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Abstract
Background  Surgical site infection (SSI) is the most consistently reported complication of cranioplasty. No material showed 
a categorical superiority in the incidence of infection. Porous polyethylene (PE) is considered a low risk material regarding 
SSI. However, the literature data are very limited. Thus, our objective was to verify the assumed low incidence of SSI after 
PE cranioplasty in patients at high risk of SSI. The primary objective was the infection rate, while secondary objectives were 
implant exposure, revision and cosmetic results.
Method  Patients who underwent three-dimensional (3D) personalized PE cranioplasty in the period 2014–2023 were evalu-
ated prospectively. Only patients with an increased risk of SSI, and a satisfactory clinical conditions were included in the 
study.
Results  Thirty procedures were performed in 30 patients. Cranioplasty was performed 23 times after hemispheric decom-
pressive craniectomy, five times after limited size craniotomy and two times after bifrontal decompressive craniectomy. Risk 
factors for the development of infection were 18 previous SSIs, 16 previous repeated revision surgeries, four intraoperatively 
opened frontal sinuses and two times radiotherapy. Neither infection nor implant exposure was detected in any patient. 
All patients were satisfied with the aesthetic result. In two cases, a revision was performed due to postoperative epidural 
hematoma.
Conclusions  Three-dimensional personalized PE cranioplasty is associated with an extremely low incidence of SSI even in 
high-risk patients. However, our conclusions can only be confirmed in larger studies.
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Abbreviations
CI	� Confidence interval
CT	� Computed tomography
DC	� Decompressive craniectomy

GCS	� Glasgow Coma Scale
HA	� Hydroxyapatite
PE	� Porous polyethylene
PEEK	� Polyetheretherketone
PMMA	� Polymethylmethacrylate
PSIs	� Personalized skull implants
SSI	� Surgical site infection
TBI	� Traumatic brain injury
3D	� Three-dimensional

Introduction

Cranioplasty is a neurosurgical procedure that aims to 
relieve neurologic symptoms, protect the brain, restore 
aesthetics, and has a psychosocial impact [4, 7, 10, 22, 25, 
43]. In recent years, there has been a resurgence of inter-
est in decompressive craniectomny (DC) with an associated 
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broadening of clinical indications of DC [5, 8, 11, 19, 41]. 
The frequent use of DC leads to an increased need for a 
cranioplasty [13]. In addition to the most common reason 
for cranioplasty, decompressive craniectomy, other indica-
tions for cranioplasty are postoperative graft infection, bone 
flap resorption, bone tumours and post-traumatic and birth 
calvarial defects [1, 34].

No consensus has yet been established in relation to the 
optimal material used [12]. Options consist of re-implanta-
tion of the autologous bone flap following freezing or sub-
cutaneous preservation, or the use of an alloplastic material. 
The ideal material for cranioplasty should be biocompat-
ible, radiolucent, non-magnetic, resistant to infections, a 
non-conductor of heat or cold, porous, malleable, durable, 
mechanical resistant, readily available, easy to use and low 
cost [46]. Commonly used commercially available allografts 
include polymethylmethacrylate (PMMA), titanium, poly-
etheretherketone (PEEK) and hydroxyapatite (HA).

Despite being technically straightforward, cranioplasty 
is associated with a high complication rate (15–30%) [45]. 
The two major sources of failure after cranioplasty are sur-
gical site infection (SSI) and bone flap resorption. While 
resorption-related cranioplasty failure is associated only 
with autologous bone, infection can affect any material.

Porous polyethylene (PE) is a relatively innovative mate-
rial that is not yet widely used, but is nevertheless consid-
ered a material with a very low risk of infection [2, 16–18, 
24, 26, 42]. However, the literature data are very limited.

The aim of our study was to verify the assumed low inci-
dence of SSI after custom-made PE cranioplasty in patients 
at high risk of SSI. The primary objective was the infection 

rate, while secondary objectives were implant exposure, 
revision and cosmetic result.

