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Introduction: Cranioplasty is required after decompressive craniectomy (DC) to restore brain protection and
cosmetic appearance, as well as to optimize rehabilitation potential from underlying disease. Although the pro-
cedure is straightforward, complications either caused by bone flap resorption (BFR) or graft infection (GI),
contribute to relevant comorbidity and increasing health care cost. Synthetic calvarial implants (allogenic cra-
nioplasty) are not susceptible to resorption and cumulative failure rates (BFR and GI) tend therefore to be lower in
comparison with autologous bone. The aim of this review and meta-analysis is to pool existing evidence of
infection-related cranioplasty failure in autologous versus allogenic cranioplasty, when bone resorption is removed
from the equation.
Materials and methods: A systematic literature search in PubMed, EMBASE, and ISI Web of Science medical da-
tabases was performed on three time points (2018, 2020 and 2022). All clinical studies published between
January 2010 and December 2022, in which autologous and allogenic cranioplasty was performed after DC, were
considered for inclusion. Studies including non-DC cranioplasty and cranioplasty in children were excluded. The
cranioplasty failure rate based on GI in both autologous and allogenic groups was noted. Data were extracted by
means of standardized tables and all included studies were subjected to a risk of bias (RoB) assessment using the
Newcastle-Ottawa assessment tool.
Results: A total of 411 articles were identified and screened. After duplicate removal, 106 full-texts were analyzed.
Eventually, 14 studies fulfilled the defined inclusion criteria including one randomized controlled trial, one
prospective and 12 retrospective cohort studies. All but one study were rated as of poor quality based on the RoB
analysis, mainly due to lacking disclosure why which material (autologous vs. allogenic) was chosen and how GI
was defined. The infection-related cranioplasty failure rate was 6.9% (125/1808) for autologous and 8.3% (63/
761) for allogenic implants resulting in an OR 0.81, 95% CI 0.58 to 1.13 (Z ¼ 1.24; p ¼ 0.22).
Conclusion: In respect to infection-related cranioplasty failure, autologous cranioplasty after decompressive cra-
niectomy does not underperform compared to synthetic implants. This result must be interpreted in light of
limitations of existing studies. Risk of graft infection does not seem a valid argument to prefer one implant
material over the other. Offering an economically superior, biocompatible and perfect fitting cranioplasty
implant, autologous cranioplasty can still have a role as the first option in patients with low risk of developing
osteolysis or for whom BFR might not be of major concern.
Trial registration: This systematic review was registered in the international prospective register of systematic
reviews. PROSPERO: CRD42018081720.
1. Introduction

1.1. Rationale

Decompressive craniectomy (DC) is a life-saving procedure that
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allows outward expansion of brain tissue by removing a large portion of
the skull and opening or enlarging the dura mater. The procedure is
typically indicated for intractable elevation of intracranial pressure (ICP)
after traumatic brain injury (TBI) (Hawryluk et al., 2020; Hutchinson
et al., 2019). In recent years, there has been a resurgence of interest in DC
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with a broadening of clinical indications including middle cerebral artery
ischemia (MMI) (Lin and Frontera, 2021), intracerebral (ICH) (Fung
et al., 2016) and subarachnoid hemorrhage (SAH) (Veldeman et al.,
2022).

The resulting calvarial defect requires reconstruction once brain
swelling has subsided, in a procedure called cranioplasty. Despite being
technically straightforward, this procedure is associated with a high degree
of complications and failure. After initial removal, the autologous bone
flap can either be temporarily stored or be discarded. If re-implantation of
autologous bone (autologous cranioplasty) is planned, the flap can be
conserved in a subcutaneous abdominal pouch or be cryopreserved (�80
�C). Bone flap preservation within the abdominal wall's fat tissue offers the
theoretical benefit of osteocyte/osteoblast survival and improved bone
flap-skull incorporation after cranioplasty (Ishikawa et al., 2022). None-
theless, cryopreservation is often preferred as abdominal storage can result
in, in situ osteolysis or infection (Shafiei et al., 2021).

