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3D-printed PMMA casting molds for posterior fossa reconstruction in
the surgical treatment of Chiari I malformation: technical note and
illustrative cases.
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Structured Abstract
Objective: To describe a new method for cranial reconstruction after posterior fossa

craniectomy in the surgical treatment of Chiari 1 Malformation, through a technical note and

RI
PT

by presenting three illustrative cases.
Methods and materials: A virtual surgical planning workflow was established for planning
of the posterior fossa decompression, the design of the suboccipital reconstruction, and for

SC

manufacturing of a 3D-printed PMMA casting mold. The casting accuracy was assessed by
conducting a phantom experiment and clinical data was provided by means of three

M
AN
U

illustrative cases.

Results: The accuracy of implant fabrication was found to be excellent, particularly when the
PMMA is introduced into the mold in a malleable state. In all three clinical cases the implants
were fabricated and positioned with success. Postoperative analysis revealed that accurate

TE
D

placement was achieved, with only minor deviation compared to the preoperative plan.
Conclusions: 3D virtual surgical planning provide feasible tools both for planning of the

EP

posterior fossa decompression and to intraoperatively fabricate accurate patient-specific

AC
C

suboccipital cranioplasties.
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1. Introduction

The Chiari 1 malformation (CM1) is a common disorder of the craniovertebral junction,
traditionally defined as downward displacement of the cerebellar tonsils through the foramen

RI
PT

magnum.1 There is a wide range of symptoms and signs associated with CM1, including
Valsalva-induced head and/or neck pain, brainstem symptoms and syringomyelia. Although
the exact etiology of CM1 remains unknown, evidence to date suggests that CM1 is

flow dynamics and tonsillar herniation.2,3

SC

associated with an overcrowded posterior fossa, causing disturbed cerebrospinal fluid (CSF)

M
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A lack of agreement among specialists on the most effective surgical strategy for CM1 has led
to many different surgical approaches, ranging from solely posterior fossa decompression
(PFD), to PFD with duraplasty and cranioplasty.4 Although the recent trend in surgery is
towards minimally invasive procedures, posterior fossa reconstruction (PFR) is reported to be

TE
D

associated with fewer postoperative complications.5–7 The rigid cranioplasty is supposed to
secure the enlarged cisterna magna from pressure and adhesions of nuchal musculature and
from extradural scarring. In a pediatric population, PFR was found to be superior with respect

EP

to postoperative CSF leakage and pseudomeningoceles compared to only performing a PFD.5
It is reported that many CM1 recurrences may be due to arachnoid scarring, intradural

AC
C

adhesions, or dural prolapse 8–10. Dural prolapse can cause local intradural adhesions, that
provoke re-stenosis of the cisterna magna and obstruct the CSF flow. This phenomenon
negates the positive effects of PFD surgery and can cause recurrent CM1 symptoms. PFR
allows for suturing of the dura to the cranioplasty, i.e. dural tenting, which may contribute to
preserving the enlarged cisterna magna. Secondary reconstruction after an initially oversized
craniectomy may be useful for those patients who present with postoperative ptosis or
slumping11
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Until to date, there is no standard procedure for reconstruction of the posterior fossa. The
different reconstructive techniques include the use of titanium plates, polymethylmethacrylate
(PMMA) bone cement, and autologous cranial or iliac bone.11–14 With the rapid rise of 3D
virtual surgical planning (VSP) technology, it is now possible to precisely define and

RI
PT

determine the dimensions of craniectomy. This technology might, therefore, be applicable to
CM1 patients undergoing PFR surgery. In this study we describe a new approach for using
VSP in PFD surgery and creating an accurate patient-specific suboccipital PMMA implant

AC
C
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that secures the cisterna magna and facilitates dural tenting.
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2. Methods and materials

This paper presents a two-phase approach on the development and assessment of 3D-printed
molds for PMMA casting in CM1 surgery. First, a 3D VSP method was developed and

RI
PT

validated in a laboratory phantom experiment, to precisely assess the accuracy of PMMA
casting. Secondly, we provide clinical data by reporting three illustrative cases that underwent
PFD using VSP techniques.