Methods

A group of 30 patients who underwent cranioplasty with a 
three-dimensional (3D) personalized PE implant (Su-Por, 
company Poriferous) in the period 1/2014–3/2023 were pro-
spectively evaluated. Three-dimensional personalized skull 
implants (PSIs) were only indicated in patients with a satis-
factory clinical condition who were at increased risk of SSI. 
The higher risk of infection was defined using the following 
risk factors: previous SSI, previous multiple surgeries, intra-
operatively opened frontal sinus, and previous radiotherapy.

Our definition of SSI was a persistent or recurrent puru-
lent fistula with an isolated bacterial pathogen. The objec-
tives were assessed using physical examination and contrast 
computed tomography (CT). The cosmetic result was evalu-
ated by the patients one year after surgery.

A computer-aided design of a patient-specific porous 
polyethylene implant was created based on detailed 2 mm 
bone CT scans. Most designs were based on the shape 
and curvature of the contralateral side when available. In 
bifrontal cases, the design engineer collaborated with the 
neurosurgeon to determine a shape that would work with 
the patient's anatomy and meet the neurosurgeon's require-
ments. Bifrontal cases were usually designed in two pieces 
to facilitate placement (Fig. 1).

The operation was standardized. The entire head of the 
patient was preoperatively shaved and bandaged with a 

Fig. 1   Design of the patient-
specific porous polyethylene 
implant based on the CT scan. 
A front and lateral views show-
ing the bone defect. B front and 
lateral views of the proposed 
implant without the flange
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disinfectant (peroxyacetic acid) for 12 h. Standard intraop-
erative antibiotic prophylaxis was administered (Cefazolin). 
During operations, the patient's head was fixed in a Mayfield 
fixator. After the scalp incision, the skin flap was separated 
from the dura mater, duraplasty and bony margins. To pre-
vent epidural hematoma, tack-up sutures were routinely 
used around the edge of the craniotomy. A custom-made 
PE implant without flange was then inserted into the bone 
defect. The implant was fixed with miniplates. In cases of 
bone flap resorption, the partially resorpted bone flap was 
removed before insertion of the PE implant. The temporalis 
muscle was separated from the duraplasty and placed above 
the implant in an orthotopic position (Fig. 2). A vacuum 
drain was inserted subgaleally for 24 h. Due to the implant's 
porous structure providing adequate drainage of the epi-
dural space, additional burholes were not performed in the 
implant. The galea and skin were sutured.

Skin sutures or staples were removed on postoperative 
day 14. The first check-up at the outpatient clinic took place 
two months after the operation, the second 12 months after 
the operation and then at yearly intervals. A CT scan was 
performed postoperatively, during the first and second 
check-ups or when a complication was suspected. Follow-
up was at least one year.

Statistical analysis was performed using SW SAS (Cary, 
NC, USA). The descriptive statistics have been calculated 
to describe all the investigated variables. The difference in 
frequencies were tested using Fisher´s exact test. Difference 
in distributions has been tested using a non-parametric Wil-
coxon test. Pearson´s correlation coefficients were used to 
measure the relationships among examined variables. Statis-
tical significance was determined at the level of 5%.

Results

During the monitored period, 30 cranioplasties were per-
formed in 30 patients. The cohort of patients included 23 
men and seven women with an average age of 37 years 
(range 18–70). All patients were preoperatively in good 
clinical condition with a Glasgow Coma Scale (GCS) of 
15. The primary diagnoses were: 14 traumatic brain injuries 
(TBI), six tumors (two meningiomas, two gliomas, two cal-
varial tumors), five intracerebral hemorrhages, three brain 
abscesses, one cerebral venous sinus thrombosis and one 
inflammatory demyelinating disease. Cranioplasty was per-
formed 23 times (76,7%) due to a bone defect after hemi-
spheric decompressive craniectomy, five times (16,7%) after 
limited size craniotomy and twice (6,7%) after bifrontal 
decompressive craniectomy. Demographic and preoperative 
data are summarized in Table 1.

