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Abstract

New contraceptive methods like the subcutaneous implant offers a new kind of com-
fort for women with an efficiency similar to the contraceptive pill. Unfortunately the
few numbers of unintended pregnancies that have been reported are generally due
to a bad insertion of the implant. In order to give more security to patients, we have
designed, in close collaboration with physicians, a new kind of medical simulator.
This paper focuses on a device dedicated to a specific subcutaneous implant but it
is worth noting that this simulator is relatively generic since it will be used for other
subcutaneous techniques or other implant instruments. This simulator can be used
for two purposes: one for training novice physicians in the correct manipulation and
the other for doctor certification which will help determine if they are capable of
inserting the implant ¢n vivo. This paper describes the approach which has led to
the design of this simulator. It describes its functionalities, its several components
but also methods used to analyze the manipulation of the implant insertion inside
the patient. Finally first experimental results are reported and discussed. The sys-
tem used in this paper makes possible to carry out training in a context free of
constraints and provides the first mean of visualizing a maneuver that, until now,
has been performed blindly.
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1 Introduction

With significant progress in new technologies and modern techniques in mini-
invasive surgery, the introduction of medical simulators is gaining an increasing
appeal in the clinical environment. These tools allow the visualization of the
position of organs, the planning of surgical interventions, and the carrying out
of more comprehensive postoperative monitoring. The flexibility of such tools
also permits to reset some parameters in order to adapt the medical inter-
vention to each patient’s data. In fact medical simulators take into account
the needs of physicians but also the ethical problems and risks that patients
may be exposed to during the learning period of a new technique. The main
interest of these tools is to train inexperienced physicians without putting
the patients’ well-being in danger. This can be especially useful in gynecology
and more particularly for contraceptive implant insertion. Indeed, despite a
comfort and an efficiency similar to classic contraceptive methods, in the case
of the subcutaneous implant, some cases of pregnancy have been reported. A
survey concerning these contraception failures [1] shows that ”in France 39
unintended pregnancies were reported over 17 months” and were ”in 77% of
cases due to an insertion technique error”. This underlines the lack and the
necessity of such a training tool. In this context, we have developed, in collab-
oration with physicians, a new medical simulator that offers new solutions for
doctors’ training. This simulator could allow young professionals to acquire
experience in this specific manipulation. A simulator training can also be used
to validate new instruments, new techniques and to evaluate capacities. One
of the advantages of a simulator is to bypass the constraints occurring in an
actual insertion. These constraints are:

- the manipulation occurs inside the arm and thus a novice does not see the
instructor’s manipulations and reciprocally instructors can not validate the
novice’s manipulations;

- the first implant insertions carried out by novices are always awkward be-
cause of stress linked to the risks of such an operation.

This paper highlights the design of an innovative medical simulator. A task
analysis has been done in Section 2 and the advantages of an appropriate
simulator used to reproduce and learn the task are shown. The specifications
of the simulator have been analyzed and translated in terms of mechanical,
hardware, and software specifications in Section 3. Experimental results are
presented and discussed in Section 4.



P — Implanon rod

————1 Protective cap

_ —- ]

- -ﬁ=

Complete applicator

Fig. 1. The device used for implant insertion

2 Task description

This paper focuses on a device dedicated to a specific subcutaneous implant:
Implanon. This implant works like the so-called minipill (especially the one
called Cerazette) and provides contraceptive protection for up to 3 years when
it is inserted subdermally [2-4]. Thus women do not worry anymore about
forgetting their contraceptive method. The implant consists of a single-rod
40mm long and 2mm in diameter containing etonogestrel which is progres-
sively diffused. After a local anaesthetic, the physician inserts it through a
sterile applicator (Fig. 1) into the upper-arm, 60-80 mm above the elbow [5].
He introduces the needle directly under the skin, turns the obturator by 90°
and finally pulls out the canula while he keeps the obturator fixed. Even if the
manipulation for the implant insertion seems to be very easy, there are several
points the physician has to check [6]:

- the insertion has to be made within the first five days following the beginning
of a menstrual bleeding;

- there must not have been medicinal interaction prior to the procedure;

- the implant has to be inserted in the good location inside the arm as rec-
ommended by Organon the manufacturer of Implanon.