SC

2.1 Phantom experiment

M
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2.1.1 Virtual Surgical Planning

For CM1 patients it seems that the occipital bone is often underdeveloped causing the
overcrowding in the posterior fossa.15 The experiment demanded realistic Chiari occipital
bone models, therefore, an available anonymized CT scan was used from a patient who
previously underwent PFD surgery. Using threshold based segmentation techniques in

TE
D

Mimics v21 (Materialise, Leuven, Belgium), bone was extracted from CT data (Figure
1a,b,c). The masked bone was then cropped and converted into an unidentifiable

EP

representative 3D bone model for the experiment.
The acquired 3D model was imported into 3-matic v12 (Materialise, Leuven, Belgium), which

AC
C

offers a range of tools for computer aided design of the patient-specific implants. First the
PFD was virtually performed and the cranioplasty was designed (Figure 1d). This process
included several steps, namely, 1) determination of PFD size and shape, 2) virtual
craniectomy of the occipital bone, 3) design of a matching implant using a 2mm thick
concave dome and a 5mm bone overlay that covers bone around the planned resection, and 4)
incorporation of holes for fixation and dural tenting sutures.
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The resulting implant model was subsequently used to design a casting mold (Figure 1e). The
model was extruded 2mm to obtain a hollow shape that exactly fits the implant model. Then,
the holes were incorporated into the mold, which allow for inserting 1.5mm k-wires and

parts, to obtain the mold’s bottom and lid.

RI
PT

thereby cast pre-planned holes in the final plasty. The ultimate model was separated into 2

The new outline of the occipital bone was carefully checked not to interfere with the C2

spinous process, especially during hyperextension (Figure 1f,g,h). Finally, the molds were

SC

3D-printed in polyamide, a material suitable for autoclave sterilization.
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2.1.2 The experiment

To find out the best method for producing the PMMA casted implant we performed two
separate tests in which we applied the PMMA in different ways. In the first test, runny-liquid
PMMA was applied to the center of the mold using a syringe (Figure 2a). In the second test,

TE
D

we used PMMA that was already polymerized into a malleable dough-like-state, allowing the
material to be kneaded into the mold (Figure 2b). The lid of the mold was closed and
tightened using surgical clamps with the k-wires inserted (Figure 2c). After the PMMA was

EP

completely solidified (approximately 12 minutes following preparation of the mixture), the lid

AC
C

was detached and the implant released by slightly bending the mold’s bottom part. A bone
rasp was used to smooth out the sharp edges. In order to prevent the PMMA from sticking to
the 3D-printed mold, the prints were covered with a thin layer of sterile Vaseline® prior to
use.

After the completion of the experiment, a high resolution (0.2mm voxel size) cone-beam CT
(CBCT) scan of the implants was acquired to review the casting accuracy and the PMMA
porosity . Segmentation techniques, as described above, were used to obtain a 3D model of
the final produced outcome. Following manual model alignment of the outcome over the pre-

6

Pijpker

ACCEPTED MANUSCRIPT
planned model, 3D model fusion was accomplished using the Iterative Closest Point
registration algorithm in 3-matic. A subsequent surface to surface error distance was

calculated for each surface point (±50.000 in total) on the corresponding surfaces . This

be used to quantify the casting accuracy.
2.3 Illustrative Cases

SC

2.3.1 Patients

RI
PT

method computes the Euclidean distance to the nearest point on the reference model, that can

We report 3 consecutive patients that underwent PFD surgery with the use of 3D-plannning

M
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U

and corresponding casting molds. All patients provided informed consent for undergoing PFD
by means of 3D-planning and for the publication of their case reports. The 3D-printed molds
were used for intraoperative casting of patient-specific suboccipital PMMA implants. Table 1
provides an overview of the cases that underwent surgery using 3D-casted PMMA occipital

TE
D

bone reconstruction. In all of the outlined cases, the purple marked occipital bone represents
the 3D-planned PFD. The subsequent occipital reconstruction is marked in green. (Note that

EP

the atlas is also displayed in purple).

