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Abstract: Pedicle screw fixation (PSF) demands rigorous training to mitigate the risk of severe
neurovascular complications arising from screw misplacement. This paper introduces a patient-
specific phantom designed for PSF training, extending a portion of the learning process beyond
the confines of the surgical room. Six phantoms of the thoracolumbar region were fabricated from
radiological datasets, combining 3D printing and casting techniques. The phantoms were employed
in three training sessions by a fifth-year resident who performed full training on all six phantoms;
he/she placed a total of 57 pedicle screws. Analysis of the learning curve, focusing on time per
screw and positioning accuracy, revealed attainment of an asymptotic performance level (around
3 min per screw) after 40 screws. The phantom’s efficacy was evaluated by three experts and six
residents, each inserting a minimum of four screws. Initial assessments confirmed face, content, and
construct validity, affirming the patient-specific phantoms as a valuable training resource. These
proposed phantoms exhibit great promise as an essential tool in surgical training as they exhibited
a demonstrable learning effect on the PSF technique. This study lays the foundation for further
exploration and underscores the potential impact of these patient-specific phantoms on the future of
spinal surgical education.

Keywords: spine surgery; pedicle screw fixation; patient-specific phantom; 3D printing; surgical
training; surgical simulation; learning curve

1. Introduction

The anatomy of the spine and its proximity to important neurovascular structures
pose a formidable surgical challenge, especially when treating complex deformities or
spinal tumors. Research has brought a lot of innovations in surgical approach with the
recent development of surgical navigators [1,2] and surgical robots [3-5]. Such innovations
contribute to a marked improvement in spine-surgery outcomes [3,6-8]. Nonetheless, there
is a learning curve that must be mastered by the surgeon. Thus, any innovation used at the
training stage contributes to improving procedural accuracy and, as such, is welcomed.

Spine-surgeon training takes place during either an orthopedic or a neurological
surgery residency program, sometimes followed by an optional spine-surgery fellowship.
In Italy and in many other countries, orthopedic spine surgeons receive limited exposure
to spine surgery during the residency [9]. On the other hand, neurological surgeons
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receive an appreciable amount of exposure to spine surgery throughout the residency. At
some hospitals in the United States, a resident can choose to focus on spinal conditions
during the final year of training but does not have to complete a spine fellowship before
performing spine surgery. As underlined by Daniels et al. [10], the two separate training
paths (neurosurgery and orthopedic surgery) produce surgeons who receive different spine-
surgery exposure, even though there are published guidelines dedicated to spine-surgeon
training [11]. Indeed, the rarity of cases and the relatively low incidence of neurosurgical
diseases compared with other surgical subspecialties present additional challenges to
ensure adequate trainee exposure to surgical pathology. This is why, recently, the merits of
a residency program dedicated to spine surgery have been discussed [10]. In the future,
spine surgery may benefit from having its own residency training, underscoring the need
for innovative training instruments.

The proper placement of transpedicular screws (Pedicle Screw Fixation, PSF) is critical
to the outcomes of surgical treatment for several types of spinal problems such as vertebral
fractures, degenerative disc pathology, infectious pathology, spondylolisthesis, scoliosis,
and spinal tumors. PSF is the gold standard posterior approach for spinal instrumentation
techniques to stabilize spine fusions [12]. PSF is a technically demanding procedure that
requires intensive training to avoid severe neurovascular complications due to screw
misplacement. The incidence of misplacement, as reported in the literature, is very high,
being up to 10-40% of cases when free-hand techniques are used [13-16] and ~15% when
guide-based techniques are used [15-17].

The learning curve for the placement of pedicle screws (PSs) has been estimated to
be 80 screws (or ~25 cases) and the learning curve plateau starts at ~40 screws [18]. The
challenge in PSF training is to ensure residents reach this plateau during residency and in
the safest environment possible.

Recent advances in bioengineering and in medical imaging have added a training tool
to the spinal surgeon’s armamentarium; namely, three-dimensional (3D) printing. High-
resolution 3D diagnostic images (CT and MRI) can be processed to enable 3D visualization
and the fast production of 3D physical replicas of the elaborated anatomy. In recent
years, the surgical training landscape has been enriched by several 3D-printed enabled
simulators [19,20]. These 3D-printed simulators can be used for training purposes or for
surgical planning purposes [21]. For the latter, high-resolution 4D printing is of utmost
importance, while it is not critical for training purposes. Orthopedic simulators are popular
in innovative surgical training programs where trainees gain procedural experience in a
safe and controlled environment [22-27]. Such 3D-printed anatomical models can provide
surgeons with the fourth dimension of haptic feedback that can help them to anticipate
technical challenges that may be encountered during surgery.

An essential aspect of successful medical training is a physically correct anatomical
model that can be used by a trainee [28]. The phantoms should match the morphology,
topology, color, texture, and density of the anatomical structure and mimic their behavior so
that trainees can efficiently familiarize themselves with the procedural area and acquire the
requisite skills [29]. Therefore, it is pivotal to select the task to be simulated and extensively
analyze it to define the anatomical elements that should be implemented to obtain a correct
simulation of the identified task.

Using these models, surgeons can eventually perform the entire surgical procedure
in a stress-free environment and take note of procedural difficulties and necessary safety
measures both for training and planning purposes.

In the present study, we designed and fabricated a patient-specific physical simulator
with customizable anatomy that could serve to train residents and help them to acquire the
skills needed for PSF outside the operating room/theatre. An initial validation with a resi-
dent student was reported following his/her achievement of a learning curve. Additionally,
the face content and construct validity of the phantoms were tested.
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2. Materials and Methods

This section contains descriptions of the peculiarities of the developed anthropomor-
phic phantom, with details on the implementation/fabrication strategy.

Additionally, an initial validation is presented, describing the testing protocol and the
strategies to preliminarily validate the phantoms as a training platform.