In fact the correctness of the insertion determines the ease of the implant
removal. If the implant is correctly inserted then it is palpable in the sulcus
between the biceps and the triceps. On the contrary, if the implant is not
well inserted, it remains impalpable and therefore difficult to find and remove.
In this case, the bad placement can induce some pain for the patient, a lesser
efficiency and above all, it can lead to a severe surgical intervention in order to
remove the implant [7-9]. It is essential that the manipulation is accomplished
in the skin layers at a limited depth: the implant rod must not be placed into



the limit of the muscular tissue (called aponeurosis). If we quantify the limited
depth to 3-4 mm (which corresponds approximately to the thickness of the
skin for an average patient), the physician has a very small margin of error,
compared to the 2.5 mm-diameter of the canula. This accuracy is all the more
difficult to obtain since:

- the thickness of the skin depends on the patient’s morphology (and partic-
ularly concerning the adipose layer) (Fig. 2);

- up until now specific training to this kind of manipulation did not exist:
during his first experience of implant insertion, the physician can only learn
with the user’s implant guide.

Epidermis
Dernus

Hypoderm Adipose
tissue
Muscle .
Aponeurosis

Bone

Fig. 2. Diagram of the different skin layers

Given the high interest in improving insertion conditions for contraceptive
implants, the design of a simulator has acquired a high level of relevancy for

the inexperienced physicians who wish to learn a better insertion technique
[10].

3 DMaterials and methods

3.1  Operating modes

The simulator is mainly composed of two components: a mechanical and a
software component. The material component consists of a dummy human
arm, an insertion applicator and a computer equipped with a data acquisition
system. This component ensures a physical support to the training and consti-



tutes a haptic interface. The second component is a visual interface projected
on a computer screen with which the student can see inside the arm in real-
time: this option helps the novice to learn how to control his manipulation and
to see the correct placement of the implant. Moreover, as we mentioned ear-
lier, the simulator was designed both for learning the good manipulation but
also for delivering an implant insertion certificate. So it is designed to several
kinds of operators. The operator may be a physician teacher who explains the
technique to his students as well as an inexperienced physician training him
or herself in the insertion of the implant, or as a participant of a certification
exam. Thus, with this objective, two operating modes are proposed, a training
and a certification mode:

- The training mode allows an instructor to teach novices the correct ma-
nipulation. The student is then guided by a graphical interface which can
simultaneously display the actual instrument path and the path to trail. In
this mode, operator and simulator interact together at the same time.

- On the contrary, the certification mode allows the instructor to evaluate
the physicians trained in the insertion technique. The participant of the
certificate program carries out his manipulation on the mechanical model
without any assistance or graphical interface. The actual operator trajectory
is then recorded and compared to a reference manipulation. According to
judiciously selected criteria, the examiner can decide if the candidate is
capable of inserting a contraceptive implant on real patients. In this mode,
the operator does not interact simultaneously with the software component
of the simulator. The software component is used only for an a posteriori
data treatment.

3.2 Simulator components

In order to obtain the best results, the main requirements have been firstly
defined in close collaboration with a medical team. It has been underlined
that:

- the material component of the simulator must be as realistic as possible;

- the operator must have the possibility to move the arm in order to choose
the right position and the insertion site;

- the visual component must provide a graphical interface that allows the
operator to watch the path of his instrument needle tip inside the arm:;

- the system must be able to record operators’ paths and calculate errors
between these data and a reference path.

The different components of the simulator have then be designed in accordance
with these needs.



3.2.1 Mechanical component

The mechanical component consists of an anthropomorphic arm and its fixa-
tion system. The arm model was manufactured by the Nasco Corporation [11].
It accurately reproduces an actual arm with its particular anatomical land-
marks. The base of the simulator is a wooden table on which the arm is
attached. The fastening device of the arm is made of two parts: one at the
shoulder level and another one at the wrist level. So as to obtain a model
as stiff as possible and to ensure a good correlation between the actual arm
position and the position of its numerical model, the shoulder is attached to
a PVC pivot joint and an indexing system (Fig. 3). The pivot axis runs from
the arm to facilitate its rotation while the indexing mechanism allows to block
the arm rotation.

Fig. 3. Arm-support joint at the level of the shoulder

At the wrist, a PVC bracelet with five pins has been designed (Fig. 4). The
pins allow the placement of the arm in five different orientations.

