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IS S SO R

Abstract: Background: Neurosurgical procedures are complex and require years of training and
experience. Traditional training on human cadavers is expensive, requires facilities and planning,
and raises ethical concerns. Therefore, the use of anthropomorphic phantoms could be an excellent
substitute. The aim of the study was to design and develop a patient-specific 3D-skull and brain
model with realistic CT-attenuation suitable for conventional and augmented reality (AR)-navi-
gated neurosurgical simulations. Methods: The radiodensity of materials considered for the skull
and brain phantoms were investigated using cone beam CT (CBCT) and compared to the radioden-
sities of the human skull and brain. The mechanical properties of the materials considered were
tested in the laboratory and subsequently evaluated by clinically active neurosurgeons. Optimiza-
tion of the phantom for the intended purposes was performed in a feedback cycle of tests and im-
provements. Results: The skull, including a complete representation of the nasal cavity and skull
base, was 3D printed using polylactic acid with calcium carbonate. The brain was cast using a mix-
ture of water and coolant, with 4 wt% polyvinyl alcohol and 0.1 wt% barium sulfate, in a mold
obtained from segmentation of CBCT and T1 weighted MR images from a cadaver. The experiments
revealed that the radiodensities of the skull and brain phantoms were 547 and 38 Hounsfield units
(HU), as compared to real skull bone and brain tissues with values of around 1300 and 30 HU,
respectively. As for the mechanical properties testing, the brain phantom exhibited a similar elas-
ticity to real brain tissue. The phantom was subsequently evaluated by neurosurgeons in simula-
tions of endonasal skull-base surgery, brain biopsies, and external ventricular drain (EVD) place-
ment and found to fulfill the requirements of a surgical phantom. Conclusions: A realistic and CT-
compatible anthropomorphic head phantom was designed and successfully used for simulated aug-
mented reality-led neurosurgical procedures. The anatomic details of the skull base and brain were
realistically reproduced. This phantom can easily be manufactured and used for surgical training
at a low cost.

Keywords: anthropomorphic phantom; skull phantom; brain phantom; CT compatible phantom;
neurosurgical simulation; endonasal skull-base surgery; brain biopsy; external ventricular drain
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Neurosurgical procedures rely on the surgeon’s operative skills, including a deep
knowledge of the relevant anatomy. Various strategies are deployed to attain and develop
the necessary surgical abilities and anatomical knowledge, including training on cadav-
ers, in a VR environment, or on surgical phantoms.

Traditionally, neurosurgical training has been performed on human cadavers. While
this has the advantage of reproducing authentic anatomical conditions, it also requires
certain facilities, is costly, and raises ethical and legal concerns [1].

In recent years, there has been a shift towards computer simulation-based training,
such as virtual reality (VR) platforms combined with handheld devices [2]. Simulators can
often measure performance and provide immediate feedback, but may lack in providing
realistic haptic feedback, and life-like 3D visualization. Moreover, they often do not allow
the use of actual surgical instruments and come at a substantial cost [3].

The use of anthropomorphic phantoms could solve many issues related to cadaveric
or VR models. Pre-operative CT or MRI images of the individual patient may be used to
create a phantom that accurately replicates the patient-specific anatomy. Moreover, real-
istic anthropomorphic and CT-compatible phantoms can be used for initial testing of new
technologies, such as navigation systems, before costlier cadaveric studies are conducted.
The increased availability and quality of 3D printing has paved the way for complex ana-
tomical models with the required accuracy and tactile properties. The most common
phantoms are 3D-printed skulls in different plastic materials [4-7]. Phantoms have also
been created for the modelling of vascular structures, including cerebral artery aneurysms
[8] and complex anatomical variations of the internal carotid artery [9]. In ear, nose, and
throat (ENT) surgery, 3D-printed phantoms have been used for testing AR systems in
middle ear surgery [10] and for simulation of sinus and nasal cavity surgery, where the
nasal cavities were included in the phantoms [11]. To simulate brain biopsies, brain phan-
toms have been built to mimic brain tissue with target lesions placed inside a cadaveric
human skull [12]. An anatomically and mechanically realistic brain phantom was pro-
posed and constructed by Chen and Shih, using polyvinyl alcohol cryogel (PVAC), a ma-
terial widely used in the production of medical imaging phantoms for its mechanical sim-
ilarities to soft tissues [13].