The first case was a 60-year-old woman who was diagnosed with a CM1 and syringomyelia

AC
C

ranging from C1 to Th11. She presented with common symptoms of CM1, including
interscapular pain, and signs of both sensory and motor function loss on the left side of the
body. We proposed to her a PFD decompression operation including duraplasty and posterior
fossa reconstruction by means of VSP and computer designed PMMA cranioplasty.
Additionally, patient-specific craniectomy guiding templates were designed for translation of
the VSP towards surgery. Based on our clinical experience and the cerebellar herniation, it
was decided to plan an oval-shaped craniectomy measuring 20mm in width and 18mm in
length. (table 1)
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The second case was a 28-year-old woman with a history of severe tension headaches related
to coughing, laughing and forced defecation. Moreover she suffered from a loss of
coordination and episodes of sensory disturbances. MR imaging showed a symptomatic CM1
malformation without signs of syrinx cavity. The third case was a 20-year-old male diagnosed

RI
PT

with CM1 including a cervicothoracic syringomyelia and atlantoaxial dislocation. He

presented to us with symptoms of head and neck pain and sensibility disorders of the right
arm and hemithorax.

SC

Similar to the first case, a 3D-planning strategy was deployed for the second and third case,
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but because of the severity of tonsillar herniation it was decided to extend the decompression
width to 25mm, just under the width of the patient’s foramen magnum. For all of the above
described cases, the craniectomy templates and molds were 3D-printed in polyamide and
sterilized by steam autoclave sterilization to be used intra operatively.

TE
D

2.3.2 Surgical procedure

During surgery, soft tissue was stripped off the squamous part of the occipital bone to allow
for a good fit of the craniectomy template (Figure 3a). The resection site was marked by

EP

moving the diathermy pencil along the template’s inner curvature. The bone marked for

AC
C

resection was thinned using a high-speed round burr, and could be repetitively checked by
using the template. Following the completion of the craniectomy, a C1 laminectomy was
performed. Then, the dura was incised in a Y-shaped fashion and reduction of the cerebellar
tonsils was performed, including the opening of the cisterns to allow free flow of CSF in the
craniocervical area. A duraplasty was performed with autologous pericranium, sutured with
continuous Ticron® and using fibrin sealant. The patient-specific suboccipital PMMA plasty
was casted using similar techniques and materials as previously described. Positioning of the
cranioplasty over the defect resulted in the reconstruction of the occipital bone (Figure 3b).
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The implant was fixated to the bone by micro screws, and dural tenting was accomplished by
suturing the center of the dura to the cranioplasty (Figure 3c,d).
For the first and second case, a postoperative CT-scan was available, allowing to verify the

RI
PT

realized position of the suboccipital implant. Superimposition of the preoperative design to
the postoperative achieved result was performed to measure the translational and rotational

AC
C
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deviation. For the cases with syringomyelia we report the postoperative MR.
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3. Results
3.1 Phantom experiment

The final implants produced during the phantom experiments had smooth surfaces, highly

RI
PT

similar to the 3D-printed planned-outcome. Upon macroscopic inspection, the implant that
was casted using runny-liquid PMMA appeared to have 2 major air bubbles, measuring
approximately 2mm in diameter. Using the CBCT scan of the implant, multiple minor

SC

internal air bubbles were moreover discovered (Figure 4a). For the malleable PMMA, that
was hand kneaded into the mold, the CBCT shows less porosity (Figure 4b). Furthermore, no

M
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major air bubbles at the implants surface were discovered. The implants did not show any
signs of severe deformations such as bending or fracturing. The surface-to-surface error
distribution is visualized in Figure 5. The mean (signed) error distance for the runny-liquid
casted and malleable-casted implant was respectively, -0.38mm and -0.09mm, i.e. minimal

TE
D

shrinkage of the implant with respect to the plan. The 95th percentile of the unsigned error
distance was 1.80mm for the runny-liquid casted implant and 0.24mm for the malleablecasted implant, i.e. for the malleable-casted implant 95 percent of the surface had an error

3.2 Clinical results

EP

distance below 0.24mm.

