, the visual-
ization during this procedure is notoriously bad, making the
scope navigation more difficult. In addition, the thick mater-
nal abdomen severely limits the workspace of the scope.
Scopes are quite commonly damaged beyond repair when
too large stresses are applied to view remote sites. Also, the
risk forPPROMcould rise as similar large stresses are applied
on the fetal membranes.

Overall, the skill required for mastering TTTS treatment
is quite significant, while the number of cases is quite low
as 20% of spontaneous twin pregnancies are monochorionic
and only 15% of these complicate into TTTS [4]. More-
over, an increased interest of surgeons willing to train for
fetal laser surgery is anticipated due to an economic growth
in various countries and the increasing knowledge on this
procedure [16]. As such, the availability of training sys-
tems dedicated to such highly specific surgeries appears to
be mandatory for reaching a sufficient level of proficiency,
hence ensuring a better patient outcome as long as fewer sur-
gical adverse events. In fact, the traditional surgical training
model by demonstration “see one, do one, teach one” [11]
would imply too long periods of training and thus preferably
be replaced by a model referred to as “Practice makes per-
fect” [23], placing the practice on trainers at a higher level
of importance.

For classic MIS, trainers may focus on the practice of
basic laparoscopic skills or on acquiring procedural skills
for a specific procedure [24] using simulators ranging from
organic to nonorganic composition [13]. Employing organic
simulators presents ethical and practicality issues, hence
giving rise to the development of synthetic box trainers
and virtual reality training systems. On the one hand, box
trainers are relatively inexpensive, versatile devices and
provide realistic haptic feedback. On the other hand, VR sys-

tems are easy to set up, provide instant objective feedback
and give the ability to vary easily the simulated anatomy.
Both categories are complementary to one another. Nat-
urally, other innovative solutions combine box and VR
technology in order to benefit from the advantages of each
system [12], which are referred to as mixed-reality systems
[15].

Concerning trainers for invasive fetal procedures, various
attempts have beenmade to develop simulators with different
levels of realism [3,14,17,25]. However, regarding TTTS, the
only existing trainer for laser therapy is a silicone simulator
with proven face and construct validity [16]. Their simula-
tor consists of a full anatomical mock-up of the abdomen of
a pregnant women, replicated by high-fidelity synthetic tis-
sue with good ultrasound properties. Originally designed for
amniocentesis [17], it was modified for fetal laser surgery by
inserting in the womb mock-up a monochorionic twin pla-
centa and realistic models of twin fetuses. The simulator is
then filled with water, and a silicon interface at the top of the
model imitates the abdominal wall. However, the absence of
sensing technologymakes objective feedback based on quan-
titative data impossible. In addition, the fixed aspect of the
placenta and womb does not offer any room for anatomical
diversity.

While practice is highly important when dealing with
scarce procedures, supervision and performance feedback is
currently done exclusively by experts employing structured
grading, e.g., GOALS, OSATS [2]. Unfortunately, experts’
time for such purposes is scarce yet extremely valuable, and
as such, there is a need for systematic evaluation. One way
toward objective, automatic and cost-effective skill assess-
ment is through embedding comprehensive sensing within
trainers and analyzing data captured during procedures [19].
Descriptive statistics can be computed to describe the dexter-
ity as well as the interactions between the instrument and the

123



International Journal of Computer Assisted Radiology and Surgery

Fig. 2 The setup of the advanced mixed-reality surgical trainer: (A)
straight and curved fetoscopes, (B) cannula, (C) body wall phantom,
(D) force sensor, (E) virtual scope view

environment, thus giving access to important performance
aspects [22].

In this paper, we present a novel mixed-reality trainer with
comprehensive sensing combining synthetic tissue mimick-
ing the maternal abdomen and VR technology rendering the
cavity inside the womb. This simulator offers the possibil-
ity to practice basic and procedural skills for TTTS laser
treatment. The VR component allows for easy reconfigu-
ration of the anatomy, while its physical aspect is close
to in vivo realism. The trainer has been validated by a
cohort of fetal surgeons proving its face and content validity.
Finally, a use-case is presented in order to demonstrate how
motion and force data captured by the simulator’s sensors
provide useful information to quantitatively assess surgical
skill.