Even though several examples of anthropomorphic phantoms exist, there is no com-
mercially available phantom that produces realistic results when imaged with CT and
meets the requirements for the simulation of neurosurgical procedures, including navi-
gated ones. The aim of this study was to design an anatomically accurate anthropo-
morphic skull and brain phantom optimized for CT for the planning, training, and simu-
lation of neurosurgical procedures, with a specific focus on endonasal skull-base surgery,
needle biopsies, and EVD placement [14].

2. Materials and Methods
2.1. Phantom Requirements for Realistic Surgical Simulations

Endonasal skull-base surgery offers a minimally invasive approach to remove tu-
mors of the skull base, of which pituitary tumors are the most common type. In clinical
practice, surgery is performed through the nasal cavity, using rigid instruments and a
rigid endoscope to gain access to and visualize the surgical field. To design a phantom for
the realistic simulation of endonasal skull-base surgery, several anatomical structures
need to be present. The phantom must contain a correct representation of the nasal cavity
including nasal turbinates, nasal meatuses, the nasal septum, sphenoidal sinus, natural
sphenoidal ostia, sphenoid inter-sinus septum, and sella turcica, as well as critical neuro-
vascular structures such as the optic nerves, optic chiasm, pituitary gland, and carotid
arteries. For training of tumor resection, a realistic model of a tumor and the characteristic
anatomical changes associated with tumor growth, must also be represented.

Brain biopsies are performed to obtain tissue samples necessary to diagnose tumors
and other pathologies when surgical resection is not feasible. A small hole is drilled
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through the skull, after which a biopsy needle is introduced into the brain and samples
for tissue diagnosis are collected. The needle is usually navigated based on preoperative
CT or MRI. A combined skull and brain phantom would be needed to simulate brain bi-
opsies. The brain phantom should have anatomical, mechanical, and radiological proper-
ties closely replicating those of a real brain.

2.2. Computational Model

A computational model of the skull and brain phantom was created using cone beam
computed tomography (CBCT) and a T1-weighted MRI scan of a cadaver. The images
were acquired at the Cincinnati Children’s Hospital Medical Center, Ohio, United States.
Informed consent for body donation for research and educational purposes had been
given by the donors, and the study was performed in adherence with all ethical guidelines
for human cadaver studies.

The CBCT and MR images were co-registered, and the open-source computer soft-
ware 3D Slicer [15] (http://www.slicer.org, (accessed on: 30 January 2021)) was used for
segmentation. The computer-generated model was evaluated and adjusted to verify the
presence of all the required anatomic features. The CBCT image was used to model the
bony structures, including the nasal cavity. The brain, the pituitary gland, optic chiasm,
and carotid arteries were segmented from the T1-weighted MRI scan (Figure 1), after
which the segmented structures were inverted to negative images to create molds for the
phantom’s structures (Figures 2 and 3).

The anatomical structures segmented from the cadavers were modified to simulate
the presence of a pituitary tumor. A pituitary tumor originates from cells of the pituitary
gland and results in a growing mass that affects the surrounding tissues. As the tumor
grows, the sella turcica, i.e., the bony structure in which the pituitary gland is seated, is
enlarged and the surrounding bone thinned out. The normal pituitary gland is com-
pressed, and the optic nerves and optic chiasm are dislocated upwards (Figure 1).