The two major sources of failure after autologous cranioplasty, are
bone flap resorption (BFR) and graft infection (GI). BFR occurs in around
11.3% of cases (van de Vijfeijken et al., 2018), is mostly seen in younger
patients and after traumatic injury associated with fragmentation of the
bone flap (Signorelli et al., 2022). Osteolysis compromises skull integrity
and might pose aesthetical challenges. GI occurred in 5.6% of cranio-
plasty procedures as observed in a 2018 systemic review, and warrants
implant removal with the need for secondary allogenic cranioplasty after
antibiotic treatment (van de Vijfeijken et al., 2018).

BFR compromising brain protection is rare and revision is more often
indicated based on patient initiative to correct compromised esthetics. In
recent years, the documented lower failure rates of allogenic cranioplasty
have led many to conclude that primary allogenic cranioplasty is pref-
erable (van de Vijfeijken et al., 2018; Gerstl et al., 2022). However, these
conclusions are based on the composite failure rate caused by both GI and
BFR of which the latter does not occur in alloplastic implants.

Artificial skull implants can be made from a variety of synthetic
materials each with their strengths and weaknesses in terms of price,
biocompatibility, radiolucency, and anticipated complications. In current
neurosurgical practice, titanium (Ti), polymethyl methacrylate (PMMA),
polyether ether ketone (PEEK), polyethylene (PE) and hydroxyapatite
(HA) are the most commonly used materials provided by manufacturers
of calvarial implants (Gerstl et al., 2022; Alkhaibary et al., 2020; Henry
et al., 2021a). Maximal biocompatibility and osteoconductivity are
achieved by optimizing the implant's surface properties, and porosity
during production. Based on thin-sliced CT images, a 3D personalized
skull implant (PSI) can be manufactured. These custom implants are
expensive, production takes time and no allograft materials appears to
outperform the other in terms of overall degree of complications (Gerstl
et al., 2022; Henry et al., 2021a). Conversely, autologous bone flaps are
readily available, preservation costs lay far below the cost of a PSI's, and
they might protect against infection due to osteogenic incorporation and
revascularization.

1.2. Objectives

By pooling existing data, we wish to reassess cranioplasty failure rates
of autologous versus allogenic implants after removing bone flap
resorption out of the equation. Herein, we focus exclusively on graft
infection and not on other indications leading to cranioplasty revision.

2. Methods

2.1. Protocol and registration

The review protocol was developed in January 2018. Inclusion and
exclusion criteria, searched time period and a comprehensive trial eval-
uation checklist were composed. This review was registered in 2018 at
the international prospective register of systematic reviews: PROSPERO:
CRD42020144827. The manuscript is written in accordance with the
2

PRISMA statement for reporting systematic reviews (Liberati et al., 2009)
and recommendations made by the Cochrane Collaboration (Cumpston
et al., 2019).

2.2. Eligibility criteria

All prospective and retrospective trials directly or indirectly evalu-
ating complications of cranioplasty, after decompressive (hemi)craniec-
tomy were considered for inclusion. The search time frame was set to
publications published between January 2010 and December 2022.

Studies had to report data on adult patients (age > 18 years),
receiving primary autologous or allogenic cranioplasty and report cra-
nioplasty failure as the result of graft infection. Studies had to include
both autologous and allogenic cranioplasty. For the latter group, both
personalized and intraoperatively hand molded implants as well as
tailored Ti meshes, were included.

The main outcome parameter was cranioplasty failure defined as
surgical site (and consequently graft) infection prompting removal of the
skull implant.

Prospective and retrospective cohort studies were included. Case re-
ports and small (n < 10) cases series were excluded. Further exclusion
criteria were pediatric cranioplasty (if more than 10% of cohort), cra-
nioplasty after craniectomy other than decompressive (non-DC, e.g. after
bone flap infection for miscellaneous craniotomies), and penetrating
head injury (gunshot wounds, warfare related DC).

2.3. Information sources and search procedure

A literature search of PubMed, EMBASE and, ISI Web of Science
medical databases, was performed in January 2018, mid-2020 and
December 2022. The following search terms were used: cranioplasty OR
cranioplasty failure OR cranioplasty complications OR surgical site
infection AND decompressive (hemi)craniectomy. All searches were
restricted to clinical trials in human adults written in English, German,
French or Dutch.