Mixed-reality simulator with comprehensive
sensing

For training and developing the required motor skills for
TTTS surgery, we propose a novel mixed-reality surgical
simulator focusing on scope handling and target lasering on
the placenta. The setup consists of a fetoscope (A) which
can be slid through a thin-walled flexible plastic cannula (B).
The cannula is inserted in a synthetic phantom representing
the maternal body wall (C) which is equipped with a force
sensor (D). A cavity below the body wall allows unhindered
scope motion. Contrary to a box trainer, the operator does
not see on the screen images generated from the fetoscope,
but instead sees artificially generated images from a virtual
reality system (E). A foot pedal (not shown in the figure)
is provided as well to trigger the virtual therapeutic laser.
An overview of the simulator is shown in Fig. 2, and each
component is further detailed below.

Placenta

Body Wall

Laser

Posterior Anterior

Fig. 3 Astraight fetoscope is employed for the posterior placenta (left).
A curved one is used for the anterior placenta (right)

Fetoscope and cannula

The employed surgical instrument is a fetoscope, composed
of a scope inserted through a sheath. In vivo, the placenta
can be located on either the posterior or anterior side of the
uterus. In the former case, straight sheaths are used because
a direct line of sight from the insertion point to the placenta
equator exists (see Fig. 3). In the latter, no such direct line of
sight exists. To solve this issue, surgeons currently employ
curved sheaths bending the scope to a fixed curvature.

For this trainer, both straight and curved fetoscopes are
available. As the image and laser are rendered by a VR sys-
tem, it suffices to foresee small diameter beams with similar
shape and compliance rather than using real scopes. Both
instruments fit in a provided flexible plastic cannula with a
10 Fr diameter.

Body wall phantom

The constraining nature of the maternal abdomen wall upon
the instrument motion is an important aspect of fetal MIS.
Therefore, the different layers of skin, fat, muscle, uterus
and fetal membranes are replicated by a body wall phantom
composed of several layers of synthetic material (Ecoflex 00-
50, Smooth-On Inc., USA). The trainer allows the usage of
body wall phantoms of different thickness. The cannula is
inserted through a hole in its center.

Sensors

To allow for accurate rendering in the VR system and even-
tually for motion analysis, instrument motions are tracked
with an electromagnetic tracking system (Aurora,NDI,USA)
composed of a field generator and a 6-degrees-of-freedom
(DOF) sensor at the tip of the fetoscope. Furthermore, the
interaction forces between the instrument and the body wall
phantom are monitored by a dedicated 6 DOF force sensor
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[9]. The sensor is made of an aluminummonolithic structure
and measures several deformations with strain gauges pro-
viding the measurement of 6 DOF forces which are applied
on the element clamped to it, i.e., the body wall phantom.
The data acquisition of the force sensor can be done through
a CompactRIO Controller (National Instruments, USA) and
a LabVIEW software (National Instruments, USA).

Finally, the trainer is equipped with a foot pedal whose
usage is tracked over time. The role of the foot pedal is to
notify the VR system of the user’s intention to activate the
therapeutic laser, virtually placed at the instrument’s tip.

Virtual reality environment

To render the fetoscopic view and immerse the user into a
realistic TTTS procedure, a VR system has been developed.
Currently, the emphasis of the simulator is to provide ameans
for practicing motor skills and, as such, the environment is
slightly simplified: only the placenta and the laser ablation
sites are rendered at a realistic scale in the scope view.
The placenta is represented as a realistically sized planar
surface with a real monochorionic placenta image textured
onto it. The placenta pose can easily be configured, and two
default modes are already available: a placenta in a posterior
or anterior pose. The VR system offers the possibility to
freely edit this image by adding indicators such as arrows
and symbols.
The artificially generated scope view is rendered on a display
positioned in front of the operator at eye level, similar to a
real clinical setting. The lighting attenuates with increasing
distance between scope and placenta. As observed in the OR,
the laser’s presence can be seen as a green dot at the center
of image.
The laser is activated whenever the user presses the foot
pedal. Lasering events apply white marks on the targeted
location on the placenta surface. The distance between the
instrument’s tip and the placenta, as well as the duration,
determines the intensity of these marks.
The VR system is written in C++ and runs on a laptop with a
Intel Core i7-4910MQ Processor and a Linux OS. The open-
source Visualization Toolkit (VTK) was employed to render
the graphics.1 In order to communicate with the required
hardware, i.e., instrument tracking device and foot pedal, the
Robot Operating System (ROS) was employed.