Figure 1. Modifications of the computational model of the cadaveric model. (a) Comparison be-
tween the original anatomy (top) and the pathological shape of the skull base (bottom). (b) Com-
parison of the original (yellow) and enlarged (turquoise) floor of the sella turcica. The original anat-
omy of the pituitary gland is presented in dark green. (c) Anterior and posterior view of the original
anatomy of the sella turcica (yellow), internal carotid arteries (red), optic chiasm (light green), and
pituitary gland (dark green). (d) Anterior and posterior view of the modified computational model
of a pathological condition resulting from a pituitary tumor (coral) with an enlarged sella turcica
(turquoise), a compressed pituitary gland (dark green), and a superiorly dislocated optic chiasm
(light green).
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2.3. The Skull Phantom

The skull phantom was printed using an Ultimaker 3 3D printer (Ultimater BV,
Utrecht, Netherlands). To avoid having to reprint the whole phantom for every endonasal
surgery simulation, the nasal cavity and frontal skull base were designed and printed as
an exchangeable module. Thus, after a simulated surgical procedure, the modular part
could be replaced with a new one. The upper part of the calvarium was designed to be
removable to allow the placement and exchange of the brain phantom inside the skull
phantom (Figure 2). Water-soluble polyvinyl alcohol (PVA) was used as a printing sup-
port material, and the printed parts were left overnight to let the PVA dissolve, after which
they were polished with sandpaper to remove any imperfections.

Three low-cost materials were considered for building the skull phantom: gypsum
powder, PLA (polylactic acid), and PLA+CaCQ:s (calcium carbonate). Gypsum powder
has a comparable radiodensity to bone, with Hounsfield unit (HU) values ranging from
1000 to 3000 [16]. PLA is a standard material used for FDM (fused deposition modeling),
with properties ideal for 3D printing, but with a radiodensity around 0 HU. By mixing
PLA with CaCOs, the HU of the print was increased to approximate the CT attenuation of
bone. A sample of each material was scanned with CBCT (Allura Clarity Flexmove,
Philips Healthcare, Best, The Netherlands) and compared to real bone tissue attenuation.

Figure 2. Computational model of the skull segmented from the CBCT image. The computation
model of the skull (a) is modified to allow the removal of the top (b) for placement of the brain. The
nasal cavity (c) is modular and can be replaced after surgical simulation.

2.4. The Brain Phantom

The brain phantom was cast in a 3D-printed PLA mold that was divided into 8 seg-
ments held by a support structure of aluminum, to facilitate the ejection of the cast after
molding. An opening at the top of the mold was used to pour in the liquid material, and
another opening allowed the simultaneous release of air (Figure 3).

The brain phantom was created using a mixture of water, coolant, polyvinyl alcohol
(PVA, Sekisui SELVOL™ Polyvinyl Alcohol 165), and barium sulfate (BaSOs, SIGMA-AL-
DRICH®®), using one freeze-thaw cycle at 25 °C. The PVA mixture was prepared as pre-
viously described by Chen and Shih [13]. The coolant prevented the 3D-printed mold from
breaking due to expansion of the PVA mixture during freezing.

To mimic the CT attenuation of brain tissue, barium sulfate was added to the PVA
mixture. A dilution series of barium sulfate was performed to evaluate radiodensity: bar-
ium sulfate was added to reach 0, 0.1, 0.2, 0.3, 0.4, and 0.5% by weight. The radiodensities
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of mixtures with different percentages of barium sulfate were tested with CBCT and com-
pared to the attenuation of white and gray matter of real brain tissue, respectively [17].

The stiffness of the brain phantom material could be controlled by repeated freeze-
thaw cycles or adjustment of the concentration of PVA. The mechanical properties of sev-
eral PVA mixtures were tested to mimic brain tissue elasticity. The tested mixtures con-
tained 3%, 4%, 5%, and 6% PVA, the rest was water and coolant in a proportion of 60%
water and 40% coolant. The PVA samples had a thickness of 20-25 mm and were com-
pressed uniaxially by a linear stage, which exerted its force via a round object with a di-
ameter of 30 mm (contact area 706.85 mm?). All tests were carried out at room tempera-
ture. The stress-strain curve and elastic modulus of each mixture were measured and com-
pared with the stress-strain response of porcine brain tissue at a strain-rate of 0.01/s as
described by Li et al. [18], and with the stress-strain response of human brain tissue at a
strain-rate of 0.083/s as described by Forte et al. [19].

