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Skull reconstruction with PMMA customized
prostheses after decompressive craniectomies

Reconstrucdo de calota craniana com proétese customizada de
PMMA apds craniectomias descompressivas

PABLO MARICEVICH ?!2345%
ANA CAROLINA CAMPOLINA '3 B ABSTRACT

Introduction: Decompressive craniectomy is indicated
for the treatment of intracranial hypertension in cases of
serious traumatic brain injury. This surgery results in a
bizarre appearance, as if “part of the head” had been. After
regression of cerebral edema and when the patient is in
good clinical condition, the reconstruction of the skull is
indicated. Reconstruction of the skull can be performed with
autologous bone or with alloplastic materials. This study
sought to present the experience of the author with skull
reconstructions using custom PMMA prostheses. Methods:
In between 2014 and 2015, fourteen patients with previous
(longer than 6 months) decompressive craniectomies were
selected after Neurosurgery medical clearance and underwent
skull reconstruction with customized PMMA prototyped
prostheses. Signs and symptoms of syndrome of the trephined,
computed tomography, and aesthetic appearance of the
patients were analyzed preoperatively and at 6 months after
reconstruction. Results: All patients presented with improved
symptomatology, aesthetic improvement and expansion of the
brain after surgery. Conclusion: Reconstruction of the skull
with customized prototyped PMMA prostheses improved
Institution: Hospital da Restauracéo, the signs and symptoms and the aesthetic appearance in .all
Recife, PE, Brazil. 14 patients of this series. The use of prototypes to customize
cranial prostheses facilitates the operative technique and
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Skull reconstruction with PMMA customized prostheses

m RESUMO

Introducao: A craniectomia descompressiva é uma cirurgia
indicada no tratamento da hipertensao intracraniana em
situagbes graves de traumas cranioencefélicos. Esta cirurgia
confere uma aparéncia bizarra ao paciente, como se “parte da
cabeca” houvesse sido retirada. Apés a regressdao do edema
cerebral e quando o paciente reunir boas condigoes clinicas,
a reconstrugdo craniana esta indicada. A reconstrucao da
calota craniana poderé ser realizada com osso autélogo ou
com materiais aloplésticos. Este estudo objetiva apresentar
a experiéncia do autor com reconstrugoes de calota craniana
utilizando préteses customizadas de PMMA. Métodos:
Foram selecionados 14 pacientes submetidos a craniectomia
descompressiva que, apds serem liberados clinicamente pela
Neurocirurgia, realizaram a reconstrucio da calota craniana
com proéteses de PMMA customizadas por prototipagem
entre os anos de 2014 e 2015 e com, no minimo, 6 meses de
pés-operatério. Sinais e sintomas de sindrome do Trefinado,
tomografia computadorizada e aparéncia estética dos pacientes
foram analisadas no pré e no 6° més pés-operatério. Resultados:
Todos os pacientes apresentaram melhora sintomatolégica,
melhora estética e expansao cerebral ap6s a cirurgia. Conclusao:
A reconstrugido da calota craniana com proétese customizada
de PMMA promoveu a melhora dos sinais e sintomas e da
aparéncia estética de todos os 14 pacientes operados. A
utilizagdo de protétipos para customizar préteses cranianas
facilitou a técnica operatéria e possibilitou a recuperagio
de um contorno craniano muito préximo da normalidade.

Descritores: PMMA; Hipertensao intracraniana; Craniectomia
descompressiva; Traumatismos craniocerebrais; Proteses e
implantes; Estética.

INTRODUCTION

Decompressive craniectomy is indicated for
the treatment of intracranial hypertension in severe
situations of traumatic brain injury'*. This procedure
consists of the monobloc removal of a large part of the
frontal, temporal, parietal and/or sphenoid bones of
the affected side, thereby allowing the free expansion
of cerebral edema without the limitations of the cranial
vault. Although this procedure saves lives in many
cases, it confers a bizarre appearance to the patient,
as if “part of the head” had been removed.