2.1. Phantom Design and Realization

Before starting the design of the anthropomorphic phantom, the primary learning goals
of the anthropomorphic phantom design were established. PSF surgery was segmented
into tasks and we isolated the tasks that we wanted to target with the developed spine
simulator [30,31]. The primary purpose of the phantoms was to use them for the instruction
of trainees in the anatomy of the thoracic-lumbar spine and the technique for pedicle
screw placement in that spinal section. The following characteristics were deemed to
be indispensable:

- To simulate the spine instrumentation and the challenges related to this action, our
phantoms included patient-specific bone replicas with a correct replication of the
cortico—cancellous interface (thoracic and lumbar vertebrae of actual pathological
patients); flexible intervertebral discs to mimic intervertebral natural movements; and
a flexible anterior longitudinal ligament to hold the vertebrae together, stabilize the
spine, and allow physiological motion. An additional feature of our phantoms was
the replication of realistic radiodensities for bony structures.

- Patient-specific deepness of the operating room/theater. No efforts were made for the
accurate replication of muscle structures, as surgical access challenges were not the
intended use of the phantoms. In any case, to provide trainees with the opportunity
to experience the same challenges as are faced in the confined space of the operating
room/theatre, the replica of the spine was sunk in a soft material that replicated
the colors and bulkiness of muscles, providing the trainee with a realistic operating
field. Moreover, a skin-like covering allowed an accurate simulation of palpation and
surgical incisions.

In this study, 4 spine section phantoms were fabricated, with increasing level of
complexity. The proposed solution allowed the expert tutors to select a cohort of cases
suitable for the training path they wanted to build. In particular, in the present work, three
expert surgeons selected four cases, ranging from standard lumbar spondylosis to mild
thoracolumbar scoliosis (Figure 1). Those cases were deemed suitable for a novice trainee
facing lumbar PSF for the first time.

Figure 1. The segmented vertebral anatomy of the four simulated surgical cases.

Specifically, case 1 was a model of a 73-year-old male with spinal stenosis due to
lumbar spondylosis without a spine deformity (levels involved: L1-51), case 2 was a model
of a 75-year-old female with grade 2 L4-L5 spondylolisthesis (levels involved: L1-51),
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case 3 was a model of a 74-year-old female with mild lumbar scoliosis (levels involved:
L1-51), and case 4 was a model of a 19-year-old female with severe thoracolumbar scoliosis
(45° Cobb) (levels involved: T12-51). Cases 1 and 2 were rated as low-complexity cases,
while Cases 3 and 4 were rated as medium-complexity cases. To optimize the training
opportunities, all spinal levels were considered for instrumentation during the training
session, even if the clinical case primarily pertained to a smaller subset of levels.

The first step in the manufacturing process of the spine simulator was the extrac-
tion of the anatomical components from the anonymized CT scan of the spine of the
selected patient.

The CT images were processed using the EndoCAS segmentation pipeline developed
at our Center on top of the open-source software ITKSNAP 1.5 [32,33]. This pipeline
deployed a neighborhood-based region-growing method that allowed for reproducibility
of segmentation, with each vertebra being separately segmented. Mesh optimization stages
(removal of artifacts, hole filling, simplification, and filtering) were performed to generate
the 3D virtual models of the patient-specific bone structures.

Post-processing followed a structured sequence of steps: the removal of isolated
pieces, artifacts, and non-manifold features using MeshLab (www.meshlab.com) (accessed
on 17 October 2023). (in that order), followed by simplification and smoothing using
Blender (www.blender.com) (accessed on 17 October 2023). These final steps served an
esthetic purpose, smoothing the anatomy, and were considered to be important because
the phantoms were intended for training rather than surgical planning.

The virtual models were then printed using acrylonitrile butadiene styrene (ABS)
and a fusion deposition modeling (FDM) 3D printer (Dimension Elite, Stratasys LTD,
Rehovot, Israel). In our study, a medium accuracy (0.18 mm of the Z resolution) was
deemed sufficient, considering the dimensions of the vertebral bodies and pedicles and
the fact that the printed models were to be used for training and not for surgical planning.
ABS is a thermoplastic material commonly used in orthopedic simulations [22] because
its mechanical, optical, and radiological properties are comparable with those of bone
structures [28,34-36].

The selection of material and the 3D printing method used took into consideration
the structural characteristics of bones. Specifically, emphasis was placed on replicating
the mechanical interface between cortical and cancellous bones; this is very important in
surgical procedures because it provides tactile feedback to the surgeon, thereby aiding the
assessment of procedural correctness.

The chosen printing approach facilitated the faithful reproduction of the density
proportions observed between cortical and cancellous bones. This was accomplished by
leveraging the capabilities of a 3D printer equipped with variable infill density control, facil-
itated through the employment of a slicing software package (GrabCAD Print version 1.72,
www.grabcad.com) (accessed on 17 October 2023). Notably, the decision was made to
employ the lowest achievable density setting, which corresponded with an infill of 16%.
Additionally, the external wall thickness was kept within the range of 0.8 to 1.3 mm.

As a result of these parameter selections, the inner structure of each vertebral body
was fabricated with a beehive-like lattice configuration. Although alternative anatomical
infill patterns have been proposed in the existing literature, their suitability is contingent
upon a specific application such as the creation of radiological phantoms [37]. Given that
the primary purpose of the present study was an accurate emulation of the mechanical
interface between cortical and cancellous bones, the geometrical beehive infill pattern was
deemed to be sufficient [22].

A synthetic material based on flexible silicone foam (Soma Foama™ Smooth-On Inc.,
Easton, PA, USA) was chosen to replicate the intervertebral discs because it closely mimics
the haptic feedback of biological tissue and is radiolucent for fluoroscopic imaging. In more
detail, intervertebral discs were obtained by cutting out a sheet of silicone foam, positioning
the discs between adjacent surfaces of the printed bony vertebrae, and customizing them
to replicate the thickness of the intervertebral disc. A printed and assembled model of the
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spine section is shown in Figure 2. Finally, rubber bands and another silicone material
(Dragon Skin™ FX-Pro™ Smooth-On Inc., Macungie, PA, USA) were used to mimic the
anterior longitudinal ligament. This synthetic anterior longitudinal ligament can stabilize
the spine and allow for physiologic motion. The final phantom included a replica of the
entire thoracolumbar spine embedded in soft polyurethane foam (FlexFoam-iT™ Smooth-
On Inc., Macungie, PA, USA). The latter was used to replicate paravertebral soft tissues that
can impede visualization during screw placement, allowing the use of retractors during
the simulated procedure, as well as the need for skeletonization of vertebral pedicles. For a
high-fidelity simulation, a skin-like covering was placed on the final phantom [19,22,38].
To mimic skin tissue properties, a silicone mixture based on Ecoflex 0010 silicone rubber
(Smooth-On Inc.) and additives were used to manufacture the skin-like covering in thin
sheets. The final phantom is shown in Figure 3.