The area of the implant was, in 25 cases (83,3%) larger 
than 100 cm2, and five times (16,7%) the implant was 
smaller than 100 cm2. Secondary cranioplasty (failure of the 

Fig. 2   Intraoperative photograph of the patient-specific porous poly-
ethylene implant precisely filling the bone defect. The fixation of the 
implant with mini-plates and the fixation of the temporal muscle to 
the implant using sutures are visible

Table 1   Demographic and preoperative data

M male
F female
DM diabetes mellitus
BMI body mass index
SSI surgical site infection

Number of patients/operations 30/30

Age, mean (range) 37 (18–70)
Sex ratio (M/F) 23/7 (76,7%/23,3%)
Comorbidities

  DM 0 (0%)
  Smoking 10 (33,3%)
  Obesity (BMI > 30) 9 (30%)

Primary diagnosis
  TBI 14 (46,7%)
  Tumor 6 (20%)
  Intracerebral haemorrhage 5 (16,7%)
  Abscess 3 (10%)
  Cerebral venous sinus trombosis 1 (3,3%)
  Inflammatory demyelinating disease 1 (3,3%)

Primary craniotomy
  Hemispheric decompressive craniectomy 23 (76,7%)
  Bifrontal decompressive craniectomy 2 (6,7%)
  Limited craniotomy 5 (16,7%)

Risk factors for SSI
  Previous SSI 18 (45%)
  Previous multiple operations 16 (40%)
  Intraoperatively opened frontal sinus 4 (10%)
  Previous radiotherapy 2 (5%)
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previous primary cranioplasty) was performed in 19 patients 
(63,3%) and primary cranioplasty in 11 patients (36,7%). 
The timing of cranioplasty was more than three months after 
the previous surgery in 27 patients (90%) (late cranioplasty) 
and less than three months after the previous surgery in three 
patients (10%) (early cranioplasty). The average operative 
time was 120 min (range 60–210), and the average intra-
operative blood loss 241 ml (range 60–885). The average 
hospital stay was nine days (range 4–14). The price of the 
implant ranged from 3996 to 9069 Euros (on average 4499 
Euros) depending on the size.

There were fourty risk factors found for infection among 
the 30 patients. Risk factors for infection were as follows: 
18 previous SSIs (45%), 16 previous multiple operations 
(40%), four intraoperatively opened frontal sinuses (10%), 
two patients were after radiotherapy (5%). Ten patients 
(33,3%) had a combination of the two risk factors. The fol-
lowing comorbidities were found: smoking in 10 patients 
(33,3%) and obesity in nine patients (30%). No patient had 
diabetes mellitus.

The primary objective—the incidence of infection did not 
occur in any patient. Neither was implant exposure detected 
in any patient.

In two cases (6,7%), a revision and evacuation of the post-
operative epidural hematoma was performed. The cosmetic 
outcome was satisfactory as expected in all cases. Twenty-
six patients (86,7%) were highly satisfied with the aesthetic 
effect and four patients (13,3%) were only satisfied due to 
temporal muscle atrophy.

The mean follow-up was 31 months (12–116). No patient 
was lost to follow-up or excluded from the study. One patient 
died 5 years after cranioplasty, the cause of death was the 
progression of an atypical meningioma.

Discussion

Sporadic literature data suggest a low risk of infection in 
cranioplasty using porous polyethylene. In our study, a 
highly selective cohort of patients indicated for custom-
made cranioplasty with porous polyethylene, who were at 
an increased risk of infection, was tested. The key finding 
was the zero incidence of both infection and implant expo-
sure, even in such a high-risk group of patients. Further-
more, the anticipated excellent aesthetic outcomes of 3D 
cranioplasty were consistently achieved, underscoring the 
dual benefits of both functional and cosmetic restoration. 
This study not only fills a gap in the current literature but 
also provides robust evidence supporting the effectiveness 
and reliability of porous polyethylene as a preferred mate-
rial for cranioplasty, particularly in patients with heightened 
infection risks.