2.4. Data collection

A standardized table based on the PICO (population, intervention,
control, and outcomes) format, was used to extract the following infor-
mation: patient characteristics (age, sex), sample size, indication of cra-
niectomy (TBI, MMI, SAH, or ICH), type of cranioplasty, used allogenic
material (Ti, PMMA, PEEK, PE, HA, or other), GI rate, applied definition
of GI, and study design.

2.5. Risk of bias analysis

Risk of bias (RoB) was assessed by the Newcastle-Ottawa Scale (NOS)
for assessing the quality of nonrandomized studies in meta-analyses (Lo
et al., 2014). Included studies are scored on an 8-point scale with a higher
score indicating higher quality. Scoring was performed by two inde-
pendent assessors (TR and MV). Inconsistencies herein were discussed
until reaching consensus. The score was converted according to the
AHRQ (Assessing the Risk of Bias of Individual Studies in Systematic
Reviews of Health Care Interventions) standard into good, fair, and poor
quality based on the risk of bias analysis.

2.6. Data analysis and summary measures

Data was analyzed using Review Manager 5.4.1 (The Cochrane
Collaboration, London, United Kingdom). Odds ratios (ORs) of cranio-
plasty failure and 95% confidence intervals (CI) were calculated for both
the autologous and allogenic group. Odds ratios were pooled using the
Mantel-Haenszel method with a fixed-effects model (p> 0.05, I2< 50%).
Publication bias was assessed by means of a funnel plot. Statistical sig-
nificance was defined as a two-sided p < 0.05.
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3. Results

3.1. Study selection

Our search strategy identified 411 studies, from three databases, of
which 106 articles remained after duplicate removal. Ninety manuscripts
Table 1
Overview and characteristics of all included studies.

Author Year Study
type

Sample
size

Mean or
median
age

Female/
Male

Length of
follow-up
(months)

In

Brommeland 2015 r-co 87 31
(median)

54/33 9.9
(median)

TB
¼

Chaturvedi 2016 r-co 74 32
(median)

22/52 32 (mean) TB

Herteleer 2017 r-co 74 40.2
(mean)

24/50 15 (mean) TB
¼

Honeybul 2016 r-co 512 39
(median)

151/
361

n/a TB
M
¼
in

Honeybul 2017 rct 62 44
(median)

17/45 min. of 12
months

TB
¼
11

Im 2012 r-co 131 50.1
(mean)

49/82 15
(median)

TB
va
Tu

Kim 2013 r-co 85 50.3
(mean)

27/58 15.9
(mean)

TB
va

Kim 2015 r-co 78 53.0
(mean)

31/47 16.4
(mean)

TB
¼
m

Kim 2017 r-co 127 53.0
(mean)

18/109 15 (mean) TB
¼
SA
m
13

Lee 2012 r-co 140 47.5
(median)

39/101 n/a TB
va
tu
in

Morton 2016 r-co 754 44 (mean) 299/
455

7.5 (mean) TB
¼
10
m
87

Quah 2016 p-co 25 40 (mean) 21/49 23 (mean) TB
¼
m

Rashidi 2019 r-co 329 51.2
(mean)

134/
195

13.2
(mean)

TB
(n
42
m
34

Rosseto 2015 r-co 45 31.9
(mean)

8/37 2 - 26
(range)

TB
¼
(n

DC, decompressive craniectomy; HA, hydroxylapatite; ICH, intracranial hemorrhage; M
p-co, prospective cohort study; PE, polyethylene; PEEK, polyether ether ketone; PM
controlled trial; SAH, subarachnoid hemorrhage; TBI, traumatic brain injury; Ti, titan
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were removed as they did not fulfil the defined inclusion criteria after
full-text analysis. Two additional publications were excluded based on
the fact they presented post hoc analyses of patient collectives which were
already described in two included papers (Honeybul et al., 2018; Morton
et al., 2018). Finally, 14 studies met the eligibility criteria and were
included in the review and meta-analysis (Brommeland et al., 2015;
dication for DC Definition of SSI Applied
materials

Risk of
bias
(NOS)

Risk of
bias
(AHRQ)