Figure 2. Case 4: printed model of the spine section already assembled with the intervertebral disks.

Figure 3. Photographs of the final spine section phantom as seen from the surgeon’s point of view: (A) ex-
terior aspect; (B) phantom during the execution of the surgical task; (C) phantom completely instrumented.

2.2. Testing Setup and Structure

The simulator underwent quantitative and qualitative validation tests.
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Quantitative evaluation: One fifth-year resident (named R0) from the Cisanello Univer-
sity Hospital in Pisa was enrolled in this study. RO had a limited amount of prior experience
in placing PSs; specifically, RO had never placed a spinal screw on a live patient and had
only assisted with greater than 10 but fewer than 20 spinal surgeries.

The experimental setup consisted of one of the four anthropomorphic phantoms
(chosen according to the difficulty required for the testing session), which was placed
on a fixed-height surgical table, along with the demonstration version of the orthopedic
surgical equipment (provided by Medtronic Medical Device Company, Dublin, Ireland,
(www.medtronic.com)) (accessed on 17 October 2023) required for the selected cases. The
equipment included a set of screws ranging from 4.5 to 6.5 mm in diameter and from 40 to
50 mm in length. Before each test session, an expert spine surgeon presented the surgical
case, which was simulated by the corresponding phantom. This presentation included
a description of the patient’s radiological images and an introduction to the free-hand
technique for PSF, along with discussions of the risks, complications, and post-procedure
interpretations. An expert orthopedic surgeon supervised all trials with varying levels of
involvement, depending on the testing session, as described below.

The study protocol involved the following steps:

1.  Identification of the longitudinal surgical access point, determined after locating the
spinous processes through deep palpation (Figure 4).

2. Exposure of anatomical landmarks such as facet joints, transverse processes, and the
lateral portion of the pars interarticularis following incision, divarication, and the
removal of soft tissue from the exposed surface (Figure 4).

3. Creation of the cortical breach and placement of the bone probe after the identification
of the entry point. The latter corresponded with the point where the major axis of
the transverse process met the line passing through the lateral margin of the superior
facial joint (Figure 5).

4. Navigation of the bone probe into the pedicle along the ideal trajectory. This was
achieved by aiming for the contralateral transverse process, thus aligning the screw
with the superior endplate. To assess the integrity of the hole walls, a probe was
inserted (Figure 5).

5. Insertion of the selected screw (ensuring it passed through the canal in the pedicle
and affected 2/3 of the vertebral body’s depth (Figure 5).

6.  Verification of the PS placement under RX control (Figure 6).

7. Classification of the PS placement, according to the degree of possible pedicle wall
violation under CT control (Figure 6).

Figure 4. Step 1 and 2 of the simulated surgical procedure.
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Figure 6. Step 6 and 7 of the simulated surgical procedure.

RO was tasked with performing PS placements on six phantoms of increasing com-
plexity across three different training sessions (two phantoms per session). The evaluation
of R0’s performance was based on recorded PS placement times and post-simulation CT
assessments, allowing for the generation of a learning curve.

Further details are as follows:

- In the first session, RO worked on Phantoms 1 and 2 (simulating low-complexity level
cases) but under active supervision (the expert surgeon tutored him/her for each
screw insertion, guiding RO and putting hands on the phantom).

- In the second session, RO repeated the work on Phantoms 1 and 2 (low-complexity
level) but under passive supervision (the expert surgeon guided RO by talking to
him/her and eventually advising and/or correcting R0’s gestures, but without putting
hands on the phantom).
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- In the third session, RO worked on Phantoms 3 and 4 (simulating medium-complexity
cases) without any supervision; that is, the expert surgeon was present but did not
intervene during the session. Two performance measurements were conducted. These
were PS placement accuracy, evaluated by the degree of pedicle wall violation on CT
images according to the classification of Gertzbein and Robbins [39], and the time
taken to place each implanted screw.

The Gertzbein and Robbins classification is graded from A to E. A represents perfect
interpeduncular localization, B represents a peduncular breach of <2 mm, C represents a
peduncular breach of 2 to <4 mm, D represents a peduncular breach of 4 to <6 mm, and
E represents a peduncular breach of >6 mm. In the present study, the last two categories
were combined into category D for pedicle wall violations > 4 mm (that is, a peduncular
breach of >4 mm). According to Gertzbein and Robbins, a PS placement grading of A or B
is considered to be accurate [39].

Qualitative evaluation: For a phantom to be used to assess competence, its validity
and reliability as an effective training platform must be determined.

Here, the validity of a phantom refers to whether or not it is used effectively to impart
the intended knowledge or to evaluate the desired skill [40—42]. Face validity pertains
to how realistic the phantom is; that is, does it accurately represent what it is intended
to emulate? Content validity addresses phantom reliability and involves experts in the
subject matter of the training device and evaluates the appropriateness of the phantom
as a teaching tool. It addresses the question: does use of the phantom allow the intended
knowledge to be conveyed realistically?

Construct validity is one of the most crucial aspects to assess. It determines whether
the phantom is a valid tool to evaluate whether experienced surgeons outperform inexperi-
enced ones. This can be quantitatively assessed.

In the last part of the study, we enrolled three expert spine surgeons and six novices
(one medical student and five orthopedic residents (one first-year resident, two fourth-year
residents, and two fifth-year residents)) to test the phantom for face, content, and construct
validity [40]. Subjective feedback regarding the phantom’s realism and effectiveness in
facilitating the intended simulation was gathered from all nine participants during an open
brainstorming debriefing at the end of the session.