Despite long-lasting debate, no consensus has been 
reported regarding the best cranioplasty material for cranio-
plasty [12, 33]. The results of published meta-analyses are 
controversial, and the strength of the analyses was addition-
ally limited by the low quality and heterogeneity of the liter-
ature [3, 9, 12, 21, 23, 27, 40, 45]. Some meta-analyses have 
demonstrated the convincing inferiority of autologous bone. 
Others have shown that autologous bone can still be the first 
choice in patients with a low risk of resorption or for whom 
resorption might not be of major concern [3, 9, 21, 23, 40]. 
Aseptic bone flap resorption is unique to autologous bone 
and is the reason for a significantly higher removal rate and 
probably the decline in autologous cranioplasty. Discontinu-
ance of institutional tissue banking due to increasing storage 
costs or national regulation with strict mandated biobanking 
requirements may also be reasons for switching to alloplastic 
materials in some countries [20, 37, 40, 46]. Moreover, the 
choice of material is not only addressed from the point of 
view of the incidence of surgical complications, but also 
from the health-economic perspective and established prac-
tices in different countries. As reported by Morselli et al., 
titanium is mostly used in Australia, the United Kingdom 
and Germany, PMMA in the USA, PEEK in the USA, Sin-
gapore and South Korea and HA in France and Italy [27].

All materials are now being deployed to produce 3D per-
sonalized skull implants [44]. Although PSIs improve the 
cosmetic benefit, they have not yet been proven to have a 
positive impact on clinical outcome [12]. Recent advances 
in 3D printing technology, enabling in-house manufactur-
ing of PSIs and bypassing medical firms, will lead to lower 
prices and shift the cost-effectiveness balance more towards 
allogenic materials [15, 31, 38]. Nevertheless, autologous 
bone is still the most commonly used material due to its high 
degree of biocompatibility, low cost, ease of acquisition, 
good fit and contour, zero risk of disease transmission, and 
because it is viable [12, 14].

Surgical site infection is the most consistently reported 
complication of cranioplasty with an infection rate of 5.9% 
to 8,6% [23, 40, 45]. No material showed a categorical supe-
riority in the incidence of infection. However, a standardized 
definition of postcranioplasty infection is lacking, which fur-
ther reduces the comparability of studies. Analysis of the 
best current evidence in published meta-analyses suggests 
that neither implant material nor early surgery (up to three 
months) has any effect on the rate of infection after cranio-
plasty [3, 9, 21, 23, 40, 45]. Most graft infection occurred 
less than three months after cranioplasty and infection dis-
covered more than one year after cranioplasty is rarely seen 
[39]. Therefore, a post-cranioplasty follow-up of at least 12 
months was chosen for our study.

Porous polyethylene is an innovative bioinert polymer, 
which has also been investigated for cranial implants [35]. 
PE combines a porous structure and a smooth membrane. 
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The fibrous side promotes fibrovascular and bone ingrowth. 
As reported by Gosain et al., PE facilitates vascular and 
soft-tissue in-growth into its pores by week one, and bone 
ingrowth by three weeks [6]. Fibrovascular integration into 
pores should reduce the risk of infection. Porous polyeth-
ylene is considered to be a material with a very low risk 
of infection. However, the literature data are limited and 
conclusive evidence is lacking.

Mostly only small retrospective studies have been pub-
lished. Mokal et al. and Kumar et al. reported no infection 
after PE cranioplasty in seven and five patients respectively 
[18, 26]. Wang et al. detected only one infection in a cohort 
of 23 patients [42]. Rare complications after PE cranioplasty 
in 12 patients in comparison with 32 PMMA cranioplasties 
were presented by Celik et al. [2]. Marlier et al. confirm 
that PE is an excellent restorative material for the cranial 
defect after decompressive craniectomy. There was only one 
scalp necrosis with infection in a group of 23 patients [24]. 
Konofaos et al. evaluated 18 patients after PE implant recon-
struction of large craniofacial defects. Implant exposure was 
observed in three patients, and of these one required removal 
of the implant [17]. The largest cohort of 32 patients after 
PE cranioplasty with an incidence of infection of 6,3% was 
presented by Kim et al. [16].