Validation study: face and content

In this work, we aim at creating a realistic mixed-reality
trainer offering a real help toward mastering TTTS required

1 For more information on the software, feel free to contact the corre-
sponding author.

skills. As such, we perform both face and content validation
studies to assess the overall trainer quality and capabili-
ties [8]. Eight surgeons were asked to perform different tasks
on the simulator followed by a two-section questionnaire.

Questionnaire

The first section of the questionnaire gathers each partici-
pant’s background information, while the second focuses on
the face and content validity. In total, 33 statements were
spread into three main categories; each scored on a 5-point
Likert scale. First, 14 statements evaluated the realismof each
component of the trainer. For each statement, the five possible
answerswere:not close, a bit close, close, very close and real-
istic. Secondly, for each aspect of realism, the improvement
required for training purposes is inquired, adding 14 state-
ments to the questionnaire having the following five possible
answers: no improvements, minor improvements, medium
improvements, major improvements and critical improve-
ments. Finally, 5 statements focused on the content validity
by asking the user’s agreement based on a 5-point Likert scale
ranging from disagree to agree.

Participants

Eight surgeons were part of the study, all from the Gynae-
cology Department of the UZ Leuven Hospital which is the
only Belgian center specialized in TTTS treatment. To put in
perspective, only two exist in France, two in Germany and
four in England [7].

The information gathered from the questionnaire’s first
section allowed to classify participants into three different
categories:novice, intermediate and expert. The criterionwas
based on their self-evaluation of their ability to either perform
an operative fetoscopy independently as lead surgeon in the
OR (expert), or perform with supervision (intermediate), or
none of the above (novices). Under this classification, the
groups of participants consisted of two experts, two interme-
diates and four novices. The experts had at least performed
300 interventions, intermediates at least 1 and the novices
only assisted such surgeries. However, all of the novices had
clear knowledge of the procedure, attended several fetal MIS
procedures and had hands-on experience in other types of
MIS.

Tasks and protocol

Two different tasks were proposed to demonstrate the simu-
lator’s potential for training basic fetoscopic skills for laser
ablation in fetal surgery and procedural skills for TTTS
surgery.
Task I—Basic fetoscopic skills are designed as a series of
symbols, i.e., letters and numbers, scattered over the whole
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Fig. 4 Illustration of the two different tasks with the effect of lasering
on the placenta

placenta. The user must sequentially identify the symbols
and laser the small dot placed next to each one. When the dot
is completely lasered, the next symbol to target is revealed
(Fig. 4).
Task II—Procedural skills require to perform the laser abla-
tion of placental anastomoses using the Solomon technique
as closely as possible to in vivo conditions [20]. Multiple
anastomoses are scattered on the placenta’s equator. In order
to avoid testing the participant’s cognitive skills, the anas-
tomoses are clearly highlighted by a ring. The first part
of the procedure, referred to as selective lasering, consists
of completely lasering the inside of each ring. The second
part, called the dichorionization of the placenta, is when the
user performs a continuous lasering in between each target
(Fig. 4).

To summarize, each participant performed the following
steps once:

1) A 3-minute training session to familiarize with the
simulator,

2) Task I with a posterior placenta and a straight
fetoscope,

3) Task I with an anterior placenta and a curved
fetoscope,

4) Task II with a posterior placenta and a straight
fetoscope,

5) Task II with an anterior placenta and a curved
fetoscope,

6) Answering the validation questionnaire.

Statistical analysis

Considering the low number of participants and the num-
ber of groups, the nonparametric Kruskal–Wallis test was
employed with a difference considered as significant when
p-value < 0.05. This allowed to observe whether the differ-
ent groups came to the same conclusion regarding each aspect
of the face and content validation. The statistical analysis was
performed using MATLAB.

Results

The VR system is written in C++ and ran on a laptop with a
Intel Core i7-4910MQ Processor and a Linux OS. The Robot
Operating System (ROS) was used to communicate with the
different hardware, i.e., the EM tracking device and the foot
pedal. The data acquisition of the force sensor was done via
a CompactRIO Controller (National Instruments, USA) and
a LabVIEW software (National Instruments, USA). The sta-
tistical analysis was performed using MATLAB.

