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Single-stage cranioplasty with customized polyetheretherketone implant after tumor
resection using virtual reality and augmented reality for precise implant customization

and placement: illustrative case
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BACKGROUND Cranioplasties are routinely performed to restore cosmesis and to protect intracranial contents after trauma, resection of tumors, or
other pathologies. Traditionally done as a second-stage procedure, new single-stage cranioplasty protocols have been developed to minimize recovery
periods, decrease complications, and improve patient satisfaction. These protocols, however, still require the use of larger than planned implants or use
larger than ideal incisions to accommodate three-dimensional (3D) templates, which may not be optimal in regions with complex bony anatomy.

OBSERVATIONS A 50-year-old woman with a painful and progressively enlarging hemangioma of the left frontal bone underwent a single-stage
resection followed by custom cranioplasty using a new extended reality (XR)-based workflow. Excellent cosmetic results, decreased operative time,

and a feasible workflow were achieved.

LESSONS The use of an XR-based visualization platform allows the surgeon to treat lesions and perform custom cranioplasties in one session while
avoiding common pitfalls of current single-stage workflows, such as increased operative times for tailoring implants, as well as minimizing the use of 3D
overlay models, which may not appropriately conform to complex regional bony anatomy intraoperatively.

https://thejns.org/doi/abs/10.3171/CASE2255
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Cranioplasty after either a craniectomy or craniotomy is performed to
repair the resulting defect and to restore mechanical protection to the
brain, recover the original cranial aesthetics, and reverse any dysfunction
associated with the defect.! Usually, it is the second stage of a two-part
procedure, the first of which is to treat the primary medical condition.
Most often, this primary condition involves massive brain swelling, and for
these patients, the cranioplasty frequently involves an autologous bone
flap. However, when the primary condition relates to an intraosseous
lesion that has to be resected, the cranioplasty uses either a titanium
mesh, a synthetic bone graft, or a customized plate from various bonelike
biomaterials, such as methyl methacrylate, hydroxyapatite, ceramics, and
polyetheretherketone (PEEK), to replace the removed bone.>* The cus-
tomized options provide a better “fit’ but require a significant period

between excision and cranioplasty, when the implant is designed using
data from volumetric computed tomography (CT) and computer-assisted
design/computer-assisted manufacturing (CAD/CAM) technology and is
subsequently manufactured. During this period, in addition to the cosmetic
“deficit” of missing a piece of one’s skull, the patient is at risk for brain
injuries,* and delayed cranioplasties have been shown to corelate with
frequent complication rates approaching 35% to 40%.5°

Since mid-2010, single-stage cranioplasty methods have been imple-
mented for these cases.” Custom implants can be prefabricated and used
for cranioplasty immediately after lesion resection. This single-stage tech-
nique allows customizing the implant to achieve the ideal size, contour, and
appearance. The technique involves manufacturing a “resection template”
together with the eventual implant, and as long as the template can fit on

ABBREVIATIONS 3D = three-dimensional; AR = augmented reality; CAD/CAM = computer-assisted design/manufacturing; CT = computed tomography; PEEK =

polyetheretherketone; VR = virtual reality; XR = extended reality.
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FIG. 1. Image series illustrating the workflow of the XR-based single-stage cranioplasty, from preoperative planning in VR with the 360-degree XR model

to implementation of the preoperative plan using AR in the operating room (OR).

the skull during surgery and allow the surgeon to excise the lesion area
exactly like the template, this cranioplasty technique has been shown to
result in improved cosmesis as well as decreased operative time and
enhanced patient satisfaction.2°

Here, we present a novel single-stage cranioplasty technique using
an extended reality (XR) visualization platform to facilitate precise
implant customization and placement in a patient after resection of a
frontal bone lesion. The XR platform involves virtual reality (VR) and
augmented reality (AR) technologies. The benefits of VR for preopera-
tive planning and AR for translating the virtual plan onto the patient
and providing intraoperative guidance have been reported for various
neurosurgical procedures.’®® In this case report, a three-dimensional
(3D) model was created from the patient’s diagnostic volumetric CT
scan, and a preoperative craniectomy was performed in VR. This vir-
tual craniectomy was saved as a template and then franslated into a
CAD/CAM file to serve as a blueprint for manufacturing the custom-
made PEEK implant. After the custom PEEK implant was fabricated,
AR technology was then used intraoperatively to overlay the virtual cra-
niectomy template onto the patient’s real-time anatomy to guide the
resection of the lesion. With this, the virtual craniectomy was duplicated
during surgery precisely as planned, and the custom PEEK implant fit
perfectly during cranioplasty. The workflow is summarized in Fig. 1.

lllustrative Case

A 50-year-old woman presented with a painful and progressively
enlarging nodule on her left frontal bone. Her head CT scan
showed a 1.2 x 0.9 x 0.9-cm skull mass abutting the left frontal
sinus (Fig. 2A). The surgical recommendation was for resection of
the symptomatic and expanding lesion, followed by a customized
PEEK implant to repair the bony deficit.