During the brainstorming debriefing, four statements were presented, each leading to
lively discussions. Detailed notes were recorded.

The statements were as follows:

1.  The anthropomorphic phantom accurately replicated the surgical field and necessary
anatomy for the simulation of posterior pedicle screw insertions.

2. The anthropomorphic phantom provided a surgical field closely resembling an actual

one in terms of confined space, anatomical structure footprint, and visibility.

The feedback on hands and surgical instruments during the surgical tasks was realistic.

4. The anthropomorphic phantom, when arranged in a simulation course with increasing
complexity, was a valuable platform for the teaching of how to perform posterior
pedicle screw fixation.

W

Each of the nine participants also tested the anthropomorphic phantom by inserting at
least 4 screws (performing one complete level of instrumentation). The positioning of the
screws was then blindly evaluated to determine if the expert surgeons performed better
than the novices.

3. Results
3.1. Quantitative Evaluation

RO placed a total of 57 pedicle screws across three training sessions.

This number aligned with the defined interval of Gonzalvo et al. [18], which indicated
the number of screws needed to reach a learning curve plateau. This observation was
further confirmed by the plot of R0’s results (Figure 7).
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Gertzbein and Robbin’s grade

INSERTED SCREWS
Session 1 Session 2 Session 3
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Figure 7. R0’s learning curve, plotted for screw positioning grading. Blue dots are the screws grades;
red, dotted, line is the interpolated learning curve; the green bar separates the three ssessions results
for better understanding.

Following Gertzbein and Robbins’ classification, 84.2% (48/57) of the screws received
an A grade, while 10.5% (6/57) were rated as B, 3.5% (2/57) as C, and 1.7% (1/57) as D.
A detailed breakdown of each session’s results is presented in Table 1, which provides a
comprehensive view of R0’s performance improvement over time. Figure 7 illustrates a
noteworthy enhancement of the success rate of pedicle screw placement with accumulating
experience. Notably, there was a marked increase in overall PS success between Trials 1
and 3. The most noticeable improvement was seen between Trials 1 and 2, after which the
curve reached a plateau by Trial 3.

Table 1. Percentage of screws per grade and per training session, representative of R0’s performance
according to Gertzbein and Robbins’ classification.

Percentage of Screws per Grade

Session Grade A Grade B Grade C Grade D
1 73% 18% 5% 5%
2 90% 5% 5%
3 93% 5%

RO showed a decrease in PS placement time with each implanted screw, with the
median time rapidly decreasing from 12 min per screw during the first phantom to 6.87 min
per screw for the second phantom (during Session 1), or 7 min per screw (first phantom)
to 3.27 min per screw in Session 2 and 3.07 min per screw in Session 3. Together with
the learning curve (Figure 8I), we executed a CUSUM analysis for the time per screw
data to determine the point where the resident reached a plateau [43]. The CUSUM
(Equation (1)) was executed using MATLAB R2023a (www.mathworks.com) (accessed on
17 October 2023).

Cusum, Z;:l(Xj -X),

)
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Time [minutes]

Cusum

(1)

where the mean X is the mean time of the first session (first 22 screws); that is, the area
where data were more dispersed [43].

INSERTED SCREWS
Session 1 Session 2 Session 3
0123456 7 8 9 1011121314151617 18 1920 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
*
PS *
* * o *
* *
* 0 ’_,-""
*
*
Session 1 Session 2 Session 3

(1)

-6

[ S I e e e e

I I
0123 45¢678

9 10 11 12 13 14 15 16 17 18 19 20 21 22,23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42143 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Screws

Figure 8. The green bar separates the three sessions results for better understanding. (I) R0’s learning
curve plotted for time per screw (minutes);blue dots are the time per screw; red, dotted, line is the
interpolated learning curve; and (II) the relative CUSUM analysis (positive—blue and negative—red)
evidencing that the plateau was reached at screw #40 (red circle).
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The CUSUM score analysis evidenced that the number of PS placements required
by RO to achieve mastery was Nmast = 40 (Figure 8II). The mean time per screw reached
in the last session was more comparable with that achieved by expert spine surgeons on
patients [44,45].

3.2. Qualitative Evaluation

Face and Content Validity: The consensus among the nine participants was that
the spine phantoms closely replicated the surgical field, particularly in terms of the soft
tissue’s bulkiness and the challenges associated with identifying vertebral anatomy. The 3D-
printed vertebrae allowed for successful pedicle screw instrumentation with correct haptic
feedback, providing an accurate representation of the cortical/cancellous bone interface.
All the participants—in particular, the expert surgeons—stressed the fact that a training
path should include sessions on these kinds of phantoms to bring part of the learning
curve outside the operating theatre/room. Additionally, all the participants were of the
opinion that the phantom demonstrated a high-fidelity representation of bony structures
under fluoroscopy.

Construct Validity: The use of the phantoms allowed a differentiation of the experience
level of the participants. Thus, expert surgeons consistently outperformed their less-
experienced counterparts, achieving a perfect score of 100% (12/12) with grade A screws.
In contrast, among the less-experienced trainees, 34.2% (14/41) received a grade of A,
39% (16/41) were graded as B, 2.4% (1/41) received a grade of C, and 24.4% (10/41)
received a grade of D.

4. Discussion

Pedicle screw fixation (PSF) necessitates a dedicated training program due to the
imperative need for mastery of the technique and a deep understanding of anatomy. This
is particularly critical for trainee spine surgeons who may not have this surgical skill,
especially given the potential life-threatening consequences of errors that can occur during
pedicle screw instrumentation [13-15].

Although cadaveric training offers a safe low-stress environment for surgical practice,
obtaining an adequate number of cadavers to teach PSF is challenging [9]. Moreover, cadav-
ers seldom present pathologies or deformities tailored to the expertise level of the trainee.

In general, training through simulation has been demonstrated to be a good instrument
for challenging surgeries [44].