Results of the face validity test are represented in Table 1.
Overall, surgeons considered the trainer to be close to reality,
with a median score of 3.50 on the 5-point Likert scale. Most
aspects of the simulator scored above 3 as well. The lowest
score was given to the image quality of the scope rendering
with a expert median score of 2.50. No significant difference
was observed between each group as the nonparametric test
gave a p > 0.05.

The comparison between the realism and required
improvements can be found in Fig. 5. The placenta model
requires the most attention for further developments (total
improvements median: 3.00), even though it was judgedwith
a satisfying close-to-realism score (3.00). Despite the fact
that the realism of the scope’s view and its rendered image
are weak, they seem to remain acceptable for training (total
improvements median: 1.50 and 2.00, respectively). Finally,
improvements might be interesting for the rendering of the
anterior placenta as its score for improvement is of 2.50,
while its realism is of only 3.00.

Regarding the content validity, results are given in Table 2.
The surgeons were all convinced by the training capacities
of the simulator and found the tasks relevant for improving
basic fetoscopic skills and procedural skills. Indeed, the total
median score of each aspect of the content evaluation was
scored at the maximum value 5.00. The novices gave the
maximum score for all content validity aspects, while experts
lowered slightly the score. However, once again there was no
significant difference between the answers of each group.

Use-case: surgical hypothesis verification
using comprehensive sensing analysis

The innovative aspect of the proposed trainer resides in
the embedded comprehensive sensors. In order to show the
potential of the simulator’s sensors to objectively assess skill,
a use-case analysis has been carried out to assess a surgical
hypothesis.

Hypothesis

When treating TTTS with laser therapy, surgeons claim that
operating on an anterior placenta increases the difficulty
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Table 1 Results of face validity Face validity Total Novices Intermediates Experts pa

Median Median SD Median SD Median SD

Overall realism of trainer 3.50 3.50 1.00 3.50 0.50 3.50 0.50 1.000

Body wall phantom 3.00 3.50 1.00 3.50 0.50 3.00 0.00 0.497

Equipment 4.00 3.50 1.00 3.50 0.50 4.00 0.00 0.497

Environment VR rendering

Placenta model 3.00 4.00 0.25 3.00 0.00 3.00 0.00 0.123

Posterior configuration 3.50 4.00 0.25 3.00 0.00 3.50 0.50 0.269

Anterior configuration 3.50 4.00 0.25 3.00 0.00 3.00 1.00 0.343

Coagulation model 3.00 3.00 0.25 3.50 0.50 3.50 0.50 0.249

Procedural tasks

Selective lasering 4.00 3.50 1.00 4.00 0.00 3.50 0.50 0.497

Line lasering 4.00 3.00 0.50 4.00 0.00 4.00 0.00 0.135

Scope VR rendering

Scope view 3.00 4.00 0.25 3.00 0.00 3.00 0.00 0.123

Image quality 3.00 3.00 0.25 3.50 0.50 2.50 1.50 0.553

Light propagation 4.00 3.00 2.00 4.00 0.00 3.50 0.50 0.472

Depth perception 3.50 3.50 1.50 3.50 0.50 3.00 1.00 0.936

Workspace of instruments 3.50 3.00 0.25 4.00 0.00 3.50 0.50 0.269

aKruskal–Wallis test with significance p < 0.05

Table 2 Results of content
validity

Content validity Total Novices Intermediates Experts pa

Median Median IQR Median IQR Median IQR

Training capacities

Scope handling 5.00 5.00 0.25 4.50 0.50 4.00 1.00 0.664

Lasering 5.00 5.00 0.00 5.00 0.00 4.50 0.50 0.223

Self-confidence 5.00 5.00 0.00 5.00 0.00 4.50 0.50 0.223

Usefulness of task

Task I: basic skills 5.00 5.00 0.25 5.00 0.00 4.50 0.50 0.558

Task II: procedural skills 5.00 5.00 0.25 5.00 0.00 4.50 0.50 0.558

aKruskal–Wallis test with significance p < 0.05

Fig. 5 Realism versus required improvements according to fetal MIS surgeons
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of the procedure compared to a posterior configuration.
Through the questionnaire, all surgeons confirmed this state-
ment when carrying out the different tasks on the simulator
in both placenta configurations. Themain difficulties pointed
out during the trial were the manipulation of the curved
instrument itself and accessing the different targets on the
extremities of the placenta. By analyzing the different signals
captured by the simulator, our objective was to see whether
a similar assessment could be quantitatively observed.