For this, a single-stage procedure was choreographed. The preopera-
tive CT scan (0.47-mm slice thickness) was used to render a 360-degree
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model in the XR surgical planning platform (SRP version 7.9.0, Surgical
Theater). The virtual model was adjusted to display the complete skull,
frontal sinuses, and skull mass (Fig. 2). The XR model was used for sur-
gical planning using a commercially available Oculus Rift S VR headset
and controllers (Facebook Technologies). The patient-specific model was
reviewed by the senior author at various angles and levels of transpar-
ency, and the XR platform’s virtual drilling tool was used to plan the cra-
niectomy around the lesion (Fig. 2B). After determining that bone of the
ideal shape and size was removed, the VR-modeled craniotomy was
both exported in an STL file format (CAD) to be used as a blueprint for
designing the PEEK implant (Stryker Corporation) (Fig. 3) and saved as
the craniectomy template to be used later in surgery.

Standard manufacturing procedures were followed in designing
the implant using Geomagic Freeform 3D design software (3D Sys-
tems).5'” A second STL file of only the PEEK implant was created,
imported into the XR model, and used to verify fit (Fig. 3C). Implant
fabrication was initiated once the surgeon approved the design.

In the clinic, the XR model was presented to the patient using a
VR headset and virtual drilling tool to further explain the treatment
plan. After the implant design was finalized, the patient was shown
the XR model with the virtual customized PEEK implant during the
final presurgical consultation.

At surgery, after the anesthetized patient was secured in the pins,
the craniectomy template was imported to Synchronize AR SNAP (Syn-
cAR version 3.9.0, Surgical Theater), which was coregistered with a
StealthStation S8 navigation system (Medtronic) and ARVeo microscope
(Leica). The craniectomy template was projected through the navigation-
tracked microscope as an AR overlay on the patient's scalp (Fig. 4).
After prepping and draping, a lateral linear incision was made behind the
hairline, and the scalp flap was reflected anteriorly. A pericranial flap
was harvested from the frontal bone for anticipated closure of the left
frontal sinus. Once again, the AR template of the craniectomy was



FIG. 2. A: CT Digital Imaging and Communications in Medicine images of the skull mass in axial, coronal,
and sagittal planes (arrows) and corresponding snapshots of the 3D virtual model of the CT scan. B: Different
views of the 360-degree XR model: transparent virtual model displaying the tumor in green and the planned
craniectomy (/eff), as well as a full-opacity virtual model displaying the frontal sinus (light blue) exposure of
the planned craniectomy (right).

projected and, this time, traced onto the bone. Bone resection followed
the contours of this tracing, and the tumor was resected. The exposed
left frontal sinus was stripped of mucosa and closed with bone cement
covered by the harvested vascularized pericranium. The custom PEEK
implant was then placed into the cranial defect created by the craniec-
tomy and attached to the skull using titanium miniplates and screws
(Fig. 5). A few, 1-mm-wide gaps between the implant and the skull were
filled with bone cement. No complications other than some pain in the
temporalis, where muscle graft was taken from to fil the sinus, were
noted. Pathologic analysis revealed an intramedullary hemangioma. At
the 6-week postoperative follow-up, the forehead contour was perfect,
and cosmetic results were excellent.

Discussion

Observations
Currently, single-stage cranioplasty techniques use a preoperative
thin-sliced CT scan to either render a virtual 3D reconstruction of the

skull or generate a 3D printed model to plan the craniotomy.” "8

For the former technique with virtual 3D reconstructions, the craniotomy
is estimated and used to create the CAD/CAM file of the custom PEEK
implant design.”'® This process requires the surgeon to review the cra-
niotomy plan and provide feedback on the implant design. Once the
craniotomy plan is approved, the custom implant may be manufactured
with slightly bigger dimensions if desired. This allows room for unfore-
seen intraoperative modifications that would otherwise compromise an
optimal fit between implant and recipient.”® For the 3D print model tech-
nique, the template for the craniectomy must be placed intraoperatively
and physically secured to the skull to allow faithful duplication of the
bony excision. In our case, this would have required a larger incision
and exposure of the orbit, and, even with that, the template placement
would not be secure, given the complex contour of the frontal bone
near the sinus and orbit.

For our case, an alternative strategy was chosen, using a VR/
AR platform for preoperative planning, implant verification, and
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FIG. 3. A: STL rendering of the skull to be exported as a 3D computer file. B: STL model of the customized
PEEK implant (beige) onto the STL rendering of the skull (white). C: The STL model of the customized PEEK
implant (beige) onto the virtual model. D: Additional views of 360-degree XR model with fitted PEEK implant.

intraoperative guidance of a single-stage cranioplasty immediately
after an intraosseous mass resection. The patient-specific XR
model that displayed the exact borders of the intraosseous tumor
was used to preoperatively plan a virtual craniectomy in VR. The
model allowed detailed visualization of the patient's anatomy
from any vantage point and transparency. The senior author
spent approximately 5 minutes creating a virtual craniectomy in
VR using the platform’s virtual drills and patient-specific VR
model. The skull with the planned craniectomy was exported as a
CAD/CAM file and used as a blueprint for PEEK implant design
and fabrication. As a result, the exact size, location, and shape
of the craniectomy were provided for designing the PEEK implant.
The implant design was further verified by importing its file into
the 360-degree XR model to ensure the implant fit the planned
cranial defect.