After regression of cerebral edema and when
the patient is in good clinical condition, skull
reconstruction is indicated®. The surgery aims to
reacquire cerebral protection against trauma, recover
the cranial contour, and improve the neurological
symptoms with the reestablishment of physiological
intracranial pressure. Restoration of the anatomic
barrier between intracranial structures and the
environment normalizes cerebrospinal fluid and

cerebral blood flow dynamics. The set of signs and
symptoms resulting from the partial loss of the skull
is called syndrome of the trephined®**.

The reconstruction of the skull can be performed
with autologous bone or with alloplastic materials!®!3,
Autologous bone has a greater resistance to infection
and a lower probability of extrusion; however, it may
suffer from variable absorption, be difficult to model,
and increase morbidity in the donor>$1416,

Grafting of the parietal bone is the first choice
whenever possible. In the case of reconstruction after
decompressive craniectomy, the size of the defect
practically impedes this option due to the lack of donor
area. Alloplastic materials offer an excellent contour,
but there is a higher risk of infection and extrusion.
The most commonly used alloplastic materials are
polymethyl methacrylate (PMMA), hydroxyapatite
(HA), and titanium!41719,

PMMA has been used since 1940 by Zander
(apud Sanan and Haines?) to repair craniofacial defects
and is the choice of many authors??%, In Brazil, it is
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the alloplastic material that is most often available
in the Brazilian public health system (SUS) for skull
reconstruction. It consists of a kit with a polymer powder
component (30g) and a liquid monomer component (17
ml), which, when mixed, forms an acrylic resin in a
polymerization process®. During polymerization, the
PMMA will harden gradually and can be shaped in a
way that fits to the bone defect.

The molding of the PMMA can be performed in
the pre-operative or intraoperative time and it can be
either modeled manually on the defect??%, manually
with the help of templates?™, or by a 3D printer using
prototyping. The printing of customized prostheses
for prototyping is an excellent alternative for this
type of reconstruction, given its benefits in accuracy
of the cranial contour and the facilitation of operative
technique, among other advantages®-*2. Unfortunately,
the cost of custom cranial prostheses, of whichever
material, currently is prohibitive in the Brazilian public
health system.

The Hospital da Restauracido (HR), in Recife,
PE, is the regional referral center for cranial trauma
and its sequelae. Reconstruction of the skull in
patients with previous decompressive craniectomy
had been performed with intraopeartive manual
molding of PMMA into bone defect. Since 2014, the
Department of Plastic Surgery, HR has performed these
reconstructions with customized PMMA prototyped
prostheses.

OBJECTIVE

This study sought to share the experiences
of the authors in reconstructions of the skull using
custom PMMA prototyped prostheses. This scientific
publication was used to obtain the title of Titular
Member of the Brazilian Society of Plastic Surgery.

METHODS

This is a prospective interventional, descriptive
study carried out at the Hospital da Restauracéo
(HR), in Recife, PE, by the Plastic Surgery and
Neurosurgery services. Fourteen patients who
underwent decompressive craniectomy, were cleared
clinically by the Neurosurgery service, underwent
reconstruction of the skullcap with customized
PMMA prototyped prostheses between 2014 and 2015.
Reconstruction was performed at least 6 months after
craniectomy procedure. All patients provided written
informed consent and the study protocol followed the
principles outlined in the Declaration of Helsinki.

A questionnaire with the signs and symptoms
of the syndrome of the trephined and evaluation by
computerized tomography (CT) pre-operatively and

at 6 months after surgery were performed by the
service of Neurosurgery. The signs and symptoms
assessed were: local discomfort, headache, dizziness,
tinnitus, insomnia, fatigue, irritability, depression,
insecurity, intolerance to vibration, convulsions, paresis,
dysphasia, dyspraxia, attention deficit, memory deficit,
and worsening of symptoms upon standing or during
the Valsalva maneuver. In addition, postoperative
outcomes and complications were analyzed.

In the 6" month post-surgery, patients also
answered questions regarding the aesthetic result
of surgery. This assessment asked patients if the
cranial contour was satisfactory or unsatisfactory and
requested an assessment in grades from 1 to 5. The
scores from 1 to 5 represented very poor (1), poor (2),
good (3), very good (4) and excellent (5).