Experimental protocol

For this study, the number of anastomoses during task II
was set to six, which is a common number found in vivo.
Each session took place with a 40-mm body wall phantom
thickness as recommended by expert surgeons. During each
experiment, the instrument tip motions and the interaction
forces between the instrument and the body wall were both
recorded. A real-time binary signal of the pedal state, i.e., on
or off state, was monitored as well. In Fig. 6, all of these sig-
nals are represented (orientation data and 3 DOF moments
are also available but not shown in this figure). The motion
signalswere filteredwith an exponential smoothing, the force
signals were processed with a Butterworth filter, and all sig-
nals were synchronized. Only the portions of the signal when
the instrument tip was in the cavity were considered.

Metrics

As skill assessment is not the core of this paper, commonly
used motion-based [5] and force-based metrics [22] were
computed. For eachmetric, a significance test (e.g., Kruskal–
Wallis test) was conducted in MATLAB to highlight which
metric evaluated a significant difference between the anterior
and posterior placenta configuration.

The following set of metrics was evaluated: mean/maxi-
mum of velocity and acceleration, tool path length (length
of the curve described by the tip of the instrument), depth
perception (the total distance travelled by the instrument
along its axis), maximum of planar/vertical force and inte-
gral of planar/vertical force (a measure of high forces and
the amount of time that forces are high). Time, a widely used
metric in skill analysis, was also computed.

During those experiments, all motions were successfully
captured with the exception of the force data for two sur-
geons. Nevertheless, these were still considered for analysis.
Table 3 summarizes the results of the statistical test. Themet-
rics tested significant (p > 0.05) are highlighted. One may
first observe that time brings no significant information on
the increase of difficulty between the anterior and posterior
configurations.

However, force-based metrics appear to be significantly
different between the anterior and posterior configurations.

Themaximumplanar forces and their integral double in aver-
age. The same can almost be seen for the integral of the
vertical forces. Finally,with an increase of almost 30%, depth
perception seems to be the only motion metric to identify a
significant increase of difficulty.

Discussion

In this study, the trainer was validated by using face and
content validity as a first step. Even though these tests of
validity are a subjective approach to validation, it was enough
to confirm the simulator’s overall closeness to reality in all
the main aspects as well as improvement opportunities. Most
surgeons indicated that training with the current status of the
simulator may already facilitate the learning of the required
skills. Objective approaches for evaluation also exist, such
as construct validity which aims to determine whether a sim-
ulator can discriminate between different levels of expertise
[21]. This next step of validation was left aside for now as we
believe that surgeon support and feedback is important before
advancing to experiments objectively assessing the simula-
tor. Upon further development of the placenta rendering (i.e.,
availability of various placentas with different morphology
inducing an increase in difficulty) and the visualization (i.e.,
turbidity of the amniotic fluid), we believe performing a con-
struct validity will yield more powerful results.

The data available are very scarce because only special-
ized centers currently treat such pathology. The group size
in this study is rather small in order to perform statistical
correlations. However, we do believe it is enough to gain
insights on the performance of the trainer and how it should
be improved. This trainer should preferably be investigated
further by other centers specialized in TTTS treatment in
order to enlarge the sample of the study and confirm the
mentioned conclusions.

Surgeon feedback is crucial for the development and
assessment of simulators. Even though it has a subjective
aspect, it is possible to extract conclusions by inquiring the
correct group of people through the means of a well-built
questionnaire. As identified by Schout et al., the literature
shows a lack of consensus on the correct approach to be fol-
lowed. We believe the choice of a five-point Likert scale was
adequate for this study, and it seemed well suited to inquire a
specialized center in TTTS with surgeons of different levels
of expertise.