Figure 3. (a) Computational model of the brain, segmented from the MR image. (b) Computational
model of the ventricles, located inside the brain. (c) Inside view of the computational model of the
brain mold and corresponding inside view of the 3D-printed brain mold. (d) Outside view of the
computational model of the brain mold and corresponding outside of the 3D-printed brain mold.
The red frame shows the large and small openings at the top.

2.5. The Skull-Base Structures

The models of the pituitary gland, pituitary tumor, optic nerves, optic chiasm, and
internal carotids were cast in 3D-printed resin molds that were designed in two separate
pieces, in order to facilitate the extraction of the casting. (Figure 4). The resin material was
chosen to allow a high printing accuracy (0.05 mm), since the structures were small (5-30
mm). The PVA material was injected inside the mold using a syringe. Several holes were
added to the molds to allow air to escape during casting. Structures were colored for re-
alism, by adding small amounts of colored inks to the mixtures.
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Figure 4. (a) PVA sample under test. (b) Strain-rate curves of the mechanical tests on the PVA sam-
ples at 0.01/s. (c) Strain-rate curves of the mechanical tests on PVA samples at 0.083/s. (d) Elastic
moduli (Ei) of PVA samples at 0.01/s, compared to porcine brain tissue properties found in the lit-
erature. (e) Elastic moduli (Ei) of PVA samples at 0.083/s, compared to human brain tissue properties
found in the literature.

2.6. Validation Step

The phantom described in this study was evaluated by five neurosurgeons with 10
to 20 years of clinical experience—the same neurosurgeons were also consulted during
the design and manufacturing process, allowing improvements through an iterative ap-
proach of tests, evaluations, and adjustments. All participating neurosurgeons were from
the same department and had previous experience with surgical simulations on phantoms
and cadavers. Multiple procedures, including endonasal skull-base surgery, brain biop-
sies, and EVD placement were performed.

Each neurosurgeon evaluated the phantom individually and independently. No
standardized evaluation tools were used. Instead, a qualitative approach was used em-
phasizing the participating surgeons’ experience, and mainly addressing the following
points: (i) the realism of the skull, brain, and skull-base structures, in terms of both ap-
pearance and texture, (ii) the durability of the materials used in the context of surgical
manipulation and simulation including drilling, (iii) the ease with which the modular
components could be replaced, and (iv) the overall usefulness of the phantom. The final
model was used in a systematic evaluation of navigated biopsies using a novel system
based on intraoperative 3D imaging.
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3. Results
3.1. Mechanical Properties of the Brain Phantom

Figure 4a depicts a PVA sample under test. In Figure 4b,c, the stress-strain loop re-
sponses of the brain phantom samples to compression and decompression cycles are
shown at 0.01/s and 0.083/s, respectively. The samples contained PVA concentrations of 3,
4,5, and 6% PV A respectively. The strain-rate hysteresis loops showed that after compres-
sion, some energy is dissipated internally as friction (heat) during the unloading phase.
To allow a comparison with the mechanical properties of the porcine brain as described
by Li et al. [18] and the human brain as described Forte et al. [19], the elastic modulus (E)
was calculated (Figure 4d,e). The elastic modulus is equal to the slope of the stress-strain
curve and was calculated for four intervals of the stress-strain curve at 0.01/s and 0.083/s;
E1 was defined as the elastic modulus for strain rates of 0-10%, E2 for strains of 10-20%,
E3 for strain rates of 20-30%, and E4 for strain rates of 30-40%. Since E4 was not provided
for the human brain tissue, the comparison is made between E1, E2, and E3. Additionally,
the strain-rate curve at 0.01/s showed that at lower strains, represented by the elastic mod-
uli E1 and E2, the 4% PVA mixture had a response very similar to the porcine brain, as
represented by the overlap of the yellow and green boxes on the graph (Figure 4d). In
addition, as indicated by the graph, at higher strains —E3 and E4—the sample was stiffer.
In contrast, the strain-rate curve at 0.083/s showed that at lower strains, represented by
the elastic modulus E1, the 3% PVA mixture had a response very similar to the human
brain, as represented by the overlap of the purple and green boxes on the graph (Figure
4e), while at higher strains—E3 and E4—the 4% PV A mixture sample was more similar to
the human brain tissue. Since the mixture with 4% PV A showed results comparable to the
porcine brain and human brain tissue, it was chosen for the manufacturing of the brain
phantom. Therefore, the final composition of the mixture is 4% PVA and 96% water and
coolant, of which the latter are in proportions of 60% and 40%, respectively.