Our study sought to demonstrate the effectiveness of 3D phantoms of spine segments
to enhance the accuracy and efficiency required for PSFE. The use of our anthropomorphic
phantoms also revealed a learning curve effect, resulting in fewer pedicle wall violations in
the final training session. The median percentage of pedicle violations markedly decreased
with the training time with the phantoms, dropping from 28% to 3%. Additionally, the
time required to complete the instrumentation decreased over the course of the training.
Drawing from the experience of R0, the median time needed to place a screw decreased from
an initial ~12 min to ~3 min in the final session, reaching a plateau at Nmast = 40 screws.

Some studies in the literature present patient-specific spinal phantoms [20,27,44,46]; to
the best of authors” knowledge, none have evaluated the effectiveness of surgical training
on such tailored simulators together with a validation of the simulator. The proposed
simulators often limit themselves to directly printing the vertebral bodies, sometimes
without even separating each vertebra, and insufficient attention is given to the necessity
of enriching the simulation with soft tissues. Clifton et al. [20] introduced an intriguing
simulator and demonstrated its feasibility and economic viability by adding a foam layer
covering to simulate surgical access.

Park et al. [47] proposed a study to evaluate the educational effects of training on a
3D-printed life-sized spinal model for inexperienced surgeons, reporting the existence of a
learning effect during the repetition of the procedure on various models with an increase in
accuracy of screw placement and decrease in pedicle infractions. However, in their study,



Bioengineering 2023, 10, 1345

12 0f 15

the phantom lacked the realism necessary for a comprehensive evaluation of its usefulness
in terms of surgical field reproduction. Hong et al. [27] presented a well-structured trial
on a 3D-printed spine; the simulated soft tissues did not entirely envelop the bony tissue,
leading to a lack of realism in accurately mimicking the surgical environment. Despite this
limitation, the researchers were able to observe a discernible learning effect among four
residents, each tasked with placing a total of 18 screws over three sessions. Their analysis
focused on the PSF accuracy and procedure time according to repeated training. However,
the training was insufficient to evaluate a complete learning curve.

The training phantoms fabricated in the present study introduced a fourth dimen-
sion into the residency training program, complementing the standard training approach.
During the phantom laboratory, residents could familiarize themselves with the surgical
techniques as well as the characteristics of various steps in spinal surgery such as skele-
tonization, the identification and exposure of pedicle screw entry points, and the orientation
of pedicle screws according to the correct trajectory. All this took place in a non-stressful
and risk-free atmosphere. Moreover, experienced surgeons can also benefit from phantom
simulation. Complex clinical cases such as congenital deformities, reinterventions in cases
of failed previous stabilization procedures, and severe scoliosis with marked rotation and
vertebral deformities can be faithfully replicated using our phantoms. Surgeons dealing
with scoliosis are well-acquainted with the intraoperative challenges inherent in the surgical
treatment of these complex deformities, including vertebral rotation, absent or dysmorphic
pedicles, and segmentation abnormalities, which are all typical features of scoliotic spines
that alter anatomical landmarks for transpedicular screw insertion. Dedicated phantoms
allow surgeons to preoperatively familiarize themselves with the technical complexity
associated with challenging procedures, thereby enhancing their skills.

Regarding the limitations of the study, we recognize that the sample size was too
small to allow for a meaningful statistical analysis and the qualitative assessment lacked a
structured questionnaire and Likert-scale evaluation. Nonetheless, even though R0 may
not have had prior experience of placing screws and may have only assisted with a limited
number of live spinal surgeries, he/she accumulated significant experience in terms of
cognitive and decision-making skills throughout their residency program. This led to a
more rapid acquisition of the required skills during the spinal training.

Iterations of this study will involve a larger participant cohort to provide a more
comprehensive assessment of the learning curve, including a follow-up evaluation of
trained participants and a wider case library to enhance the trainer surgeons’ possibility of
building a training path tailored to the novice’s starting experience and learning objectives.

Despite these limitations, our study indicated that our phantoms have promise to be
an effective tool to train surgeons in vertebral instrumentation techniques with pedicle
screws. These findings underscore the importance of establishing supplementary training
programs for the education of trainee spine surgeons. However, we acknowledge the
need for further studies involving a larger cohort of participants (residents and expert
surgeons) and a follow-up assessment of real patients after training to conclusively confirm
the learning effect suggested by this initial evaluation study.

We are aware of the fact that the cost of our phantom is high, being comparable with
or slightly lower than that for acquiring a cadaver or a cadaveric sample. The meticulous
selection of materials for all the phantom components (from the printing material to the
skin-like silicone texture) has led to higher consumable costs and the fabrication process
still requires a significant amount of time from skilled personnel. Thus, the cost was around
EUR 300 of materials for a phantom, including up to 10 vertebral levels; this cost included
a mean of 24 h of printing (the machining time also had a cost). An additional cost of
approximately 4 man hours should be considered separately.

Nevertheless, when compared with cadaver costs (ranging from EUR 2000 to 3000 per
sample), we contend that our phantom offered the advantage of tailoring the spinal anatomy
and customizing the training experience. Furthermore, with our phantom, all surgical
instrumentation (including screws) were retrieved at the end of each session, eliminating
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the expenses associated with sterilizing equipment and environments. An additional
noteworthy point is that a phantom laboratory can be set up anywhere without insurance
concerns for participants. Indeed, an industrialization of the procedure could significantly
lower production costs. In fact, a university spin-off (e-Spres3D s.r.l.) is currently working
to industrialize the process and commercialize the proposed solution.

5. Conclusions

This paper focused on the conceptualization and fabrication of a 3D-printed spinal
phantom for training in posterior screw fixation procedures, and reported the initial evalu-
ation of its effectiveness as a training tool. The aim was to develop a structured training
program based on patient-specific phantoms to help novice surgeons to reach a plateau
in their learning curve in a controlled and safe environment without the risk of an actual
surgical setting.

The analysis of the learning curve obtained from the trainee involved in the study
showed promising results, with an evident plateau both in accuracy and time per screw
after 40 screws. These results should be confirmed with a larger study.