Fig. 4. The bracelet of the wrist



3.2.2  Miniaturized position sensors

The originality of our simulator is that it makes it possible to study the nee-
dle tip paths inside the arm, allowing the medical team to have a better un-
derstanding of the manipulation of the subcutaneous implant placement. To
monitor the simulator various components, several challenges had to be over-
come: especially the restricted workspace and the obstruction of some objects
which means they can not be monitored inside the arm. To solve this prob-
lem, we chose a system using six degrees of freedom electromagnetic sensors
called the MiniBird system which is developed by Ascension company. This
system can track the position and orientation of masked objects [12]. These
sensors measure the impulse of the magnetic field emitted by a box called
a transmitter. Three factors must be taken into account when using such a
system: the presence of ferromagnetic materials in the measurement field can
disrupt measurements; the measurement field is limited in size; and the 120
Hz sampling rate is divided by the number of sensors used. The first constraint
is solved using non-magnetic materials for the simulator (wood, PVC, ABS).
The second constraint can be solved using appropriate sensors for the task.
Here the workspace dimension of the sensors (a 80-cm diameter half-sphere)
is more than sufficient because data acquisition takes place inside or beside
the arm. Finally the last constraint leads us to check the compatibility of the
sensor dynamics with respect to the velocity of the manipulation. Since we are
using three sensors (one in the shoulder of the arm and two in the instrument
used for implant insertion), the sampling rate is 40 Hz. This frequency is com-
patible with classic implant placement. Concerning the analysis of data, the
Controldesk software provided with a D-Space data acquisition board allowed
us to collect the flow of data stemming from the sensors [13,14].

3.2.3  Instrumented tool for implant insertion

Since the positions, the orientation of the arm and also the two parts of the
insertion tool (i.e. the obturator and applicator) have to be known during
the entire time of the simulation, there is a need of two adaptation pieces for
placing sensors (Fig. 5). Each of them was designed:

- in ABS by rapid prototyping in order to avoid magnetic disturbance on
sensor measurement;

- with a small lodge for sensor location;

- removable but ensuring a repeating placement of the sensor with respect to
the instrument;

- small so as to hamper the medical manipulation the least possible and to
shun any collision when sliding the applicator along the obturator (Fig. 6).



Fig. 5. Lodges for the 3D position sensors

Fig. 6. Instrumented tool used for implant insertion

3.2.4  Visual Component

Nowadays simulators provided with a 3D visualization system are more and
more used in the medical field. Indeed such simulators allow the reproduc-
tion of various types of operations in order to train, to teach, to check the
knowledge and the know-how, and to try new techniques to validate them.
These simulations offer several advantages (training without any risks for the
patients, economy of time and money, greater availability of the operating
room...). Thus, in order to allow the medical team a greater interactivity
with the simulator, a visual interface was developed using the MotionDesk
software [15]. The user can watch the scene in real-time on a screen and can
observe the location of the instrument in comparison with the arm including
various points of view at the same time (Fig. 7). To make this possible, it
was necessary to use some CAD models of the mechanical component or to
digitize some other such as the arm.

3.8 Definition of the different frames

The simulator enables the study of the needle paths during an implant in-
sertion. Figure 8 represents the different frames associated with the measure-



Fig. 8. Definition of the different frames

Fig. 7. The visual component

ment. Frame 0 corresponds to the world frame of the simulator (center of the
transmitter), while frame 1 is attached to the sensor on the shoulder. Frame
2 is associated to the insertion task. The X, Y and Z axes of this frame de-
fine a tangent plane to the impact point of the needle tip and inside which
the path analysis will be carried out. Frame 3’ (resp. frame 3”) is associated
to the sensor of the applicator (resp. obturator). Finally frame 3 is attached
to the needle tip. Every frame transformation is based on the homogeneous

transformation matrix theory [16]. Given the matrix :

( —
i+1 —

Where:

- “R;,1 is the rotation matrix from frame 4 to frame 7 + 1;

‘Rip

0

0
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- 'T;;1 is the homogeneous transformation matrix from frame i to frame 7+ 1.



The transformation matrix “Tj,; gives the position of O,y; in frame i, as
defined by (O, i, ¥i, 2i). (0iOit1)xi ((0iOi11)yi and (0;0;41) i, Tespectively)
corresponds to the x (y and z, respectively) coordinate of O;0;;; in frame i.
Since the most interesting point to follow is the needle tip, we have carried
out a frame transformation to establish the coordinates of the needle tip with

respect to the frame associated to the task (frame 2).

2Ty = 2T 0TS Ty (2)

The homogeneous transformation matrices directly given by the sensors with
respect to the world frame 0 are: °T} and °T%y. 2T} gives the position and
the orientation of the sensor attached to the shoulder in frame 2, as defined
by (Os, T3, Ua, z_é) This homogeneous transformation matrix is given by the
arm geometry and an accurate fitting of the numerical model with respect
to the mechanical one. T is the inverse of the homogeneous transformation
matrix °7}. The matrix 37T; gives the position and the orientation of the
sensor attached to the applicator in frame 3. This homogeneous transformation
matrix is given by instrument geometry which is accurately known.