Regardless of the small group size, we decided to demon-
strate the simulator’s potential to objectively evaluate perfor-
mance through a use-case study. A largely used metric for
assessment is time. For this dataset, this metric was unable to
measure anything significant, while motion and force-based
metrics revealed to be crucial in order to obtain an objec-
tive assessment on surgical skill. However, not all computed
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Fig. 6 The different signals of motion, force and pedal state data are shown for selective lasering in a posterior and anterior configuration. For each
plot, the signal is highlighted in green when the pedal is activated

Table 3 Results of the motion
and force-based analysis of the
use-case study

Metrics pa Posterior Anterior

Mean SD Mean SD

Planar force maximum 0.031 3.71 1.48 6.99 2.01

Planar force integral 0.031 412 125 813 153

Vertical force integral 0.031 462 387 786 375

Depth perception 0.039 1.09 0.55 1.41 0.50

Vertical force maximum 0.218 1.06 0.70 1.57 0.93

Velocity maximum 0.383 0.91 0.71 1.06 0.60

Acceleration maximum 0.641 4.20 3.77 4.42 3.04

Tool path length 0.742 2.28 1.04 2.47 0.90

Acceleration mean 0.742 0.030 0.010 0.032 0.005

Velocity mean 0.844 0.0081 0.0025 0.0084 0.0016

Time 1.000 269.62 111.53 269.38 71.30

aKruskal–Wallis test with significance bold values p < 0.05

metrics passed the significance test. It is important to state
that our low number of total trials makes it difficult to mea-
sure significantly a difference between anterior and posterior
configurations.

Conclusion and future work

A novel mixed-reality surgical trainer with comprehensive
sensing for fetal MIS was presented in this paper. Validated
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by a group of surgeons from a specialized center in fetal
medicine, the system is perceived as a good means for prac-
ticing basic fetoscopic skills and procedural skills for laser
surgery. Further similar investigations in other specialized
centers are of interest, aswell as quality improvements. Ensu-
ing proper adjustments, we believe the system capable to be
used as a platform to conduct motion and force-based skill
analysis.

Acknowledgements The authors gratefully acknowledge the medical
team of UZ Leuven who participated at the evaluation of this sim-
ulator. This first author was supported by a grant from the Belgian
FWO (SB/1S63117N). The work was also supported through an Inno-
vative Engineering for Health award by Wellcome Trust (WT101957)
and Engineering and Physical Sciences Research Council (EPSRC)
(NS/A000027/1).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval For this study, the surgeons who participated gave
their consent. However, no ethical approval was required as this study
did not include patients or animals.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Adzick NS, Thom EA, Spong CY, Brock JW III, Burrows PK,
Johnson MP, Howell LJ, Farrell JA, Dabrowiak ME, Sutton LN,
Gupta N, Tulipan NB, D’Alton ME, Farmer DL (2011) A random-
ized trial of prenatal versus postnatal repair of myelomeningocele.
N Engl J Med 364(11):993–1004

2. Ahmed K, Miskovic D, Darzi A, Athanasiou T, Hanna GB (2011)
Observational tools for assessment of procedural skills: a system-
atic review. Am J Surg 202(4):469–480

3. Belfort MA, Whitehead WE, Bednov A, Shamshirsaz AA (2018)
Low-fidelity simulator for the standardized training of fetoscopic
meningomyelocele repair. Obstet Gynecol 131(1):125–129

4. Chalouhi G, Essaoui M, Stirnemann J, Quibel T, Deloison B,
Salomon L, Ville Y (2011) Laser therapy for twin-to-twin transfu-
sion syndrome (TTTS). Prenat Diagn 31(7):637–646

5. Cotin S, Stylopoulos N, Ottensmeyer M, Neumann P, Rattner D,
Dawson S (2002)Metrics for laparoscopic skills trainers: theweak-
est link!. Med Image Comput Comput Assisted Interv MICCAI
2002:35–43

6. Devlieger R, Millar LK, Bryant-Greenwood G, Lewi L, Deprest J
(2006) Fetal membrane healing after spontaneous and iatrogenic
membrane rupture: a review of current evidence. Am J Obstet
Gynecol 195(6):1512–1520

7. Foundation TTTTTS (2017) List of twin-twin transfusion syn-
drome treatment centers. https://www.tttsfoundation.org/laser_
centers.php. Accessed 30 Nov 2017

8. Hung AJ, Zehnder P, Patil MB, Cai J, Ng CK, Aron M, Gill IS,
Desai MM (2011) Face, content and construct validity of a novel
robotic surgery simulator. J Urol 186(3):1019–1025

9. Javaux A, Esteveny L, Bouget D, Gruijthuijsen C, Stoyanov
D, Vercauteren T, Ourselin S, Reynaerts D, Denis K, Deprest
J, Vander Poorten E (2017) Body wall force sensor for simu-
lated minimally invasive surgery: application to fetal surgery. In:
Proceedings of the 2017 IEEE/RSJ international conference on
intelligent robots and systems