3.2. Radiodensity of the Skull and Brain Phantom
3.2.1. Radiodensity of the Skull Phantom

Figure 5 shows the pictures of the X-ray sample materials that have been tested. The
radiodensity measurements of the materials considered for the skull phantom, as well as
real bone (skull cadaver) are presented in Figure 6a. PLA had a median value of 3 HU,
PLA+CaCO:s of 547 HU, and gypsum powder of 955 HU. When choosing materials for the
skull phantom, the ease of production, cost, and durability for repeated usage were also
considered. The gypsum powder exhibited a radiodensity closer to real bone, but the gyp-
sum 3D prints were too fragile for surgical simulations. Instead, the PLA+CaCQOs mixture
was chosen since it fulfilled both the practical requirements and showed a radiodensity
comparable to bone.

PLA+CaCO3 PVA sample

Figure 5. Pictures of the X-ray sample materials that have been tested.
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Figure 6. (a) Boxplots related to the X-ray attenuation, in Hounsfield units, of the materials for build-
ing the skull phantom. (b) Boxplots related to the X-ray attenuation, in Hounsfield units, of the
mixtures for producing the brain.

3.2.2. Radiodensity of the Brain Phantom

After testing the mechanical properties of the brain phantom, the experiments on the
radiodensity of the brain phantom are carried out with a mixture containing 4% PVA. The
median CT attenuation of the human brain is approximately 29 HU for white matter and
35 HU for gray matter [17]. Figure 6b shows the radiodensity of the six samples. The PVA
and water mixture had a radiodensity of 3 HU. With the addition of barium sulfate, the
CT attenuation gradually increased from 33 HU (0.1% BaSOs) to 148 HU (0.5% BaSOs).
The radiodensity of the 0.1% BaSOsmixture was slightly lower than that of the gray matter
(35 HU) and was chosen for the brain phantom.

3.3. The Final Skull and Brain Phantom

Figure 7 shows the 3D-printed head phantom with the skull, brain, and anatomical
structures of the skull base. The skull can be disassembled into three pieces: (i) the bottom
part including the facial skeleton, skull base, and bottom of the calvarium; (ii) the top part
consisting of the upper part of the calvarium; and (iii) the replaceable nasal cavity with
the medial frontal skull base (Figure 7a). The design allows the placement and replace-
ment of the brain phantom inside the skull, as well as the nasal cavity, which fits well
inside the phantom and stays in position without moving, with the help of grooves on the
sides (Figure 7b). Tumor, arteries, nerves, and the pituitary gland are placed at the base
of the skull, on top of the nasal cavity component (Figure 7c—e). The brain fits inside the
skull and the anatomical features are well delineated, including the brainstem and the
cerebral hemispheres, with gyri and sulci present on its entire surface (Figure 7f-i).

The final prototype was assessed by experienced neurosurgeons, who found the head
phantom to meet the expectations of both anatomical and surgical realism. A detailed
quantitative assessment of the model with respect to the simulated surgical outcomes has
been reported in a previous study [20].
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Figure 7. Final head phantom. (a) Skull phantom disassembled into its three parts. (b) Assembled
skull and zoom-in view of the side groove of the maxilla that improves the fit of the nasal cavity
insert into the skull phantom. (c) Upper and side views of the nasal cavity and skull-base inserts.
(d) Back view of the nasal cavity inserted inside the skull. (¢) Zoom-in of the nasal cavity inserted
inside the skull. (f) Front view of the brain phantom, partially inside the mold. (g) Back view of the
brain phantom. (h) Brain phantom placed inside the skull. (i) Brain phantom viewed from below,
inserted inside the calvarium of the skull.