3.4 Criteria of the manipulation evaluation

In accordance with a physician, three criteria have been selected in order to
proceed to manipulation evaluation. These include:

- the arm orientation;

- the location of the impact point;

- the maximum depth reached by the instrument at the end of the manipu-
lation.

A good orientation of the arm is indeed a necessary condition for the success of
the insertion because it has a direct effect on the final placement of the implant:
the arm has to be positioned in supination in order to make the access to the
insertion site easier and only three of the five proposed orientations for the arm
are correct. Moreover the location of the impact point has a crucial importance.
In practice, it must be in a relatively reduced zone just above the elbow.
Finally the implant must not be inserted in the muscle because its removal
can be difficult if it is impalpable [17,18]. This criterion can be controlled by
checking the final depth of the instrument tip. The limit is arbitrarily fixed to
4 mm which corresponds to the thickness of the skin for an average patient.
These three check-points allow the evaluation algorithm implemented in the
simulator software component to analyze the data stemming from the sensors.
The simulator checks if the arm is in one of the three correct orientations,
detects the location of the impact point, records the impact point coordinates,
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checks if the impact point is in the target zone and finally verifies if the depth
of the instrument tip passes over a threshold characterizing the border of the
aponeurosis. To compute these criteria several problems had to be overcome.

3.5 Detection of the impact point

A large part of our work has been the fitting of the numerical model with
respect to the mechanical one. Indeed it is necessary that the virtual animation
corresponds to reality as accurately as possible. Thus, if the operator moves
the insertion instrument, his manipulation must be exactly reproduced on
the graphical interface. After the digitization stage of the components (i.e.
the support, arm, applicator and obturator), it has been important to fit
the different numerical models with the physical model. Moreover, in order
to analyze the different needle tip paths, a rectangular skin area of 5cm by
3.5cm (interest zone) was meshed and stored in a 2D look-up table. The actual
location of the instrument tip is compared in real-time with this reference table
to detect the impact point by interpolation. At this point it was possible to
attach a task frame inside of which the path analysis was carried out. This
frame determines the tangent plane of any impact point belonging to the
interest zone.

The method used to solve this problem consists in meshing a small zone around
the impact point and approximating it with a polynomial function. Figure 9
shows the characteristic of the interest zone. This shape indicates a complex
behavior of the skin around the impact point. This is why we have considered
a polynomial function of the following form:

m

Z:f(ZE, y) :Z aijxiyj =agy + ...+ anmxnym (3)
i=0 j=0

Where z, y and z are the cartesian coordinates of the needle tip in the frame
2 (Fig. 9).

A criterion based on the norm of the mean error is used to select the order of
each polynomial function fitting the data. Several approximations have been
made to find the best trade-off between the complexity and the accuracy of
the model. The error fitted in Fig. 10 describes the results obtained with a
fifth order polynomial approximation (n=5; m=>5). The maximal error is lesser
than 0.3mm which is consistent with the accuracy predicted for the task.

This approximation is finally used to determine analytically the tangent plane
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Fig. 9. Characteristic of the skin
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Fig. 10. Approximation error

equation at the impact point My (zo, o, 20) (Fig. 11).

of (z,y)
ox

Z=2Zzo+

The evaluation of the quantitative criteria exposed in section 3.4 has been
carried out from the task frame attached to this plane. More particularly, the

tangent plane is used to evaluate the depth reached by the needle tip from the
skin.
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4 Experimental results

4.1 Ezxperimental protocol

A mask was put on the interest zone of the upper arm. We selected seven junior
operators and one experienced senior operator. At first the instructor asked
each operator to place the arm in the correct orientation. Then the examiner
let the candidate palpate the arm and point out the location where he intended
to insert the implant. The mask was removed and the candidate inserted the
instrument into the impact point. The instructor gave the signal to start the
maneuver and simultaneously started recording the trajectory. The operator
performed the maneuver and the instructor terminated the recording when
the operator considered the maneuver complete.