AC
C

Successful intraoperative fabrication and placement of the implants using 3D-printed
templates and molds was realized in all three cases. No intraoperative complications occurred.
The surgeons reported that the implant fit was excellent in all of the cases. Postoperative MR
revealed a regression of the syrinx in case 1 and 3 (Figure 6).
The translational error with respect to the planned positions was subdivided into anteriorposterior, left-right, and cranial-caudal displacement parameters. The first case revealed a
0.85mm left displacement, a 2.11mm anterior displacement, and a 0.14mm caudal
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displacement (Figure 7). For the second case the displacements were respectively 1.39mm to
the left, 0.47mm to posterior, and 0.12mm to caudal. The 3D rotational error analysis for the
first case showed a 1.59° clockwise rotation in the axial view, a 2.18° clockwise rotation in
the sagittal view, and a 1.45° clockwise rotation in coronal view (Figure 7). For the second

RI
PT

case this was respectively, 6.48° axial clockwise, 0.18° sagittal counterclockwise, and 1.58°
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coronal clockwise.
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4. Discussion

This report demonstrates the feasibility of 3D virtual surgical planning techniques for
application in CM1 surgery. The presented workflow facilitated (1) accurate 3D planning of

RI
PT

the PFD, (2) translation of craniectomy to surgery using patient-specific craniectomy
templates, (3) preoperative planning of the occipital reconstruction, (4) accurate intraoperative
casting and positioning of a low-cost, patient-specific occipital PMMA implant, and (5) dural

SC

tenting using incorporated suture holes.

Although it is reported that occipital reconstruction can help to prevent the frequently reported

M
AN
U

complications after PFD, little is known about the best reconstructive technique. Traditionally
the most simple and direct solution is the use of PMMA, which can be shaped by hand and is
fixated to the bone by sutures or screws and plates. However, in literature, modifications were
made with regard to material and technique used for the suboccipital reconstruction. Hellar et

TE
D

al. described the use of split-thickness calvarial bone graft, harvested from the occipital region
and stacked over the defect so that is forms a concave dome.16 Takayasu et al. presented a
technique that uses a harvested bone flap, which is tailored to fit the occipital defect by

EP

modifying the internal crest or placing it inside-out.14 More recently, the use of perforated
titanium plates as occipital cranioplasty are reported.12,13,17 These plates are available in

AC
C

different sizes and shapes through various manufactures.
To the best of our knowledge, the PMMA casting technique for the application in CM1
surgery, has not been described until now. Although, the use of PMMA casting by 3Dprinting techniques is frequently described for cranial reconstruction after decompressive
craniectomy. Casting molds were first reported to be used preoperatively, as an impression
cavity mold, by kneading the PMMA into the mold.18 Other studies describe the use of casting
molds intraoperatively, for example, by using an impression cavity mold in a sterile bag,19,20

12

Pijpker

ACCEPTED MANUSCRIPT

or by using 2-part sterilized molds that cast both the inner as well as the outer implant
contours.21–23 In our study, the complete implant was virtually preplanned according to the
preoperative CT-scan, which required a 2-part mold. In addition, our method includes a mold

RI
PT

that contains k-wire holes, a unique feature that precasts fixation and suture holes.
We found that implant casting is highly accurate, especially when the PMMA is applied in
malleable state. This was also confirmed by the good fit the surgeons experienced in the

described cases. Unlike a titanium mesh or autologous bone, that is intraoperatively shaped by

SC

the surgeon, the PMMA implant casting can be done parallel to the surgical procedure, and

M
AN
U

therefore might reduce operative time. Conversely, however, the use of VSP requires
additional preoperative time (approximately 2-3 hours per case), which should be included
into future cost-effectiveness calculations.

The accuracy of implant positioning with respect to the VSP plan was found to be good.