3.4. Validation

The validation of the phantom was performed by five neurosurgeons, through navi-
gated simulations of endonasal skull-base surgery, brain biopsies, and EVD placements
(Figure 8). The final evaluation of the phantom concluded that the anthropomorphic skull
and brain phantom satisfied the basic requirements for a life-like simulation model and
provided an accurate CT attenuation ideal for simulations using surgical navigation based
on 3D imaging.
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Figure 8. (a) Head phantom blocked on a clamp, equipped with optical markers. (b) Augmented
reality-navigated endonasal skull-base surgery simulation. (¢) Augmented reality-navigated brain
biopsy simulations. (d) Skull-base surgery simulation. The endoscopic view is augmented with the
critical structures of interest, as well as the trajectory of the endoscope being overlaid onto the CBCT
image. (e) Brain biopsy simulation. A tracked needle is inserted inside the brain, throughout the
skull, and its trajectory is overlaid onto the CBCT image.

4. Discussion

In this study, an anthropomorphic CT-compatible skull and brain phantom was de-
veloped. This phantom provides an accurate representation of critical neurovascular
structures at the skull base and a removable nasal cavity. To achieve authenticity and
maintain low costs, the materials used for production were carefully selected, and tested
in different concentrations and compositions to match criteria formulated from published
data. In addition, the model was tested and evaluated by neurosurgeons for representa-
tivity and utility [20].

The materials that were selected to replicate the skull bone included PLA, a mixture
of PLA and CaCOs, and gypsum powder. Even though testing revealed that the median
gypsum powder radiodensity was the closest to that of real bone, the gypsum prints were
too fragile for surgical manipulation. Instead, the combination of PLA and CaCOs was
found to be a good compromise between authenticity, ease of production, cost, and dura-
bility.

For the brain phantom, imaging experiments on the PVA samples revealed that a
small amount of BaSOs (0.1%) was sufficient to achieve CT attenuations similar to that of
brain tissue. The evaluation of the mechanical properties of the different PVA mixtures
showed that the 4% PV A mixture had a strain response similar to that of porcine brain
tissue, especially at low strains.

The anthropomorphic cranium made of PLA+CaCOs was combined with the brain
made of 4% PVA with 0.1% BaSOs and subsequently evaluated by a group of neurosur-
geons. They found the phantom had sufficient realism and anatomical detail to allow the
simulation of neurosurgical procedures. They indicated the usefulness of such a phantom
in the preparation of patient-tailored surgical approaches for complex cases. Arguably, a
patient-specific phantom could provide an advantage compared to 2D- or 3D-image-
based surgical planning, by simplifying the understanding of patient positioning and
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limitations, while allowing for the visualization of different approaches [21]. This may be
especially valuable in cases of abnormal anatomy, such as that seen after previous surgery
or tumor growth.

For neurosurgical training, the head phantom could be part of a realistic educational
environment for endoscopic endonasal skull-base surgeries, brain biopsies, or EVD place-
ments. To assist in relaying feedback to trainees, the phantom provides the possibility of
confirming the accuracy of biopsies or drain placements using standard X-ray technology.
The neurosurgical discipline is steadily evolving, and novel technologies push the bound-
aries of what is possible. In this context, senior surgeons may benefit from an anthropo-
morphic model to evaluate and practice new approaches, methods, and technologies.
Moreover, the phantom could easily be modified to become better suited for the evalua-
tion of a desired procedure such as the excision of intra- or extra-axial brain lesions [22,23]
or the treatment of complex cerebrovascular cases [24].

Another use of this phantom is within the field of research and product development
[25,26]. The phantom was originally intended for simulation in research settings. In the
earlier steps of the development of new surgical equipment, testing and experimenting
can be performed on models, postponing or averting the need for costly trials using ca-
daveric models. By virtue of its realistic imaging properties, the phantom can be used in
the development and testing of navigation solutions that require imaging-based set-ups.
In fact, the phantom has recently been used to test the accuracy and efficacy of an aug-
mented reality-based surgical navigation system for brain biopsies or EVD placement [20].
This use of the phantom provides a safe and cost-effective approach to evaluate experi-
mental tools and solutions [27].