The age group ranged from 18 to 54 years, with the
mean age being 31 years of age. All patients were males
who experienced a head injury, which prompted the
decompressive craniectomy, and none had previously
undergone any attempt of reconstruction of the skull.
The bone defects resulting from decompressive
craniectomy are described in Table 1.

Table 1. Characteristics of the bone defects resulting from
decompressive craniectomies and reconstructed with cus-
tomized PMMA prostheses by prototyping.

Size

Patient (cm, cm2) Laterality Time (months)
1 10x 13 = 130 L 13
2 12x 14 = 168 R 39
3 12x 14 = 168 R 25
4 11x 15 =165 L 16
5 10x 12 = 120 R 17
6 11x 14 =154 R 10
7 12x 13 = 156 L 11
8 10 x 14 = 140 R 14
9 10 x 14 = 140 R 46
10 11x 15 = 165 R 22
11 12x 14 = 168 L 14
12 10 x 16 = 160 L 12
13 11x14 =154 L 22
14 12x 16 = 192 L 20

Average area of the defects = 156 cm?; L: Left; R: Right.
Average time between decompressive craniectomy and reconstruction: 20 months.

Patients with bone defects underwent a CT scan
(Somatom Definition AS 64-slice, Siemens®) with slices
< 1 mm. The examinations were recorded as a file in
DICOM format on a DVD (Figure 1). The DVDs were
sent to Renato Archer Information Technology Center
(CTIRA)in Campinas, SP. The images of the computed
tomography scans were loaded in the InVesalius®
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software to develop the prototypes and subsequently
printed using a 3D printer (SLS HiQ, 3D System®). In
the cases of reconstruction of the skull, the following
were developed:
*  Prototype 1: defective skull (Figure 2).
*  Prototype 2: a piece that is missing from the
skull defect (Figure 3).
* Prototype 3: two molds (two pieces) that
allow the construction of a perfect copy of
Prototype 2 (Figure 4).

Figure 1. A and B: Computed tomography of the skull of a patient with a defect
resulting from a decompressive craniectomy.

Figure 3. A and B: Planning prototype 2 by InVesalius®: piece that is missing
in the defective skull (in orange).

The prototypes are printed using polyamide (PA12)
plastic material sintering technology and, therefore, are
not biocompatible and cannot be implanted in humans.
Hence, developing prototype 3 makes it possible to
manufacture the cranial prosthesis in biocompatible
material during the intraoperative period. All prototypes
are sterilized in a steam autoclave at 134°C for 5 minutes
and taken to the operating room (Figure 5).

Figure 4. Planning of two forms by InVesalius® that enables a copy of prototype
2 (in orange).

Figure 5. A, B and C: Printed and sterile prototypes 1, 2 and 3 in the surgery room.

While the patients are under general anesthesia
and undergoing an antisepsis regimen with chlorhexidine
degermant and alcohol, the custom prosthesis is
constructed with surgical PMMA cement (Subiton
Cranioplastias® or Codman Cranioplastic®) (Figure 6).
The powder of the product is mixed with the liquid
portion in a vat until it is ready to model, which occurs
in a few minutes and is indicated when the material no
longer adheres to gloves.

At that moment, the cement is placed in the
prototyped molds, which are then closed. After a
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Figure 6. PMMA surgical cement for cranioplasty: powder
component and liquid component.
few minutes, the cement hardens and the prosthesis
is removed (Figure 7). With the prosthesis already
constructed and using prototype 1, we can verify its fit,
make possible adjustments, position it correctly, and
bend and fix the plates on the prosthesis (Figure 8).

Surgical access is performed through previous
scar from decompressive craniectomy without resection
of the scar edges prevent tension upon closure (Figure
9). The defect is then exposed by elevating the scalp on
the plane just above the dura mater, while leaving the
coverage as thick as possible. In the temporal region, the
temporal muscle is also elevated from the dura mater
(Figure 10).