Previous studies used neuronavigation guidance or an implant
frame®? as a template to re-create the preoperative plan on the
patient's skull. Here, neuronavigation integrated with AR technology
was used to provide the exact location and outline of the desired cra-
niectomy. Because the PEEK implant was customized to fit the
planned craniectomy, and AR facilitated the implementation of the
plan, minimal intraoperative modification was required. This is a clear
distinction from most previously published single-stage techniques that
require manual modification of the implant to remove excess material
for it to fit inside the bone defect. Manual modification of the implant
also requires surgical expertise and can take 10 to 80 minutes to
complete.'®

One proof-of-concept study used a projector-based AR solu-
tion via a custom surgical workstation to guide the resizing of the
implant.2® The implant was fixed with an optically tracked custom-
made reference attachment, and the traced resection cut was

19-21
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overlaid on the implant for the surgeon to trace with a marking
pen and used to modify the implant. Not including defect creation
or implant fixation, total time for reference mounting, registration,
defect tracing, implant tracing, and modification was approxi-
mately 15 minutes with 7.25 minutes allotted to modifying the
implant. Although this technique demonstrates the use of AR for
performing single-stage cranioplasty in a quick and efficient way,
it only guides intraoperative implant modification. The technique
presented in this report delivers a well-fitted custom implant
that requires minimal modification. Furthermore, the AR overlay
afforded by the seamless integration of SyncAR with surgical nav-
igation and an operating microscope provides an interactive 3D
overlay of the patient’s model with planned craniotomy directly on
the patient. The AR overlay provided intraoperative guidance for
craniectomy, tumor resection, and implant placement, all of which
were planned and verified preoperatively.

Another observation from the cases found in the literature is that
all intraosseous tumors resected were fairly large,”'®% with a
mean dimension of 73.9 + 24.8 mm x 69.2 +16.2 mm,"® and
required large custom implants. In this case, we are reporting a
much smaller tumor (12 mm x 9 mm) with its corresponding
implant to showcase that even small lesions with a surgical indica-
tion for resection and reconstruction can be addressed using VR/
AR workflows.

It is important to highlight limitations associated with the use
of new VR/AR platforms. As with any new technologies, their
implementation carries a high initial cost, which must be taken
into account. These costs include the need to obtain high-resolu-
tion imaging in order to create each case, as well as the need to
dedicate personnel and physical space to run and maintain these
programs. However, as these platforms become popular, it is



FIG. 4. Microscopic images with corresponding view of the
360-degree XR model (insets) showing the translation of
the planned craniectomy using the AR capabilities onto the
patient’s scalp (A) and skull with a marker (B). AR overlay of
the 360-degree XR model onto the patient (C) to confirm the
craniectomy size and shape.

expected that the associated costs will decrease as the technol-
ogy is refined and different platforms enter the market. This high
upfront cost could potentially be offset when considering the

placement of the single-stage cranioplasty.

FIG. 5. A-C: Images of the operative stages of the craniectomy drilling and PEEK implant

diversity of its applications. As an example, the implementation
of VR/AR has been found to be useful in planning safe surgical
approaches for neuro-oncological, cerebrovascular, and spinal
diseases as well as across other related specialties, such as
maxillofacial and plastic surgery.""?*?" If in the future these
efforts translate to discrete reductions in complications, lengths
of stay, surgical procedure times, or readmissions, then a justifi-
able return of investment could be proved to hospital and surgi-
cal practices alike.

Another limitation identified is the learning curve associated
with adopting this technology. With time, these platforms have
become more powerful, and therefore their complexity has
increased as well. This translates to increased time and effort
spent by surgical teams to get acquainted with the interfaces
and what they can and cannot achieve with the current genera-
tion of VR/AR systems. To be able to fully control the tools and
models in VR and to use the AR platform intraoperatively, sur-
geons need to be trained over several sessions when they
acquire the technology. In addition, it is reasonable to expect an
initial disruption in the usual surgical workflow as VR/AR is
adopted by individual groups. As much as this represents an ini-
tial investment in effort to break the learning curve, we do not
expect this to be a major limitation, because surgeons are often
at the forefront of embracing new technologies that have the
potential to improve their results and, in consequence, their
patients’ outcomes.

In order to address the limitations associated with VR/AR use in
cranial reconstruction, more studies are needed to properly evaluate
objective patient outcomes as well as patients’ appraisal of the final
reconstructive work. Only then will the full capabilities of VR/AR
technologies be discovered and our specialty advanced further.

Lessons

Here, we present an efficient technique using XR technology
for single-stage cranioplasty. This case provides evidence that VR
and AR can be used to efficiently plan and execute, respectively,
a cranioplasty immediately after a tumor resection procedure with-
out the need for a second surgery. The use of this technique
should be validated to verify its safety and efficacy for facilitating
precise and efficient implant customization and placement in a
larger and broader patient population for single-stage cranioplas-
ties. Specifically, operative time, including setup and implant modi-
fication, should be evaluated.

A TR
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