I (n ¼ 74); MMI (n
13)

n/a autologous (n ¼
77)/allogenic
(n ¼ 10); HA,
PMMA, PE

**** poor

A (all) Infection
requiring
removal of
implant

autologous (n ¼
66)/allogenic
(n ¼ 8); Ti,
PMMA

***** poor

I (n ¼ 47); MMI (n
8);

n/a autologous (n ¼
70)/allogenic
(n ¼ 4); n/a

**** poor

I (n ¼ 330);
MI(n ¼ 37); SAH (n
16); ICH (n ¼ 36);
fections (n ¼ 81)

Infection
requiring
removal of
implant

autologous (n ¼
326)/allogenic
(n ¼ 186); Ti

**** poor

I (n ¼ 43); MMI (n
9); SAH/ICH (n ¼
); Tumor (n ¼ 1)

Infection
requiring
removal of
implant and
systemic
antibiotics

autologous (n ¼
31)/allogenic
(n ¼ 31); Ti

******** good

I (n ¼ 61);
scular? (n ¼ 62);
mor (n ¼ 8)

Infection
requiring
removal of
implant

autologous (n ¼
83)/allogenic
(n ¼ 48);
PMMA, PE

***** poor

I (n ¼ 42);
scular? (n ¼ 43)

Infection
requiring
removal of
implant

autologous (n ¼
58)/allogenic
(n ¼ 26); PE

***** poor

I (n ¼ 46); MMI (n
12); SAH (n ¼ 11);
iscellaneous (n ¼ 9)

Infection
requiring
removal of the
graft

autologous (n ¼
62)/allogenic
(n ¼ 16)

***** poor

I (n ¼ 79); MMI (n
3); ICH (n ¼ 15);
H (n ¼ 17);
iscellaneous (n ¼
)

Infection
requiring
removal of
implant

autologous (n ¼
30)/allogenic
(n ¼ 97); PMMA

***** poor

I (n ¼ 72);
scular? (n ¼ 54);
mor (n ¼ 13);
fection (n ¼ 1)

Infection
requiring
removal of
implant

autologous (n ¼
118)/allogenic
(n ¼ 22);
PMMA, PE

**** poor

I (n ¼ 388); ICH (n
104); SAH (n ¼
2); MMI (n ¼ 73);
iscellaneous (n ¼
)

n/a autologous (n ¼
532)/allogenic
(n ¼ 222);
PEEK, PE, other

*** poor

I (n ¼ 47); ICH (n
9); MMI (n ¼ 8);
iscellaneous (n ¼ 6)

CDC definition
of surgical
wound infection

autologous (n ¼
31)/allogenic;
Ti, PEEK,
PMMA

***** poor

I (n ¼ 119); MMI
¼ 96); ICH (n ¼
); SAH (n ¼ 38);
iscellaneous (n ¼
)

Infection
requiring
removal of
implant

autologous (n ¼
303)/allogenic
(n ¼ 26); PEEK,
PMMA

***** poor

I (n ¼ 38); MMI (n
4); miscellaneous
¼ 3)

Infection (by
clearly defined
criteria)
requiring
removal of
implant

autologous (n ¼
16)/allogenic
(n ¼ 29); PMMA

***** poor

MI, malignant middle cerebral artery ischemia; n/a, not available, not reported;
MA, polymethyl methacrylate; r-co, retrospective cohort study; rct, randomized
ium.
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Chaturvedi et al., 2016; Herteleer et al., 2017; Honeybul and Ho, 2016;
Honeybul et al., 2017; Im et al., 2012; Kim et al., 2013, 2015, 2017; Lee
et al., 2012; Morton et al., 2016; Quah et al., 2016; Rashidi et al., 2019;
Rosseto et al., 2015) An overview of all included studies is provided in
Table 1. The literature search procedure is depicted in Fig. 1.

3.2. Study characteristics

The majority of included studies had a retrospective cohort design (n
¼ 12) (Brommeland et al., 2015; Chaturvedi et al., 2016; Herteleer et al.,
2017; Honeybul and Ho, 2016; Im et al., 2012; Kim et al., 2013, 2015,
2017; Lee et al., 2012; Morton et al., 2016; Rashidi et al., 2019; Rosseto
et al., 2015). One prospective cohort study (Quah et al., 2016) and one
randomized controlled study were included (Honeybul et al., 2017). The
definition of GI varied slightly between studies, but was in all but three
studies in simplified terms equated to a surgical site infection prompting
removal of the implant. In three studies, a written definition of GI was not
provided and the diagnosis was left to the discretion of the treating
physician (Brommeland et al., 2015; Herteleer et al., 2017; Morton et al.,
2016). Included studies involved 2.569 patients, of which 1808 (70.4%)
received an autologous graft and 761 (29.6%) a synthetic implant. Most
commonly used allogenic materials were Ti (n ¼ 288; 38%), followed by
PMMA (n ¼ 187; 25%) (sometimes referred to as acrylic) and PEEK (n ¼
176; 23%).