10. Klaritsch P, Albert K, Van Mieghem T, Gucciardo L, Done E,
Bynens B, Deprest J (2009) Instrumental requirements for min-
imal invasive fetal surgery. Int J Gynaecol Obstet 116(2):188–197

11. Kotsis SV, Chung KC (2013) Application of see one, do one, teach
one concept in surgical training. Plast Reconstr Surg 131(5):1194

12. Lacey G, Ryan D, Cassidy D, Young D (2007) Mixed-reality
simulation of minimally invasive surgeries. IEEE MultiMedia
14(4):76–87

13. Munz Y, Kumar B, Moorthy K, Bann S, Darzi A (2004) Laparo-
scopic virtual reality and box trainers: is one superior to the other?
Surg Endosc 18(3):485–494

14. Nitsche JF, Brost BC (2013) The use of simulation inmaternal-fetal
medicine procedure training. Semin Perinatol 37:189–198

15. Ohta Y, Tamura H (1999) Mixed reality: merging real and virtual
worlds. Springer, Berlin

16. Peeters S, Akkermans J, Slaghekke F, Bustraan J, Lopriore E, Haak
MC,Middeldorp JM,Klumper FJ, LewiL,DevliegerR,DeCatteL,
Deprest J, Kublickas SEM, Lindgren P, Tiblad E, Oepkes D (2015)
Simulator training in fetoscopic laser surgery for twin-twin trans-
fusion syndrome: a pilot randomized controlled trial. Ultrasound
Obstetr Gynecol 46(3):319–326

17. Pittini R, Oepkes D, Macrury K, Reznick R, Beyene J, Windrim
R (2002) Teaching invasive perinatal procedures: assessment of
a high fidelity simulator-based curriculum. Ultrasound Obstetr
Gynecol 19(5):478–483

18. Quintero RA (2003) Twin-twin transfusion syndrome. Clin Peri-
natol 30(3):591–600

19. Reiley CE, Lin HC, Yuh DD, Hager GD (2011) Review of methods
for objective surgical skill evaluation. Surg Endosc 25(2):356–366

20. Ruano R, Rodo C, Peiro J, Shamshirsaz A, Haeri S, Nomura
M, Salustiano E, De Andrade K, Sangi-Haghpeykar H, Car-
reras E, Belfort M (2013) Fetoscopic laser ablation of placental
anastomoses in twin-twin transfusion syndrome using ‘solomon
technique’. Ultrasound Obstetr Gynecol 42(4):434–439

21. Schout BM, Hendrikx A, Scheele F, Bemelmans BL, Scherpbier
A (2010) Validation and implementation of surgical simulators: a
critical review of present, past, and future. Surg Endosc 24(3):536–
546

22. Trejos AL, Patel RV, Malthaner RA, Schlachta CM (2014) Devel-
opment of force-based metrics for skills assessment in minimally
invasive surgery. Surg Endosc 28(7):2106–2119

23. Tsuda S, Scott D, Doyle J, Jones DB (2009) Surgical skills training
and simulation. Curr Probl Surg 46(4):271–370

24. Våpenstad C, Buzink SN (2013) Procedural virtual reality simula-
tion in minimally invasive surgery. Surg Endosc 27(2):364–377

25. Ville Y, Cooper M, Revel A, Frydman R, Nicolaides K (1995)
Development of a training model for ultrasound-guided inva-
sive procedures in fetal medicine. Ultrasound Obstetr Gynecol
5(3):180–183

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.tttsfoundation.org/laser_centers.php
https://www.tttsfoundation.org/laser_centers.php

	A mixed-reality surgical trainer with comprehensive sensing for fetal laser minimally invasive surgery
	Abstract
	Introduction
	Mixed-reality simulator with comprehensive sensing
	Fetoscope and cannula
	Body wall phantom
	Sensors
	Virtual reality environment

	Validation study: face and content
	Questionnaire
	Participants
	Tasks and protocol
	Statistical analysis
	Results

	Use-case: surgical hypothesis verification using comprehensive sensing analysis
	Hypothesis
	Experimental protocol
	Metrics

	Discussion
	Conclusion and future work
	Acknowledgements
	References