Author Contributions: Conceptualization, M.C. and P.D.P,; Data Curation, R.M.V. and S.S.; Inves-
tigation, M.G. and P.D.P,; Methodology, M.C., RM.V,, S.S,, S.C. and P.D.P,; Project Administration,
M.G., M.S. and P.D.P; Supervision, M.C.; Validation, M.C. and R.M.V.; Writing—Original Draft,
R.M.V,; Writing—Review and Editing, M.C., RM.V. and S.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Next Generation EU project ECS00000017 ‘Ecosistema
dell'Innovazione’ Tuscany Health Ecosystem (THE, PNRR, Spoke 9: Robotics and Automation
for Health), European Union and FoReLab and CrossLab projects (Departments of Excellence), Italian
Ministry of Education and Research (MUR).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki. Ethical review and approval were waived for this study, based on
the nonclinical nature of this study and the anonymous nature of the data collected, which do
not allow the tracing of sensitive personal data. The participants were fully informed about the
study requirements and had to agree to the data-sharing and privacy policy before participating in
the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon reasonable request. Please contact the corre-
sponding author.

Acknowledgments: The authors would like to thank Medtronic Italia for the free furniture of the
PSF surgical instrumentation and e-Spres3D s.r.l. for the free collaboration in realizing and improving
the phantoms.

Conflicts of Interest: The authors declare that Marina Carbone, Paolo Domenico Parchi, Sara Condino
are owners of the e-SPres3D s.r.l. company. The remaining authors have no conflict of interest.

References

1.  Crawford, N.; Johnson, N.; Theodore, N. Ensuring navigation integrity using robotics in spine surgery. . Robot. Surg. 2020, 14,
177-183. [CrossRef] [PubMed]

2. Burstrom, G.; Persson, O.; Edstrom, E.; Elmi-Terander, A. Augmented reality navigation in spine surgery: A systematic review.
Acta Neurochir. 2021, 163, 843-852. [CrossRef] [PubMed]

3. Campbell, D.H.; McDonald, D.; Araghi, K.; Araghi, T.; Chutkan, N.; Araghi, A. The Clinical Impact of Image Guidance and
Robotics in Spinal Surgery: A Review of Safety, Accuracy, Efficiency, and Complication Reduction. Int. J. Spine Surg. 2021, 15,
510-520. [CrossRef]

4. Perfetti, D.C,; Kisinde, S.; Rogers-LaVanne, M.P.; Satin, A.M.; Lieberman, I.H. Robotic Spine Surgery: Past, Present, and Future.
Spine 2022, 47, 909-921. [CrossRef]

5. Shafi, K.A.; Pompeu, Y.A; Vaishnav, A.S.; Mai, E.; Sivaganesan, A.; Shahi, P.; Qureshi, S.A. Does robot-assisted navigation

influence pedicle screw selection and accuracy in minimally invasive spine surgery? Neurosurg. Focus 2022, 52, E4. [CrossRef]
[PubMed]


https://doi.org/10.1007/s11701-019-00963-w
https://www.ncbi.nlm.nih.gov/pubmed/30989617
https://doi.org/10.1007/s00701-021-04708-3
https://www.ncbi.nlm.nih.gov/pubmed/33506289
https://doi.org/10.14444/8136
https://doi.org/10.1097/BRS.0000000000004357
https://doi.org/10.3171/2021.10.FOCUS21526
https://www.ncbi.nlm.nih.gov/pubmed/34973674

Bioengineering 2023, 10, 1345 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chang, P.Y.; Wang, M.Y. Minimally Invasive Spinal Deformity Surgery: Current State and Future Direction. Neurosurgery 2016, 63
(Suppl. S1), 43-51. [CrossRef]

Goldberg, J.L.; Hussain, I.; Sommer, F.; Hartl, R.; Elowitz, E. The Future of Minimally Invasive Spinal Surgery. World Neurosurg.
2022, 163, 233-240. [CrossRef]

Jain, A ; Dai, T.B.K.; Myers, C.G. COVID-19 created an elective surgery backlog: How can hospitals get back on track. Harv. Bus.
Rev. 2020, 10.

Losco, M.; Familiari, F.; Giron, E; Papalia, R. Use and Effectiveness of the Cadaver-Lab in Orthopaedic and Traumatology
Education: An Italian Survey. Joints 2017, 5, 197-201. [CrossRef]

Daniels, A.H.; Ames, C.P,; Garfin, S.R.; Shaffrey, C.I.; Riew, K.D.; Smith, ].S.; Anderson, P.A.; Hart, R.A. Spine surgery training: Is
it time to consider categorical spine surgery residency? Spine J. 2015, 15, 1513-1518. [CrossRef]

Herkowitz, H.N.; Connolly, PJ.; Gundry, C.R.; Varlotta, G.P.; Zdeblick, T.A.; Truumees, E. Resident and fellowship guidelines:
Educational guidelines for resident training in spinal surgery. Spine 2000, 25, 2703-2707. [CrossRef]

Yamagata, T.; Chataigner, H.; Longis, P-M.; Takami, T.; Delecrin, ]J. Posterior instrumented fusion surgery for adult spinal
deformity: Correction rate and total balance. J. Craniovertebral Junction Spine 2019, 10, 100. [CrossRef] [PubMed]

Castro, W.H.; Halm, H.; Jerosch, ].; Malms, ].; Steinbeck, J.; Blasius, S. Accuracy of pedicle screw placement in lumbar vertebrae.
Spine 1996, 21, 1320-1324. [CrossRef] [PubMed]

Maruo, K.; Arizumi, E; Kishima, K.; Yoshie, N.; Kusukawa, T.; Tachibana, T. Patient-specific guide systems decrease the major
perforation rate of pedicle screw placement in comparison to the freehand technique for adolescent idiopathic scoliosis. Eur.
Spine J. 2023, 32, 3105-3112. [CrossRef]

Rajasekaran, S.; Bhushan, M.; Aiyer, S.; Kanna, R.; Shetty, A.P. Accuracy of pedicle screw insertion by AIRO(A (R)) intraoperative
CT in complex spinal deformity assessed by a new classification based on technical complexity of screw insertion. Eur. Spine J.
2018, 27, 2339-2347. [CrossRef] [PubMed]