3.3. Risk of bias within and across studies

All but one study were rated as being of poor quality based on our RoB
analysis, mainly because the basis on which the decision to either
perform autologous or allogenic cranioplasty was not outlined. This
resulted in a lack of comparability and control of confounding factors.
Some studies describe autologous cranioplasty was preferred whenever
available but failed to specify what factors availability depended on.
Herein a potential selection bias might be introduced. Detailed results of
our interpretation and implementation of the RoB via the NOS tool is
provided as Supplemental Table 1.

3.4. Results of individual studies

The comparison of individual allogenic materials was not the aim of
this review/meta-analysis. Included studies are listed based on the main
synthetic material which was used in the allogenic groups, merely for
structuring purposes.
Fig. 1. Flow-chart of the article-screening and -inclusion process with depiction
of the number of articles removed after each stage.

4

3.4.1. Autologous bone versus titanium
In a 2020 systemic review including 13 studies encompassing all sorts

of cranioplasty procedures (including non-DC), Ti performed similarly
compared to non-Ti implants regarding GI (Zhu et al., 2021). We iden-
tified four studies in which Ti implants were used in a total of 288 pa-
tients, making it the most widely used artificial material in this review.

In a retrospective cohort study involving 512 patients, Honeybul et al.
(Honeybul and Ho, 2016) aimed to identify risk factors for
post-cranioplasty complications. The incidence of GI were identical be-
tween autologous (8.2%) and Ti (8.2%) cranioplasty procedures.

So far only a single randomized controlled trial has been performed
allocating patients to either autologous bone or personalized Ti implants.
This trial by Honeybul et al. randomized 31 patients in each treatment
arm (Honeybul et al., 2017, 2018). After a two-year follow-up, seven
patients in the autologous group developed resorption of which five were
surgically re-treated by allogenic cranioplasty (Honeybul et al., 2018).
The primary objective of cost-effectiveness was confirmed in favor of
primary Ti cranioplasty due to cumulative cost associated revision sur-
gery in the autologous group. Graft infections were noted in neither of
both groups which could possibly be a sampling effect based on small
group sizes. The authors concluded that due to lower costs and number of
reoperations needed, the use of primary Ti cranioplasty should be
favored. However, this result was critically discussed stating autologous
bone still performed well in some patients even demonstrating bony
fusion on radiologically follow-up. The cost-effectiveness analysis was
shifted in favor of allogenic cranioplasty because implants were manu-
factured by the hospital and not bought from a medical company, which
drastically reduced costs.

3.4.2. Autologous bone versus PMMA
Amongst the 14 selected studies, 8 applied PMMA for the synthetic

grafting, involving 187 patients in total (Brommeland et al., 2015; Cha-
turvedi et al., 2016; Im et al., 2012; Kim et al., 2017; Lee et al., 2012;
Quah et al., 2016; Rashidi et al., 2019; Rosseto et al., 2015). Polymethyl
methylacrylate (PMMA) in cranial vault reconstruction is used either as a
two-component bone cement to hand mold implants intraoperatively, or
to produce CT-based patient-specific implant. In none of the included
studies, PMMA performed better in preventing GI compared to autolo-
gous bone. Brommeland et al. (2015), assessed 87 cranioplasty patients,
investigated possible determinants of post-operative complications in
both autologous and allogenic cranioplasty. Patients who received their
autologous bone flap did not suffer a higher rate of GI than in the allo-
genic group. However, 23 patients in this study had prior craniotomies
(before DC) which lets assume different incision types for the actual DC
had to be used with possible reduced scalp perfusion (Veldeman et al.,
2020). In a similar setup, Chaturvedi et al. (2016) compared PMMA and
Ti grafts with autologous bone in 74 TBI patients. With only eight pa-
tients receiving a synthetic graft, this is one of many studies with dis-
proportioned groups and underrepresentation of allogenic cranioplasty.
Because the rationale behind material choice was not disclosed, a
possible selection bias of unclear origin and effect might have been
introduced which is not corrected for. In three comparative series of
cranioplasty procedures involving PMMA, by Im et al.‘s (Im et al., 2012),
Lee et al.‘s (Lee et al., 2012) and Kim et al. (2017), prior decompressive
craniectomywas also performed for tumorous disease and infection. Both
indications might either directly (infection) or indirectly (repetitive
surgery in tumor patients) predispose to GI and thereby distort results.
However, in none of these studies was autologous cranioplasty associated
with a higher degree of patient requiring graft removal due to infection.