TE
D

Inaccuracies might occur by improper positioning of the craniectomy template on the
occipital bone. Since the squamous part of the occipital bone can be relatively flat, finding the
proper fit of the template can sometimes be problematic. In particular, improper design may

EP

result in the positioning of the templates in an unintended manner. The occipital plane,
however, offers some distinct anatomical landmarks that provide stable bony support for the

AC
C

craniectomy template. We therefore advise to use the external occipital crest and the edges of
the foramen magnum as reference points in the template to allow for correct positioning.
The present study is intended solely to describe the feasibility of this technology for CM1
surgery and might therefore have some limitations. Currently, due to a lack of consensus
about the most adequate size of craniectomy, the sizing of decompression and implant is
based on experience rather than supported by quantitative clinical evidence. Moreover, the
currently used design is based on a concave oval-shaped dome, but different shapes might be
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superior in terms of clinical outcome. Future research should, therefore, study the 3D
characteristics of the PFD and the produced implant, which can help to optimize the current
workflow and may in future result in improved patient outcome after CM1 surgery.

RI
PT

In conclusion, 3D VSP is a feasible tool for both planning of the posterior fossa
decompression and to intraoperatively fabricate accurate patient-specific suboccipital
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C
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cranioplasties.
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Figure Legend:

Figure 1 - Overview of the Virtual Surgical Planning workflow for CM1 surgery. Bone
segmentation in A) axial, B) sagittal, and C) coronal view. Design of D) implant, and E)

RI
PT

casting mold. CT overlays of PFD in yellow and cranioplasty in red, in F) axial, G) sagittal
and, H) coronal view.

Figure 2 - A) Runny liquid versus, B) dough-like-state PMMA. C) overview after positioning

SC

of the lid and the towel clamps.

Figure 3 - Intraoperative photographs, A) The craniectomy template positioned on the

M
AN
U

occipital bone to mark the outlines of the craniectomy and to guide the surgical burr. B) After
craniectomy and duraplasty, the final cranioplasty is positioned. C) The implant is secured
using micro screws. D) Final result including tag-suture for dura tenting. Note that the duraltenting sutures are indicated by a white arrow.

malleable-casted implant.
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D

Figure 4 - Sagittal views of the CBCT scans for, A) the runny-liquid casted implant, and B)

EP

Figure 5 - Results of casting accuracy by means of the error distribution plots. The deviation
between the planned and actual result were compared after superimposing the post-

AC
C

procedural 3D model onto the planned cranioplasty model. The superior (upper) and inferior
(lower) error distribution plots are displayed for the A) runny-liquid and B) malleable casted
PMMA.

Figure 6 - Sagittal view of T2-weighted MR images revealing regression of the syrinx in case
1 and 3. A) Preoperative image of case 1 with tonsillar herniation and an associated
syringomyelia. B) Postoperative view after PFD, C1 laminectomy and PFR, demonstrating a
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syringomyelia reduction. An overview for the third case is provided in C) preoperative view,
and D) the postoperative view. The PMMA implants are indicated by white arrows.
Figure 7 - Analysis of implant position for case 1. Translational and rotational deviation

RI
PT

between plan (green) and outcome (red) in the A) axial plane, B) sagittal plane and, C)
coronal plane.
Table 1- Patient characteristics
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Supplemental Video 1 - Animation video of the 3-dimensional planned posterior fossa
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decompression and reconstruction.
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Sex M/F

1

60

F

L=18mm
W=20mm

2

28

F

L=21mm
W=25mm
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L=24mm
W=25mm
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3D plan
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Age
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Dimensions
Craniectomy

No.
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Abbreviations
(3D) Three-Dimensional
(CM1) Chiari Malformation type 1
(CBCT) Cone Beam Computed Tomography
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(CT) Computed Tomography
(PFD) Posterior Fossa Decompression
(PFR) Posterior Fossa Reconstruction
(PMMA) Polymethylmethacrylate
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(VSP) Virtual Surgical Planning