Several neurosurgical 3D training models have previously been described [28,29].
The ones that most closely resemble the current phantom were described by Grillo et al.
[30] and Craven et al. [31]. Although they were able to create a patient-specific 3D skull
and brain phantom that was highly rated among health care professionals including neu-
rosurgeons, neither Grillo et al. nor Craven et al. included a representation of the skull
base, nasal cavity, pituitary, or adjacent neurovascular structures, making the simulation
of skull-base and endonasal procedures impossible [30,31]. Although the mechanical
properties of these phantoms were assessed for resemblance to real tissue [30], they did
not account for radiodensity metrics when choosing the products used for manufacturing
[27]. However, a latex balloon was added to cover the brain phantom and mimic the dura,
a feature that was not included in the phantom presented in this study [30]. Additionally,
another study proposing a similar model also featured a dura covering the 3D brain to
enhance the surgical simulation experience [32]. Other synthetic head models lack an ac-
companying brain phantom [33-38], or cannot be used to perform simulation surgeries
[33,34,39].

As seen, only a handful of models similar to ours have been described in the litera-
ture. Even among the current studies, information regarding cost was often lacking. Only
one study, by Waran et al., reported the manufacturing cost of their model [32]. Although
describing a similar concept as presented here, their prototype lacked both endonasal and
skull-base modules. Waran et al. estimated the final cost of the product at 2600 USD,
counting 2000 USD for the reusable skull and 600 USD for the disposable brain [32]. In our
study, the skull and skull base cost 215 USD each, while the exchangeable nasal cavity
cost 130 USD. In total, the cranium cost 560 USD. The materials used in the manufacturing
of the brain and skull-base structures only cost around 10 USD, bringing the total cost of
this phantom to about 570 USD. However, the final price tag does not include any indirect
costs associated with the manufacturing of the product, such as molds, equipment, and
labor. In fact, we estimate the cost of the molds utilized to reach up to 2130 USD in price.
However, larger scale or mass production may certainly aid in reducing cost margins, as
the molds, for example, may be reused, hence making the product even more affordable.

In conclusion, the anthropomorphic skull and brain phantom described in this study
presents the features of anatomical, radiological, and surgical realism, combined with
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cost-efficiency and durability. One of the key advantages of this phantom is that it is based
on a computer model, which makes it easily customizable to serve different cases and
applications. In addition, the durability of the chosen materials, and the removable and
replaceable pieces, allow for repeated simulations without the need to rerun the whole
process of casting and printing after each simulation. The phantom lends itself to the sim-
ulation of a diversity of procedures on the skull, skull base, and brain for the teaching and
training of surgeons, and the development of surgical tools and solutions [20]. Finally, the
phantom may also prove useful in the area of patient education, where its use is currently
being tested [40,41].

Limitations

An inherent limitation to the in-house manufacturing of prototypes lies in the process
of segmenting the details of the phantom, as well as the actual 3D printing of the model,
which are both time-consuming. The use of advanced, artificial intelligence-powered au-
tomatic or semi-automatic methods for image segmentation could possibly improve and
speed up this process, enabling the more routine use of this phantom [42].

5. Conclusions

In neurosurgery, the value of synthetic models has recently been acknowledged, alt-
hough such models are frequently denounced as lacking adequate realism when com-
pared to other simulation techniques [29]. In this study, we aimed to challenge these
claims by designing a realistic and CT-optimized anthropomorphic head phantom. The
phantom was created using authentic human CBCT and MR images. The skull, the neu-
rovascular structures at the skull base, and the brain parenchyma were also realistically
recreated. A series of experiments pertaining to the mechanical and radiological proper-
ties of the materials used were performed to achieve a realistic consistency and an accurate
radiodensity of the materials. Both durability and cost were taken into consideration. Sub-
sequent validation experiments during the present and previous studies [20] have shown
the utility of this model in training for a variety of procedures such as brain needle biopsy,
EVD placement, skull-base surgery, and also including all sorts of augmented reality-nav-
igated neurosurgical procedures.
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