Rosseto et al. reported a series of 45 cranioplasty patients of which 29
received a PMMA implant (Rosseto et al., 2015). No significant difference
regarding the incidence of GI could be observed between autologous
bone flaps and PMMA. Based on the reported age range, it can be
assumed that pediatric cases were also included in this series and it is not
disclosed how many patients were underage. Because this study by
Rosseto et al. did not focus on pediatric cranioplasty and the



Fig. 2. Forest plot of all included studies comparing graft infection between
patients receiving either autologous bone or allogenic implants.
CI, confidence interval; df, degrees of freedom; I2, I square statistic providing the
percentage of variation across studies that is due to heterogeneity. M-H, Mantel-
Haenszel method.
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infection-related failure rate was reported, the study was included in our
meta-analysis.

3.4.3. Autologous bone versus PEEK
Three eligible studies used PEEK PSIs for cranioplasty, including a

total of 176 patients. Morton et al., 2016, 2018 and Rashidi et al. (2019)
aimed to assess the influence of graft material, including PEEK, on overall
post-cranioplasty complication rates. Morton et al. published the largest
cranioplasty cohort to date including 754 patients, of which 532 received
their autologous bone flap and 151 a PEEK implant. An overall
infection-related failure rate of 6.6% was reported, occurring after a
median of 31 days post-operatively. The risk of infection was not affected
by the choice of implant material. This study received only three
NOS/RoB stars, based on both the lack of a clear description of GI and
short variable follow-up times. In a smaller series by Rashidi et al. syn-
thetic graft material (mainly PEEK), was not associated with GI but late
cranioplasty (>6 months) was (Rashidi et al., 2019).

In the only identified prospective observational study, Quah et al.
(2016) conducted a data collection focusing on cranioplasty timing. As a
secondary result they concluded that material choice, among which
mainly PEEK was used, did not affect the rate of infection-related cra-
nioplasty failure. This study presented with one of the lowest GI rates
(4.2%) but applied the somewhat unspecific definition of surgical site
infection by the Center for Disease Control (CDC) (Borchardt and Tzizik,
2018).

3.4.4. Autologous bone versus others (PE, HA, other)
In a study including 85 patients, 26 received customized PE implants

(Kim et al., 2013). Resection of the temporalis muscle, subgaleal fluid
collection after DC, and duration of surgery >120 min, were associated
with GI. Although the absolute infection rate in the autologous group
(8.4%) was higher than in the PE group (3.8%), material choice was not
independently associated with risk of infection. In this study, also early
(<30 d) cranioplasty was performed which might be associated with
more cerebrospinal fluid (CSF) leaks and a higher GI risk (Iaccarino et al.,
2019).

Hydroxyapatite (HA) implants were only used in a single included
trial in an unknown number of patients (Brommeland et al., 2015).
Although the material comes closest to the biomimetic characteristics of
bone, due to its lack in strength it is prone to fracturing, and might
therefore not be the optimal choice for mobile patients (Iaccarino et al.,
2021).

Kim et al. (2015) analyzed the infection rate following autologous
and allogenic cranioplasty, with subsequent implant removal being a
defining criteria of infection. An overall infection rate of 9.0%was noted,
with female sex and bilateral cranioplasty as independent risk factors. It
was not revealed what artificial graft material was used. Nonetheless,
material choice was not associated with the risk of infection.