The prosthesis is then inserted into the defect
and fixed with plates and titanium screws (Bioplate®,
1.6 System with 2 holes per plate) (Figure 11). A silicone
tubular continuous suction drain is positioned and the
wound is closed in the galeal plane with Capofril® 2-0 and
in the cutaneous plane with Mononylon® 2-0 in separate
sutures. After surgery, the patient is admitted to the Unit
of Advanced Support of Neurosurgery (USAN), where
a control tomography is performed in the first 12 hours.
The drain is removed when the output is less than 50 ml
within 12 hours and hospital discharge usually occurs
within 48 hours.

RESULTS

All patients exhibited improved symptomatology
after reconstruction of the skull (Table 2).

Head CT scans were performed 6 months after
reconstruction, which indicated that cerebral expansion
occurred in all patients (Figure 12). Exceptionally, one of

Figure 7. A, B, C, D, E, F and G: Polymerization of PMMA from liquid to solid;
modeling of PMMA on the mold; closure of molds manufactured prosthesis.

the tests was performed 2 months after reconstruction.
The patient in this test also exhibited brain expansion.

All 14 reconstructions produced a satisfactory
aesthetic result. Eleven patients found the result
excellent and three patients classified the result as very
good. No patient classified the aesthetic result as very
poor, poor, or good (Figures 13 and 14).

All patients presented seroma postoperatively
and were treated with office needle aspiration (twice
a week) and compressive dressings. There were no
cases of infection.

Two patients presented extradural hematoma:
one asymptomatic epidural hematoma on the 4%
postoperative day (POD) and other symptomatic on the
10 POD after seroma aspiration. Both were reoperated
and the prostheses were relocated.

Two patients had seizures within the first 12
hours postoperatively. These patients were treated
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Figure 8. Prosthesis adjusted and positioned, with the plates
folded and fastened with screws.

Figure 9. Surgical access on a prior scar of the decompressive
craniectomy without resection of scar edges.

with intravenous anticonvulsants and urgent head CT
evaluation did not show any abnormality. There were
no neurological sequelae in any of the patients (Table 3).

DISCUSSION

The use of customized prototyped prostheses in
skull reconstruction has several advantages, including
its ability to facilitate the surgical technique?!*?
and the excellent cranial contour that is acquired
by the prostheses. Since 2014, with the help of the
CTI RA, which has been a unit of the Ministry of
Science, Technology and Innovation since 1982 and
makes prototypes for SUS patients at no cost, the
HR Plastic Surgery service started to conduct an
alternative method of intraoperative customization
with prototyping.

The expense of custom prosthesis can be summed
up in two cement units for cranioplasty. Achieving this

Figure 11. Customized PMMA skull prosthesis already fixed
on the defect with plates and screws.

surgery at an affordable cost enables the SUS patient
access to a 1t world technology.

The neurological signs and symptoms of patients
with post-decompression craniectomy defects may be
secondary to traumatic brain injury or the absence of
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Table 2. Pre- and post-operative signs and symptoms of the syndrome of the trephined from reconstruction of the skullcap (n = 14).

Post-operative

Signs and symptoms Pre-operative, n

Resolution, n

Improvement, n Maintenance, n

Local discomfort 13
Headache 12
Dizziness

Tinnitus

Insomnia

Tiredness 10
Irritability

Depression

Insecurity 11

Intolerance to vibration

Seizures

Paresis 10
Dysphasia 11
Dyspraxia 8
Attention deficit 10
Memory deficit 12

Worsening of symptoms upon
standing or with Valsalva

9 4 0
11 1 0
6 1 0
2 1 0
2 5 1
4 b} 1
1 5 3
1 2 0
8 2 1
5 1 0
3 0 0
1 8 1
3 8 0
1 7 0
0 9 1
1 7 4
5 0 1

Figure 12. A and B: Computed tomography performed pre-operatively and at
6 months after surgery showed cerebral expansion after the reconstruction of
the skull with a prosthesis.

bone per se. The lack of bone is related to changes in
the circulation of cerebrospinal fluid®, to the effect
of atmospheric pressure compressing the cortex,
and to the reduction of venous return caused by the
obliteration of the sub-arachnoid space®.. All patients
presented improved postoperative symptoms after
reconstruction. In 1945, Gardner® had already testified
to the improvement of neurological function after
cranioplasty, which was later confirmed by several
other authors®4,

The syndrome of the trephined is also called
“Sinking Skin Flap Syndrome,”® ! precisely because
of the depression that is observed in the scalp of the
affected side. Frequently, after the placement of the

Figure 14. A and B: Patient 14 preoperatively and at 6 months after surgery.
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Table 3. Complications of patients subjected to cranial
reconstruction with custom prostheses (n = 14).