Ferrari, V.; Parchi, P; Condino, S.; Carbone, M.; Baluganti, A.; Ferrari, M.; Mosca, F.; Lisanti, M. An optimal design for
patient-specific templates for pedicle spine screws placement. Int. |. Med. Robot. Comput. Assist. Surg. 2013, 9, 298-304. [CrossRef]
Li, Z.; Wang, C.; Song, X; Liu, S.; Zhang, Y,; Jiang, S.; Ji, X.; Zhang, T.; Xu, F; Hu, L.; et al. Accuracy Evaluation of a Novel Spinal
Robotic System for Autonomous Laminectomy in Thoracic and Lumbar Vertebrae: A Cadaveric Study. J. Bone Jt. Surg. Am. 2023,
105, 943-950. [CrossRef]

Gonzalvo, A ; Fitt, G.; Liew, S.; de la Harpe, D.; Turner, P; Ton, L.; Rogers, M.A.; Wilde, PH. The Learning Curve of Pedicle Screw
Placement: How Many Screws Are Enough? Spine 2009, 34, E761-E765. [CrossRef]

Condino, S.; Turini, G.; Parchi, P.D.; Viglialoro, R.M.; Piolanti, N.; Gesi, M.; Ferrari, M.; Ferrari, V. How to Build a Patient-Specific
Hybrid Simulator for Orthopaedic Open Surgery: Benefits and Limits of Mixed-Reality Using the Microsoft HoloLens. J. Healthc.
Eng. 2018, 2018, 5435097. [CrossRef]

Clifton, W.; Damon, A.; Valero-Moreno, F.; Nottmeier, E.; Pichelmann, M. The SpineBox: A Freely Available, Open-access,
3D-printed Simulator Design for Lumbar Pedicle Screw Placement. Cureus 2020, 12, €7738. [CrossRef]

Yang, P; Ju, Y.; Hu, Y,; Xie, X.; Fang, B.; Lei, L. Emerging 3D bioprinting applications in plastic surgery. Biomater. Res. 2023, 27, 1.
[CrossRef]

Parchi, P; Condino, S.; Carbone, M.; Gesi, M.; Ferrari, V.; Ferrari, M.; Lisanti, M. Total hip replacement simulators with virtual
planning and physical replica for surgical training and reharsal. In Proceedings of the 12th IASTED International Conference on
Biomedical Engineering, BioMed 2016, Innsbruck, Austria, 15-17 February 2016; pp. 97-101.

Condino, S.; Carbone, M.; Barderi, S.; Piazza, R.; Ferrari, V.; Parchi, P. Simulation in spinal surgery: State of the art and future
perspectives of simulation systems for surgical training. Minerva Orthop. 2021, 72, 365-375. [CrossRef]

Agyeman, K.D.; Summers, S.H.; Massel, D.H.; Mouhanna, J.; Aiyer, A.; Dodds, S.D. Innovation in orthopaedic surgery education:
Novel tools for modern times. J. Am. Acad. Orthop. Surg. 2020, 28, e782—e792. [CrossRef] [PubMed]

Ledermann, G.; Rodrigo, A.; Besa, P.; Irarrazaval, S. Orthopaedic residents” transfer of knee arthroscopic abilities from the
simulator to the operating room. J. Am. Acad. Orthop. Surg. 2020, 28, 194-199. [CrossRef]

Wu, Y;; Liang, Z.; Bao, J.; Wen, L.; Zhang, L. C2 pedicle screw placement on 3D-printed models for the performance assessment of
CTA-based screw preclusion. J. Orthop. Surg. Res. 2023, 18, 7. [CrossRef]

Hong, J.-k.; Bae, I.-S.; Kang, H.I.; Kim, ].H.; Jwa, C. Development of a Pedicle Screw Fixation Simulation Model for Surgical
Training Using a 3-Dimensional Printer. World Neurosurg. 2023, 171, e554—e559. [CrossRef]

Clifton, W.; Pichelmann, M.; Vlasak, A.; Damon, A.; ReFaey, K.; Nottmeier, E. Investigation and Feasibility of Combined 3D
Printed Thermoplastic Filament and Polymeric Foam to Simulate the Cortiocancellous Interface of Human Vertebrae. Sci. Rep.
2020, 10, 2912. [CrossRef] [PubMed]

Munshi, E; Lababidi, H.; Alyousef, S. Low-versus high-fidelity simulations in teaching and assessing clinical skills. J. Taibah Univ.
Med. Sci. 2015, 10, 12-15. [CrossRef]

Stirling, E.R.; Lewis, T.L.; Ferran, N.A. Surgical skills simulation in trauma and orthopaedic training. J. Orthop. Surg. Res. 2014,
9, 126. [CrossRef]

Schoenherr, J.R.; Hamstra, S.J. Beyond Fidelity: Deconstructing the Seductive Simplicity of Fidelity in Simulator-Based Education
in the Health Care Professions. Simul. Healthc. 2017, 12, 117-123. [CrossRef]


https://doi.org/10.1227/NEU.0000000000001296
https://doi.org/10.1016/j.wneu.2022.03.121
https://doi.org/10.1055/s-0037-1608949
https://doi.org/10.1016/j.spinee.2014.08.452
https://doi.org/10.1097/00007632-200010150-00026
https://doi.org/10.4103/jcvjs.JCVJS_42_19
https://www.ncbi.nlm.nih.gov/pubmed/31402830
https://doi.org/10.1097/00007632-199606010-00008
https://www.ncbi.nlm.nih.gov/pubmed/8725923
https://doi.org/10.1007/s00586-023-07802-5
https://doi.org/10.1007/s00586-017-5453-4
https://www.ncbi.nlm.nih.gov/pubmed/29318414
https://doi.org/10.1002/rcs.1439
https://doi.org/10.2106/JBJS.22.01320
https://doi.org/10.1097/BRS.0b013e3181b2f928
https://doi.org/10.1155/2018/5435097
https://doi.org/10.7759/cureus.7738
https://doi.org/10.1186/s40824-022-00338-7
https://doi.org/10.23736/S2784-8469.21.04056-X
https://doi.org/10.5435/JAAOS-D-19-00411
https://www.ncbi.nlm.nih.gov/pubmed/32649441
https://doi.org/10.5435/JAAOS-D-19-00245
https://doi.org/10.1186/s13018-023-03498-x
https://doi.org/10.1016/j.wneu.2022.12.065
https://doi.org/10.1038/s41598-020-59993-2
https://www.ncbi.nlm.nih.gov/pubmed/32076086
https://doi.org/10.1016/j.jtumed.2015.01.008
https://doi.org/10.1186/s13018-014-0126-z
https://doi.org/10.1097/SIH.0000000000000226