4.2 Results and discussion

Figure 12 illustrates the different recorded paths. Each path corresponds to
the needle tip path. Axis X stands for progress along the length of the arm and
axis Z for the insertion path of the instrument in the skin. The zero altitude
on axis Z corresponds to the skin altitude at the impact point whereas the
value of —4mm represents the upper bound of the aponeurosis (depth advised
for the implant placement). After an a posteriori treatment of data, the paths
have been analyzed according to the different evaluation criteria presented in
section 3.4. These results are summarized in Tab. 1. For each operator, the

13



first (resp. the second) column gives the correctness of the arm position (resp.
of the impact point). The third column gives the depth reached by the needle
tip at the end of the manipulation projected in the z O Z plane (Fig. 12).

Table 1
manipulation EVALUATION
.IS the Depth
Is the arm impact
orienta oint in reached
Operator ) P by the
tion the )
. needle tip
good? interest
zone 7 (mm)
Novice 1 Yes Yes -0.8
Novice 2 Yes Yes -14
Novice 3 Yes Yes -3.4
Novice 4 Yes Yes 0.0
Novice 5 Yes Yes -3.7
Novice 6 Yes Yes -8.3
Novice 7 Yes Yes -1.3
Expert Yes Yes -2.0
Path of the needle tip
0.2 T T

Axis Z (cm)
)
(2]

Novice 1 |4
Novice 2
Novice 3
Novice 4 [
Novice 5
+  Novice 6 | |
+ Novice 7
Expert

Fig. 12. Paths of the needle tip for the several operators

Axis X (cm)

14

5 6




Concerning the first experimental results obtained with our simulator,we can
observe that all operators have succeeded in the first two control points which
are the correctness of the arm orientation and of the impact point localiza-
tion (Tab. 1). The depth analysis shows that, except the sixth operator, all
the operators have managed to place the implant at a correct depth (final
depth inferior to 4mm). The final depth of the needle for the third and fifth
operators is close to the critical value. One can also remark that, during the
manipulation, almost all of the operators went far below the accepted depth :
this corresponds actually to the fact that the operator has to go deeper than
4 mm in order to pierce the skin. But this is not really a criterion that allows
concluding a bad insertion. Indeed, the correct placement of the implant is
only related to the final depth reached at the end of the manipulation. In
fact the theoretical knowledge required to use the insertion instrument is not
well documented and no manual currently describes the path of the needle
in space. Subcutaneous implant insertion involves a maneuver requiring the
operator to represent in his head the three-dimensional positions of the needle
tip and the inside of the arm (Fig. 12). This maneuver is carried out blindly
and takes place in the arm, making it difficult for an inexperienced doctor to
check that it is carried out correctly. Furthermore this kind of maneuver is not
frequently performed. The system used in this paper makes it possible to carry
out training in a context free of these constraints and provides the first mean
of visualizing a maneuver that, until now, has been performed blindly. The
simulator and the instrumented tool that we have designed make it possible
to improve theoretical knowledge concerning the use of this instrument and to
teach the procedure. The implant insertion procedure should be repeated and
analyzed, with training adapted to the operator as a function of the results
obtained. Finally this system can be used for operator evaluation, comparing
junior and senior doctors’ trajectories. Recent studies have demonstrated the
value of simulation in obstetrics [19-23], in laparoscopic surgery [24,25], in en-
doscopic surgery [26,27], in orthopedic surgery [28] or in otologic surgery [29].
Studies are currently underway to evaluate the value of these new teaching
techniques [30].

5 Conclusion

This paper presents a new medical simulator for subcutaneous contraceptive
implant insertion. The goal of such a project is to propose a tool that will be
used for the improvement of implant insertion conditions and the reduction
of the number of difficult removal cases. This simulator can be seen as a good
training tool for novices and as a potential device for certifying physicians to
insert implants on real patients. The obvious benefit of this simulator is that
it will increase patients’ security. Considering the physician’s manipulation
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constraints, a mechanical simulator has been designed. Composed of a mate-
rial and a software component, the simulator offers both haptic and graphical
interfaces. Novices are able to train themselves progressively with the help of
a visual training system and to perform their manipulation a number of times.
Several qualitative and quantitative check-points have been set in collabora-
tion with physicians so as to evaluate the correctness of the manipulation. A
correct manipulation is judged by the orientation of the arm, the impact point
and the depth reached by the instrument at the end of the manipulation. At
present a prototype has been manufactured which works under two modes: one
for the training and another for the certification. This has allowed us to carry
out first experiments. After analyzing several candidates’ paths and compar-
ing this data with reference data obtained with an expert, we have validated
the principles of the simulator. Nevertheless a more comprehensive study of a
novices’ larger population should be carried out.
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