Complication Value, n
Subgaleal hematoma 1
Seroma 14
Partial dehiscence of scar 1
Reoperation 2
Extradural hematoma 2
Seizures in the first 12h 2

cranial prosthesis, a residual dead space between the
dura mater and the inner surface of the prosthesis
is observed in the CT from the immediate post-
operative period, which can range from millimeters to
centimeters.

This dead space, theoretically, can be a facilitating
factor of an infectious process that, at the least, will
require the immediate removal of the prosthesis.
Fortunately, our results showed that the brain expands
and occupies the dead space in all cases. In the control
CT performed 6 months after the surgery, the brain had
expanded in all patients.

This is a surgery with functional gains in which
the aesthetic factor has a significant impact on the
rehabilitation of patients. Although patients considered
the new cranial contour excellent and good, there is
almost always a variable asymmetry in the temporal
region.

This asymmetry develops in soft tissue, as
the prosthesis allows excellent bone symmetry. We
believe that this occurs for two reasons: the lack of
repositioning of the temporal muscle at the end of the
cranial decompression surgery and the atrophy of the
same muscle during the time it was disinserted from
the temporal fossa. Thus, the temporal muscle tends to
be less bulky and “retracts” caudally, creating a bulge
above the zygomatic arch in some cases.

In 2014, Reddy et al.** published a large series of
cranioplasties (n = 195) in which infection was reported
in 15.9% of cases, seroma in 2.5% of cases, dehiscence
in 4.6% of cases, reoperation in 23% of cases, and
extrusion of tissue in 11.8% of cases. Compared with
our study (n = 14), in which we observed infection in
0% of cases, seroma in 100% of cases, dehiscence in 7%
of cases, reoperation in 14% of cases, and extrusion of
prostheses in 0% of cases. Notably, we observed seroma
and avoided infection in all patients.

The large tissue displacement and the presence
of a residual dead space are contributing factors to
the formation of seroma. We were diligent with early
diagnosis of seroma and aggressive treatment with
office needle aspiration twice weekly and compressive
dressings until its resolution. Among our patients, three

patients presented with seroma until the 2" month after
surgery. Although there were no cases of infection, we
had one case of dehiscence from a spontaneous drainage
point of the seroma. This dehiscence was resolved with
dressings and aspiration of the seroma. The application
of quilting sutures between the flap of the scalp and the
prosthesis could be a technical artifice that diminishes
these high seroma rates.

Even with a custom prosthesis adapting perfectly
to the bone defect, there is hardly a complete separation
between the extradural space (dura mater - prosthesis)
and subgaleal space (prosthesis - scalp flap). Therefore,
in the presence of a subgaleal collection, it is possible
that there will always be an extradural collection.

This developed in one patient where a subgaleal
hematoma could not be evacuated by the surgical
drain or by aspiration with a large caliber needle.
Furthermore, the CT scan revealed an asymptomatic
epidural hematoma with deviation of the middle
line. This patient was using valproic acid as an
anticonvulsant, which we subsequently discovered
alters coagulation.

The other case occurred after a seroma puncture
in which there was an inadvertent lesion of a vessel
in the temporal region and, similarly, a subgaleal
hematoma became a rapidly evolving symptomatic
extradural hematoma. Both hematomas were drained
surgically, the prostheses were repositioned, and there
were no neurological sequelae.

CONCLUSION

Skull reconstruction with a customized PMMA
prosthesis promoted the improvement of the symptoms
and aesthetic appearance of all 14 patients. The use
of prototypes to customize cranial prostheses can
facilitate the operative technique and allow patients
to develop a normal cranial contour.
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