3.5. Synthesis of results

Data from 14 included studies were combined into a meta-analysis of
infection-related cranioplasty failure in autologous versus allogenic cra-
nioplasty. The infection-related cranioplasty failure rate was 6.9% (125/
1808) for autologous and 8.3% (63/761) for allogenic implants. A
weighted average OR of 0.81, 95% CI 0.58 to 1.13 (Z ¼ 1.24; p ¼ 0.22)
was calculated. Combined results are presented in a forest plot as Fig. 2.
Due to the fact that no infections occurred in both treatment arms of
Honeybul et al.‘s trial (Honeybul et al., 2017), these data could not
incorporated into the overall OR.

A funnel plot was drawn (Supplemental Fig. 1) with a symmetrical
distribution of results above and below themean difference and along the
levels of standard error. The risk of publications bias or small study bias is
therefore estimated to be limited.
5

4. Discussion

4.1. Summary of evidence

Based on pooled results, autologous cranioplasty is non-inferior to
allogenic materials in preventing infection-related cranioplasty failure.
Conversely, the theoretical benefit of how revascularization and incor-
poration of autologous bone might offer better protection against infec-
tion was not confirmed (Veldeman et al., 2020, 2021). Autologous
cranioplasty still offers a readily available, anatomically fitting and
biocompatible option for cranial vault repair.

While advocating the continued use of autologous bone grafts, it is
important to keep in mind that bone resorption as a cause of cranioplasty
failure exists. However, its significance from a protective point of view in
neurologically compromised or bed-ridden patients, remains question-
able. In the 2021 consensus statement from the International Consensus
Meeting on Post-traumatic Cranioplasty, 96% of participants agreed that
custom-made implants may offer better cosmetic outcomes (Iaccarino
et al., 2021). Several studies have corroborated how the risk for BFR
differs between individuals and is mainly determined by patient's age,
size of the skull defect (with increased risk for larger defects) and the
timing of the cranioplasty (with conflicting direction of effect) (Lee et al.,
2014; Daou et al., 2016; Fan et al., 2018). Although osteolysis beyond 35
years of age is exceedingly rare, a useful age cut-off cannot be calculated
based on existing data (Park et al., 2017; Giese et al., 2021). A person-
alized osteolysis risk assessment might serve as an indicator when to
prioritize allogenic cranioplasty over autologous grafts in patients with
high risk of BFR.

It should be pointed out that overall study quality was poor with 12
out of 14 studies being constructed retrospectively with exposure to se-
lection bias. Length of follow-up was highly variable within and between
studies, and was even not reported in two studies (Honeybul and Ho,
2016; Lee et al., 2012). The optimal post-cranioplasty length of follow-up
is unclear but most infectious complications occurred within 3–6 months
after cranioplasty of which the majority happened early (<3 months). In
one study, the median interval from cranioplasty to GI was 110 days
(39–793) for 13 patients requiring explanation (Lee et al., 2012). Infec-
tion of the bone flap more than one year after cranioplasty is rarely seen
and mostly the result of skin erosion over the implant or wound dehis-
cence (Tokoro et al., 1989). Revascularization of autologous bone might
provide a theoretically benefit against hematogenous contaminations of
the graft, although this mechanism of infection is not proven. In addition,
sample sizes remained fairly small and only exceeded 100 patients in less
than half (six) studies. Moreover, a standardized definition of
post-cranioplasty infection is missing which further reduces study
comparability.

With a renewed interest in DC and a growing body of evidence that
DC improves outcome in trauma, and ischemic stroke patients, the
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number of patients requiring post-DC cranioplasty may presumably be
rising. The procedure constitutes a necessary step in order to restore
brain protection and aesthesis, and potentially improve cognitive func-
tioning (Iaccarino et al., 2019; Honeybul et al., 2013; Shahid et al.,
2018). In recent years, multiple systematic review articles devoted to the
choice of material, timing and factors associated with failure of cranio-
plasty after DC, have been published. A 2016 meta-analysis of Ti cra-
nioplasty versus other materials (including autologous bone),
documented a lower overall complication rate if Ti was used when
pooling 15 studies (Zhu et al., 2021). The risk of implant exposure due to
wound dehiscence or skin erosion was higher for Ti implants whereas the
risk of CSF leaks was lower, compared to other materials. Although the
majority of patients received post-DC cranioplasty, also studies in which
non-DC cranioplasty procedures were performed, were included.