Bioengineering 2023, 10, 1345 15 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ferrari, V.; Carbone, M.; Cappelli, C.; Boni, L.; Melfi, F.; Ferrari, M.; Mosca, E,; Pietrabissa, A. Value of multidetector computed
tomography image segmentation for preoperative planning in general surgery. Surg. Endosc. 2012, 26, 616-626. [CrossRef]
[PubMed]

Yushkevich, P.A.; Piven, ].; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, ].C.; Gerig, G. User-guided 3D active contour segmentation of
anatomical structures: Significantly improved efficiency and reliability. Neuroimage 2006, 31, 1116-1128. [CrossRef] [PubMed]
Penumakala, PK.; Santo, J.; Thomas, A. A critical review on the fused deposition modeling of thermoplastic polymer composites.
Compos. Part B Eng. 2020, 201, 108336. [CrossRef]

Turek, P; Budzik, G.; Przesztowski, L. Assessing the Radiological Density and Accuracy of Mandible Polymer Anatomical
Structures Manufactured Using 3D Printing Technologies. Polymers 2020, 12, 2444. [CrossRef] [PubMed]

So-Yeon, P.; Noorie, C.; Byeong Geol, C.; Dong Myung, L.; Na Young, J. Radiological Characteristics of Materials Used in
3-Dimensional Printing with Various Infill Densities. Prog. Med. Phys. 2019, 30, 155-159. [CrossRef]

Tino, R.; Leary, M.; Yeo, A.; Brandt, M.; Kron, T. Gyroid structures for 3D-printed heterogeneous radiotherapy phantoms. Phys
Med. Biol. 2019, 64, 21NTO05. [CrossRef]

Condino, S.; Carbone, M.; Ferrari, V.; Faggioni, L.; Peri, A.; Ferrari, M.; Mosca, F. How to build patient-specific synthetic
abdominal anatomies. An innovative approach from physical toward hybrid surgical simulators. Int. J. Med. Robot. 2011, 7,
202-213. [CrossRef]

Gertzbein, S.D.; Robbins, S.E. Accuracy of pedicular screw placement in vivo. Spine 1990, 15, 11-14. [CrossRef]

McDougall, E.M. Validation of surgical simulators. J. Endourol. 2007, 21, 244-247. [CrossRef]

Samia, H.; Khan, S.; Lawrence, J.; Delaney, C.P. Simulation and Its Role in Training. Clin. Colon Rectal Surg. 2013, 26, 47-55.
[CrossRef]

Schout, B.M.; Hendrikx, A.J.; Scheele, F.; Bemelmans, B.L.; Scherpbier, A.J. Validation and implementation of surgical simulators:
A critical review of present, past, and future. Surg. Endosc. 2010, 24, 536-546. [CrossRef] [PubMed]

Lin, PL.; Zheng, E; Shin, M; Liu, X.; Oh, D.; D’Attilio, D. CUSUM learning curves: What they can and can’t tell us. Surg. Endosc.
2023, 37,7991-7999. [CrossRef] [PubMed]

Bohl, M.A.; McBryan, S.; Pais, D.; Chang, S.W.; Turner, ].D.; Nakaji, P.; Kakarla, U.K. The Living Spine Model: A Biomimetic
Surgical Training and Education Tool. Oper. Neurosurg. 2020, 19, 98-106. [CrossRef]

Li, H.-M.; Zhang, R.-].; Shen, C.-L. Accuracy of pedicle screw placement and clinical outcomes of robot-assisted technique versus
conventional freehand technique in spine surgery from nine randomized controlled trials: A meta-analysis. Spine 2020, 45,
E111-E119. [CrossRef]

Li, Y,; Li, Z.; Ammanuel, S.; Gillan, D.; Shah, V. Efficacy of using a 3D printed lumbosacral spine phantom in improving trainee
proficiency and confidence in CT-guided spine procedures. 3D Print. Med. 2018, 4, 7. [CrossRef] [PubMed]

Park, H.J.; Wang, C.; Choi, K.H.; Kim, H.N. Use of a life-size three-dimensional-printed spine model for pedicle screw instrumen-
tation training. J. Orthop. Surg. Res. 2018, 13, 86. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00464-011-1920-x
https://www.ncbi.nlm.nih.gov/pubmed/21947742
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://www.ncbi.nlm.nih.gov/pubmed/16545965
https://doi.org/10.1016/j.compositesb.2020.108336
https://doi.org/10.3390/polym12112444
https://www.ncbi.nlm.nih.gov/pubmed/33105810
https://doi.org/10.14316/pmp.2019.30.4.155
https://doi.org/10.1088/1361-6560/ab48ab
https://doi.org/10.1002/rcs.390
https://doi.org/10.1097/00007632-199001000-00004
https://doi.org/10.1089/end.2007.9985
https://doi.org/10.1055/s-0033-1333661
https://doi.org/10.1007/s00464-009-0634-9
https://www.ncbi.nlm.nih.gov/pubmed/19633886
https://doi.org/10.1007/s00464-023-10252-1
https://www.ncbi.nlm.nih.gov/pubmed/37460815
https://doi.org/10.1093/ons/opz326
https://doi.org/10.1097/BRS.0000000000003193
https://doi.org/10.1186/s41205-018-0031-x
https://www.ncbi.nlm.nih.gov/pubmed/30649653
https://doi.org/10.1186/s13018-018-0788-z

	Introduction 
	Materials and Methods 
	Phantom Design and Realization 
	Testing Setup and Structure 

	Results 
	Quantitative Evaluation 
	Qualitative Evaluation 

	Discussion 
	Conclusions 
	References