The advantage of polyethylene is the possibility of using a 
prefabricated form which, due to its consistency, can be eas-
ily adjusted and modeled during the operation. Prefabricated 
implants are mostly used for small defects, or in patients for 
whom the aesthetic outcome might not be of major concern. 
Of course, the 3D personalized form is more sophisticated 
and aesthetically perfect.

The price of polyethylene is acceptable. With the excep-
tion of PMMA, the price of PE is the lowest among the 
alloplastic materials used for PSI (Titan, PEEK, HA) [40].

At our department, the management of cranioplasty has 
gradually changed over time. Until 2015, an autologous bone 
flap sterilized in an autoclave was used for cranioplasty. It 
was accompanied by a low risk of infection (3,3%), but 
a disproportionately high incidence of resorption (20%) 
[28]. Sterilization of autologous bone by autoclaving was 
therefore abandoned and replaced by extra-corporeal cryo-
preservation. In 2014, we started using porous polyethyl-
ene for patients with an increased risk of infection [32]. PSI 
implants are only indicated for patients with a satisfactory 
clinical condition and a good prognosis, for whom the PSIs 
are covered by general health insurance in our country. Thus, 
all patients included in this prospective study were at risk 
of developing SSI and had a satisfactory clinical condition 
and a good prognosis.

We expected that the incidence of infection in our study 
would be low, but the zero incidence surprised us. However, 
our results are not statistically significant compared to the 
mean infection rate of 7.25% (5.9%—8.6%) reported in the 

literature (p = 0,169; 95% CI 0,0000 to 0,1157) [45]. The 
reason is the insufficient number of patients in our cohort. 
Through simulation, we found that a statistically significant 
difference would be achieved in a group of 45 patients with 
zero incidence of infection (95% CI 0,0000 to 0,0787). On 
the other hand, in our study, PE was used exclusively in 
patients with an increased risk of infection in contrast to 
published literature data.

The most significant risk factors for infection are, demon-
strably, multiple surgeries and previous infections [30]. In 
our study, the increased risk of infection was defined using 
the risk factors. The most common risk factor was infection 
of a previous primary cranioplasty with subsequent removal 
of a bone flap or implant (18 times), as well as previous mul-
tiple operations (16 times). In four patients, the frontal sinus 
was opened during the operation. Of these, in two cases, the 
sinuses were opened widely and bilaterally during bifron-
tal decompressive craniectomy. In the other two cases, the 
frontal sinus was opened during the resection of a calvarial 
tumor extending into the frontal sinus. In these cases, cranio-
plasty with porous polyethylene was performed primarily, 
at the same time as the tumor resection and sinus plasty. In 
two patients, cranioplasty was performed in patients who 
underwent radiotherapy after low-grade astrocytoma resec-
tion. Ten patients even had a combination of two risk factors. 
Common comorbidities such as smoking, diabetes, and obe-
sity, can also contribute to the incidence of infection. While 
diabetes had never been diagnosed for any of the patients 
and therefore did not affect the incidence of infection, the 
relatively high proportion of smokers (33%) and obese peo-
ple (30%) may have contributed to the increased risk of 
infection. On the other hand, the good general condition of 
the patients and their young age may have contributed to the 
negligible incidence of infection.

The local application of antibiotics could not influence 
the SSI, as neither the implant antibiotic solution nor the 
intrawound application of antibiotic powder was used in any 
patient. In all cases, only standard intravenous intraoperative 
antibiotic prophylaxis was used.