In an extensive 2018 systemic review including 228 studies, van de
Vijfeijken et al. demonstrated an infection rate of 6.9% in autologous,
compared to 5.0% combined for all allogenic materials (van de Vijfeijken
et al., 2018). As expected did osteolysis in autologous cranioplasty -
which occurred in 11.3% - drive up the cumulative complication rate
(35.7%) compared to allogenic materials. Some allograft materials such
as PMMA presented with a higher infection rate (7.8%) compared to
autologous bone, and the lowest infection rate was observed with HA.
Although this latter material was infrequently used and the low incidence
might present a sampling error. Gerstl et al. came to similar results when
comparing autologous bone with allograft materials in a meta-analysis
including 30 studies (Gerstl et al., 2022). Autologous bone presented
with a higher complication rate compared to allogenic material but when
osteolysis was not considered, this effect evened out. In a systematic
review from 2021 including 31 studies, PEEK presented with the lowest
infection rate of 5% compared to 8% for autologous bone (Henry et al.,
2021a). The included studies in this analysis were, however, also not
limited to decompressive craniectomy and also included smaller cra-
nioplasty after e.g. bone flap infection.

Despite extensive recent efforts in better understanding complication
development and factors effecting infection and bone flap resorption
after cranioplasty, many questions remain unanswered. There exists
observational data that early cranioplasty improves neurological recov-
ery (Malcolm et al., 2018) whereas too early cranioplasty is associated
with increased risk of CSF fistulas, hydrocephalus and infection (Schuss
et al., 2012; Malcolm et al., 2016). The central question regarding ma-
terial choice should not only be addressed from a surgical complications
point of view but also from a health-economic perspective (Lem�ee et al.,
2013). Recent advancements in 3D printing technology create new po-
tential for in-house manufacturing of PSI bypassing medical companies
(Kim et al., 2012; Tan et al., 2016; Park et al., 2016). Lower cost of
calvarial implants might shift the balance of cost-effectiveness more to-
wards allogenic materials.

Osteolysis can occur but the relevance and need for revision depends
on patients’ clinical state and perception of cosmesis. The occurrence of
osteolysis is unpredictable but younger age, bone flap fragmentation and
a history of traumatic brain injury are clear risk factors (Signorelli et al.,
2022; Henry et al., 2021b). Use of an allograft for primary cranioplasty in
this subgroup of patients might be beneficial.

4.2. Limitations

The literature research was restricted to three databases and four
languages. The majority of included studies are non-randomized or
retrospective in design, thus inherently associated with a risk for selec-
tion and reporting bias. Furthermore, selected studies showed hetero-
geneity regarding sample sizes, follow-up and definition of
complications. It was decided only the include studies which both re-
ported result for autologous and allogenic cranioplasty to rule out inter-
center infection rate variability. This, however, meant many studies still
containing valuable data had to be excluded.

It was actively decided neither to focus on cranioplasty timing nor on
6

differences between individual allogenic materials because well designed
reviews addressing these issues were published around the time of
conceptualization of the review protocol (van de Vijfeijken et al., 2018;
Malcolm et al., 2018).

In the initial 2018 draft of the review protocol it was aimed only to
include unilateral hemicraniectomies. Mainly because the type of
decompressive craniectomy was not specified in many publications, a
preliminary search revealed this would only result in a limited number of
included studies. Therefore, bifrontal decompressive hemicraniectomy
was not an exclusion criterion in the final review protocol. Differences in
overlying skin flap vascularization might present with different compli-
cation profiles for unilateral versus bifrontal craniectomies which we
could not correct for. Both the American and European Association of
Tissue Banks have issued guidelines on storing and handling principles of
bone flaps which are not specific for bone flaps and interinstitutional
practice varies widely (Mirabet et al., 2021). The preservation methods
of autologous bone might affect graft longevity and is discarded in this
analysis (Mracek et al., 2015; Wui et al., 2016).
4.3. Conclusion

In respect to infection-related cranioplasty failure defined as the need
to explant the implanted graft, there was no difference between autolo-
gous and any type of allogenic cranioplasty. The level of evidence is
limited by the design of included studies with large heterogeneity and a
lack standardized definition of graft infection.
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