Although wound drainage is generally considered a risk 
factor for infection, Spake et al. showed that subgaleal drains 
are associated with reduced infection rates after autolo-
gous cranioplasty [36]. In our study, a closed vacuum suc-
tion drain was used in all patients. The drain was always 
extracted on the first postoperative day. Therefore, we do 
not consider drainage to be a risk factor for infection in our 
group, but rather a factor that could have prevented it.

Exposure of the implant, which can be associated with 
infection, was not observed in any of our patients. The 
average incidence of implant exposure is given in the lit-
erature as 6% [9]. The risk of exposure in PSIs may also 
be related to suture under tension due to scalp atrophy. 
In patients with less significant scalp atrophy, loosening 
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the skin edges or reducing the implant size is sufficient. 
The overall shape of the PSI can be adjusted as needed 
preoperatively during the manufacturing process. For 
example, more convexity may be requested if there is tem-
poral hollowing, while less convexity may be requested 
if the patient does not have enough soft tissue to cover 
the implant. Although the nature of PE allows for it, the 
implants were not scaled down in any of our patients to 
prevent undue pressure on the skin. However, in cases of 
significant shrinkage of the skin, the implantation of sub-
cutaneous expanders is necessary. In our study, soft tissue 
expansion before delayed cranioplasty was performed in 
two patients [29].

The average incidence of revision after cranioplasty is 
reported to be 14% [9]. PEEK had the lowest risk of re-
operation with a rate of 5% [9]. The highest revision rate, 
significantly related to resorption, is described in autografts 
(18%) [9]. Revision was necessary in two of our patients 
(6.7%). In both cases, it was for cranioplasty after hemi-
spheric decompressive craniectomy and the reason was epi-
dural hematoma. Both patients fully recovered after evacua-
tion of the hematoma. The cause of the epidural hematomas 
was not convincingly identified in either case. Standard 
preventive measures were used for all patients—tack-up 
sutures around the craniotomy and subcutaneous vacuum 
drainage. The porous structure of the implant also allowed 
for drainage of the epidural space. Both patients were obese 
non-smokers. The surgery in both cases was accompanied 
by more complex hemostasis, which corresponded with the 
above-average blood loss. However, both patients had nor-
mal hemostatic parameters. We suspect that the develop-
ment of epidural hematomas was likely related to insufficient 
hemostasis.

The last secondary objective was cosmetic result. Consid-
ering the PSI results, it was no surprise that all patients were 
satisfied with the aesthetic result. Only four patients did not 
rate the aesthetic result as highly satisfactory due to temporal 
muscle atrophy. In all four cases, it was cranioplasty after 
hemispheric decompressive craniectomy. Both patient and 
clinician satisfaction showed we were in agreement.

Our manuscript presents the second largest cohort of 
patients after cranioplasty with porous polyethylene and is 
the only published prospective study to date. In none of the 
published studies was PE cranioplasty exposed to such a 
systematic risk of infection as in our group. In addition, most 
of our cases (24 patients) involved cranioplasty of large cal-
varial defects after decompressive craniectomies.

One of the goals of our article was to draw attention to 
porous polyethylene, which is a surprisingly neglected mate-
rial in the field of cranioplasty, and at least to partially fill a 
gap in the literature.

The limitations of our study are the heterogeneity of the 
group of patients with different primary pathologies and 

different sizes of cranioplasty and the relatively long time 
period of patient recruitment.

Conclusion

Our results show that custom-made cranioplasty with porous 
polyethylene in patients with an increased risk of infection is 
accompanied by minimal morbidity. No infection or wound 
dehiscence with implant exposure was noted, and revision 
surgery was rare. As expected, all patients were satisfied 
with the aesthetic effect of PSIs cranioplasty. Porous poly-
ethylene is a very effective and reliable allogeneic mate-
rial for performing cranioplasty and it deserves to be more 
widespread not only in patients with an increased risk of 
infection. Only further clinical studies with better evidence 
could confirm our conclusions.
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